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Summary 14 

Air and surfaces of swine farms are two alternative samples to obtain information about the health 15 

status of the herd. The aim of this study was to assess air and surface sampling for the detection of 16 

Porcine Circovirus Type 2 (PCV2) in vaccinated and unvaccinated fattening farms, studying the 17 

relationship between the viral load in these samples with the viremia at herd level. Three swine 18 

fattening batches (one unvaccinated; two vaccinated) were monitored at 10, 12, 14, 16 and 18 19 

weeks old; at each stage, blood, air and different surfaces were sampled and analysed by qPCR. In 20 

all herds, PCV2 was detected in all types of samples. Whenever viremia was detected, PCV2 was 21 

also detected in air and surface samples, even in those cases with a low estimated prevalence (1.6 22 

%); moreover, in two out of the three herds, PCV2 was detected in air and surface samples earlier 23 

than in the blood of the sampled population. In addition, a good correlation between the viremia of 24 

pig population and the PCV2 load in air and surface samples was found in both cases (τ = 0.672 and 25 

0.746 respectively; p < 0.05). These results show that air and surface samples could be useful tools 26 

to monitor PCV2 infection, being suitable for detecting the virus in cases of low prevalence and 27 

even before pigs develop viremia; therefore, these sampling techniques would speed up the 28 

implementation of the required measures to prevent productive and economic losses due to PCV2 29 

infection.  30 
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INTRODUCTION 34 

Surveillance in domestic pigs is important to detect diseases and establish the health status of herds. 35 

Failing to detect diseases may have important sanitary and economic consequences for farms, 36 

leading to endemic and persistent problems and hindering the success of control programmes 37 

(Arruda & Gauger, 2019). This is especially challenging in diseases that can be maintained in a herd 38 

by a small proportion of infected animals. In these cases, detecting the disease can be very laborious 39 

and expensive since it usually requires elevated sample sizes (Kittawornrat et al., 2014; Ramirez et 40 

al., 2012), which may represent several limitations in field conditions. Thus, improving protocols 41 

and techniques that can help farmers to detect diseases more efficiently are still needed.  42 

In the last few years, the swine sector has introduced different sampling methods in order to provide 43 

accurate information of a high number of animals while minimising the investment in time and 44 

money. The detection of pathogens in oral and processing fluids, umbilical cords, skin wipes, air 45 

and farm surfaces are some examples (Garrido-Mantilla et al., 2019; Lopez, Angulo, Zimmerman, 46 

& L Linhares, 2018; Martín-Valls, Hidalgo, Cano, & Mateu, 2018; Neira et al., 2016; Prickett, Kim, 47 

Simer, Yoon, & Zimmerman, 2008). In addition, these methods present the advantage of being non-48 

invasive and some of them, such as oral fluids or processing fluids, have shown a good agreement 49 

with the detection of Influenza A virus, PCV2 and PRRS virus in nasal or serum samples (Nielsen 50 

et al., 2018; Romagosa, Gramer, Joo, & Torremorell, 2012; Vilalta et al., 2018). However, they still 51 

have certain limitations, for example, umbilical cords and processing fluids can only be employed 52 

during the first few days of life; detection in oral fluids, which is based on the natural curiosity of 53 

the pigs to interact with cords (Romagosa et al., 2012), can underestimate the infection level since 54 

sick animals can refuse to interact with their surroundings (Hart, 1988) and, therefore, may not be 55 

included in the sample.  56 

In this context, the detection of pathogens in air samples collected inside farm facilities has been 57 

pointed out as a promising tool for the disease surveillance of swine pathogens such as MRSA, 58 

Influenza A virus and M. hyopneumoniae (Corzo, Culhane, Dee, Morrison, & Torremorell, 2013; 59 

Damte et al., 2014; Friese et al., 2012). Regarding PCV2 detection, only three studies have analysed 60 



air from commercial swine farms (Anderson et al., 2020; Evgrafov et al., 2013; Verreault et al., 61 

2010). Two of them were carried out before vaccines against this virus were available, thus a high 62 

number of infected pigs was to be expected; however, neither of them estimated the prevalence of 63 

the infection. Similarly, in recent years, Anderson et al. (2020) detected PCV2 in air samples from 64 

one fattening farm, although they did not provide any information on the infection level in that herd. 65 

Currently, vaccination is a widespread measure that has led to an important reduction of the 66 

prevalence of PCV2 (Dvorak, Yang, Haley, Sharma, & Murtaugh, 2016), so that a high number of 67 

serum samples are usually necessary to detect the infection. In this new epidemiological context, air 68 

sampling could be a valuable alternative, but it is still necessary to assess the performance of this 69 

technique regarding the infection level within the herd. 70 

On another note, surface sampling has also been used to study pathogens like MRSA or Influenza A 71 

(Espinosa-Gongora et al., 2012; Neira et al., 2016), and has proved useful for monitoring some of 72 

them without compromising animal welfare (Bangerter, Sidler, Perreten, & Overesch, 2016). 73 

Regarding PCV2, the number of cross-sectional studies that have employed surface sampling to 74 

detect it is very reduced (Díaz-Cao et al., 2018; Dvorak, Lilla, Baker, & Murtaugh, 2013; López-75 

Lorenzo et al., 2019), and none of them have monitored the infection over time. 76 

Against this background, the objective of this study was to assess the suitability of air and surface 77 

sampling to monitor the evolution of PCV2 load in vaccinated and unvaccinated fattening farms, 78 

estimating the correlation of viral load in these samples with the PCV2 viremia at herd level.  79 

MATERIALS AND METHODS 80 

Characteristics of the farms and origin of the animals 81 

This study was performed in three commercial swine fattening farms with an all-in/all-out system 82 

