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Michelle Salerno4, Robert Prate1, Luise Krüger5, Yannick Kristiansen5, Ludwig Krabben1,
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Abstract

Dippity Pig Syndrome (DPS) is a well-known but rare complex of clinical signs affecting mini-

pigs, which has not been thoroughly investigated yet. Clinically affected animals show acute

appearance of red, exudating lesions across the spine. The lesions are painful, evidenced

by arching of the back (dipping), and the onset of clinical signs is generally sudden. In order

to understand the pathogenesis, histological and virological investigations were performed

in affected and unaffected Göttingen Minipigs (GöMPs). The following DNA viruses were

screened for using PCR-based methods: Porcine cytomegalovirus (PCMV), which is a por-

cine roseolovirus (PCMV/PRV), porcine lymphotropic herpesviruses (PLHV-1, PLHV-2,

PLHV-3), porcine circoviruses (PCV1, PCV2, PCV3, PCV4), porcine parvovirus 1 (PPV1),

and Torque Teno sus viruses (TTSuV1, TTSuV2). Screening was also performed for inte-

grated porcine endogenous retroviruses (PERV-A, PERV-B, PERV-C) and recombinant

PERV-A/C and their expression as well as for the RNA viruses hepatitis E virus (HEV) and

SARS-CoV-2. Eight clinically affected and one unaffected GöMPs were analyzed. Addi-

tional unaffected minipigs had been analyzed in the past. The analyzed GöMPs contained

PERV-A and PERV-B integrated in the genome, which are present in all pigs and PERV-C,

which is present in most, but not all pigs. In one affected GöMPs recombinant PERV-A/C

was detected in blood. In this animal a very high expression of PERV mRNA was observed.

PCMV/PRV was found in three affected animals, PCV1 was found in three animals with

DPS and in the unaffected minipig, and PCV3 was detected in two animals with DPS and in

the unaffected minipig. Most importantly, in one animal only PLHV-3 was detected. It was

found in the affected and unaffected skin, and in other organs. Unfortunately, PLHV-3 could

not be studied in all other affected minipigs. None of the other viruses were detected and

using electron microscopy, no virus particles were found in the affected skin. No porcine

virus RNA with exception of PERV and astrovirus RNA were detected in the affected skin by

next generation sequencing. This data identified some virus infections in GöMPs with DPS

and assign a special role to PLHV-3. Since PCMV/PRV, PCV1, PCV3 and PLHV-3 were
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also found in unaffected animals, a multifactorial cause of DPS is suggested. However, elim-

ination of the viruses from GöMPs may prevent DPS.

Introduction

Dippity Pig Syndrome (DPS) is a common clinical term for clinical signs that may be diag-

nosed as acute dermatitis or erythema multiforme [1–10]. The affected animals show acute

red, exudating lesions that develop characteristically across the spine. These lesions are painful,

evidenced by arching of the back (dipping), and sensitivity to touch. Clinical signs range from

the pigs being visibly uncomfortable (e.g, by pacing, not resting), to showing obvious signs of

pain, with arching of the back and vocalizing. The onset of clinical signs is often sudden, devel-

oping within hours or even minutes. The lesions on the back appear wet with exudation, show-

ing fluid running down the sides in addition to erythema. By the second day, the lesions are

typically covered with crust and are in the healing phase. The syndrome is self-limiting (but

should always be pain treated), and the lesions will heal in a relatively short period of time (a

few days to 2 weeks) with no scarring. In Göttingen minipigs, the syndrome is recognized in

all age groups, whereas in potbelly pigs it has been described as more commonly affecting pigs

less than one year old [1–6].

In human medicine, erythema multiforme is characterized as a polymorphous erythema-

tous rash confined to the skin [11]. It is considered to be a hyperergic mucocutaneous

immune-mediated reaction to infections. In humans, herpes simplex virus (HSV), a human

alphaherpesvirus, also called human herpesvirus (HHV), is usually the causative agent in

patients with erythema multiforme minus, with HSV-1 (HHV-1) more common than HSV-2

(HHV-2). These viruses are also the cause in the majority of adults suffering from erythema

multiforme majus that is characterized by typical target lesions on the extremities. In rare

cases erythema multiforme in adults is caused by another herpesvirus, varizella zoster virus

(VZV, human herpesvirus 3, HHV-3, or human alphaherpesvirus 3) [12]. In children, adoles-

cents and young adults, a large percentage of erythema multiforme major cases is caused by

Mycoplasma pneumoniae; here, the lesions are usually atypical and predominantly occur on

the body [13]. Other authors think that human erythema multiforme is an acute, immune-

mediated condition characterized by distinctive lesions of the skin [14].

Recently, commercial breeding pigs suffering from a syndrome similar to erythema multi-

forme were analyzed [15, 16]. The animals showed red skin areas, and the disease was acute,

self-limiting and often associated with anorexia, fever and respiratory problems. Blood and

skin samples were investigated. When screened for different porcine viruses using sensitive

methods developed for screening of donor pigs and recipients in xenotransplantation, PLHV-

1 was found in affected skin areas of five animals, PLHV-2 was found in one animal and

PLHV-3 in four animals. Neither PCMV/PRV, nor PCV1-4 were found in the affected skin. In

the blood of these animals PLHV-1 was present only in two animals, indicating that replication

is mainly ongoing in the affected skin. PLHV-2, PCV2 and PCV3 were found in the blood of

one animal. Noteworthy, in the blood of one animal four different viruses (PLHV-1, PLHV-2,

PCV2 and PCV3) were found simultaneously. All animals were positive for PERV-C, but

recombinant PERV-A/C was not found [16].

The cause of DPS in minipigs is not known. It is thought that stress may be an important

contributing factor [17]. A correlation between DPS and exposure of the animal to the sun has

also been considered [9]. DPS can occur as a single, one-time event, or an individual pig can
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suffer multiple rashes over time. It occurs most often in young pigs–between 4 months and 4

years, and is seem more rarely in older pigs, even though they may have been affected as youn-

ger piglets [9]. Dipping or temporary loss of use of hind legs were observed, but DPS usually

does not affect front legs. The diseased animals recover within 2–4 days without medical inter-

vention, however, affected minipigs should always be treated for pain [10].

Some believe that DPS and erythema multiforme are one and the same, whereas others sug-

gest that DPS is only similar to erythema multiforme that has long been recognized in com-

mercial pigs [15, 18–20]. It is unclear whether pigs drop their hind end due to the severe pain

inflicted by the condition, or whether a possible causative agent also affects the spinal cord

motoric nerves of the hind limbs [10].

Although pig and veterinary associations informed in detail about DPS [7–10], there are

only very few scientific publications investigating cases of DPS [1–6, 17] and these publications

usually only include a short description of the disease. The literature describing erythema mul-

tiforme in commercial breeding pig herds is also rare [15, 16]. Since DPS is found in minipigs

bred for biomedical purposes [21, 22], there is a great interest to analyze the cause of this dis-

ease in order to prevent it effectively [17]. Among other studies, GöMPs have been used as

donors in a preclinical xenotransplantation trial transplanting islet cells into non-human pri-

mates [23] and it is planned to use GöMPs for pig islet cell transplantation trials in Germany.

GöMPs from the Ellegaard Göttingen Minipigs A/S are well studied concerning occurrence of

viruses and other microorganisms. They were found free of 89 microorganisms, with very few

animals where PCMV/PRV and HEV were found [23–25]. Here we present the results of the

first virological and histological studies on GöMPs suffering from DPS.

Methods

Animals and sampling

For the virological screening of pigs suffering from DPS, samples were collected from eight

GöMPs and sent to the Robert Koch Institute (RKI), Berlin, or later to the Institute of Virology

at the Free University (FU), also in Berlin, Germany. The sample panel included whole hepa-

rin-, or EDTA-blood, plasma, serum, several organ samples (liver, spleen, stomach, sternum)

and skin punches. Skin punches of individual minipigs were taken from three different

regions: Affected, exudative skin (hereinafter referred to as “skin A”), border between red-dis-

colored skin and unaffected skin (“skin B”) and skin not affected (“skin C”) (Fig 1). Blue

Fig 1. Lower back of GöMPs with acute dippity pig syndrome. Pigs are suffering from red exudative skin alterations exemplary

displayed in minipig # 8 (1, 2) and another minipig (3). Samples from different skin areas were included in the virological analyses:

Affected skin (A), intermediate skin (B) and unaffected skin (C). Blue squares indicate excisional biopsy, green circles indicate

punch biopsy.

https://doi.org/10.1371/journal.pone.0281521.g001
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rectangles in Fig 1 indicate the collected sample if the animal was terminated and a large skin

sample was taken, whereas the green circle indicates smaller biopsies from animals not

terminated.

