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Summary
Objectives: To evaluate the effectiveness of 
disinfection protocols on porcine circovirus 
type 2 (PCV2) in 1:61 scale model livestock 
trailers and determine the infectivity of 
PCV2 DNA detected using a bioassay.

Materials and methods: Each model trailer 
was contaminated with intestinal content 
from a pig experimentally infected with 
PCV2, washed, and disinfected with one 
of four protocols. Between protocol steps, 
swabs were collected from six different areas 
of each trailer and tested for PCV2 DNA. 
Disinfection protocols were quaternary 
ammonium compound (DISF1), oxidizing 
agent containing potassium peroxomonosul-
fate (DISF2), combined glutaraldehyde and 

quaternary ammonium product (DISF3), 
and DISF2 followed by sodium hypochlo-
rite compound (DISF4). Four PCV2-
contaminated, nonwashed, nondisinfected 
trailers served as positive controls and an 
uncontaminated trailer as negative control. 
Two 6- to 10-week-old PCV2-naive pigs 
were placed in each cleaned and disinfected 
trailer for 2 hours. Blood samples collected 
weekly for 7 weeks were tested for anti-
PCV2 IgG antibodies and PCV2 DNA.

Results: In all four disinfection protocols, 
the amount of PCV2 DNA was significantly 
smaller (P < .05) after the initial wash; 
however, only in DISF4 (P < .01) was the 
amount of PCV2 DNA reduced after the 
disinfection step. After disinfection, 1.5 

to 5.3 log10 PCV2 genomic copies per mL 
were identified in the trailers. While animals 
exposed to positive control trailers became 
viremic and seroconverted, no seroconver-
sion or viremia was detected in animals 
exposed to disinfected trailers.

Implications: Although detectable amounts 
of PCV2 may remain in transport vehicles 
after proper disinfection, risk of transmis-
sion appears minimal.
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Resumen - Los protocolos de desinfección 
reducen la cantidad de circovirus porcino 
tipo 2 en camiones de transporte de ani-
males en un modelo a escala 1:61 

Objetivos: Evaluar la eficacia de los pro-
tocolos de desinfección contra circovirus 
porcino tipo 2 (PCV2 por sus siglas en 
inglés) en camiones en un modelo a escala 
1:61 y determinar la infectividad del DNA 
de PCV2 detectado utilizando bioensayo.

Materiales y métodos: Se contaminó cada 
modelo de camión con contenidos intestina-
les de un cerdo infectado experimentalmente 

con PCV2, se lavó, y se desinfectó con uno 
de cuatro protocolos. Entre las etapas de 
cada protocolo, con hisopos, se recolectaron 
muestras de seis diferentes áreas de cada 
camión y se analizaron en busca de DNA 
de PCV2. Los protocolos de desinfección 
utilizados fueron cuaternarios de amonio 
compuesto (DISF1 por sus siglas en inglés), 
un agente oxidante que contenía peroxo-
monosulfato de potasio (DISF2 por sus 
siglas en inglés), un producto combinado 
con glutaraldehido y cuaternario de amonio 
(DISF3 por sus siglas en inglés), y el DISF2 
seguido de compuesto de hipoclorito de 

sodio (DISF4 por sus siglas en inglés). 
Cuatro camiones contaminados con PCV2, 
no lavados, no desinfectados, sirvieron como 
controles positivos y un tráiler no contami-
nado como control negativo. Dos cerdos de 
6 a 10 semanas de edad libres de PCV2 se 
colocaron durante dos horas en cada camión 
lavado y desinfectado. Se analizaron las 
muestras de sangre colectadas semanalmente 
durante 7 semanas en busca de anticuerpos 
IgG anti PCV2 y DNA de PCV2. 

Resultados: En los cuatro protocolos de 
desinfección, la cantidad de DNA de PCV2 
fue significativamente menor (P < .05) 
después del lavado inicial; sin embargo, sólo 
en el grupo DISF4 (P < .01) la cantidad de 
DNA de PCV2 se redujo después de la etapa 
de desinfección. Después de la desinfección, 
se detectaron entre 1.5 a 5.3 log10 copias 
genómicas de PCV2 por mL en los camio-
nes. Mientras que los animales expuestos 
a los camiones del grupo control positivo 
se volvieron virémicos y seroconvertieron, 
no se detectó viremia ó seroconversión en 
animales expuestos a los camiones desin-
fectados.
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Porcine circovirus (PCV) type 2 
(PCV2) is a small, non-enveloped, cir-
cular, single-stranded DNA virus that 

was first isolated from pigs exhibiting multi-
systemic wasting disease in the late 1990s.1 
Since the initial description, PCV-associated 
disease (PCVAD) has been reported in most 
pig-producing countries worldwide, and the 
virus is now considered ubiquitous.2 Porcine 
circovirus associated disease is now mani-
fested in a variety of ways, including multi-
systemic disease with wasting, reproductive 
failure, enteritis, respiratory disease, porcine 
dermatitis and nephropathy syndrome, or a 
combination of these.3 In cases of PCVAD, a 
morbidity rate of 4% to 30%, with a mortal-
ity rate of 70% to 80% in affected animals, 
has been reported.4 Commercial PCV2 
vaccines are now available and have generally 
been very effective in reducing morbidity 
and mortality in the field5 and under experi-
mental conditions.6

Porcine circovirus type 2 is shed in respira-
tory secretions, oral secretions, urine, and 

feces.7 It is a hardy virus that is quite stable 
in the environment. In an in vitro study,8 
PCV2 virus stock was subjected to various 
heat treatments ranging from 56°C to 85°C 
for 15 minutes. Following incubation, the 
virus stock was added to PK-15 cells and evi-
dence of PCV2 infection was documented. 
Under these conditions, PCV2 antigen 
staining was not detected at treatment tem-
peratures between 75°C and 85°C, although 
PCV2 polymerase chain reaction (PCR) 
products were identified in samples treated 
at 75°C. In other studies, dry-heat treat-
ment of freeze-dried PCV2 at 120°C for 30 
minutes resulted in only a 1-log reduction of 
the virus,9 and PCV2 retained an infectivity 
titer of 1 × 102.7 following exposure to a pH 
of 2 for 30 minutes, and a titer of 1 × 102.5 

following incubation at 70°C for 1 hour.10

Previous work also suggests that under in 
vitro conditions, mean PCV2 titers were 
reduced but not completely eliminated 
after exposure to various disinfectants, with 
oxidizing products and aldehyde-quaternary 

ammonium combination products show-
ing the highest efficacy.11-13 In a separate 
study,10 exposure of PCV2 cell suspensions 
to an oxidizing product or to a sodium 
hydroxide compound led to a complete 
reduction in PCV2 infectivity after a 10-min-
ute incubation period. However, neither a 
cytotoxicity control nor a virus control (virus 
plus medium alone) were used in this study. 
While the above information exists on the 
effectiveness of disinfectants under in vitro 
conditions, to the authors’ knowledge, no 
information exists on the effectiveness of 
disinfectants under field conditions.