(AI-AO), with a complete washing, disinfection and depopulation of at least one week between 83 

batches. All the farms had the same structure, with a central alley and pens to each side. Each pen 84 

housed approximately 15 pigs and consisted of a partially slated floor, a totally solid wall, one pig 85 

hopper and one nipple drinker. The buildings were ventilated by automated lateral windows which 86 



were opened or closed depending on the indoor temperature of the farm, and food and water were 87 

available ad libitum.  88 

Approximately five months before starting this study, an increase of mortality (up to 8 % in the 89 

mortality rate) and an increase of uneven weight at the slaughter age had been observed in the 90 

fattening batches. At the beginning of the trial, samples of inguinal lymph nodes and spleen were 91 

taken from dead pigs and PCV2 compatible lesions (moderate to severe lymphocyte depletion) were 92 

confirmed, also verifying a severe PCV2 amount by immunohistochemical methods. Thus, 93 

according to the established criteria, PCV2-Systemic Disease had been diagnosed at herd level in all 94 

the included farms (Grau-Roma, Fraile, & Segalés, 2011). In addition, it must be pointed out that all 95 

the farms were supplied with nine-week-old piglets by the same farrow to wean farm every two 96 

weeks. This origin herd was negative to PRRS virus and the piglets were only vaccinated against M. 97 

hyopneumoniae at one week of age.  98 

Study design 99 

Three batches (one from each fattening farm) were monitored in this study: one batch of pigs 100 

unvaccinated against PCV2 (Group 0, control; n=360) and two batches vaccinated at 4 weeks of age 101 

with different commercial vaccines (Groups 1 and 2; n=380 and n=490, respectively). Samples of 102 

blood, air and surfaces were taken in these fattening farms when the pigs were 10, 12, 14, 16 and 18 103 

weeks of age.  104 

Blood samples 105 

Blood samples were taken from the jugular vein. The sample size was calculated assuming an 106 

estimated prevalence of 50% and a precision of 11.5% with the package epiDisplay in R (Virasakdi 107 

Chongsuvivatwong, 2018; R Core Team, 2018); as a result, 60 animals in Groups 0 and 1 (5 108 

pigs/pen; 12 different pens) and 65 pigs in Group 2 (5 pigs/pen; 13 different pens) were sampled in 109 

the first visit. In the following visits, the same number of pigs was randomly sampled from the same 110 

pens.  111 

Air samples 112 



In each visit, six air samples (50 L/min for 30 minutes each one) were taken using the air sampler 113 

MD8 Airport (Sartorius AG, Göttingen, Germany) with sterile gelatin filters of 80 mm in diameter 114 

and a pore size of 3 m (Sartorius Stedim Biotech GmbH, Göttingen, Germany). The air sampler 115 

was placed in the central alley at 1/3 (“a” point) and 2/3 (“b” point) of the length of the building. At 116 

each point, samples were taken at three different heights: at the ground level, at the pen railing 117 

height and at a height of two meters. After finishing the sampling, each filter was kept in an 118 

individual package at room temperature until processed. 119 

Surface samples 120 

In each visit, surface samples were taken from five locations: the central alley of the farm, the pen 121 

railing, the pig hopper, the pen wall and the pen floor (the samples from the hopper, the pen wall 122 

and the pen floor were taken from the pens where pigs were sampled). A previously described 123 

swabbing method was used as it has proved useful to detect virus from the environment of livestock 124 

productions (Prieto et al., 2014). The sampling protocol for each surface was performed as indicated 125 

in previous studies (López-Lorenzo et al., 2019) and is briefly described in Table 1. After sample 126 

collection, each swab was kept in an individual tube at room temperature until processed. 127 

Laboratory analysis  128 

All samples (blood, air and surfaces) were processed at the laboratory in the first 24 hours. 129 

Blood samples from the same pen were pooled together (five samples/pool). DNA extraction was 130 

carried out from 200 μl of each pool using a commercial DNA extraction kit (High Pure PCR 131 

Template Preparation Kit, Roche Diagnostics GmbH, Mannheim, Germany) following the 132 

manufacturer’s instructions. The obtained DNA was collected in 100 μl of elution buffer and kept at 133 

-30 ºC until qPCR analysis. 134 

The filters used for air sampling were transferred from their packages to Stomacher bags and 5 ml 135 

of sterile phosphate-buffered saline with 0,05% Tween 20 (PBST, all reagents supplied by Sigma-136 

Aldrich, Missouri, United States) was added to each one to dissolve them. The obtained solution 137 

was homogenized for one minute and left to settle down for 15 minutes. After that, 1 ml of 138 



supernatant from each solution was transferred to a sterile Eppendorf tube and kept at -30ºC until 139 

the DNA extraction was performed.  140 

Surface samples were processed by adding 5 ml of PBST to each tube containing the swab. They 141 

were vortexed for one minute and subsequently left to settle down for 15 minutes. After that, 1 ml 142 

of supernatant from each sample was placed in a sterile Eppendorf tube and kept at -30ºC until the 143 

DNA extraction was performed.  144 

Due to the nature of air and surface samples, a previously recommended serial qPCR analysis which 145 

involves two different DNA extraction protocols was performed in order to avoid PCR inhibition 146 

(Prieto et al., 2017). For the first qPCR, a commercial DNA extraction kit (High Pure PCR 147 

Template Preparation Kit, Roche Diagnostics GmbH, Mannheim, Germany) was used. 148 

Subsequently, qPCR analysis was performed using a commercial kit which targets the ORF2 gene 149 

(EXOone PCV2 oneMIX, EXOPOL S. L., Zaragoza, Spain), following the manufacturer’s 150 

instructions. Negative samples to the first qPCR were re-extracted with a second commercial DNA 151 

extraction kit (Nucleospin® Soil, Macherey-Nagel GmbH & Co KG, Düren, Germany) and 152 

analysed with the same qPCR protocol. The manufacturer’s instructions were followed for both 153 

extraction procedures, using 200 μl of each sample as starting material and collecting the extracted 154 

DNA in 100 μl of elution buffer; in addition, an exogenous internal control (EXOone EXIC, 155 

EXOPOL S.L., Zaragoza, Spain) was added to each sample to identify possible qPCR inhibition. 156 

qPCR positive and negative controls were supplied by the manufacturer and were used in each run. 157 

A sample was considered positive when Ct ≤ 42 for the PCV2 detection channel. In addition, the 158 

positive control was used to calculate the standard curve by preparing serial ten-fold dilutions (5 159 

x105 - 5x101 copies/μl). All qPCR reactions were run in duplicate on an Applied Biosystems ABI 160 

Prism 7500 thermocycler (Thermo Fisher Scientific, Waltham, MA, USA). The amplification 161 

protocol was the one indicated by the manufacturer.  162 

The amount of PCV2 DNA quantified for each sample was expressed as number of copies/m3 of air 163 

and number of copies/swab for air and surface samples respectively.  164 

Data analysis 165 



The individual prevalence of PCV2 was estimated for each stage using a frequentist approach from 166 

the pooled results with the web resource EpiTools (Sergeant, 2018). A method assuming a fixed 167 

pool size and a perfect test was chosen (Cowling, Gardner, & Johnson, 1999).  168 

