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ABSTRACT

Modern swine farming is characterized by the emergence of several syndromes whose
aetiology is unclear or has a multi-factorial origin, including periweaning failure-to-
thrive syndrome (PFTS). In fact, its specific aetiology remains elusive, although several
causes have been investigated over time. The present study aimed to investigate the
potential role of viral agents in PFTS-affected and heathy animals by evaluating the
virome composition of different organs using a metagenomics approach. This analysis
allowed demonstrating a higher abundance of Porcine parvovirus 6 (PPV6) in healthy
subjects while Ungulate bocaparvovirus 2 (BoPV2), Ungulate protoparvovirus 1 (PPV)
and Porcine circovirus 3 (PCV-3) were increased in pigs with PFTS. No differential
abundance of RNA viruses were found between PFTS-affected and control pigs.
Remarkably, this is the first molecular characterization of PPV6 and BoPV2 in Spain
and one of the few all around the world, supporting their apparent widespread
circulation. Interestingly, PCV-3 has been recently identified in several clinical-
pathological conditions as well as in healthy pigs, while BoPV2 pathogenic potential is
unknown. Although obtained results must be taken as preliminary, they open the door
for further studies on the potential role of these viruses or their combination as

predisposing factor/s for PFTS occurrence.

Key words: periweaning failure-to-thrive syndrome (PFTS); metagenomics, Porcine
circovirus 3; Porcine parvovirus 6; Ungulate bocaparvovirus 2; Ungulate

protoparvovirus 1; case-control
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INTRODUCTION

Episodes of failure to thrive and growth retardation can be occasionally seen in the
nursery phase. However, they were typically neglected because of the marginal
economic significance.! In most of the cases, those situations were usually attributed to
the lack of proper adaptation of the piglet from the liquid diet during the lactation period
to the solid one at nursery.? This is expectable to a certain low percentage of piglets and
modern pig production deals with this problem by means of introducing solid feed to
piglets during lactation, use of fermented liquid feeds in nursery? and by creating a
friendlier environment for the piglet at weaning.® By 2008, in North-America, several
unrelated farms experienced a significantly increased number of piglets with anorexia,
lethargy, progressive debilitation and death mainly within the first week after weaning.*
Such scenario was clinically described with names such as postweaning catabolic
syndrome, postweaning wasting-catabolic syndrome, failure to thrive syndrome, and
postweaning fading pig-anorexia syndrome.*

The emergence of more frequent and relevant outbreaks of this syndrome in
Canada prompted to develop a more precise case definition. By 2010, the condition was
named periweaning failure-to-thrive syndrome (PFTS). Clinically, PFTS-affected pigs
are characterized by progressive loss of weight and debilitation in absence of discernible
and detrimental infectious, nutritional, management or environmental factors.* Although
not constant, a number of diseased pigs show an unusual repetitive oral behaviour such
as licking, chewing or chomping,® which makes the condition easier to suspect.
Although several histopathological lesions have been evidenced in PFTS, the current
definition includes the presence of superficial gastritis, thymic atrophy and small

intestine villous atrophy.®
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While clinical signs were initially suspected to be caused by an unknown
infectious agent, the role of most known parasitic, bacterial and viral agents were ruled
out; most of the studied pathogens were not found in PFTS affected piglets or they were
identified with comparable frequency in healthy and diseased pigs.> Additionally,
attempts to reproduce the disease by pig inoculation with tissue homogenates of
diseased animals were unsuccessful.” This evidence was not supportive of the
hypothesis that PFTS may have an infectious etiology.

Interestingly, some studies highlighted the potential genetic predisposition to the
disease,®® which would be ascribable to variability in genes involved in brain
development and metabolism and part of signalling pathways associated to neurological
and depressive disorders in human beings.1!

PFTS was diagnosed in Spain for the first time in 2012,2 and although the
condition had a significant impact in some farms, the incidence of the condition has
apparently decreased. Nevertheless, the true aetio-pathogenesis of PFTS is still obscure
and unresolved, and the role of an unknown pathogen cannot be completely excluded,
especially considering that the current knowledge of the virosphere is still at its infancy
and more viral species are continuously being discovered.!>® Based on these premises,
an exploratory metagenomics analysis was performed for the first time to evaluate the
presence of previously unknown viral pathogens in PFTS pigs and in healthy

counterparts.