Knowledge of the modes of transmission of 
PCV2 is vital in understanding the ecology, 
epidemiology, and control of PCVAD.14 
Specific information on the horizontal 
transmission of PCV2 via fomites such 
as commercial livestock transport trailers 
is lacking. The increased use of multi-site 
production facilities has led to an increased 
frequency of animal movement, and with 
this, there is an increased risk of pig exposure 
to pathogens while in transport. In addition, 
the transmission of other pathogens, includ-
ing Salmonella, Escherichia coli, and porcine 
reproductive and respiratory syndrome virus 
(PRRSV), through contaminated transport 
trailers has previously been investigated. 
Washing and sanitizing trailers significantly 
decreased the numbers of Salmonella and 
E coli bacteria present in trailers.15 Previous 
work on PRRSV has also shown that wash-
ing combined with the use of an efficacious 
disinfectant for 90 to 120 minutes, applied 
as a foam, likely reduces the number of 
infectious virus particles in model trailers.16 
Similarly, fogging model trailers with a 
glutaraldehyde-quaternary ammonium chlo-
ride product (30 minutes exposure time) or 
an 8-hour period of drying at 20°C resulted 
in little (two of 19 samples) or no (none of 
20) detection of PRRSV by PCR.17 Model 
trailers have also been used to evaluate 
thermo-assisted drying and decontamina-
tion for elimination of PRRSV.18 The use 
of a model-trailer protocol to evaluate 
transmission of PRRSV in previous stud-
ies provides validation for the use of this 
model in the study of PCV2 transmission. 
Accordingly, the protocol used in this study 
is similar to that described in previous work 
on PRRSV.16-18

To the authors’ knowledge, no information 
exists to date on the ability of commercial 
transport trailers to aid in transmission of 

Implicaciones: A pesar de que puedan 
quedar cantidades detectables de PCV2 en 
los camiones de transporte después de una 
desinfección adecuada, el riesgo de transmis-
ión es mínimo.

Résumé - Protocoles de désinfection 
diminuant la quantité de circovirus porcin 
de type 2 dans un modèle à l’échelle 1:61 
de véhicules de transport du bétail

Objectifs: Évaluer l’efficacité de protocoles 
de désinfection contre le circovirus porcin 
de type 2 (PCV2) dans des remorques 
à bestiaux à l’échelle 1:61 et déterminer 
l’infectivité de l’ADN de PCV2 détecté à 
l’aide d’un bio-essai.

Matériels et méthodes: Chaque modèle de 
remorque a été contaminé avec du contenu 
intestinal provenant d’un porc infecté expéri-
mentalement avec PCV2, lavé, et désinfecté 
avec l’un des quatre protocoles. Entre les 
étapes des protocoles, des écouvillons ont été 
prélevés de six endroits différents dans chaque 
remorque et testés pour l’ADN de PCV2. Les 
différents protocoles de désinfection étaient 
composé d’ammonium quaternaire (DISF1); 
agent oxydant contenant du peroxomonosul-
fate de potassium (DISF2); un produit com-
binant du glutaraldéhyde et un ammonium 
quaternaire (DISF3); et DISF2 suivi d’un 
composé d’hypochlorite de sodium (DISF4). 
Quatre remorques contaminées avec PCV2 

mais non-lavées et non-désinfectées ont servi 
de témoins positifs et une remorque non-
contaminée de témoin négatif. Deux porcs 
naïfs pour le PCV2, âgés de 6 à 10 semaines, 
ont été placés dans chaque remorque lavée 
et désinfectée pour une période de 2 heu-
res. Des échantillons sanguins prélevés de 
manière hebdomadaire pendant 7 semaines 
ont été testés pour détecter des anticorps de 
type IgG anti-PCV2 ainsi que de l’ADN de 
PCV2.

Résultats: Pour les quatre protocoles de 
désinfection, la quantité d’ADN de PCV2 
était significativement inférieure (P < .05) 
après le lavage initial; toutefois, seulement 
lors de l’utilisation du DISF4 (P < .01) 
a-t-on pu noter une réduction de l’ADN de 
PCV2 après l’étape de la désinfection. Après 
la désinfection on trouva de 1.5 à 5.3 log10 
copies du génome de PCV2 par mL dans les 
remorques. Alors que les animaux exposés 
aux remorques témoins positifs devinrent 
virémiques et ont séro-convertis, aucune 
séro-conversion ou virémie ne fut détectée 
chez les animaux exposés aux remorques 
désinfectées.

Implications: Bien que des quantités détect-
ables de PCV2 peuvent demeurer dans les 
véhicules de transport suite à une désinfec-
tion appropriée, le risque de transmission 
apparaît minime.
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PCV2 or on the ability of various disinfectant 
protocols to decrease or eliminate the risk of 
transmission of PCV2 via this route. The first 
objective of this study was to evaluate the abil-
ity of four disinfection protocols with known 
in vitro effectiveness against PCV2 to prevent 
transmission of PCV2 under simulated field 
conditions. To accomplish this, the amount of 
PCV2 DNA present in PCV2-contaminated 
1:61 scale model trailers, washed and then 
disinfected with four different protocols, 
was compared to the amount of PCV2 
DNA present in a PCV2-contaminated, 
nonwashed, nondisinfected model trailer. 
The second objective of this study was to 
determine the infectivity of the PCV2 DNA 
detected by PCR. For this, naive pigs were 
exposed to model trailers either disinfected 
with four different disinfectant protocols or 
subjected to two control treatments.