The proportion of positive blood pools, air samples and surface samples for each group at each 169 

sampling stage was calculated. Subsequently, Kendall’s-tau (τ) was used to determine the 170 

association between the PCV2 load detected by qPCR and the proportion of positives from each 171 

type of sample (blood, air and surfaces), as well as to test the correlation between the PCV2 load 172 

detected in blood pools and the PCV2 load detected in air and surface samples. For the latter case, 173 

the PCV2 load was considered as 0 copies in the negative samples and the correlation was 174 

performed using the mean number of copies of PCV2 in blood pools, air samples and surface 175 

samples for each group and sampling moment. In addition, the correlation was also assessed using 176 

an estimator of τ for zero-inflated data (Pimentel, 2009) (Supporting Information). All statistical 177 

analyses were conducted with the software R (R core Team, 2018). The p value was considered 178 

significant when < 0.05.  179 

RESULTS 180 

Descriptive results 181 

Viremia  182 

The individual estimated prevalence of PCV2 for each group at each age is summarized in Table 2; 183 

briefly, the prevalence throughout the study ranged from 30.11 to 100 % in the Control Group and 184 

from 1.59 to 1.73 % in the vaccinated groups. In the Control Group, all blood pools tested negative 185 

to PCV2 at 10 weeks of age; since then, viremia was detected until the end of the study. The peak of 186 

viremia appeared at 12 weeks of age (11/12 positive blood pools) with the PCV2 load ranging from 187 

7.65 x104 to 2.34 x108 PCV2 copies/ml; from that moment, viremia decreased gradually (Figure 188 

1.A). In Group 1, viremia was firstly detected at 14 weeks of age in 1/12 blood pools (Figure 1.B); 189 

from that moment until the end of the study only 1/12 blood pools was positive in each sampling, 190 

with the PCV2 load ranging from 1.54 x103 to 9.49 x104 PCV2 copies/ml. In Group 2, viremia was 191 



only detected when pigs were 18 weeks old (Figure 1.C.), only 1/13 blood pools tested positive 192 

(4.11 x103 PCV2 copies/ml).  193 

Therefore, PCV2 viremia was detected in the Control Group earlier than in both vaccinated groups 194 

(1 and 2), and the number of positive blood pools was always higher in the Control Group than in 195 

groups 1 and 2. Similarly, at the same age, a higher PCV2 load was found in samples from 196 

unvaccinated pigs than in those from vaccinated animals, with the only exception of some blood 197 

pools at 18 weeks of age.  198 

Air samples 199 

The results of air samples for each group and age are shown in Table 3. Both in the Control Group 200 

and in Group 1, PCV2 DNA was detected in air samples earlier than in blood ones. In the Control 201 

Group, PCV2 was detected in the air at 10 weeks of age (1/6 samples positive). As with blood 202 

samples, the peak of PCV2 load in air also appeared at 12 weeks of age and decreased gradually 203 

since then in this group (Figure 1.A). In Group 1, the first detection was at 12 weeks old, 3/6 air 204 

samples tested positive (one at each height), also concurring with the highest PCV2 load in air 205 

which decreased gradually since then (Figure 1.B). In Group 2, PCV2 was not detected until pigs 206 

were 18 weeks of age, with three positive air samples (one at each height).  207 

Thus, as it occurred with viremia, PCV2 was detected in air samples from the Control Group earlier 208 

than in both vaccinated groups. Moreover, the number of positive air samples was always higher in 209 

the Control Group than in Groups 1 and 2 for all sampling stages, and the samples from the Control 210 

Group showed a higher PCV2 load than those from the vaccinated groups, with the exception of 211 

some samples from Group 2 at 18 weeks of age (Table 3). 212 

Surface samples 213 

The results of surface samples for each group and age are shown in Table 4. In all groups, PCV2 214 

DNA was detected in surface samples earlier than in blood pools. Concretely, in the Control Group, 215 

PCV2 was detected at 10 weeks of age in the central alley and in the pen floor (Figure 1.A). Since 216 

then, all environmental samples tested positive at every sampling stage. In Group 1 the first 217 

detection was at 12 weeks of age in the sample from the central alley; in the following samplings, 218 



PCV2 was detected in all types of surfaces except for the pen railing. Similarly, in Group 2 the virus 219 

was firstly detected at 16 weeks of age in samples from the central alley and the pig hopper; in the 220 

following visit, PCV2 was still detected in the central alley. 221 

Therefore, PCV2 was detected in surface samples from the Control Group earlier than in those from 222 

both vaccinated groups. In addition, the virus was detected in all types of samples from the Control 223 

Group, whereas in Groups 1 and 2, all the samples from the pen railing were negative. Moreover, at 224 

the same age, all the samples from the unvaccinated group contained a higher PCV2 load than those 225 

from the vaccinated groups (Table 4).  226 

Correlation between viremia and PCV2 load in air and surfaces 227 

A positive association between the proportion of positive samples and the PCV2 load was observed 228 

for each type of sample, which means that the detection of more positive samples was associated 229 

with a higher load of virus in them: blood pools (τ = 0.903), air samples (τ = 0.803) and surface 230 

samples (τ = 0.836) with p < 0.001 in all cases. 231 

The mean of the PCV2 load in air samples showed a good correlation with the mean of PCV2 232 

copies in blood pools (τ = 0.672, p = 0.001). In particular, the PCV2 load in air samples taken at the 233 

ground level showed the highest correlation with the mean of viremia (τ = 0.786, p < 0.001), 234 

followed by those taken at the height of the pen railing (τ = 0.762, p < 0.001) and at a height of two 235 

meters (τ = 0.631, p = 0.003). Similarly, the mean of PCV2 copies calculated from all the surface 236 

samples correlated strongly with the mean of PCV2 copies in blood samples (τ = 0.746, p < 0.001). 237 