MATERIALS AND METHODS
Farm and piglet selection
After initial diagnosis of PFTS in Spain?? an increasing number of clinical cases were

further characterized as PFTS based on established criteria.* The affected farm from
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which PFTS affected pigs were selected was located in North-Eastern Spain. It
consisted of a 360-sow farm producing 18 kg pigs, with a historical nursery mortality of
1.78% before 2010. From October 2010 to April 2012, nursery mortality increased to an
average of 5.3% and most of the difference between periods accounted for piglets
undergoing wasting during the first two weeks post-weaning. The farm was
seronegative against Aujeszky’s disease virus, Porcine reproductive and respiratory
syndrome virus (PRRSV) and Mycoplasma hyopneumoniae.

Three 6 week-old, cross-bred female piglets with clinical signs consistent with
PFTS were selected, euthanized with an intravenous overdose of pentobarbital and
necropsied. At necropsy, tissue samples (lung, intestine, kidney, liver and brain) were
collected and frozen in -80°C until processing for Next Generation Sequencing (NGS)
as described below. Also, a wider set of tissues (including also nasal turbinates, heart,
tonsil, inguinal superficial lymph node, spleen and stomach) were collected, fixed by
immersion in 10% buffered formalin, embedded in paraffin and sectioned at 4 um for
histopathological analyses. All three animals displayed thymus atrophy, serous atrophy
of the fat, atrophy and fusion of villi and mild lympho-plasmacytic gastritis. Porcine
circovirus 2 (PCV-2) and PRRSV were also ruled out by means of
immunohistochemical methods.

Three age-matched cross-bred healthy piglets (two males and one female) from
a 500-sow farm that never displayed clinical signs compatible with PFTS were selected
as negative controls. The herd was seronegative against Aujeszky’s disease virus and
PRRSYV, but seropositive to M. hyopneumoniae. These animals were subjected to the
same procedures as mentioned above for the affected pigs, and did not have any

noticeable gross or histological lesion.
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DNA and RNA extraction
DNA and RNA were extracted from brain, intestine, kidney, liver and lung of three
healthy animals and three PFTS cases.

For total DNA extraction, 30 mg of each frozen tissue was homogenized in Tris-
buffer, followed by three freeze-thaw cycles. Samples were then centrifuged to pellet
nuclei and large cellular aggregates, and filtered through 0.45 um filter. To remove
remaining host genomic DNA, the samples were treated with DNase. Finally, DNA was
extracted using NucleoSpin Blood (Macherey-Nagel) according to manufacturer’s
instructions. At this point, pools were generated mixing equimolar amounts of DNA
treated as explained above, from brain (pool A), intestine (pool B), and kidney, liver and
lung (pool C) from PFTS affected and healthy piglets. The quality and quantity of DNA
pools were verified by Bioanalyzer and spectrophotometry (Nanodrop).

For total RNA extraction, 30 mg of each frozen tissue was treated with DNAse
and homogenized in Trizol reagent followed by RNA isolation using Ambion Ribo Pure
columns as recommended by the manufacturer (Life Technologies). Contaminating
DNA was removed from RNA preparations using TURBO DNA-free Kit (Ambion, Life
Technologies). The integrity of purified RNA was confirmed by Bioanalyzer and
concentration determined by spectrophotometry (Nanodrop). According to preliminary
NGS experiments, ribosomal RNA was present in the RNA samples in excessive
amounts. Therefore, a ribosomal RNA (rRNA) removal was tested and subsequently
incorporated in the protocol. RiboMinus Eukaryote System v2 (Ambion, Life
Technologies) was used to remove the rRNA from 5 pg of pooled total RNA according
to recommendations. Removal of rRNA was verified by Bioanalyzer. At this point,
pools were generated including total RNA from brain (pool A), intestine (pool B), and

kidney, liver and lung (pool C) from all tested animals
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Library preparation and Next Generation Sequencing.

Sequencing libraries were prepared for each pool and were run as recommended by the
manufacturer (lon Torrent, Life Sciences). Each library was run in a 318 chip and post-
sequencing processing was done based on quality, removing low quality reads and

polyclonal reads. Resulting files for each pool were used in the data analysis.

NGS data analysis
Quality of obtained FASTQ files was visually inspected using PRINTSEQ!’ and reads
shorter than 30 bp, with an average Phred quality score lower than 30 or with more than
one base with a quality lower that 15, were removed. Additionally, tag removal and
trimming of poor quality bases, poly-A/T and poly-N at 5’ and 3’ tails were performed
using the same software.

To remove the host genome contamination, obtained reads were aligned to the
Sus scrofa reference genome using bowtie2.*® Unaligned reads were processed for viral
taxonomic classification using Kraken,® benefiting of the computational power offered
by the Galaxy platform.?° Results were further confirmed using MGmapper.2! In both
cases, the most updated version of the viral database, available on the respective web

server (https://usegalaxy.org/ and https://cge.cbs.dtu.dk/services/Mgmapper-2.4), was

selected as reference dataset for the analysis.