Materials and methods
The experimental protocol in this study was 
approved by the Iowa State University Insti-
tutional Animal Care and Use Committee.

Experimental design
The first objective of the study was to 
determine if the disinfection step reduced 
the amount of PCV2 present on the model 
trailer surface. To accomplish this, three 
trailer models (experimental units: Figure 
1A) were either contaminated with fecal 
material collected from a pig experimentally 
infected with PCV2 and showing clinical 
signs consistent with PCVAD (n = 11) 
or remained uncontaminated (n = 1). Six 
swabs (subsamples) were collected from each 
model trailer immediately after contamina-
tion (within 10 minutes), designated as 
“post-contamination” samples, and tested 
for the presence of PCV2 DNA by real-time 
PCR.19 Subsamples were collected from 
six different model-trailer surface locations, 
including the aluminum smooth-sheet side 
wall, a hinged aluminum simulated roll-up 
rear door, the aluminum alloy diamond-
plate flooring, a latch, an overlapped seam 
at the side post, and the center dividing gate 
(Figure 1B-1G). After contamination with 
PCV2, positive control model trailers (n = 
4) were not washed. All other contaminated 
model trailers (n = 7) were washed. Six 

swabs of each of the washed model trailers 
were collected, designated as “post-wash,” 
and tested by real-time PCV2 PCR.19 
After the wash step, each model trailer was 
disinfected with one of four disinfection 
protocols (DISF1 through DSF4). Six swabs 
of each of the disinfected model trailers were 
collected, designated as “post-disinfection,” 
and tested by PCV2 real-time PCR.19 A 
summary of the number of replicates and 
swabs collected at each sampling point is 
outlined in Table 1. High numbers of repli-
cates of the positive control treatment were 
used to gain a statistically more precise esti-
mate of a subset of the collected data (post 
contamination versus post wash, and post 
contamination versus post disinfection).

The second objective of the study was to 
determine whether the PCV2 DNA present 
in disinfected model trailers (DISF1 through 
DISF4) was infectious to naive animals. To 
answer this question, a total of 24 PCV2-
naive pigs were placed in groups of two in 
model trailers that were randomly assigned 
to a treatment (positive control, n = 8 pigs; 
negative control, n = 2 pigs; DISF1, n = 4 
pigs; DISF2, n = 4 pigs; DISF3, n = 4 pigs; 
DISF4, n = 2 pigs). The pigs were exposed 

Figure 1: A: 1:61 scale model of a full-sized standard livestock trailer used in the transportation of commercial swine; B: 
Models were composed of aluminum smooth-sheet side walls welded and riveted to tubular extruded aluminum cross-
members; C: Hinged aluminum simulated roll-up rear door; D: Aluminum alloy diamond-plate flooring; E: Latch; F: Over-
lapped seam at the side post; and G: Center divide gate. Dimensions were 0.62 m width × 0.82 m height × 1.11 m length.
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to the model trailers in blocks of six (two 
pigs in each of three trailer models; three 
treatment groups tested per block) for a 
total of 2 hours. The time of exposure was as 
previously described in PRRSV transmission 
studies.16-18 After this, the pigs were moved 

Table 1: Evaluation of four disinfection methods* for their ability to reduce the 
amount of porcine circovirus type 2 (PCV2) in seven 1:61 scale model livestock 
trailers contaminated with intestinal content collected from a pig experimen-
tally infected with PCV2 then washed and disinfected†

Step No. of  
replicates

No. of 
swabs

Log10 genomic  
PCV2 copies/mL

SE

Post contamination 11 66 7.0a 0.2
Post wash 7 42 5.7b 0.2
Post disinfection 

DISF1 2 12 5.3b 0.5
DISF2 2 12 4.8b 0.5
DISF3 2 12 5.2b 0.5
DISF4 1‡ 6 1.5c 0.6

*    DISF1, a quaternary ammonium compound (PI Quat 20; Preserve International, Reno, 
Nevada); DISF2, an oxidizing agent containing a combination of potassium peroxy-
monosulfate and sodium chloride (VirkonS; DuPont Chemical Solutions Enterprise, 
Wilmington, Delaware); DISF3, a combined glutaraldehyde and quaternary ammo-
nium product (Synergize; Preserve International); and  DISF4, an application of two 
disinfectants in tandem: first, an oxidizing agent (VirkonS; DuPont Chemical Solu-
tions Enterprise); second, a chloride compound (Clorox Bleach; The Clorox Company, 
Oakland, California). Each disinfectant was used as directed by the manufacturer.

†    After contamination, washing, and disinfection steps, swabs were collected from six 
designated sites in each trailer and tested by polymerase chain reaction for PCV2. 
Mean and SE of log10 genomic copies/mL of PCV2 DNA are reported from each of 
the three sampling times (post contamination, post wash, post disinfection). Data 
from swabs collected after the post-contamination step or the post-wash step were 
considered to be part of a single group in each case, regardless of the disinfectant 
used in the succeeding step. Post-disinfection samples were considered indepen-
dently for each disinfection protocol.

‡    There was one replicate for the DISF4 treatment because, on the basis of previous 
work,11,12 it was expected to be most different from the positive control.

abc Different superscripts within a column indicate significant differences among steps 
(P < .05; Tukey-Kramer-adjusted t value for differences of least squares means).