This correlation was also significant for each type of surface sample with the following τ: central 238 

alley, 0.724; pen railing, 0.710; hopper, 0.810; pen wall, 0.801; and pen floor, 0.659 (p < 0.003 in 239 

all cases). The significance of all the aforementioned associations found with Kendall’s tau was 240 

confirmed by the zero-inflated estimator (p < 0.05). 241 

DISCUSSION 242 

The main finding of this longitudinal study was the earlier detection of PCV2 DNA in air and/or 243 

surface samples than in the conventional method of viremia detection by collecting blood from a 244 

representative number of pigs. Furthermore, whenever viremia was detected, PCV2 DNA was also 245 



found in air and/or surface samples, which suggests that these environmental sampling methods 246 

could be suitable for diagnosis and monitoring of PCV2 infection in swine production. It must be 247 

mentioned that the sampling techniques employed in this study were able to detect PCV2 DNA 248 

when the herd infection prevalence was estimated at 1.59 % (CI 95% 0.00 – 8.55 %), thus 249 

suggesting that these methods could be suitable for farms with low prevalence. 250 

Our results are consistent with those obtained by Garrido-Mantilla et al., (2019), who have 251 

suggested that environmental samples can outperform blood samples from a representative number 252 

of animals as a surveillance tool. In cases of low infection prevalence, the traditional method of 253 

detecting viremia is hindered by the need for a high number of animals, which increases the 254 

workload and the costs, as well as it reduces animal welfare. In the case of PCV2, the primary 255 

replication of the virus in the tonsils may cause a certain level of excretion prior to the development 256 

of viremia (Rosell et al., 1999), a fact that could explain the results of our study, which 257 

demonstrates an earlier detection of the virus in air and surface samples than in conventional 258 

methods. 259 

The good correlation between the viremia at herd level and the PCV2 load in air and surface 260 

samples obtained in this study has also been observed for other viruses such as Influenza A (Neira 261 

et al., 2016). Our results suggest that air and surface samples could also be a useful tool to monitor 262 

PCV2 infection in AI-AO management systems, especially in rearing gilt farms, which have a 263 

similar management to fattening farms. Vaccinating gilts against PCV2 at the appropriate moment 264 

is important to avoid the infection and, as a consequence, the risk of reproductive failure (Oropeza-265 

Moe, Delgado, & Framstad, 2017). This vaccination is a common strategy during the quarantine 266 

period (Segalés, 2015), although in some cases it is performed before the gilts leave the rearing 267 

farm. In fact, checking the gilt’s status regarding PCV2 and bringing forward the vaccination have 268 

already been recommended (Eddicks et al., 2018). Thus, environmental samples could be used to 269 

monitor PCV2 infection in this type of farms and identify the optimal moment for the vaccination in 270 

a simple, cheaper, and non-stressful way.  271 



As it could be expected, both vaccines modified the infection dynamics, delaying the age of PCV2 272 

detection both in blood and environmental samples. However, our results also indicate that the 273 

infection prevalence could increase from the 18th week of age in pigs vaccinated at 4 weeks of age. 274 

This fact has been observed in other studies which detected a stable viremia in vaccinated pigs from 275 

the 18th to the 25th week of life (Feng, Segalés, Fraile, López-Soria, & Sibila, 2016; Haake et al., 276 

2014). This may not have a significant impact in slaughter pigs but may be relevant in gilts, hence 277 

the importance of detecting the infection in this group of animals even when the prevalence is low. 278 

Traditionally, the effectiveness of vaccination has been evaluated regarding the improvement in 279 

productive indexes and the reduction of viremia (Jeong, Park, Choi, & Chae, 2015; Park, Seo, Han, 280 

& Chae, 2014). Environmental samples can also allow this evaluation by measuring the reduction of 281 

viral excretion from vaccinated animals (Prieto et al., 2018). By reducing PCV2 excretion, 282 

vaccination also decreases the spread of the infection in the herd. This fact is supported by our 283 

results, since a lower number of positive samples and lower PCV2 loads were detected in the 284 

vaccinated groups regarding the control group. Accordingly, the time lag of 2-6 weeks in the PCV2 285 

environmental detection in both vaccinated groups regarding the control group is the result not only 286 

of the protection conferred by the vaccines, but also of the decrease in viral excretion that they 287 

cause.  288 

However, several aspects must be considered in the assessment of environmental samples. In the 289 

case of air sampling, it must be mentioned that the PCV2 load depends on the viremia of the herd, 290 

but also on the ventilation of the farm; thus, a higher ventilation could reduce the viral load present 291 

in the air (Corzo et al., 2013). In the three studied farms, ventilation was automatically controlled 292 

depending on the interior temperature; as pigs grow, the ventilation is increased. The peak of PCV2 293 

load in air samples was detected in the Control Group and Group 1 at 12 weeks of age, a stage of 294 

low ventilation which coincides with the peak of viremia in the Control Group. As pigs carried on 295 

growing, the number of positive samples as well as the viremia and the PCV2 load in air samples 296 

decreased, coinciding with the reduction of the infection level but also with the typical increase of 297 

ventilation in the last stages. On the other hand, a decreasing tendency in the viral load was also 298 



observed in surface samples, but this effect was much less pronounced compared to air samples; 299 

this fact seems reasonable, since the decrease of PCV2 in surfaces mainly depends on the reduction 300 

of the viremia and not so much on the ventilation.  301 

As indicated by other authors, the environmental load of PCV2 can be used as an indicator of herd 302 

health (Beach & Meng, 2012). Thereby, air sampling seems a very interesting method since the 303 

whole pig population contributes to the results in a similar way. This implies an advantage of air 304 

sampling over other types of herd samples like oral fluids, which would only represent the pigs of 305 

the sampled pen (Oliver-Ferrando et al., 2016). Taking into account the obtained results, it seems 306 

essential to sample at least two points across the farm on similar size herds; however, on larger 307 

farms more sampling points would probably be necessary. Regarding the height of the sampling 308 

point, this factor did not seem to have an influence on the PCV2 detection in this study, which is 309 

consistent with what has been observed for Salmonella spp. on poultry farms (Adell et al., 2014). 310 

With respect to surface sampling, our results suggest that samples from hoppers, walls and floors of 311 

the pens seem to be the most suitable as surveillance tools, possibly due to their direct contact with 312 

pigs. Nevertheless, more studies are necessary to refine these diagnostic methods since other 313 

variables could be influencing the results.  314 

Finally, the advantages and drawbacks of air and surface sampling must be mentioned. The main 315 

advantage of both methods is that they provide information on the sanitary status of a great number 316 

of animals with only a few samples, which represents a saving in time and costs; moreover, they do 317 

not require specifically trained personnel. In addition, these techniques are also respectful with 318 

animal welfare since both methods are non-invasive. Regarding the disadvantages, these 319 

environmental techniques could be influenced by some farm factors, like the effect of ventilation in 320 

the case of air sampling or that the provided information is limited to particular pens in the case of 321 

surface sampling, as it has been previously commented; for these reasons, further studies that 322 

contribute to identify and to assess these factors are needed. Another issue is that qPCR does not 323 

indicate the viability of viral particles; however PCV2 is a highly resistant virus (Martin, Le Potier, 324 