The classified reads count was normalized and the presence of statistically
significant differences in the abundance of viral reads between PFTS and healthy
animals in different tissues was assessed using the metagenomeSeq?? library

implemented in R.
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More particularly, normalization was performed using the cumNorm function.
The cumNormStatFast function was used to select the most appropriate percentile to
normalize the reads counts . Statistical testing of differences between diseased and
healthy animals was assessed on all tissues altogether using the Zero-inflated Log-
Normal mixture model, implemented in the fitFeatureModel function. Similarly, for the
comparison among different tissues, the Limma’s topTable function for F-tests and

respective contrast functions, implemented in the same R library, were used.

Reference based alignment

The whole reference genomes of viruses detected to be differentially present between
healthy and diseased animals were downloaded from RefSeq and used for reference-
based alignment using Bowtie2.'® Samtools?® was used to convert, sort and remove
duplicates from the obtained SAM files. Finally, sample specific coverage and
consensus sequence were generated using QUASR.?* The obtained consensus
sequences, originating from the three pooled individuals, have been made available in
GenBank (Accession Numbers: MH558676-MH558679).

To confirm the obtained viral classification, for each examined viral species, a
set of sequences was downloaded from the GenBank and aligned with the consensus
sequence obtained from experimental samples. A species-specific phylogenetic tree was
reconstructed to confirm and improve the viral classification using the Maximum
likelihood method implemented in PhyML,% selecting as substitution model the one
with the lowest AIC calculated using JmodelTest.?® The robustness of the clade
reliability was evaluated using the fast non-parametric version of the aLRT

(Shimodaira—Hasegawa [SH]-aLRT), developed and implemented in PhyML 3.0.%’
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RESULTS

Next generation sequencing analyses.

Around 500 thousand NGS reads were obtained for each sample; most of those passed
the quality evaluation step and were included in the final analysis. A more detailed
summary of available reads is reported in Table 1.

Considered reads were assigned to several viral families using the Kraken
analysis (Supplementary tables 1 and 2). However, only four DNA viruses’ abundances
differed significantly (P < 0.001) between healthy and diseased animals: Porcine
parvovirus 6 (PPV6), Ungulate bocaparvovirus 2 (BoPV2), Ungulate protoparvovirus 1
(PPV) and Porcine circovirus 3 (PCV-3). PPV6 was mostly represented in healthy
animals while the other viruses (BoPV2, PPV and PCV-3) were more abundant in
diseased ones (Table 2). No statistical difference was observed in viral tissue
distribution with the only exception of BoPV2, which was detected only in the intestine
PFTS animals (Table 2).

No differences were observed in RNA viruses’ frequency, but a low number of
reads was mapped to RNA viruses of potential veterinary interest with the exact match
k-mers approach implemented in Kraken. Differently from the DNA analysis, where
Kraken and MGmapper provided essentially concordant results, Kraken RNA results
could not be confirmed with the MGmapper analyses, which identified no relevant RNA

viruses.

Reference based alignment
The complete genome sequence was reconstructed for the four above mentioned
viruses. The posterior sequence comparison through BLAST and phylogenetic analysis

confirmed the taxonomic classification. More specifically, percentages of identity of
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99%, 95%, 99% and 99% were proven compared to the most closely related sequences
published in the GenBank, for PPV6, BoPV2, PPV and PCV-3 respectively. Reference
based alignment of detected RNA viruses of potential interest for swine industry yielded
negative results, suggesting the identification of unspecific matches due to the small k-
mer size using Kraken and confirming MGmapper results.

No among-organ differences were observed in the consensus sequences of the

considered viruses.

DISCUSSION

The development of isolation- and sequence-independent metagenomics tools has
remarkably increased the detection of previously unknown viruses during overt clinical
disease episodes.?>?82° Nevertheless, the detection of a new virus species does not
imply a causal nexus and reliable proof of the pathogenic role are often hard to be
proven. In fact, the modern livestock farming is characterized by the identification of
several clinical syndromes whose aetiology is unclear or, more frequently, has a multi-
factorial origin. Accordingly, several infectious diseases are considered to be
“conditioned diseases”, whose overt clinical manifestation occurs only in presence of
several co-factors and/or co-infections.*