Organs (liver, spleen, stomach, sternum) and skin samples from pig # 1 and skin samples

from pig # 2 were obtained as formalin-fixed, paraffin-embedded (FFPE) tissue sections. Sam-

ples from all pigs suffering from DPS were collected either in the acute phase of the DPS or

during the healing phase. In addition, blood samples from one pig (# 4) which showed no clin-

ical signs, but was housed close to the affected animal # 1, were also studied. No skin samples

were obtained from this animal. Additional unaffected GöMPs from Ellegaard Göttingen

Minipigs A/S and from the Göttingen University had been screened in the past [24–29].

Isolation and stimulation of peripheral blood mononuclear cells (PBMCs)

Ethylendiamintetraacetat-treated blood (EDTA-blood) from minipigs # 2 and # 3 was dis-

pensed upon 5 ml Pancoll human (PAN-Biotech GmbH, Aidenbach, Germany) and centri-

fuged at 900 x g for 21 minutes to isolate PBMCs. They were harvested and washed twice with

phosphate buffered saline (PBS) by centrifugation at 350 x g for 10 minutes. 1 x 106 PBMCs

per sample were seeded in 12-well plates with 2 ml Roswell Park Memorial Institute medium

(RPMI-1640, PAN-Biotech GmbH, Aidenbach, Germany) and stimulated with 2.4 μg/ ml

phytohemagglutinin-L (PHA-L) solution (500 x) (Invitrogen, Waltham, MA, USA) for five

days. Both, PHA-L stimulated and non-stimulated PBMCs were stored at -20˚C for later

processing.

Nucleic acid extraction from blood, PBMCs and frozen tissues

At the RKI, DNA was extracted from sera, blood or PBMCs from minipigs # 6, # 7 and # 8

using different DNA extraction kits: DNeasy Blood and Tissue kit (Qiagen GmbH, Hilden,

Germany), and NucleoSpin Virus (Macherey-Nagel, Düren, Germany). DNA was quantified

and the 260 nm/280 nm ratio was determined using a NanoDrop ND-1000 (Thermo Fisher

Scientific Inc., Worcester, MA, USA) as described previously [25].

At the Institute of Virology, Free University Berlin, DNA and RNA extraction from mini-

pigs # 1, # 2, # 3 and # 5, was performed as follows: Frozen heparin blood was centrifuged at

300 x g for 10 minutes. DNA of the cell pellet was extracted using the Invisorb Spin Universal

Kit (Invitek Molecular GmbH, Berlin, Germany) and RNA was extracted using the QIAamp

RNA Blood Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer’s instructions.

The purified PBMCs and approximately 20 mg of the frozen tissue samples were transferred to

innuSPEED Lysis Tubes (Analytik Jena, Jena, Germany) and homogenized twice for 20 sec-

onds with the MP Biomedicals FastPrep-24. DNA and RNA extraction of the homogenized

PBMCs as well as the DNA of the homogenized tissues were performed using the innuPREP

Virus DNA/ RNA Kit (Analytik Jena, Jena, Germany). RNA extraction from the homogenized

tissues was carried out using the RNeasy Lipid Tissue Min Kit (Qiagen, Hilden, Germany).

Nucleic acid extraction from formalin-fixed paraffin-embedded tissue

(FFPE) embedded tissue sections

The QIAamp DNA FFPE Tissue Kit (Qiagen, Hilden, Germany) was used for the DNA extrac-

tion of FFPE embedded tissue sections, while RNeasy DSP FFPE Kit was used for RNA extrac-

tion of these samples. All protocols were carried out according to the manufacturer’s

recommendations.
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Nucleic acid extraction from skin samples

Prior to extraction, the skin was cut into small pieces, transferred to a mix of collagenase (final

concentration 125 U/ml, Sigma-Aldrich, St. Louis, MO, USA) and hyaluronidase (final con-

centration 100 U/ml, Sigma-Aldrich, St. Louis, MO, USA) and incubated for 30 minutes at

37˚C and shaking at 500 rpm as recommended by Reimann et al. [30]. After centrifugation for

5 minutes at 1.000 x g, the sample was further processed for nucleic acid extraction. For DNA

extraction, DNeasy Blood and Tissue Kit (Qiagen, Hilden, Germany) was used according to

the manufacturer’s instructions. To extract the RNA of the pre-incubated samples, the RNeasy

Lipid Tissue Mini Kit (Qiagen, Hilden, Germany) was applied and a DNase digestion was car-

ried out by using the RNase-Free DNase Set (Qiagen, Hilden, Germany).

Selection of the porcine viruses to be tested for

Sensitive detection methods have been developed for use in the virological screening of geneti-

cally modified donor pigs generated for xenotransplantation as well as screening of the corre-

sponding non-human primate transplant recipients [31]. These methods were also used to

screen for viruses in GöMPs as these may serve as donor animals for islet cell transplantation

into human diabetic recipients [23–29, 32]. Other pig breeds such as the Aachen minipigs [33,

34], the Mini-LEWE minipigs [35] and Greek pigs with erythema multiforme [16] were ana-

lyzed using these methods. The rationale for the selection of these so-called xenotransplanta-

tion-relevant porcine viruses [31] was among others the fact that HEV is indeed a well-known

zoonotic virus [36] and PCMV/PRV has been shown to significantly reduce the survival time

of pig xenotransplants in non-human primates [37–39]. PCMV/PRV was also transmitted in

the first transplantation of a pig heart into a patient in Baltimore [40, 41] and it certainly con-

tributed to the death of the patient since the clinical signs observed in the patient were the

same as observed in baboons which received a PCMV/PRV-positive heart [37].

Real-time reverse transcriptase PCR (real-time RT-PCR) for the detection

of HEV

Real-time reverse transcriptase-PCR based on TaqMan technology as described by Jothikumar

et al. [42] was carried out to detect hepatitis E virus (HEV). All real-time RT-PCR reactions

were prepared in a reaction volume of 16 μl using SensiFAST Probe No-ROX One-Step Kit

(Meridian Bioscience, Cincinnati, OH, USA) plus 4 μl template RNA. The experiments were

applied as duplex real-time RT-PCRs, thus detecting HEV and an internal control (Influenza

A-RNA) per sample [35]. The real-time RT-PCR was performed with the qTOWER3 G qPCR

cycler (Analytik Jena, Jena, Germany) applying a temperature-time profile that consists of a

reverse transcriptase step of 30 minutes at 50˚C, followed by an activation step of 15 minutes

at 95˚C and 45 cycles comprising a step of 10 seconds at 95˚C, followed by a step of 20 seconds

at 55˚C and 15 seconds at 72˚C.

Real-time PCR for the detection of DNA viruses

TaqMan based real-time PCRs were performed to detect PCMV/PRV [43], PLHV-1, PLHV-2,

PLHV-3 [44], PCV1, PCV2, PCV3, PCV4 [45, 46] and PPV1 [47] as described previously.

PCR detecting the Torque Teno sus viruses 1 and 2 (TTSuV1 and TTSuV2) was established

according to [48]. Sequences of the primers and probes are listed in Table 1. All protocols were

performed using the SensiFAST Probe No-ROX kit (Meridian Bioscience, Cincinnati, OH,

USA) in a reaction volume of 16 μl plus 4 μl of DNA template. Real-time PCRs were carried

out as duplex PCRs that simultaneously indicate the gene of interest and porcine
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Table 1. Oligonucleotides for the primers and probes used in this study.