& Maris, 2008; O’Dea et al., 2008), so its detection by these methods should be interpreted as a risk 325 

of infection.  326 

CONCLUSION 327 

Air and surface sampling are useful tools to monitor infections by PCV2. In this study, a good 328 

correlation between viremia and PCV2 load in air and surface samples has been observed. 329 

Whenever viremia was detected, PCV2 was also detected in air and surface samples. Furthermore, 330 

these sampling techniques enable the detection of PCV2 infection earlier than the conventional 331 

method of sampling a representative number of pigs, which would allow to establish preventive 332 

measures prior to the development of the disease. Therefore, the knowledge generated by this study 333 

may be useful to improve control programmes through the detection of PCV2 by environmental 334 

sampling methods, allowing an improvement in the current diagnostic schemes in terms of 335 

efficiency and animal welfare. 336 

ACKNOWLEDGEMENTS 337 

This work has been funded by the European PCV2-Award sponsored by Boehringer Ingelheim 338 

Animal Health, Germany. We are grateful to Silvia García for her technical assistance and to the 339 

farmers who granted us access to their farms and for their kind cooperation. The authors also wish 340 

to thank the Laboratory of Pathological Anatomy (Faculty of Veterinary Sciences, Universidade de 341 

Santiago de Compostela, Lugo, Spain) and Joaquim Segalés (Departament de Sanitat i Anatomia 342 

Animals, Facultat de Veterinària, UAB, Bellaterra, Spain) for their assistance to diagnose PCV2-343 

SD. 344 

CONFLICT OF INTEREST 345 

Víctor Rodríguez-Vega is an employee of Boehringer Ingelheim Animal Health Spain. 346 

ETHICAL STATEMENT 347 

The protocols and procedures which involve animal sampling (blood samples) were approved by 348 

the bioethics committee of the University of Santiago de Compostela. 349 

DATA AVAILABILITY STATEMENT 350 



The data of this study are available from the corresponding author upon reasonable request. 351 

REFERENCES 352 

Adell, E., Moset, V., Zhang, Y., Jiménez-Belenguer, A., Cerisuelo, C., & Cambra-López, M. 353 

(2014). Comparative performance of three sampling techniques to detect airborne Salmonella 354 

species in poultry farms. Annals of Agricultural and Environmental Medicine, 21(1), 15–24. 355 

Anderson, B. D., Yondon, M., Bailey, E. S., Duman, E. K., Simmons, R. A., Greer, A. G., & Gray, 356 

G. C. (2020). Environmental Bioaerosol Surveillance as an Early Warning System for 357 

Pathogen Detection in North Carolina Swine Farms: A Pilot Study. Transboundary and 358 

Emerging Diseases, 1–7. https://doi.org/10.1111/tbed.13683 359 

Arruda, P. H. E., & Gauger, P. (2019). Optimizing Sample Selection, Collection, and Submission to 360 

Optimize Diagnostic Value. In Diseases of Swine (11 edition, pp. 98–112). 361 

Bangerter, P. D., Sidler, X., Perreten, V., & Overesch, G. (2016). Longitudinal study on the 362 

colonisation and transmission of methicillin-resistant Staphylococcus aureus in pig farms. 363 

Veterinary Microbiology, 183, 125–134. https://doi.org/10.1016/j.vetmic.2015.12.007 364 

Beach, N. M., & Meng, X. (2012). Efficacy and future prospects of commercially available and 365 

experimental vaccines against porcine circovirus type 2 (PCV2). Virus Research, 164(1–2), 366 

33–42. https://doi.org/10.1016/j.virusres.2011.09.041 367 

Corzo, C. A., Culhane, M., Dee, S., Morrison, R. B., & Torremorell, M. (2013). Airborne Detection 368 

and Quantification of Swine Influenza A Virus in Air Samples Collected Inside, Outside and 369 

Downwind from Swine Barns. Plos One, 8. https://doi.org/10.1371/journal.pone.0071444 370 

Cowling, D. W., Gardner, I. A., & Johnson, W. O. (1999). Comparison of methods for estimation of 371 

individual-level prevalence based on pooled samples. Preventive Veterinary Medicine, 39(3), 372 

211–225. https://doi.org/10.1016/S0167-5877(98)00131-7 373 

Damte, D., Yohanes, S. B., Hossain, M. A., Lee, S. J., Rhee, M. H., Kim, Y. H., & Park, S. C. 374 

(2014). Detection of naturally aerosolized Mycoplasma hyopneumoniae from the air of 375 

selected swine farms. Aerobiologia, 30(2), 205–209. https://doi.org/10.1007/s10453-013-9315-376 



1 377 

Dee, S., Deen, J., Rossow, K., Wiese, C., Otake, S., Joo, H. S., & Pijoan, C. (2002). Mechanical 378 

transmission of porcine reproductive and respiratory syndrome virus throughout a coordinated 379 

sequence of events during cold weather. The Canadian Journal of Veterinary Research, 66, 380 

232–239. 381 

Díaz-Cao, J. M., Prieto, A., López, G., Fernández-Antonio, R., Díaz, P., López, C., … Fernández, 382 

G. (2018). Molecular assessment of visitor personal protective equipment contamination with 383 

the Aleutian mink disease virus and porcine circovirus-2 in mink and porcine farms. PLoS 384 

ONE, 13(8). https://doi.org/https://doi.org/10.1371/journal.pone.0203144 385 

Dvorak, C. M. T., Lilla, M. P., Baker, S. R., & Murtaugh, M. P. (2013). Multiple routes of porcine 386 

circovirus type 2 transmission to piglets in the presence of maternal immunity. Veterinary 387 

Microbiology, 166(3–4), 365–374. https://doi.org/10.1016/j.vetmic.2013.06.011 388 

Dvorak, C. M. T., Yang, Y., Haley, C., Sharma, N., & Murtaugh, M. P. (2016). National reduction 389 

in porcine circovirus type 2 prevalence following introduction of vaccination. Veterinary 390 