Table 2: Incomplete block design using three model trailers and four replicates 
to determine whether PCV2-naive animals would become PCV2-seropositive 
or viremic following a 2-hour exposure period to PCV2-contaminated, non-
washed, nondisinfected trailers (positive control treatment; POS); PCV2-con-
taminated, washed, disinfected trailers (DISF1 through DISF4 treatments*), or 
uncontaminated trailers (negative control treatment; NEG)

Replicate Trailer 1 Trailer 2 Trailer 3
1 DISF1 NEG POS
2 POS DISF2 DISF1
3 DISF2 POS DISF3
4 POS DISF3 DISF4

* Disinfectant treatments described in Table 1.

to the research facility and were housed by 
group in rooms for 49 days following model 
trailer exposure. All pigs were monitored 
on a weekly basis for development of anti-
PCV2 antibodies by ELISA20 and for PCV2 
viremia by real-time PCR.19

For this portion of the study, an incomplete 
block design was used, with three experimen-
tal units per block (model trailers containing 
two pigs), four blocks, and six treatments 
(Table 2). Within each block, the model 
trailer was considered the independent 
experimental unit and treatments were 
randomly assigned to trailers. Each block 
included a positive control treatment and 
two of the remaining five possible treatments 
(DISF1 through DISF4 or negative control). 
There were two replicates each for the DISF1, 
DISF2, and DISF3 treatments. There was 
one replicate each for the negative control 
and DISF4 treatments, because those treat-
ments were expected to be the most different 
from the positive control as determined 
by previous in vitro work.11,12 Blocks were 
included in the study to account for varia-
tion in environmental conditions.

PCV2-contaminated fecal material
A colostrum-fed, crossbred, specific-
pathogen-free, PCV2-naive pig was inocu-
lated with 5 mL (3 mL intranasally and 2 
mL intramuscularly) of 104.0 50% tissue 
culture infectious doses (TCID50) per mL 
of PCV2b isolate NC-16845 (accession no. 
EU340258) at 3 weeks of age. At 35 days 
post inoculation, the pig was euthanized 
with an overdose of pentobarbital (Fatal 
Plus; Vortech Pharmaceutical, Dearborn, 
Michigan) due to the development of clini-
cal signs consistent with PCVAD, includ-
ing severe dyspnea, diarrhea, and loss of 
condition. After euthanasia, the complete 
contents of the small intestine, cecum, and 
colon were collected. Twenty-mL aliquots 
of intestinal content were transferred into 
50-mL centrifuge tubes and stored at -80°C 
until use. A portion of the fecal material was 
tested for the presence of PCV2 DNA by 
real-time PCR;19 10.8 log10 genomic cop-
ies per mL of PCV2 DNA were recovered. 
Systemic infection of the animal with PCV2 
was further confirmed by the presence of 
intense PCV2-antigen staining by immu-
nohistochemistry (IHC)21 in the lungs, 
intestine, and lymphoid tissues. Transmissible 
gastroenteritis virus antigen, rotavirus type 2 
antigen, and Lawsonia intracellularis antigen 
were not detected by IHC. PRRS virus 
RNA, swine influenza virus (SIV) RNA, and 
Mycoplasma hyopneumoniae DNA were not 
detected by PCR. All tests were performed 
according to the standard operating proce-
dures for the specific tests at the Iowa State 
University Veterinary Diagnostic Laboratory.

Trailers
For each block, three model trailers were 
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used to evaluate three of the six treatments. 
Trailer models were designed and con-
structed by a company specializing in stan-
dard and custom aluminum livestock trans-
portation equipment (EBY Inc, Story City, 
Iowa). The trailer models were specifically 
designed to accurately represent a standard 
livestock trailer used in the transportation 
of commercial swine and provided adequate 
space to allow animals to turn completely 
around. The models were composed of 
29-mm thick 6061 T-6 aluminum alloy dia-
mond-plate flooring welded and riveted to 
tubular extruded aluminum cross-members; 
19-mm thick aluminum smooth-sheet side 
walls with both large (25.4 cm × 14.9 cm) and 
small (8.9 cm × 7.0 cm) ventilation holes with 
an overlapped seam at the side post; extruded 
aluminum side posts with integral closure 
track; a hinged aluminum rear door; a center 
divide gate; and a simulated roll-up door 
(Figure 1). Final dimensions were 0.62 m 
(width) × 0.82 m (height) × 1.11 m (length). 
The trailer models were 1:61 scale models 
of a full-sized trailer and had a floor space of 
0.69 m2, which corresponded to 41.85 m2 
(2.59 m wide × 16.16 m long) for the full-
sized trailer, and a constant animal density of 
0.34 m2 (trailer floor space in m2 divided by 
number of animals per trailer).

Trailer sampling protocol
At each of the four sampling points (precon-
tamination, post contamination, post wash, 
post disinfection), six swabs (polyester-tipped 
swab; Fisher Scientific Inc, Pittsburgh, 
Pennsylvania) were collected from each 
model trailer. Designated areas included the 
aluminum smooth-sheet side wall, the hinged 
aluminum simulated roll-up rear door, the 
aluminum alloy diamond-plate flooring, a 
latch, an overlapped seam at the side post, and 
the center dividing gate (Figure 1B-1G). Each 
swab was placed into 1 mL of sterile saline 
(0.9% sodium chloride solution; Fisher Scien-
tific Inc), used to swab a 5.5-cm diameter area 
(using a sterile template), and then stored at 
-80°C in a 5-mL plastic tube (BD falcon tube; 
Fisher Scientific Inc) prior to testing by PCR. 
To prevent carryover contamination between 
model trailers, a new template was used for 
each trailer, and new gloves were used by the 
investigator. To prevent carryover between 
sampling steps, templates were submerged in 
an oxidizing disinfectant (Virkon S; DuPont 
Chemical Solutions Enterprise, Wilmington, 
Delaware) for 10 minutes between sampling 
points.

Trailer contamination protocol
To contaminate each of the trailers (except 
the trailer used for the negative control 
treatment), a 20-mL aliquot of the PCV2-
contaminated fecal material was thawed at 
4°C overnight and spread on the walls and 
floor of the trailer by hand by the same inves-
tigator for each trailer within a block. After 
contamination, 200 g of bedding (wood 
chips; Theisen’s, Ames, Iowa) were placed on 
the floor of the trailer. In order to maintain 
similar experimental conditions between 
groups, bedding was also placed in the trailer 
assigned to the negative control treatment.

Trailer washing protocol
To prevent cross-over contamination from 
the previous step, investigators changed 
gloves prior to the wash step. The trailers 
were washed using the following protocol. 
The trailer was first rinsed using a low-pres-
sure nozzle (50 psi) to flush out the majority 
of woodchips and gross debris, then washed 
with 48.9°C water using a high-pressure noz-
zle (2400 psi) for approximately 30 seconds, 
and last rinsed using a low-pressure nozzle to 
remove any remaining gross debris.