PCR Assay Primer/Probe Sequence 50-30 Amplicon

(Base

Pair)

Reference

HEV JVHEV-Fwd GGT GGT TTC TGG GGT GAC 70 Jothikumar et al. 2006 [42]

JVHEV-Rev AGG GGT TGG TTG GAT GAA

JVHEV-Probe 6FAM-TGA TTC TCA GCC CTT CGC-BHQ

PCMV PCMV-Fwd ACT TCG TCG CAG CTC ATC TGA 63 Mueller et al. 2002, modified

[43]PCMV-Rev GTT CTG GGA TTC CGA GGT TG

PCMV-Probe 6FAM-CAG GGC GGC GGT CGA GCT C-BHQ

PLHV-1 PLHV-1 (1125)-Fwd CTC ACC TCC AAA TAC AGC GA 73 Chmielewicz et al. 2003 [44]

PLHV-1 (1125)-Rev GCT TGA ATC GTG TGT TCC ATA G

PLHV-1 (1125)-Probe 6FAM-CTG GTC TAC TGA ATC GCC GCT AAC AG-TAMRA

PLHV-2 PLHV-2 (1155)-Fwd GTC ACC TGC AAA TAC ACA GG 74 Chmielewicz et al. 2003 [44]

PLHV-2 (1155)-Rev GGC TTG AAT CGT ATG TTC CAT AT

PLHV-2 (1155)-Probe 6FAM-CTG GTC TAC TGA AGC GCT GCC AAT AG-TAMRA

PLVH-3 PLHV-3 (210s)-Fwd AAC AGC GCC AGA AAA AAA GG 66 McMahon et al. 2006 [49]

PLHV-3 (210as)-Rev GGA AAG GTA GAA GGT GAA CCA TAA AA

PLHV-3 (210)-Probe 6-FAM CCA AAG AGG AAA ATC-MGB

PCV1 PCV1 (F2020)-Fwd AAC CCC ATA AGA GGT GGG TGT T 129 Chen et al. 2021, modified

[45]PCV1 (F2020)-Rev TTC TAC CCT CTT CCA AAC CTT CCT

PCV1 (F2020)-Probe 6FAM-TCC GAG GAG GAG AAA AAC AAA ATA CGG GA-BHQ1

PCV2 PCV2 (F2020)-Fwd CTG AGT CTT TTT TAT CAC TTC GTA ATG GT 146 Chen et al. 2021, modified

[45]PCV2 (F2020)-Rev ACT GCG TTC GAA AAC AGT ATA TAC GA

PCV2 (F2020)-Probe 6FAM-TTA AGT GGG GGG TCT TTA AGA TTA AAT TCT CTG AAT
TGT-TAMRA

PCV3 PCV3-Fwd AGT GCT CCC CAT TGA ACG 135 Palinski et al. 2017 [46]

PCV3-Rev ACA CAG CCG TTA CTT CAC

PCV3-Probe 6FAM-ACC CCA TGG CTC AAC ACA TAT GAC C-BHQ1

PCV4 PCV4 (F2020)-Fwd ATT ATT AAA CAG ACT TTA TTT GTG TCA TCA CTT 103 Chen et al. 2021 [45]

PCV4 (F2020)-Rev ACA GGG ATA ATG CGT AGT GAT CAC T

PCV4 (F2020)-Probe 6FAM-ATA CTA CAC TTG ATC TTA GCC AAA AGG CTC GTT
GA-BHQ1

PPV1 PPV1-Fwd CAG AAT CAG CAA CCT CAC CA 106 Opriessnig et al. 2011 [47]

PPV1-Rev GCT GCT GGT GTG TAT GGA AG

PPV1-Probe 6FAM-TGC AAG CTT/ZEN/AAT GGT CGC ACT AGA CA-BHQ1

TTSuV1 TTSuV-Fwd CGA ATG GCT GAG TTT ATG CC 95 Xiao et al. 2012, modified

[48]TTSuV-Rev GAT AGG CCC CTT GAC TCC G

TTSuV1-Probe 6FAM-AACTGTCTA/ZEN/GCGACTGGGCGGGT-3IABkFQ

TTSuV2 TTSuV-Fwd CGA ATG GCT GAG TTT ATG CC 105 Xiao et al. 2012, modified

[48]TTSuV-Rev GAT AGG CCC CTT GAC TCC G

TTSuV2-Probe 6FAM- AAC AGA GCT/ZEN/GAG TGT CTA ACC GCC TG-3IABkFQ

PERVpol PERVpol-Fwd CGA CTG CCC CAA GGG TTC AA 236 Yang et al. 2015 [52]

PERVpol-Rev TCT CTC CTG CAA ATC TGG GCC

PERVpol-Probe 6FAM-CAC GTA CTG GAG GAG GGT CAC CTG-BHQ1

PERV-C PERV-envC-Fwd CTG ACC TGG ATT AGA ACT GG 281 Takeuchi et al. 1998 [50]

PERV-envC-Rev ATG TTA GAG GAT GGT CCT GG

PERV-envC-Probe 6FAM-CTC TAA CAT AAC TTC TGG ATC AGA CCC-BHQ1

PERV-A/C

short

PERV-A env

VRBF-Fwd

CCT ACC AGT TAT AAT CAA TTT AAT TAT GGC 345 Dieckhoff et al. 2009 [80]

PERV-C-Rev TAT GTT AGA GGA TGG TCC TGG TC

(Continued)
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glyceraldehyde-3-phosphate-dehydrogenase (pGAPDH) as internal control for each sample.

Real-time PCR reactions were carried out with a qTOWER3 G qPCR cycler (Analytik Jena,

Jena, Germany) and the real-time PCR conditions for the detection of PCMV/PRV, PCV1,

PCV4, PLHV-1 and PPV1 were applied as previously described [16]. An adapted PCR-time

profile for PCV3 started with an activation step of 5 minutes at 95˚C, followed by 40 cycles

comprising a denaturation step of 15 seconds at 95˚C, an annealing step of 60 seconds at 56˚C

and an extension step of 30 seconds at 72˚C. The temperature-time profiles for TTSuV1 and

TTSuV2 were set as follows: 2 minutes at 50˚C (activation step), 10 minutes at 95˚C (denatur-

ation step), followed by 45 cycles of 15 seconds at 60˚C (annealing step) and 60 seconds at

60˚C (elongation step).

Real-time RT-PCR for the detection of PLHV-3 mRNA

The real-time RT-PCR was carried out according to McMahon et al. [49]. All reactions were

prepared in a volume of 16 μl using SensiFAST Probe No-ROX One-Step Kit (Meridian Bio-

science, Cincinnati, OH, USA) plus 4 μl template RNA. Experiments were performed as

duplex real-time RT-PCR, thus detecting PLHV-3 and an internal Influenza A-RNA control as

described [35]. Real-time RT-PCR was performed with a qTOWER3 G qPCR cycler (Analytik

Jena, Jena, Germany) applying a temperature-time profile that consists of a reverse transcrip-

tase step of 30 minutes at 50˚C, followed by an activation step of 10 minutes at 90˚C and 45

cycles comprising a step of 30 seconds at 90˚C, followed by a step of annealing and extension

of 30 seconds at 59˚C.

PCR and RT-real-time PCR for the detection of porcine endogenous

retroviruses (PERVs)

A PERV-C specific real-time PCR based on TaqMan technology [50] was carried out using the

SensiFast Probe No-ROX kit (Meridian Bioscience, Cincinnati, OH, USA). Real-time PCR was

set in 16 μl approach plus 4 μl DNA template. The PCR run was performed with a qTOWER3

G qPCR cycler (Analytik Jena, Jena, Germany) as follows: Inactivation step at 95˚C for 2 min-

utes followed by 45 cycles comprising a denaturation step at 95˚C for 15 seconds and a

Table 1. (Continued)

PCR Assay Primer/Probe Sequence 50-30 Amplicon

(Base

Pair)

Reference

PERV-A/C

long

PERV-A env

VRBF-Fwd

CCT ACC AGT TAT AAT CAA TTT AAT TAT GGC 1266 Wood et al. 2004 [51]

PERV-C env TMR-Rev CTC AAA CCA CCC TTG AGT AGT TTC C

pGAPDH pGAPDH-Fwd ACA TGG CCT CCA AGG AGT AAG A 106 Duvigneau et al. 2005 [81]

pGAPDH-Rev GAT CGA GTT GGG GCT GTG ACT

pGAPDH-Probe HEX-CCA CCA ACC CCA GCA AGA G-BHQ1

Flu-A (NA) NG05 NA-Fwd CTG GAC TAG TGG GAG CAT CA 93 Groenke 2019, modified [82]

NG06 NA-Rev ATG GTG AAC GGC AAC TCA G

NG07 NA-Probe HEX-CAC CGT CTG GCC AAG ACC AAT C-BHQ1

HEV, hepatitis E virus; PCMV/PRV; porcine cytomegalovirus/porcine roseolovirus; PLHV-1, -2, -3, porcine lymphotropic herpesvirus -1, -2, -3; PCV1, 2, 3, 4, porcine

circovirus 1, 2, 3, 4; PPV1, porcine parvovirus 1; TTSuV1, 2, Torque teno sus virus 1, 2; PERV, porcine endogenous retrovirus; pGAPDH, porcine glyceraldehyde

3-phosphate dehydrogenase; Flu-A (NA), influenza virus A, neuraminidase; Fwd, forward primer, Rev, reverse primer.

https://doi.org/10.1371/journal.pone.0281521.t001
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combined annealing-extension step at 54˚C for 30 seconds. The fluorescence signals were

measured at the combined annealing-extension step.