Microbiology, 189, 86–90. https://doi.org/10.1016/j.vetmic.2016.05.002 391 

Eddicks, M., Beuter, B., Stuhldreier, R., Nolte, T., Reese, S., Sutter, G., … Fux, R. (2018). Cross-392 

sectional study on viraemia and shedding of porcine circovirus type 2 in a subclinically 393 

infected multiplier sow herd. Veterinary Record, 1–6. https://doi.org/10.1136/vr.105069 394 

Espinosa-Gongora, C., Larsen, J., Moodley, A., Nielsen, J. P., Skov, R. L., Andreasen, M., & 395 

Guardabassi, L. (2012). Farm-specific lineages of methicillin-resistant Staphylococcus aureus 396 

clonal complex 398 in Danish pig farms. Epidemiology and Infection, 140, 1794–1799. 397 

https://doi.org/10.1017/S0950268811002391 398 

Evgrafov, M. R. De, Kõll, P., Frank, D. N., Baumgartner, L. K., Robertson, C. E., Hernández, M. 399 

T., & Pace, N. R. (2013). Molecular Analysis of Bacterial and Circovirus Bioaerosols in 400 

Concentrated Animal Feeding Operations. Aerosol Science and Technology, 47(7), 755–766. 401 

https://doi.org/10.1080/02786826.2013.789477 402 

Feng, H., Segalés, J., Fraile, L., López-Soria, S., & Sibila, M. (2016). Effect of high and low levels 403 



of maternally derived antibodies on porcine circovirus type 2 (PCV2) infection dynamics and 404 

production parameters in PCV2 vaccinated pigs under field conditions. Vaccine, 34(27), 3044–405 

3050. https://doi.org/10.1016/j.vaccine.2016.04.088 406 

Friese, A., Schulz, J., Hoehle, L., Fetsch, A., Tenhagen, B. A., Hartung, J., & Roesler, U. (2012). 407 

Occurrence of MRSA in air and housing environment of pig barns. Veterinary Microbiology, 408 

158(1–2), 129–135. https://doi.org/10.1016/j.vetmic.2012.01.019 409 

Garrido-Mantilla, J., Alvarez, J., Culhane, M., Nirmala, J., Cano, J. P., & Torremorell, M. (2019). 410 

Comparison of individual, group and environmental sampling strategies to conduct influenza 411 

surveillance in pigs. BMC Veterinary Research, 15(1), 1–10. https://doi.org/10.1186/s12917-412 

019-1805-0 413 

Grau-Roma, L., Fraile, L., & Segalés, J. (2011). Recent advances in the epidemiology, diagnosis 414 

and control of diseases caused by porcine circovirus type 2. The Veterinary Journal, 187, 23–415 

32. https://doi.org/10.1016/j.tvjl.2010.01.018 416 

Haake, M., Palzer, A., Rist, B., Weissenbacher-Lang, C., Fachinger, V., Eggen, A., … Eddicks, M. 417 

(2014). Influence of age on the effectiveness of PCV2 vaccination in piglets with high levels of 418 

maternally derived antibodies. Veterinary Microbiology, 168, 272–280. 419 

https://doi.org/10.1016/j.vetmic.2013.11.012 420 

Hart, B. L. (1988). Biological basis of the behavior of sick animals. Neuroscience and 421 

Biobehavioral Reviews, 12(2), 123–137. https://doi.org/10.1016/S0149-7634(88)80004-6 422 

Jeong, J., Park, C., Choi, K., & Chae, C. (2015). Comparison of three commercial one-dose porcine 423 

circovirus type 2 (PCV2) vaccines in a herd with concurrent circulation of PCV2b and mutant 424 

PCV2b. Veterinary Microbiology, 177(1–2), 43–52. 425 

https://doi.org/10.1016/j.vetmic.2015.02.027 426 

Kittawornrat, A., Panyasing, Y., Goodell, C., Wang, C., Gauger, P., Harmon, K., … Zimmerman, J. 427 

(2014). Porcine reproductive and respiratory syndrome virus (PRRSV) surveillance using pre-428 

weaning oral fluid samples detects circulation of wild-type PRRSV. Veterinary Microbiology, 429 

168(2–4), 331–339. https://doi.org/10.1016/j.vetmic.2013.11.035 430 



Kixmöller, M., Ritzmann, M., Eddicks, M., Saalm, A., Elbers, K., & Fachinger, V. (2008). 431 

Reduction of PMWS-associated clinical signs and co-infections by vaccination against PCV2. 432 

Vaccine, 26, 3443–3451. https://doi.org/10.1016/j.vaccine.2008.04.032 433 

López-Lorenzo, G., Díaz-Cao, J. M., Prieto, A., López-Novo, C., López, C. M., Díaz, P., … 434 

Fernández, G. (2019). Environmental distribution of Porcine Circovirus Type 2 (PCV2) in 435 

swine herds with natural infection. Scientific Reports, 9(14816), 1–8. 436 

https://doi.org/10.1038/s41598-019-51473-6 437 

Lopez, W. A., Angulo, J., Zimmerman, J. J., & L Linhares, D. C. (2018). Porcine reproductive and 438 

respiratory syndrome monitoring in breeding herds using processing fluids. Journal Of Swine 439 

Health And Production, 26(3), 146–150. Retrieved from http://www.aasv.org/shap.html. 440 

Martín-Valls, G. E., Hidalgo, M., Cano, E., & Mateu, E. (2018). Testing of umbilical cords by real 441 

time PCR is suitable for assessing vertical transmission of porcine reproductive and respiratory 442 

syndrome virus under field conditions. Veterinary Journal, 234, 27–29. 443 

https://doi.org/10.1016/j.tvjl.2018.01.008 444 

Martin, H., Le Potier, M. F., & Maris, P. (2008). Virucidal efficacy of nine commercial 445 

disinfectants against porcine circovirus type 2. Veterinary Journal, 177(3), 388–393. 446 

https://doi.org/10.1016/j.tvjl.2007.06.016 447 

Neira, V., Rabinowitz, P., Rendahl, A., Paccha, B., Gibbs, S. G., & Torremorell, M. (2016). 448 

Characterization of Viral Load, Viability and Persistence of Influenza A Virus in Air and on 449 

Surfaces of Swine Production Facilities. PLoS ONE, 11. 450 

https://doi.org/10.1371/journal.pone.0146616 451 

Nielsen, G. B., Nielsen, J. P., Haugegaard, J., Leth, S. C., Larsen, L. E., Kristensen, C. S., … Houe, 452 