Trailer disinfection protocol
To prevent crossover contamination from 
the previous step, a different investigator 
or an investigator who had showered and 
changed clothes and gloves applied disin-
fectant to the trailer. Gloves were changed 
between trailers, and ample room was avail-
able to prevent crossover of disinfectants 
between trailers within a block. Disinfec-
tants were applied using a liquid concentrate 
sprayer (H. D. Hudson Manufacturing 
Company, Chicago, Illinois) attached to a 
garden hose. The following disinfectants, 
which correspond to the experimental 
design in Table 1, were used: a quaternary 
ammonium compound (PI Quat 20; Pre-
serve International, Reno, Nevada) (DISF1); 
an oxidizing agent containing a potassium 
peroxomonosulfate (Virkon S) (DISF2); a 
combined glutaraldehyde and quaternary 
ammonium product (Synergize, Preserve 
International, Reno, Nevada) (DISF3); and 
an application of two disinfectants in tan-
dem, the first being the previously described 
oxidizing agent (Virkon S) and the second 
a chloride compound (Clorox Bleach; The 
Clorox Company, Oakland, California) 
(DISF4). Treatments were applied at the 
following rates, based on the respective man-
ufacturers’ recommendations: DISF1 was 
applied at a rate of 2 oz per 5 gal of water (59 

mL per 18.9 L), DISF2 was reconstituted 
to a concentration of 100 g per L of water 
and applied at a rate of 1 oz per gal (30 mL 
per 3.8 L), and DISF3 was applied at a rate 
of 0.5 oz per gal of water (15 mL per 3.8 L). 
For DISF4, the oxidizing agent was applied 
at the previously described rate and the chlo-
ride compound was applied at a rate of 6 oz 
per gal of water (177.4 mL per 3.8 L). Disin-
fectants were applied, and after 10 minutes 
of contact time, the trailers were rinsed with 
water. The temperature during the disinfec-
tant process was 20°C for all blocks.

Decontamination protocol between 
blocks
To ensure that residual contamination of 
each trailer between the four blocks did 
not occur, trailers were washed with 48.9°C 
water using a high-pressure nozzle (2400 
psi), scrubbed with a detergent product 
(Ultra Palmolive OXY Plus with Bleach 
Alternative; Colgate-Palmolive Com-
pany, New York, New York), thoroughly 
rinsed, disinfected with an oxidizing agent 
(VirkonS), and allowed to dry completely. 
This process was repeated until PCV2 DNA 
was not detected by real-time PCR from 
swabs collected from six different trailer 
surface locations (Figure 1B-1G).

Animals
Blocks 1 and 2 were performed with animals 
from source A in September 2008, and 
Blocks 3 and 4 were performed using pigs 
from source B in February 2009. Obtaining 
pigs from two sources was not part of the 
study design, but it was necessary due to 
the inability to obtain PCV2-naive animals 
from source A in February of 2009. The 
use of blocks accounted for the variability 
introduced when two pig sources were used. 
In both sources, pigs were colostrum-fed, 
crossbred, specific-pathogen-free conven-
tional pigs purchased from herds that were 
routinely tested for major swine pathogens 
and known to be free of PCV2, PRRSV, 
porcine parvovirus, and SIV. Source A pigs 
were weaned at 3 weeks of age and raised to 
approximately 18 to 27 kg (8 to 10 weeks 
old), at which time they were transported 
to the Livestock Infectious Disease Isolation 
Facility (LIDIF) at Iowa State University, 
Ames, Iowa. Source B pigs were weaned at 2 
weeks of age and raised to approximately 10 
to 22 kg (6 to 9 weeks old), at which time 
they were transported to the LIDIF. Pigs 
were housed in groups of two in separate 
rooms with dedicated ventilation systems. 
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Each room had 18 m2 of solid concrete 
floor space and one nipple drinker. Once 
a day, all groups were fed a balanced, pel-
leted, complete-feed ration free of animal 
proteins (excluding whey) and antibiotics 
(Nature’s Made; Heartland Co-op, Iowa). 
Upon arrival at the facility, serum from each 
pig was tested by real-time PCV2 PCR19 
and PCV2 ELISA20 to confirm that all were 
PCV2-free prior to initiation of the trial.

Exposure of the pigs to the trailer 
models
After disinfection, the three model trailers 
were placed into a clean equine trailer (no 
prior exposure to swine) and separated by 
clear polyethylene sheeting. Two pigs were 
placed in each model trailer for a total expo-
sure time of 2 hours. The 2-hour exposure 
period was similar to that used in previously 
published studies utilizing model trailers.16-18 
During the exposure time, the horse trailer 
containing the model trailers was driven on a 
specific route, which included approximately 
32.2 km of interstate highway, 56.3 km of 
state highway, and 32.2 km unpaved (gravel) 
road through Hardin, Story, and Hamilton 
counties in the state of Iowa. After the 2-hour 
exposure period, pigs were placed in isolation 
rooms by treatment group. At the time when 
Block 1 was being conducted, the tempera-
ture was 22.8°C and it rained throughout the 
time of transport. For Block 2, the tempera-
ture was 29.4°C with no precipitation. For 
Block 3, the temperature was 1.1°C with no 
precipitation. For Block 4, the temperature 
was -12.2°C with no precipitation.

Anti-PCV2 IgG antibodies and 
PCV2 DNA quantification and 
sequencing
Blood samples were collected on the day 
of exposure and weekly thereafter until 49 
days post trailer exposure. The blood was 
collected in 8.5-mL serum separator tubes 
(Fisher Scientific Inc, Fair Lawn, New Jer-
sey), immediately centrifuged at 2000g for 
10 minutes at 4°C, and stored at -80°C until 
use. Serum samples were tested by an open 
reading frame 2 (ORF2)-based PCV2 IgG 
ELISA and were considered positive if the 
calculated sample-to-positive (S:P) ratio was 
≥ 0.2, as previously described.20 Deoxyri-
bonucleic acid extraction on serum samples 
was performed using the QIAamp DNA 
Mini Kit (Qiagen Inc, Valencia, California). 
Previously described primers for ORF1 
of PCV219 were used for quantification 
of the PCV2 genomic DNA by real-time 