A conventional PCR to determine the presence of human-tropic PERV-A/C, was set up

using two primer pairs comprising different amplicon lengths (Table 1) [51]. The PERV-A/C

short primer mix detects an amplicon of 345 base pairs (bp) length, while the PERV-A/C long

primer mix detects an amplicon of 1266 bp length (Table 1). Both conventional PCRs were

carried out with AmpliTaq DNA Polymerase (Applied Biosystems, Waltham, MA, USA) and

were set up with a Biometra TRIO cycler (Analytik Jena, Jena, Germany). The PCR approach

for the short amplicon size was applied with the following temperature-time profile: 95˚C for

10 minutes (activation step), followed by 45 cycles of 95˚C for 15 seconds (denaturation), 55˚C

for 30 seconds (annealing) and 72˚C for 30 seconds (extension) and a final single cycle of 72˚C

for 5 minutes. The same temperature-time profile was used for the detection of the long ampli-

con size, only the time for the extension step was extended by 90 seconds.

A real-time PCR using primers and probe located in the polymerase gene was carried out

for the expression of PERV [52]. The PCR mix was set up with the SensiFAST Probe No-ROX

One-Step Kit (Meridian Bioscience, Cincinnati, OH, USA) and reaction was carried out with a

qTOWER3 G qPCR cycler (Analytik Jena, Jena, Germany). The temperature-time conditions

were as follows: 50˚C at 30 minutes, 95˚C for 5 minutes, 45 cycles of 95˚C for 15 seconds, 58˚C

for 30 seconds and 72˚C for 30 seconds.

Western blot analysis to detect antibodies against PCMV/PRV

Western blot analysis was performed as previously described [53, 54]. Briefly, the immunodo-

minant C-terminal fragment R2 of the gB protein of PCMV/PRV was used as antigen [26].

The R2 fragment of the gB of PCMV/PRV was expressed in E. coli BL21 cells using the

pET16b vector encoding PCMV-R2 as described in detail [54]. Bacteria were induced with 1

mM isopropyl-β-D-1-thiogalactopyranoside (Roth, Karlsruhe, Germany), harvested, and dis-

solved in 10 mL 8 M urea, 0.5 M NaCl, 15 mM imidazole, 20 mM Tris pH 7.5. After centrifuga-

tion the supernatant was applied to a HisTrap HP column connected to an Äkta Prime Plus

system (both GE Healthcare, Chicago, Illinois, USA), and eluted after washing using 500 mM

imidazole, 6 M urea, 0.5 M NaCl, 20 mM Tris pH 7.5. Purified R2 protein was characterized

by sodium dodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE). The protein was

dissolved in sample buffer (375 mM Tris-HCl, 60% glycerol, 12% SDS, 0,6 M DTT, 0.06% bro-

mophenol blue) and denatured for 5 min at 95˚C prior to electrophoresis. SDS PAGE was run

in a Mini-Protean Tetra Vertical Electrophoresis Cell (Bio-Rad Laboratories, Incs., Hercules,

CA, USA) using a 17% polyacrylamide gel and the PageRuler prestained protein ladder

(Thermo Fisher Scientific, Waltham, USA). The protein was transferred for 100 min to a poly-

vinylidene fluoride membrane (ROTI PVDF, 8989.1, Roth, Karlsruhe, Germany) by electro-

blotting (100 mA) using the electroblotting device of peqlab Biotechnologie GmbH. After

electroblotting the membrane was blocked for 1h at 4˚C in PBS with 5% non-fat dry milk pow-

der (Roth, Karlsruhe, Germany) and 0.05% Tween 20 (Roth, Karlsruhe, Germany) (PBS-T)

(blocking buffer). The membrane was cut into strips and incubated over night at 4˚C with

diluted sera (1:150) in blocking buffer. Afterwards, washing was performed with 0.05% PBS-T

three times for 10 minutes each. Polyclonal goat anti-pig immunoglobulin G (IgG) Fc Second-

ary Antibody HRP (Invitrogen by Thermo Fisher Scientific, Waltham, USA) was diluted

1:15.000 in blocking buffer and strips were incubated for 1 h at room temperature, followed by

three washing steps for 10 minutes each. The signal was detected after 5 min incubation with

ECL Western Blotting Substrate (Cytiva, Amersham) with a FUSION-SL 3500 WL imaging

device (peqlab Biotechnologie GmbH).
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Next generation sequencing (NGS)

To further investigate the possible causative agent of the DPS in minipigs, two skin punches

(skin A and skin C) of approximately 1 cm in diameter from pig # 3 were sent to Anicon Labor

GmbH (Höltinghausen, Germany) for metagenomic analysis on an Illumina platform includ-

ing an rRNA depletion in advance. Bioinformatic data analyzes were also provided by Anicon

Labor GmbH (Höltinghausen, Germany).

Electron microscopy

Ultrathin section electron microscopy of skin samples was performed as described by Laue

[55].

Processing of histopathological tissue samples and light microscopic

evaluation

Tissue samples for light microscopy were fixed in phosphate buffered neutral 4% formalde-

hyde. After fixation, samples were trimmed and processed and the specimens were embedded

in paraffin and cut at a nominal thickness of approximately 5 μm, stained with haematoxylin

and eosin, and examined under a light microscope. Samples for microscopic evaluation were

obtained on different days in relation to appearance of clinical signs. Samples from six mini-

pigs # 1 # 2, # 3, # 5, # 6, and # 9 were taken on the same day as lesions appeared, and samples

from pig # 7 were taken 16 days after lesions appeared.

Ethics statement

At all facilities the samples were collected specifically for the study. At Marshall BioResources

the samples were collected by trained staff according to their internal Institutional Animal

Care and Use Committee (IACUC) approved, standard Blood Collection Standard Operating

Procedure (SOP). At Scantox and Ellegaard Göttingen Minipigs blood samples were collected

by skilled, educated animal technicians. Skin and organ samples from terminated animals

were sampled by a skilled, educated histolab technician. Skin samples collected from anesthe-

tized animals were collected by a veterinarian. At Marshall an individual review by IACUC for

the blood sample collection from the sow at Marshall BioResources was not required because

the standard Blood Collection Procedure is approved through the local IACUC. The Attending

Vet was consulted. At Scantox the procedures performed were all covered by the animal

license granted by the Danish Animal Experiments Inspectorate, Ministry of Food, Agriculture

and Fisheries in Denmark who is responsible for granting the licenses to perform animal

experimental work. For animals processed before 14-03-2022 the license number was: 2015-

15-0201-00713. As of 14-03-2022 the license number is 2021-15-0201-00959. At Ellegaard Göt-

tingen Minipigs the procedures performed are all also covered by animal license granted by

the Danish Animal Experiments Inspectorate, Ministry of Food, Agriculture and Fisheries in

Denmark. For animals processed before February 2022 the license number was: 2017-15-

0201-01202 and as of March 2022 the license number is 2022-15-0201-01167.