H. (2018). Comparison of serum pools and oral fluid samples for detection of porcine 453 

circovirus type 2 by quantitative real-time PCR in finisher pigs. Porcine Health Management, 454 

1–10. https://doi.org/10.1186/s40813-018-0079-4 455 

O’Dea, M. A., Hughes, A. P., Davies, L. J., Muhling, J., Buddle, R., & Wilcox, G. E. (2008). 456 

Thermal stability of porcine circovirus type 2 in cell culture. Journal of Virological Methods, 457 



147(1), 61–66. https://doi.org/10.1016/j.jviromet.2007.07.029 458 

Oliver-Ferrando, S., Segalés, J., López-Soria, S., Callén, A., Merdy, O., Joisel, F., & Sibila, M. 459 

(2016). Evaluation of natural porcine circovirus type 2 (PCV2) subclinical infection and 460 

seroconversion dynamics in piglets vaccinated at different ages. Veterinary Research, 47(1), 461 

1–11. https://doi.org/10.1186/s13567-016-0405-2 462 

Oropeza-Moe, M., Delgado, A. J. O., & Framstad, T. (2017). Porcine circovirus type 2 associated 463 

reproductive failure in a specific pathogen free (SPF) piglet producing herd in Norway: A case 464 

report. Porcine Health Management, 3, 1–6. https://doi.org/10.1186/s40813-017-0072-3 465 

Park, C., Seo, H. W., Han, K., & Chae, C. (2014). Comparison of Four Commercial One-Dose 466 

Porcine Circovirus Type 2 (PCV2) Vaccines Administered to Pigs Challenged with PCV2 and 467 

Porcine Reproductive and Respiratory Syndrome Virus at 17 Weeks Postvaccination To 468 

Control Porcine Respiratory Disease Complex under Korean Field Conditions. Clinical and 469 

Vaccine Immunology, 21(3), 399–406. https://doi.org/10.1128/CVI.00768-13 470 

Pimentel, R. S. (2009). Kendall’s Tau and Spearman’s Rho for Zero-Inflated Data. Retrieved from 471 

https://scholarworks.wmich.edu/dissertations 472 

Prickett, J. R., Kim, W., Simer, R., Yoon, K., & Zimmerman, J. J. (2008). Oral-fluid samples for 473 

surveillance of commercial growing pigs for porcine reproductive and respiratory syndrome 474 

virus and porcine circovirus type 2 infections. Journal Of Swine Health And Production, 475 

16(April), 86–91. Retrieved from http://www.aasv.org/shap.html 476 

Prieto, A., Fernández-Antonio, R., Díaz-Cao, J. M., López, G., Díaz, P., Alonso, J. M., … 477 

Fernández, G. (2017). Distribution of Aleutian mink disease virus contamination in the 478 

environment of infected mink farms. Veterinary Microbiology, 204(March), 59–63. 479 

https://doi.org/10.1016/j.vetmic.2017.04.013 480 

Prieto, Alberto, Díaz-Cao, J., Fernández-Antonio, R., Panadero, R., Díaz, P., López, C., … 481 

Fernández, G. (2014). Application of real-time PCR to detect Aleutian Mink Disease Virus on 482 

environmental farm sources. Veterinary Microbiology, 173(3–4), 355–359. 483 

https://doi.org/10.1016/j.vetmic.2014.07.024 484 



Prieto, Alberto, López-Lorenzo, G., Díaz, P., Díaz-Cao, J. M., Díez-Baños, P., & Fernández, G. 485 

(2018). Viral and Bacterial Environmental Detection in Livestock Farms. In Reference Module 486 

in Earth Systems and Environmental Sciences (pp. 1–10). Elsevier Inc. 487 

https://doi.org/10.1016/B978-0-12-409548-9.11252-7 488 

R Core Team (2018). R: A language and environment for statistical computing. R Foundation for 489 

Statistical Computing, Vienna, Austria. URL https://www.R-project.org/. 490 

Ramirez, A., Wang, C., Prickett, J. R., Pogranichniy, R., Yoon, K. J., Main, R., … Zimmerman, J. 491 

(2012). Efficient surveillance of pig populations using oral fluids. Preventive Veterinary 492 

Medicine, 104(3–4), 292–300. https://doi.org/10.1016/j.prevetmed.2011.11.008 493 

Romagosa, A., Gramer, M., Joo, H. S., & Torremorell, M. (2012). Sensitivity of oral fluids for 494 

detecting influenza A virus in populations of vaccinated and non-vaccinated pigs. Influenza 495 

and Other Respiratory Viruses, 6(2), 110–118. https://doi.org/10.1111/j.1750-496 

2659.2011.00276.x 497 

Rosell, C., Segalés, J., Plana-Durán, J., Balasch, M., Rodríguez-Arrioja, G. M., Kennedy, S., … 498 

Domingo, M. (1999). Pathological, Immunohistochemical, and In-situ Hybridization Studies of 499 

Natural Cases of Postweaning Multisystemic Wasting Syndrome (PMWS) in Pigs. Journal of 500 

Comparative Pathology, 120(1), 59–78. https://doi.org/10.1053/jcpa.1998.0258 501 

Segalés, J, Urniza, A., Alegre, A., Bru, T., Crisci, E., Nofrarías, M., … Plana-Durán, J. (2009). A 502 

genetically engineered chimeric vaccine against porcine circovirus type 2 (PCV2) improves 503 

clinical, pathological and virological outcomes in postweaning multisystemic wasting 504 

syndrome affected farms. Vaccine, 27, 7313–7321. 505 

https://doi.org/10.1016/j.vaccine.2009.09.084 506 

Segalés, Joaquim. (2015). Best practice and future challenges for vaccination against porcine 507 

circovirus type 2. Expert Review of Vaccines, 14(3), 473–487. 508 

https://doi.org/10.1586/14760584.2015.983084 509 

Sergeant, ESG. (2018). Epitools Epidemiological Calculators. Ausvet. Available at: 510 

http://epitools.ausvet.com.au 511 

http://epitools.ausvet.com.au/


Verreault, D., Létourneau, V., Gendron, L., Masse, D., Gagnon, C. A., & Duchaine, C. (2010). 512 

Airborne porcine circovirus in Canadian swine confinement buildings. Veterinary 513 

Microbiology, 141, 224–230. https://doi.org/10.1016/j.vetmic.2009.09.013 514 

Vilalta, C., Sanhueza, J., Alvarez, J., Murray, D., Torremorell, M., Corzo, C., & Morrison, R. 515 

(2018). Use of processing fluids and serum samples to characterize porcine reproductive and 516 

respiratory syndrome virus dynamics in 3 day-old pigs. Veterinary Microbiology, 225, 149–517 

156. https://doi.org/10.1016/j.vetmic.2018.09.006 518 

Virasakdi Chongsuvivatwong (2018). epiDisplay: Epidemiological Data. Display Package. R 519 

package version 3.5.0.1. https://CRAN.R-project.org/package=epiDisplay 520 

  521 

https://cran.r-project.org/package=epiDisplay


Table 1. Environmental samples and sampling protocol. 