PCR. The PCR reaction consisted of 25 
µL PCR mixtures that contained 12.5 µL 
of commercially available master mix (Taq-
Man Universal PCR Master Mix; Applied 
Biosystems Inc, Foster City, California), 
2.5 µL DNA extract, and 1 µL forward and 
reverse primers and 0.5 µL detection probe 
with concentrations of 10 µM each. On 
each plate, five progressive 1:10 dilutions of 
a known copy number of PCV2 genomic 
DNA excised from a purified PCV2 DNA 
clone was included to generate a standard 
curve. Each plate was run in the sequence 
detection system (7500 Sequence Detec-
tion System; Applied Biosystems Inc) 
under the following conditions: 2 minutes 
at 50°C, 10 minutes at 95°C, followed 
by 40 cycles of 15 seconds at 95°C and 1 
minute at 60°C. Samples which did not 
generate a signal after 40 cycles were con-
sidered negative. Polymerase chain reaction 
products amplified from virus recovered 
from a serum sample from one animal in 
each of the positive control groups was 
sequenced and compared with the PCV2 
in the fecal material used to contaminate 
the model trailers. A nested PCR was used to 
amplify the entire ORF2 gene for sequenc-
ing as previously described.22 Polymerase 
chain reaction products were purified using 
the QIAquick PCR purification kit (Qiagen 
Inc) per the manufacturers’ directions and 
sequenced at Iowa State University DNA 
facility. Sequences were analyzed with 
Sequence Scanner 1.0 (Applied Biosystems 
Inc) and compared with the sequence of the 
PCV2 present in the fecal material using the 
basic local alignment search tool (BLAST).23

Necropsy
All pigs were necropsied 49 days post model-
trailer exposure. Severity of macroscopic lung 
lesions, ranging from 0% to 100% of the lung 
affected, were estimated subjectively, and 
the size of lymph nodes was scored from 0 
(normal) to 3 (four times the normal size) in 
a blinded fashion as described previously.24 
Sections of lymph nodes (superficial inguinal, 
mediastinal, tracheobronchial, mesenteric), 
tonsil, thymus, ileum, kidney, colon, spleen, 
and liver were collected at necropsy, fixed in 
10% neutral-buffered formalin, and routinely 
processed for histological examination.

Histopathology
Microscopic lesions were evaluated by a 
pathologist blinded to treatment groups. 
Lung sections were scored for the presence 
and severity of interstitial pneumonia rang-

ing from 0 (normal) to 4 (severe interstitial 
pneumonia) as described previously.25 
Sections of heart, liver, kidney, ileum, and 
colon were evaluated for lymphohistiocytic 
inflammation and scored from 0 (none) to 3 
(severe). Lymphoid tissues, including lymph 
nodes, tonsil, and spleen, were evaluated for 
lymphoid depletion ranging from 0 (nor-
mal) to 3 (severe) and histiocytic inflam-
mation and replacement of follicles ranging 
from 0 (normal) to 3 (severe).26

Immunohistochemistry
Immunohistochemistry for detection of 
PCV2-specific antigen was performed on 
formalin-fixed and paraffin-embedded sec-
tions of lymph nodes (superficial inguinal, 
mediastinal, tracheobronchial, and mes-
enteric), tonsil, spleen, Peyer’s patches, and 
thymus using a rabbit polyclonal antiserum 
as described previously.21 Tissues were scored 
for PCV2 antigen by a pathologist blinded to 
treatment groups. Scores ranged from 0 (no 
signal) to 3 (more than 50% of the lymphoid 
follicles contain cells with PCV2 antigen 
staining).26

Statistical analysis
The statistical analysis for the first objec-
tive, to determine if disinfection reduced 
the amount of PCV2 present on the model 
trailer surface, focused on the differences in 
numbers of log10 genomic copies of PCV2 
between steps of each treatment protocol 
(post contamination, post washing, and post 
disinfection) and among four disinfectants. 
The experimental unit was the model trailer 
within a block. The assumption of indepen-
dence of experimental units was reasonable 
because each model trailer was carefully 
cleaned to eliminate carryover between 
blocks. The amount of PCV2 DNA was 
measured on six swabs (subsamples) at each 
step within an experimental unit; these were 
averaged before statistical analysis.

Model trailers assigned to DISF1 through 
DISF4 treatments were sampled at four 
steps of the decontamination process (pre-
contamination, post contamination, post 
washing, and post disinfection). Model trail-
ers assigned to the positive control treatment 
were sampled only twice (precontamination 
and post contamination). Model trailers 
assigned to the negative control treatment 
were sampled only once. Data from the 
precontamination step and the negative 
control treatment were excluded from the 
analysis because no PCV2 DNA copies were 
detected. The positive control and DISF1 
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through DISF4 treatments were used to 
define three unique sampling steps: post 
contamination (positive control treatment 
and DISF1 through DISF4), post washing 
(DISF1 through DISF4 combined), and 
individual post-disinfection treatments 
(DISF1, DISF2, DISF3, or DISF4). This 
is appropriate because after contamination 
(prior to washing), all trailers were treated 
alike, and after washing (prior to disinfec-
tion), all washed trailers were treated alike.

The statistical analysis accounted for cor-
relation between the three repeated mea-
surements on the disinfected trailers (post 
contamination, post washing, and post 
disinfection) by including a random effect 
for the experimental unit. Differences in the 
average log10 genomic PCV2 copies per mL 
among the treatment groups were tested using 
PROC MIXED in SAS version 9.2 (SAS 
Institute, Inc, Cary, North Carolina), based 
on a linear regression model. The variation in 
environmental temperatures was accounted 
for by including block as a fixed effect in the 
model. Variance components were estimated 
using the restricted maximum likelihood 
(REML), and the Satterthwaite approxi-
mation was used to compute degrees of 
freedom. The type 3 F test of treatments was 
considered significant if the P value was < .05. 
Tukey-Kramer-adjusted t values were deter-
mined if the overall F test was significant.

There was no statistical evaluation for the 
second objective of the experiment, as neither 
seroconversion nor viremia was detected in 
any of the animals exposed to disinfected 
model trailers (DISF1 through DISF4).