Results

Clinical signs and rare occurrence

Eight Göttingen Minipigs (GöMP) of different sex, age and parameters of housing, vaccination

and other with DPS and one animal without signs of disease were analyzed (S1 Table). Clinical

signs, macroscopic and histopathological findings are shown in S2 Table. The skin from
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affected and unaffected animals was examined microscopically. Skin samples from the affected

animals included samples from skin showing lesions and samples from unaffected, normal

skin. In addition, skin from unaffected animals was examined regularly. In previous studies

approximately 40 unaffected GöMPs were screened for different viruses without testing skin

samples [23–29]. Affected animals included both male and female GöMPs. Most affected ani-

mals showed acute parallel lesions with exudate on the dorsal spine, arching of the back (dip-

ping), for some minipigs vocalization and sensitivity to touch was observed. The lesions and

other features of the dippity syndrome appeared usually suddenly (e.g., within 2 hours) and

lasted several hours up to several days. The example of the occurrence of GöMPs at the Mar-

shall facility and at their customers shows how seldom the syndrome was observed, which in

the beginning was even classified as erythema multiforme (Table 2). However, underreporting

cannot be excluded.

Histology

Histological examination revealed significant changes in the skin of the affected animals

(Fig 2). In general, the lesions from the skin samples collected at the same day were character-

ized by an acute necrotizing inflammation, including epidermal necrosis, epidermal intra-/

Table 2. Dippity pig syndrome cases in GöMP from Marshall.

Year Customer Cases

2018 1 Reports of increasing numbers of Erythema multiforme, since 2015

2019 2 May: 3 pigs from 3 different orders*
June: 7 cases from 5 different orders

3 6/46 animals (4 control animals, 5 mild cases), 1 month after arrival

2020 4 4/48, 5 months after arrival, 3 animals resolved in 2–3 days

Marshall facility One case: pregnant sow 2 weeks pre-partum

*orders from the indicated customers

https://doi.org/10.1371/journal.pone.0281521.t002

Fig 2. Histological analyses of normal, affected and neighboring unaffected skin. The pictures in the upper row had a magnification

of 4x objective, that in the lower row of 10x objective.

https://doi.org/10.1371/journal.pone.0281521.g002
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extracellular edema, epidermal/subepidermal inflammatory cell infiltration (dominated by

neutrophilic granulocytes) and vesicle/vesico-pustular formation. Occasionally, superficial

crust and subepidermal haemorrhage and congestion of blood vessels were also seen. No bac-

teria were seen in any of the affected skin samples nor were any intracellular (intranuclear or

intracytoplasmic) inclusion bodies reported in the epithelial cell of the epidermis. Normal skin

sampled from the affected animals and from other animals did not show any pathological find-

ings at the microscopic examination.

In detail, in the affected skin of pig # 2, lesions were comprised by an acute inflammatory

reaction, including epidermal necrosis, subepidermal edema, subepidermal infiltration of neu-

trophilic granulocytes and vesicle formation. Inflammatory lesions in affected skin of pig # 9

also represented acute lesions, with epidermal necrosis, infiltration of mixed inflammatory

cells (mainly granulocytes) in the epidermis or subepidermally, hemorrhage, intraepidermal

pustule formation and subepidermal vesicles. Intercellular edema (spongiosis) was seen in the

epidermis. Lesions in the affected skin of pig # 1 were seen at the subepidermal/epidermal

junction. Microscopic findings showed acute lesions, characterized by epidermal necrosis, epi-

dermal intercellular edema (spongiosis), hemorrhage/congestion of blood vessels in the der-

mis, subepidermal vesicle formation and low-grade infiltrations of inflammatory cells

(dominated by granulocytes). Lesions were seen at the subepidermal/epidermal junction.

Lesions in the affected skin of pig # 6 were also acute and characterized by epidermal necrosis,

epidermal intercellular edema (spongiosis) subepidermal infiltration of mixed inflammatory

cells (dominated by granulocytes), hemorrhage/congestion of blood vessels in papillary dermis

and subepidermal/dermal vesicle formation.

Normal skin sampled from the affected animals did not show any pathological findings at

the microscopic examination.

Skin was additionally sampled from one minipig (# 7) showing clinical signs of DPS 16

days prior to sampling. In the skin examined from this minipig, only parakeratotic hyperkera-

tosis was observed, consistent with healing of the lesions.

No virus particles detected by electron microscopy

When an ultrathin section electron microscopy of skin samples was performed as described

previously [55], no virus particles were detected, neither in the affected skin, nor in the unaf-

fected skin.

Screening for porcine herpesviruses (PCMV/PRV and PLHV)

First, four porcine herpesviruses were included in the screening program, as erythema multi-

forme in humans is in many cases associated with a herpes simplex virus [11]. PCMV/PRV

was detected in two minipigs, minipig # 1 (liver, spleen and skin A, B, C) and in minipig # 2

(skin C). All other affected minipigs and the unaffected minipig were negative for PCMV/PRV

(Fig 3, S3 Table). In minipig # 3 PCMV/PRV was not detected in PBMCs, even not after stimu-

lation with the T-cell mitogen phytohemagglutinin (PHA), but it was detected in the liver, in

all four liver lobes.

Pig # 5 is the most thoroughly analyzed animal. From this animal sufficient material of the

affected skin and different organs was available to perform all tests. In this animal, PLHV-3

was detected in the affected skin, in the border skin and in the unaffected skin and in other tis-

sues (Table 3), suggesting that the virus was present also in all tissues of the animal. It was the

only virus detected in this animal. It is important to note that PLHV-3 was not tested in some

other animals with DPS due to the lack of sufficient material (S3 Table). All pigs were negative

for PLHV-1, -2, and -4 (S3 Table). A summary of the results is given in Table 4.
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Since PCMV/PRV is a herpesvirus capable of virus latency, analyses using PCR is not suffi-

cient to detect the virus [54]. Therefore, serum and plasma from pig # 5 was tested in a West-

ern blot assay for antibodies against PCMV/PRV, the result was negative (Fig 4).

Expression of PLHV-3

Since PLHV-3 was the only virus found in minipig # 5 by real-time PCR (Table 3), its expres-

sion was analyzed using a real-time RT-PCR. Neither in the affected skin, nor in the unaffected

skin, nor in the border skin, nor in liver lobes, nor in the spleen mRNA PLHV-3 was found

(not shown). This indicates that the virus is present in the animal, but it is expressed only

below the detection limit of the used method.

Fig 3. PCR results of the screening of six Göttingen Minipigs. Porcine viruses (PCMV, PCV1, PCV2, PCV3) were

detected by real-time PCR and expressed as ct value (A-C) and conventional PCR expressed as detected/nondetected

(D-F) in six minipigs suffering from dippity pig syndrome: pig # 1 (A), pig # 2 (B), pig # 3 (C) and pig # 6 (D), pig # 7

(E), pig # 8 (F), whereas pig # 4 (C) did not show any clinical signs.

https://doi.org/10.1371/journal.pone.0281521.g003
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Screening for potentially zoonotic (HEV, SARS-CoV-2) and several other

porcine viruses (PCV1,2,3, TTSuV and PPV1)

PCV1 was found in minipig # 1 (liver and spleen) and minipig # 2 (PBMCs, skin A and skin

B), but also in minipig # 4 not showing clinical signs (blood). PCV3 was found in minipig # 1

(blood) and in minipig # 2 (skin B). PCV1 and PCV3, but no other viruses were found in

Table 3. Screening for pig viruses in pig # 5.

Tissue PCMV/

PRV

PLHV-1 PLHV-2 PLHV-3 PPV-1 PCV1 PCV2 PCV3 PCV4 PERVs PERV-C PERV-A/

C

HEV

Real-time

PCR

Real-

time

PCR

Real-

time

PCR

Real-

time

PCR

Real-

time

PCR

Real-

time

PCR

Real-

time

PCR

Real-

time

PCR

Real-

time

PCR

Real-

time

PCR

PCR PCR Real-time

RT-PCR

skin-affected area

(SKA/A)

No ct No ct No ct 35.31 No ct No ct No ct No ct No ct 12.23 yes no No ct

skin non-affected

area (SKNA/C)

No ct No ct No ct 37 No ct No ct No ct No ct No ct 12.97 yes no No ct

skin border between

affected and non-

affected area (SKB/

B)

No ct No ct No ct 38.43 No ct No ct No ct No ct No ct 13.15 yes no No ct

Liver, left lateral lobe

(LLL)

No ct No ct No ct 37.23 No ct No ct No ct No ct No ct nt yes no No ct

Liver, left medial

lobe (LML)

No ct No ct No ct 37.31 No ct No ct No ct No ct No ct nt yes no No ct

Liver, right medial

lobe (RML)

No ct No ct No ct 39.65 No ct No ct No ct No ct No ct nt yes no No ct

Liver, right lateral

lobe (RLL)

No ct No ct No ct 39.14 No ct No ct No ct No ct No ct nt yes no No ct

Liver, caudate lobe

(CAL)

No ct No ct No ct 38.61 No ct No ct No ct No ct No ct nt yes no No ct

Spleen (SPL) No ct No ct No ct 36.25 No ct No ct No ct No ct No ct nt yes no No ct

PCMV/PRV; porcine cytomegalovirus/porcine roseolovirus; PLHV-1, -2, -3, porcine lymphotropic herpesvirus -1, -2, -3; PPV1, porcine parvovirus 1; PCV1, 2, 3, 4,

porcine circovirus 1, 2, 3, 4; PERV, porcine endogenous retrovirus; HEV, hepatitis E virus; nt, not tested, endogenous virus, present in all cells.

https://doi.org/10.1371/journal.pone.0281521.t003

Table 4. Summary of the virus detections in seven Göttingen Minipigs with DPS and one animal not showing clinical signs using PCR methods. For details see

Table 3 and S3 Table. The outstanding detection of PLHV-3 in animal # 5 is marked with a red circle.