Central 

alley 

100 steps were taken wearing polyethylene boot covers. Afterwards, both boot 

covers were swabbed as previously indicated in Dee et al. (2002): in zigzag from 

the toe region to the heel. 

Pen railing 1 m of the pen railing was swabbed in zigzag (the same point in all visits). 

Hopper 

Eight different hoppers (the same ones in all visits) were selected and an area of 

25x25 cm was swabbed in each one (Espinosa-Gongora et al., 2012). The hoppers 

were located in the same pens used for sampling the pen wall and the pen floor. 

Pen wall 

Eight different pens (the same ones in all visits) were selected and an area of 

25x25cm, located at the height of the snout in the resting area, was swabbed. The 

same pens were used for sampling the hopper and the pen floor. 

Pen floor 

100 steps were taken wearing polyethylene boot covers. Afterwards, both boot 

covers were swabbed in the same way as for the central alley. The same pens were 

used for sampling the hopper and the pen wall.  

  522 



Table 2. Results of blood pools and individual estimated prevalence of PCV2.  

  Weeks of age 

  10 12 14 16 18 

Group 0 

(control, n=364) 

n. pos / n. 

tot  

0 / 12 11 / 12 12 / 12 12 / 12 10 / 12 

Estimated 

prevalence 

(CI 95%) 

- 

( - ) 

39.16% 

(17.38 – 

70.84) 

100% 

( - ) 

100% 

( - ) 

30.11% 

(13.50 – 

53.88) 

Group 1 

(vaccinated, n=381) 

n. pos./n. 

tot  

0 / 12 0 / 12 1 / 12 1 / 12 1 / 12 

Estimated 

prevalence 

(CI 95%) 

- 

( - ) 

- 

( - ) 

1.73% 

(0.00 – 

9.26%) 

1.73% 

(0.00 – 

9.26%) 

1.73% 

(0.00 – 

9.26%) 

Group 2 

(vaccinated, n=490) 

n. pos./n. 

tot  

0 / 13 0 / 13 0 / 13 0 / 13 1 / 13 

Estimated 

prevalence 

(CI 95%) 

- 

( - ) 

- 

( - ) 

- 

( - ) 

- 

( - ) 

1.59% (0.00 

– 8.55%) 

-: not calculated  523 



Table 3. Results of individual air samples at each moment (PCV2 copies/m3 air). 

 Height 

Sampling 

Point 

Weeks of age 

   10 12 14 16 18 

Group 0 

(control, 

n=364) 

Ground 

level 

a - 9.25 x106 1.10 x105 2.25 x104 - 

b - 2.42 x107 9.43 x105 3.73 x105 3.75 x104 

Pen railing  

a - 3.98 x106 8.38 x104 2.33 x105 1.19 x103 

b - 2.96 x106 3.36 x106 1.60 x106 2.53 x104 

Two 

meters  

a 1.35 x106 1.33 x106 5.34 x104 3.68 x104 - 

b - 1.74 x106 4.81 x106 7.80 x105 5.20 x104 

 

Group 1 

(vaccinated, 

n=381) 

Ground 

level 

a  1.19 x104 - - - 

b - - 6.13x102 - 5.39 x102 

Pen railing  

a - 2.63 x104 6.28 x103 2.04 x103 - 

b - - - - 
- 

Two 

meters  

a - - 1.96 x103 - - 

b - 5.70 x102 1.81 x103 - - 

 

Group 2 

(vaccinated, 

n=490) 

Ground 

level 

a - - - - - 

b - - -  2.55 x104 

Pen railing  

a - - - - - 

b - - - - 5.93 x104 

Two 

meters  

a - - - - - 

b - - - - 5.00 x104 

-: indicates a negative result 

a: 1/3 of the building length 

b: 2/3 of the building length 

  524 



Table 4. Results of individual surface samples at each moment (PCV2 copies/swab). 

 Surface Week age 

  10 12 14 16 18 

Group 0 

(control, 

n=364)  

Central alley 7.45 x105 2.03 x107 7.45 x107 3.75 x107 1.17 x107 

Pen railing - 2.05 x107 2.81 x107 7.36 x105 1.14 x107 

Hopper - 1.94 x107 5.23 x106 5.97 x105 1.35 x105 

Pen wall - 3.65 x106 4.53 x107 7.96 x104 3.42 x105 

Pen floor 1.77 x104 1.84 x108 2.57 x108 7.70 x106 1.20 x107 

       

Group 1 

(vaccinated, 

n=381) 

Central alley - 2.22 x105 1.36 x106 4.08 x105 1.29 x105 

Pen railing - - - - - 

Hopper - - 3.82 x104 1.12 x105 6.04 x103 

Pen wall - - 1.38 x105 1.38 x103 - 

Pen floor - - 3.98 x103 5.13 x103 - 

       

Group 2 

(vaccinated, 

n=490) 

Central alley - - - 2.53 x103 1.18 x105 

Pen railing - - - - - 

Hopper - - - 1.39 x104 - 

Pen wall - - - - - 

Pen floor - - - - - 

-: indicates a negative result 
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Figure legends 526 

Figure 1. Monitoring of PCV2 infection in Group 0 (1.A, Control group), Groups 1 and 2 (1.B 527 

and 1.C, vaccinated groups respectively). For each week, PCV2 loads are shown as Log10 (x + 1) 528 

where x is the mean of PCV2 copies/ml, the mean of PCV2 copies/m3 of air and the mean of PCV2 529 

copies/ swab for blood, air and surface samples respectively. Negative samples computed as 0 in the 530 

number of PCV2 copies. 531 
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