Results
Amount of PCV2 DNA on the model trailer 
surfaces was reduced after the wash step. 
The mean amounts of PCV2 DNA (log10 
genomic copies per mL) obtained for each of 
three sampling points (post contamination, 
post wash, and four levels of post disinfection 
representing the four disinfectant protocols) 
are presented in Table 1. Overall, the log10 
PCV2 copies per mL differed by treatment (P 
< .001). Differences of least squares means 
using the Tukey-Kramer-adjusted t test 
indicated a significant reduction in mean 
log10 genomic copies per mL of PCV2 DNA 
between the post-contamination step and 
the post-wash step. Only in the DISF4 treat-
ment group was the mean amount of PCV2 
DNA significantly less (P < .01) after the 
disinfection step than it had been after the 
post-wash step.

Evidence of PCV2 infection was not present 
in naive animals exposed to contaminated, 
disinfected model trailers. Clinical disease 
was not observed in any of the pigs for the 
duration of the study. Seroconversion to 
PCV2 was not detected in any of the ani-
mals exposed to the negative control, DISF1, 
DISF2, DISF3, or DISF4 treatments during 
any of the replicates. Both positive control 
pigs seroconverted by 28 days post model-
trailer exposure in blocks 1, 2, and 4. In 
block 3, one positive control pig seroconver-
ted by 14 days post model-trailer exposure 
and the other by 42 days post exposure. 
Viremia was not detected in any of the ani-
mals exposed to trailers treated with DISF1, 
DISF2, DISF3, or DISF4 protocols or the 
negative control treatment during any of the 
replicates. Both pigs in the positive control 
group became PCV2 viremic by 21 days post 
exposure in blocks 1, 3, and 4. Both positive 
control pigs in block 2 became PCV2 vire-
mic by 14 days post exposure. Characteristic 
microscopic lesions of PCV2 infection or 
PCV2 antigen staining were not detected in 
any of the animals from the negative control, 
DISF1, DISF2, DISF3, or DISF4 groups. In 
positive control pigs (n = 8), there was mild 
to moderate depletion of follicles in the ton-
sil (one of eight) and in lymph nodes (five of 
eight). Histiocytic replacement of lymphoid 
germinal centers was observed in two of 
eight animals. Low to moderate amounts of 
PCV2 antigen were detected in the tonsils of 
four of the eight pigs and in lymph nodes of 
six of the eight pigs. Mild lymphoplasmacytic 
myocarditis, hepatitis, and interstitial nephri-
tis were noted in three of eight, two of eight, 
and three of eight animals, respectively.

Discussion
The first objective of this study was to 
evaluate the ability of four disinfection 
protocols with known in vitro effectiveness 
against PCV2 to prevent transmission of 
PCV2 under simulated field conditions, 
and the second objective was to determine 
the infectivity of the PCV2 DNA detected 
by PCR. Previous work has shown that 
oxidizing agents, aldehyde compounds, and 
quaternary ammonium compounds have 
efficacy against PCV2 under in vitro condi-
tions.10-12 While in vitro efficacy data is use-
ful, field efficacy of a disinfectant depends 
on the type of surface and the presence of 
organic material and other variables.27 To 
evaluate the effectiveness of the disinfection 
protocols under simulated field conditions, 
PCR analysis of swabs from model trailer 

surfaces after the contamination, wash, and 
disinfection steps was performed to assess 
whether virus was present after each step in 
the protocols. Second, the infectivity of the 
PCV2 DNA detected on the trailer surface 
was evaluated by exposing naive animals to 
the trailers for 2 hours.

The results of the study indicated that the 
mean amount of PCV2 DNA remaining 
after the wash step was significantly less 
than that present after contamination of 
the positive control trailers. However, after 
the disinfection step, between 1.5 and 5.3 
log10 PCV2 genomic copies per mL were 
identified in the DISF1 through DISF4 
trailers. This is in agreement with previ-
ous in vitro work which found that mean 
PCV2 titers were reduced, but not com-
pletely eliminated, after exposure to various 
disinfectants.10,11 Interestingly, washing 
the trailer alone significantly reduced the 
amount of PCV2 DNA present in the trail-
ers, and there was no significant difference 
between the washing and disinfection steps 
when only one disinfectant was applied (ie, 
excluding the DISF4 protocol in which 
two disinfectants were applied). While it is 
possible that the small number of replicates 
performed for each disinfectant hindered 
the ability to detect a difference between the 
washing and disinfectant steps, a significant 
difference was detected in the disinfectant 
protocol with the least number of repli-
cates (DISF4). In regard to the significant 
reduction of PCV2 DNA noted after the 
disinfection step in the DISF4 protocol, it 
is unknown whether the combination of 
the two disinfectants, or just the additional 
rinsing associated with the application of 
two disinfectants, was responsible for the 
outcome. Additional work should be done 
to further explore this question. Moreover, a 
disinfectant-neutralizing broth, such as Dey-
Engley, was not used when the swabs from 
contaminated trailers were handled. In the 
absence of a disinfectant-neutralizing broth, 
the effect of residual disinfectant present on 
swabs post-collection could have continued 
to act on the samples until the time they 
were processed. As most samples were posi-
tive for PCV2 DNA, and it was very dif-
ficult to obtain PCV2 PCR-negative swab 
samples between blocks, the lack of addition 
of a neutralizing broth did not appear to 
have elevated the false-negative rate. In addi-
tion, the swabs were handled the same way 
for each block (immediately placed at -80°C 
after collection) and were handled in a man-
ner similar to that which has been previously 
reported.17 Detection of PCV2 in trailers 
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after disinfection does not necessarily corre-
late with transmission, as detection of virus 
by PCR does not confirm that the virus is 
infectious or that the exposure dose is suf-
ficient. While virus isolation and titration 
could have been performed to determine 
the infectivity of the detected PCV2, it is 
documented that PCV2 grows slowly and 
requires optimized culture conditions, and 
that virus isolation is not always successful.28 
Additionally, viral isolation of PCV2 from 
rectal swabs in experimentally infected, cesar-
ean-derived, colostrum-deprived pigs showing 
clinical signs of PCVAD was infrequent even 
though virus isolation from serum was suc-
cessful up to 5 weeks post infection.29 There-
fore, we elected to do a bioassay in which 
naive animals were exposed to the trailers.