Animal PCMV/PRV PCV1 PCV2 PCV3 PCV4 PLHV-3 PLHV-1,2,4

1 + + - + - nt -

2 + + - + - nt -

3 + + - - - nt -

4 (unaffected) - + - + - nt -

5 - - - - - + -

6 - - - - nt - -*
7 - - - - nt - -*
8 - - - - nt - -*
9 nt nt nt nt nt nt nt

PCMV/PRV; porcine cytomegalovirus/porcine roseolovirus; PCV1, 2, 3, 4, porcine circovirus 1, 2, 3, 4; PLHV-1, -2, -3, porcine lymphotropic herpesvirus -1, -2, -3; nt,

not tested, * PLHV-4 was not tested in these animals, PLHV1, 2 were negative; nt, not tested.

https://doi.org/10.1371/journal.pone.0281521.t004
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GöMPs # 1 and # 48, which were housed closely together. In conclusion, minipig # 1 was

infected with three viruses (PCMV/PRV, PCV1 and PCV3) and minipigs # 2 and # 3 with two

viruses (PCMV/PRV and PCV1 or PCV1 and PCV3). In all other animals none of these three

viruses were detected. The viruses PCV2, PCV4, PPV1, TTSuV1, TTSuV2 and HEV were not

found in any of the tested animals. In previous studies analyzing GöMP PCV2 was found in

five of 31 animals [27, 29] and HEV in nine of 40 animals [24] (Table 5). SARS-CoV-2 was not

found in the pigs. All these viruses were also not found in pig # 5 (Table 3).

Occurrence of PERV-C

It is well known, that PERV-A and PERV-B are present in the genomes of all pigs, whereas

PERV-C is not necessarily present in all pigs. Therefore, all animals with DPS and the animal

with no clinical signs were screened for PERV-C. All animals had integrated PERV-C (as well

as PERV-A and PERV-B) in their genome (Table 3, S4 Table).

Enhanced expression of PERV

When the expression of PERV was investigated using a real-time RT-PCR, expression in mini-

pig # 1 was detected in the liver and spleen, no expression was detected in the affected and

unaffected skin (Fig 5A). In minipig # 3 expression was detected mainly in unstimulated and

Fig 4. Western blot analysis of serum and plasma of pigs with and without DPS for antibodies against PCMV/

PRV. Serum and plasma were tested at a dilution of 1:150 against the recombinant R2 fragment of the gB protein of

PCMV/PRV, P, positive control serum; 1, serum # 5; 2, plasma # 5; 3, plasma # 3; 4, serum # 1; 5, serum # 4 (without

clinical signs), N, negative control serum. Exposure time 1 sec.

https://doi.org/10.1371/journal.pone.0281521.g004

Table 5. Summary of the screening of control Göttingen Minipigs from Ellegaard Göttingen Minipigs A/S and

from the University Göttingen using PCR-based and Western blot analysis. The references are indicated in

brackets.

Virus GöMP from Ellegard Göttingen Minipigs A/S GöMP from the Göttingen University [27]

PCR method* PCR method*
HEV 9/40 [24] 0/10

PCMV/PRV 12/39 [25, 41] 0/10

PLHV-1 1/20 [25, 41, 74] 2/11

PLHV-2 0/10 [74] 2/11

PLHV-3 0/20 [25, 74] 2/11

PCV1 0/21 [60] nt

PCV2 0/21 [60] 2/10

PCV3 0/10 [unpublished] 0/10

PERV-C 26/26 [47] 10/10

HEV, hepatitis E virus; PCMV/PRV; porcine cytomegalovirus/porcine roseolovirus; PLHV-1, -2, -3, porcine

lymphotropic herpesvirus -1, -2, -3; PCV1, 2, 3, porcine circovirus 1, 2, 3; PERV, porcine endogenous retrovirus;

*positive animals/total animals using nested and/or real-time PCR; nt, not tested.

https://doi.org/10.1371/journal.pone.0281521.t005
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stimulated PBMCs and to a lower extend in liver lobes and spleen detected in the liver

(Fig 5C). It is important to underline that PERV expression is enhanced in PBMCs from pigs #

2 stimulated by the T cell mitogen phytohemagglutinin (PHA) compared with unstimulated

PBMCs (Fig 5D).

Fig 5. Gene expression of PERV and PCMV in different organs of pigs with DPS. Gene expression is displayed for two

minipigs: minipig # 1 (A and B) and minipig # 2 (C). Skin A, B, C refer to the skin regions indicated in Fig 1. PHA-L,

lymphocyte-specific phytohemagglutinin. The liver lobes are indicated as: LLL, left lateral lobe; LML, left medium lobe; RML,

right medium lobe; RLL, right lateral lobe; CAL, caudate lobe. PERVpol indicated primer pairs used to detect the highly

conserved polymerase gene of PERV. D, Increase of PERV expression after mitogen stimulation. PBMCs from pig # 2 and pig #

3 were incubated with the mitogen lymphocyte-specific phytohemagglutinin (PHA-L). Gene expression of PERVpol was

referred to the expression in PK-15 cells which was set 100%.

https://doi.org/10.1371/journal.pone.0281521.g005
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Detection of PERV-A/C

PERV-A/C recombinants are the product of a recombination between PERV-A and PERV-C,

the recombinants can be found in somatic cells, but never in the germ line of pigs. Since in all

analyzed minipigs PERV-C was found integrated in their genome, the probability of recombi-

nation with PERV-A exists. Among the minipigs with DPS, PERV-A/C was found only in one

animal, pig # 6 (S3 Table). PERV-A/C was found in the liver, spleen, in the affected and also in

the unaffected skin of this animal. PERV-A/C was also found in freshly isolated PBMCs and in

PBMCs 5 days after incubation with and without PHA-L. In the cultured PBMCs the expres-

sion of PERV-A/C was 13 times higher compared with the uncultured, in the PHA-stimulated

PBMCs 42 times higher compared with the expression in unstimulated PBMCs.

Expression of PCMV/PRV

PCMV/PRV was detected in the liver, spleen and all skin samples (skins A, B and C) of minipig

# 1. Whereas PCMV/PRV specific mRNA was found in liver and spleen, the expression of

PCMV/PRV was lower in the skin samples (Fig 5B). When serum from animal # 1 was

screened for antibodies against PCMV/PRV performing a Western blot analysis using a

recombinant C-terminal fragment of the gB protein of PVMV/PRV, virus-specific antibodies

were detected, indicating the expression of virus protein and antibody production (Fig 4). In

contrast, sera or plasma from animals # 5 and # 4 were negative in the Western blot analysis

(Fig 4). Animals # 5 and # 4 (the animal without clinical signs) were negative in the PCR assay

(Tables 3, 4) Serum from animal # 3 was positive for antibodies against PCMV/PRV and in the

PCR assay (S3 Table, Fig 4).

Comparison with previously analyzed GöMP

In the past we studied a large number of GöMP both in the Ellegaard Göttingen Minipigs A/S

facility [24–26, 29, 32, 56] as well as in the Göttingen University where the animals were origi-

nally generated [27]. In none of the animals clinical signs of DPS had been observed. Neverthe-

less, some of the animals were carrier of PCMV/PRV, PLHV-1 to -3, and PCV2 (Table 5).

Using real-time PCR, 12/39 animals (30%) were PCMV/PRV-positive in the first facility, none

of ten animals in the second facility. PLHV-3 was found in two of 11 animals from the Göt-

tingen University [32] (Table 5). All animals with DPS carried in their genome PERV-C

(Table 3, S4 Table) and this is in concordance with previous investigations showing that all

GöMPs carry PERV-C in their genome [27, 28] (Table 5). In these previous studies analyzing

GöMP, PCV2 was found in five of 31 animals [27, 29] and HEV in nine of 40 animals [24]

(Table 5).

Results of the next generation sequencing

A differential gene expression was observed when skin punches from affected (skin A) and

unaffected skin (skin C) from pig #237587 were analyzed for gene expression on an Illumina

platform, (Table 6, S5, S6 Tables). Significant differences were observed when the bacteria

where analyzed (Table 6). Concerning the viruses, an elevated expression of retroviruses was

observed (0.20169% in the affected skin versus 0.14270% in the unaffected skin). PERVs and

members of the family Astroviridae were the only porcine viruses found by this method,

whereas the astroviruses were found expressed only in the unaffected skin. Viruses of the fami-

lies Bromoviridae (single stranded DNA viruses), Tombusviridae (single-stranded positive

sense RNA plant viruses), Partitiviridae (double stranded RNA viruses), and Totiviridae (also

double stranded RNA viruses), which are all three increased in the affected skin, are viruses
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Table 6. Comparative analysis of the abundance (in %) of taxonomic families obtained by a NGS approach for

two skin areas from animal # 2. Skin A = affected region, skin B = not affected region.

family name skin A skin B

viruses

Astroviridae - 0.00126

Bromoviridae 0.00078 0.00413

Partitiviridae 0.00260 -

Retroviridae 0.20169 0.14270

Tombusviridae - 0.00216

Totiviridae 0.23664 -

bacteria

Aerococcaceae 1.32415 0.10115

Bacillaceae 2.22009 1.50864

Bifidobacteriaceae - 0.02579

Bradyrhizobiaceae - 0.03039

Carnobacteriaceae 10.59616 3.34821

Caulobacteraceae 0.02112 0.02721

Chitinophagaceae - 0.01575

Chromatiaceae 1.00861 1.59915

Clostridiaceae 0.09402 0.21558

Comamonadaceae 0.35762 0.75179

Corynebacteriaceae 0.43344 0.57392

Cytophagaceae 0.03730 0.04311

Enterobacteriaceae 1.49426 0.19609

Erwiniaceae 0.19052 3.52957

Flavobacteriaceae 0.57518 2.72180

Hymenobacteraceae - 0.02017

Lachnospiraceae 0.10342 0.22600

Lactobacillaceae 0.29614 0.66481

Microbacteriaceae 0.82117 0.89084

Micrococcaceae 0.29237 0.27627

Moraxellaceae 3.50792 0.26554

Nocardiaceae 0.03838 0.13326

Nocardioidaceae - 0.04069

Oscillospiraceae 0.09767 0.18152

Oxalobacteraceae 0.70133 0.02254

Paenibacillaceae 3.31762 -

Peptostreptococcaceae 0.09820 0.39591

Prevotellaceae - 0.01672

Pseudomonadaceae 0.02996 0.10034

Rhizobiaceae - 0.02203

Rhodobacteraceae 0.10724 0.08106

Rikenellaceae - 0.01589

Shewanellaceae - 0.06205

Sphingobacteriaceae 1.99492 0.27949

Sphingomonadaceae - 0.11843

Staphylococcaceae 0.11964 0.22569

Streptococcaceae 1.08385 6.83383

Turicibacteraceae - 0.04730

(Continued)
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infecting plants, fungi and parasites. They obviously are associated with the hay or straw in the

animal stables.

Discussion

This is the first comprehensive analysis of GöMP with DPS, searching for a virus which may

be the cause or at least involved in the pathogenesis of DPS. Since the DPS has similarities with

erythema multiforme in pigs and humans and since the human erythema multiforme is associ-

ated with a herpesvirus, HSV, a herpes virus was suggested to be involved in the pathogenesis

of DPS. In addition, the pig syndrome is short in duration, comparable to herpes labialis lip

injury in humans. The investigations are also of great interest, because the similarity between

the skin of humans and pigs makes the pig an ideal model for use in nonclinical dermal studies

[57]. Features of swine skin that are similar to that of humans include a firm attachment to

underlying structures, relatively thick epidermis, dermal to epidermal thickness ratios, similar

dermal collagen and elastin content, and variance in cutaneous pigment [58].

For the virological studies it is of great importance, that in the best analyzed GöMP, minipig

# 5, only one virus was detected in the animal, PLHV-3 (Table 3). PLHV-3 could not be ana-

lyzed in the pigs # 1, and # 2, due to restricted sample material for testing. PCMV/PRV was

found in GöMPs # 1, # 2, and # 3 (Table 4, S3 Table), but not in minipig # 5, neither by PCR

nor by antibody testing. PCMV/PRV was detected in different lobes of the liver of animal # 3.

Although the differences in the ct values are not significant (left lateral lobe ct 38.28, left mid-

dle lobe ct 36.33, right middle lobe ct 35.58, right lateral lobe ct 37.42), the he differences in the

ct values indicate differences in virus replication in different liver regions. Significant differ-

ences in the virus load were observed when different lobes of a liver were screened for PERV

copies [59]. This was remarkable because PERVs despite that they were endogenous viruses

they were shown to be highly active in living pigs [60]. A nonhomogenous distribution of the

human immunodeficiency virus was observed in the spleen of infected humans [61]. These

data indicate that most viruses are distributed nonequally in organs of infected individuals.

This was also observed when PLHV-3 was analyzed in different lobes of animal # 5 (Table 3).

Most interestingly, GöMPs # 1, # 2, and # 3 with DPS were positive for PCV1, but the

GöMPs without clinical signs, # 4, was PCV1-positive, too. Minipig # 4 was housed at Scantox

and not in the breeding colony of Ellegaard Göttingen Minipigs A/S. The detection of PCV1

Table 6. (Continued)

family name skin A skin B

Vibrionaceae 0.03100 -

Weeksellaceae 1.37526 10.94751

Xanthomonadaceae 0.30021 0.19986

others

Aspergillaceae 0.55678 -

Debaryomycetaceae 0.90582 1.04257

Lichtheimiaceae 1.97649 1.43582

Phycomycetaceae - 16.85101

Rhizopodaceae 5.33430 3.94577

Saccharomycetaceae 0.75351 0.40067

Trichosporonaceae - 0.05918

- = not detected; in bold = abundance of more than 1.0%

https://doi.org/10.1371/journal.pone.0281521.t006
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in GöMPs is something new. When GöMPs from the Ellegaard Göttingen Minipigs A/S facility

were screened the first time, the animals were not tested for PCV1 [24, 25]. When they were

tested for PCV1 the first time, none of the 21 screened animals were positive [29]. The mini-

pigs with DPS # 6, # 7, # 8, tested still at RKI, were also PCV1-negative (S3 Table). However,

the testing was based on a conventional PCR which is less sensitive compared with the more

sensitive real-time PCR. The real-time PCR was used for testing the minipigs # 1, # 2, # 3 and #

4, at the Institute of Virology. PCV1 was thought to be apathogenic in pigs (for review see [62,

63]). Since the minipig not showing any clinical signs was also PCV1-positive, this virus could

contribute to the DPS only when another factor is involved. Such a co-factor may be stress,

bacterial infection or infection with another virus.

Screening for viral infections was complicated by difficulties in isolating DNA and RNA

from pig skin, especially from the affected skin. The skin structure of mammals is mainly com-

posed of three distinct layers: subcutis, dermis, and epidermis. Pig skin has a similar epidermis

as human skin, with a comparable thickness. Both human and porcine dermis is divided into a

papillary layer (pars papillaris) and a reticular layer (pars reticularis). Porcine dermal collagen

is similar to human dermal collagen biochemically. The subcutis is the fatty subdermal layer of

the skin. In humans and pigs, this fat layer is the main insulation component [64]. Therefore,

several histological and immuno-histochemical similarities exist between porcine and human

skin [65]. With a few exceptions, there are no publications describing how to isolate nucleic

acids from pig skin [30, 66]. Based on these publications we included an incubation step of the

skin with collagenase and hyaluronidase (see Materials and methods).