To accurately simulate field conditions, 
1:61 scale model trailers were designed and 
manufactured by a company specializing in 
standard and custom aluminum livestock 
transportation equipment, with the exact 
materials used during commercial produc-
tion. Trailers were manufactured purposely 
to contain areas where fecal material would 
likely accumulate, and sampling of the model 
trailers was concentrated on these areas to 
accurately determine viral concentration 
after each step in the protocol. Interestingly, 
the thorough disinfection protocol used on 
trailers between blocks to prevent carryover 
contamination needed to be performed 
multiple times, especially in blocks 3 and 4, 
in which low environmental temperatures 
prevented storage of the trailers outside the 
building, thereby limiting exposure to natural 
ultraviolet light. This confirmed that the sam-
pling areas were able to harbor PVC2 DNA. 
By design, the model trailers used in the study 
provided adequate space to allow animals 
to turn completely around. This allowed for 
increased exposure to areas where contami-
nated feces may have accumulated. Although 
an effort was made to ensure similarity to field 
conditions, changes associated with normal 
wear of a trailer were not replicated, as trailers 
were manufactured from new materials and 
used for the first time during this trial.

Fecal material from one experimentally 
infected animal at the peak of infection was 
used in this study to provide a consistent, 
high amount of virus in each trailer (10.8 
log10 PCV2 genomic copies per mL). All pigs 
in the positive control trailers seroconverted 
and became viremic, indicating that, in each 
of the blocks, the virus was infectious to naive 
animals. Previously published information7 
suggests the presence of approximately 2 to 

6 log10 PCV2 genomic copies per mL in 
fecal samples from clinically healthy ani-
mals, animals with mild PCV2-associated 
lesions, and animals with moderate to 
severe microscopic lesions associated with 
PCVAD. On the basis of the above data, the 
concentration of virus used in this study was 
above what would be expected under field 
conditions.

During the study, naive animals were 
exposed to the trailer models for 2 hours 
and transported over paved and unpaved 
roads in Iowa counties with high densities 
of swine operations. This contact time is 
similar to that used in trials performed with 
PRRSV16-18 and is representative of the 
time needed to transport pigs between local 
geographic areas. However, the study is not 
representative of transport between distant 
geographic areas in which animals may be 
transported for 12 to 20 hours. Examples 
of this would include transport of weaned 
piglets from farrowing facilities in Canada 
or North Carolina to finisher facilities in the 
Midwest. As 1.45 ± 0.6 log10 genomic copies 
of PCV2 remained in the trailer following 
the most efficacious disinfectant protocol, 
it is possible that longer exposure periods 
could have resulted in transmission of PCV2 
to naive animals.

A great effort was made to ensure that 
washing and disinfectant application were 
similar to field conditions. Specifically, a 
protocol similar to one used in a commercial 
truck-wash facility (D. Miller, personal com-
munication, 2008), including a low-pressure 
rinse, a high-pressure wash, and a final 
low-pressure rinse to remove gross debris, 
was followed. However, in commercial 
truck-wash facilities, worker speed to ensure 
a certain number of trailers per hour are 
cleaned may result in less diligence toward 
the cleaning and disinfection process in 
comparison to the experimental conditions 
of this study. In addition, there is likely a 
difference, using a 2400-psi power washer, 
in the ease of washing a model trailer rather 
than a full-sized trailer. Specifically, in the 
model trailer, there is less total area that 
requires cleaning; a greater force placed on 
a smaller area, which may improve cleaning 
efficacy; and less potential for contamina-
tion of previously cleaned areas of the trailer 
(ie, back-spray onto the walls when cleaning 
the floor). Another limitation of the pro-
tocol was that between the contamination 
step and the washing step for each replicate, 
gloves were changed but hands were not 

washed. The significance of this is unknown, 
as no naive animals became infected after 
exposure to the model trailers; however, 
changing the protocol for future larger stud-
ies may be justified.

In this study, PCV2 was not transmitted 
to naive animals after application of any of 
the four disinfection methods, even though 
the following conditions were true: naive 
animals were exposed to a concentration of 
infectious virus above that which has been 
reported from fecal samples of naturally 
infected animals; naive animals, compared 
to pigs in standard livestock trailers under 
common transport conditions, had more 
than the typical amount of floor space in the 
trailer, allowing for more freedom to move 
around and more exposure to fecal material 
containing virus; and model trailers were 
designed to include places in which feces 
are typically difficult to thoroughly remove. 
However, as this was a pilot study, there are 
two major limitations of the study, in addi-
tion to the limitations described previously.

Foremost, the number of animals used in 
the study and the number of replicates were 
low. The upper 95th percentile for the prob-
ability of infection (Pinfect) was determined 
using the following equation: Pinfect = 
exp[ln(1-Pdetect) ÷ N]; where N = the num-
ber of animals in each replicate and Pdetect = 
the probability of detection. When Pdetect 
was set as 0.95 (to obtain the upper 95% 
bound for a specified N), Pinfect was equal 
to 0.53 for DISF1, DISF2, and DISF3, and 
0.78 for DISF4. 

Second, the use of model trailers instead of 
full-sized trailers is a limitation of the study. 
Cleaning and disinfection of a model is 
likely easier than cleaning a full-sized trailer. 
The use of a model versus a full-sized trailer 
may also have impacted the exposure of the 
naive animals to the environment. These 
limitations could be overcome by perform-
ing additional replicates in full-sized trailers 
using industry-standard cleaning processes.

Implications
•	 Under the conditions of the study, 

washing a PCV2-contaminated scale-
model size trailer with water alone 
reduces the amount of PCV2 DNA in 
the trailer.

•	 Under the conditions of this study, 
when only one disinfectant is used in 
the process, it provides no significant 
advantage over washing alone.
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•	 Use of an oxidizing agent followed 
by a sodium hypochlorite compound 
treatment reduces the amount of PCV2 
DNA, compared to washing alone.

•	 Although detectable amounts of PCV2 
(between 1.5 and 5.3 log10 PCV2 
genomic copies per mL) may remain in 
transport vehicles after disinfection, this 
may be sufficiently low to minimize the 
risk of transmission to naive animals.
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