PERV-C, which is in contrast to PERV-A and PERV-B not present in the genome of all

pigs, was found integrated in all studied here GöMP (Table 3, S4 Table). This is in concordance

with previous investigations showing that all GöMPs carry PERV-C in their genome [27, 28]

(Table 5). PERV expression was found enhanced in PBMCs from pigs # 2 stimulated by the T

cell mitogen phytohemagglutinin (PHA) compared with unstimulated PBMCs (Fig 5D). This

confirmed previous results in GöMPs [27, 28] and other pig breeds [67] that treatment with a

mitogen, here PHA, increases PERV expression.

It is of great interest, that PERV-A/C was found in one of the DPS pigs, pig # 6. The virus

was found in different organs of the pig, including the affected and unaffected skin. PERV-A/

C was highly expressed in the PBMCs after incubation with and without PHA-L. This is also

new since in previous investigations PERV-A/C was never found in GöMPs from the Ellegaard

Göttingen Minipigs A/S facility [28]. PERV-A/C was however found in two cases of GöMPs

from the facility of the Göttingen University, where the animals were developed in the past

[27, 32]. In one case the newly isolated recombinant PERV-A/C was able to infect human cells

[27, 32]. Whether the recombination and the wide distribution of PERV-A/C in minipig # 6 is

associated with the DPS features remains unclear. PERV-A/C are of interest because they were

characterized by higher replication titers compared with the paternal PERV-A [68, 69].

SARS-CoV-2 was not found in the pigs (S3 Table). This is in concordance with extensive

studies showing that pigs cannot be infected with this virus [70–73].

Performing next generation sequencing (NGS), additional information on putative virus

sequences and their expression in the affected skin region in comparison with the unaffected

skin were expected. However, the results showed neither new porcine viral sequences, nor a

difference between affected and unaffected skin regions concerning pig viruses, with exception

of PERVs. Their expression was higher in the affected skin. As known from different analyses

of the pig virome, viruses with known or suspected zoonotic potential were often not detected

by NGS, but were revealed by more sensitive PCR-based methods (for review see [74]). Our

data confirm these findings: Viruses detected in the skin of minipig # 3 by PCR, PCMV/PRV

and PCV1 (Fig 2, Table 4) were not detected by NGS, with exception of the retroviruses
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(Table 3). Therefore, this method did not contribute to the solution of the problem, which

virus, if any, may be involved in the pathogenesis of DPS.

Only PLHV-3, but no other viruses, was found in one animal, minipig # 5. It was found in

the affected skin, but also in the unaffected skin and other organs of the pig (Table 3). It is

important to note that PLHV-3 was also found in four of five Greek pigs suffering from ery-

thema multiforme [16]. Unfortunately, animals # 1, # 2, and # 4 were not tested for PLHV-3

due to the absence of sufficient material. PLHV-3 was not found in previous studies in GöMP

from the Ellegaard Göttingen Minipigs A/S facility [25], but 2 out of 11 animals from the Göt-

tingen university facility were positive [27] (Table 6).

PLHV-3, also known as suid herpesvirus 5 (SuHV-5), is a gammaherpesvirus assigned to

the genus Macavirus [75]. The role of PLHV-3 as primary pathogen of swine, or as co-factors

in other viral infections, is largely unknown. PLHV-3 was frequently found in the blood and in

lymphoid organs of domestic and feral pigs from different geographic locations. PLHV-3 was

detected predominantly in B-cells [44]. 48% of German pigs and 65% of Italian pigs were

found PLHV-3 positive [44]. The occurrence of PLHV-3 varies between 5 and 65% in various

studies performed in Germany, Italy, Spain, France, USA, and Ireland [44, 49, 76, 77]. PLHV-

3 was also detected in wild boars [78]. A latent as well as productive PLHV-3 infection was

found in the porcine B-cell line L23 [44, 79]. Since PLHV-3 is a herpesvirus capable of latency,

a Western blot assay was developed based on a recombinant fragment of the gB protein of

PLHV-1, which also should detect antibodies against PLHV-3 [56]. Using this newly devel-

oped Western blot analysis, PLHV was detected in slaughterhouse pigs [56], and in Aachen

minipigs [33], but not in GöMPs [56]. Using a PCR method, PLHV-3 was found in 0/10

GöMPs, 2/8 Aachen minipigs, 0/10 Mini LEWE minipigs [35] and 10/36 slaughterhouse pigs

[56]. The fact that PLHV-3 was not found previously in GöMPs using PCR [25, 27, 56] is inter-

esting considering that PLHV-3 was detected in the affected skin, the unaffected skin and

other organs of the GöMP #349753 suffering from DPS (Table 3). The fact that all viruses

found in DPS pigs were also found in animals without clinical signs of disease, suggests a mul-

tifactorial cause of DPS.

Of interest is also the fact that the expression of PERVs is slightly higher in the affected skin

compared with the unaffected skin (Table 6). This may be due to inflammation and infiltration

of activated immune cells. The expression of PERVs is much higher in PBMCs after stimula-

tion by the mitogen PHA, simulating the activation of immune cells in an immune response as

shown by RT-PCR (Fig 5D).

Further investigations on minipigs suffering from DPS should be performed. First of all,

more tissue samples are needed, especially from the affected and neighboring skin. However,

samples from other tissues are also required for comparative analyses. This will allow screening

for all viruses and performing repeated testing.

To summarize, different viruses were detected in the affected animals and in the affected

skin, with one individual being of great interest due to having only PLHV-3. However, all

viruses have also been found in unaffected animals. Consequently, we suggest that DPS has a

multifactorial cause. However, elimination of the detected viruses from GöMPs using early

weaning, vaccines, antiviral drugs, Caesarean delivery, colostrum deprivation, and embryo

transfer may prevent DPS.

Supporting information

S1 Table. Data on sex, age, housing and others concerning the studied GöMP with and

without DPS.
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S2 Table. Clinical signs, macroscopic and histopathological/microscopic findings of the

analyzed pigs.

(DOCX)

S3 Table. Overview of the PCR results of six Göttinger Minipigs with dippity pig syndrome

(DPS).

(DOCX)

S4 Table. Detection of integrated PERVs in six Göttingen Minipigs with DPS and one

unaffected animal.

(DOCX)

S5 Table. Abundance of microbiological taxa obtained by an NGS approach for skin A

(affected skin region) from animal # 3. The selected taxa refer to the least common denomi-

nator of the data revealed by NGS approach independently of the taxon.

(DOCX)

S6 Table. Abundance of microbiological taxa obtained by an NGS approach for skin B

(affected skin region) from minipig # 3. The selected taxa refer to the least common denomi-

nator of the data revealed by NGS approach independently of the taxon.

(DOCX)

S1 Fig. Lower back of GöMP # 6 with acute DPS, also showing an enlarged view, and

GöMPs # 7 after healing.

(PPTX)
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27. Krüger L, Kristiansen Y, Reuber E, Möller L, Laue M, Reimer C, et al. A Comprehensive Strategy for

Screening for Xenotransplantation-Relevant Viruses in a Second Isolated Population of Göttingen Mini-

pigs. Viruses. 2019; 12(1):38.

28. Semaan M, Rotem A, Barkai U, Bornstein S, Denner J. Screening pigs for xenotransplantation: preva-

lence and expression of porcine endogenous retroviruses in Göttingen minipigs. Xenotransplantation.

2013; 20(3):148–56.

29. Heinze J, Plotzki E, Denner J. Virus Safety of Xenotransplantation: Prevalence of Porcine Circovirus 2

(PCV2) in Pigs. Ann Virol Res. 2016; 2(3): 1023.

30. Reimann E, Abram K, Kõks S, Kingo K, Fazeli A. Identification of an optimal method for extracting RNA

from human skin biopsy, using domestic pig as a model system. Sci Rep. 2019; 9(1):20111. https://doi.

org/10.1038/s41598-019-56579-5 PMID: 31882887

31. Denner J. Sensitive detection systems for infectious agents in xenotransplantation. Xenotransplanta-

tion. 2020; 18:e12594. https://doi.org/10.1111/xen.12594 PMID: 32304138
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