The present study reports the comparison of healthy pigs’ virome in different
tissues with the one of subjects experiencing PFTS. The NGS analysis performed on
pooled samples allowed achieving relevant sequence numbers for each tissue, which
were assigned to a number of specific taxonomic units. Interestingly, a low number of
RNA reads were classified as viral species. Since the total read number for each pool
was comparable between RNA and DNA pools (Table 1) and the same bioinformatics

approach was used, a less effective removal of host or other microorganism RNA during
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sample processing was likely. Alternatively, the presence of a higher number of reads
originating from unidentified RNA viruses is possible. Although no differences were
detected in RNA virus abundance, four species belonging to DNA-virus groups
displayed a statistically significant different abundance between healthy and diseased
animals: PPV6, BoPV2, PPV and PCV-3. Among those, PPV6 (family Parvoviridae,
subfamily Parvovirinae, proposed genus Copiparvovirus)®! was the only virus sequence
overrepresented in healthy animals and was detected in all considered tissue pools. The
current information about this species is scarce, however, its detection in USA,*?
China,®! Poland® and Spain (present study) allows speculating a widespread
distribution of this virus. Moreover, there is no clear association between PPV-6
infection and clinical outcome in pigs.31:3

On the contrary, the other two members of the family Parvoviridae, subfamily
Parvovirinae (BoPV2 and PPV) were more abundant in diseased animals. Particularly,
BoPV2, genus Bocaparvovirus, was only detected in the intestine of PFTS animals. The
herein described strain represents the first PBoV2 detection in Spain and one of the few
genetic characterizations all around the world. BoPV2 has been previously detected in
Sweden,** Germany® and China.®® This genus include several viral species, and some
of them have been associated to enteric and respiratory disease in animals and human
beings.®” Although no proof has been reported supporting the pathogenic role of
ungulate bocaparvoviruses in swine, a higher infection prevalence has been described in
pigs co-infected with other pathogens, providing support for a potential facilitating role
in other infections.®®3° PPV (genus Protoparvovirus) is a well-established pathogen of
swine, with a noteworthy impact on animal health. However, its relevance is
substantially linked to reproductive disorders after foetal infection and no significant

effects on post-natal pigs have been reported except for a transient lymphopenia.*
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Consequently, a clear role of these viruses in the observed clinical signs cannot be
claimed.

Remarkably, the present study demonstrates the presence of higher abundance of
PCV-3 sequences in all the considered tissues of PFTS pigs only. This recently
discovered virus has already been detected in samples from pigs suffering from several
clinical syndromes,**3 even though its pathological role has not been proven yet.*+4

The simultaneous detection of PCV-3 and different porcine parvoviruses in
PFTS affected pigs is at least of interest. Both experimental and field studies
demonstrated that co-infection with PPV increase the effect of PCV-2 in causing porcine
circovirus 2-systemic disease (PCV-2-SD).*34° Similarly, the first detection of porcine
boca-like virus occurred in the background of PCV-2-SD.** If a similar synergistic
effect between PCV-3 and detected parvoviruses is involved in PFTS emergence will
need further investigations.

Previous studies have revealed evidence against the infectious aetiology of
PFTS, including the failure to reproduce disease through the use of inocula from
diseased animal tissue homogenates.” While this evidence is undoubtedly suggestive of
a non-infectious cause, it cannot be considered definitive. In fact, the presence of the
etiological agent cannot be sufficient to elicit clinical signs’ appearance in the
framework of a multi-factorial disease hypothesis. A genetic predisposition has also
been reported, linking the disease to a hereditary reduced stress resistance during the
weaning phase.'%!! However, an interaction between infection susceptibility, disease
development and genetic background has been already demonstrated for a number of
infectious diseases in different animal species,*®°? and it might be also the case of

PFTS.
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It must be stressed that no statistical test could be performed to assess the
presence of a significant difference in viral abundance tissue by tissue between healthy
and diseased animals. However, the comparable read numbers in different tissue pools
and the remarkable difference (typically presence vs absence) between healthy and
diseased animals in the considered samples, support a differential viral abundance in all
tissues of the compared groups, being the BoPV2 the only relevant exception.

The present study was considered as exploratory in nature, and some limitations
must be highlighted. On one hand, the limited number of considered animals and
sample pooling may hide the inference of obtained conclusions on a broader scale. On
the other hand, an additional control group (healthy pigs from the same PFTS affected
farm) would have been desirable to completely rule out herd-level differences unrelated
to PFTS. Therefore, further studies with higher number of animals and the three group-
comparison design might provide more solid evidence of the potential infectious
causation of PFTS. Similarly, the absence of a no-template control during library
preparation and sequencing steps does not allow excluding the presence of some
“contaminant” reads in the final dataset. In fact, a low number of reads classified as
DNA viruses was detected in RNA-based libraries and vice versa. However, the count
of these exceptions was orders of magnitude lower than the gap in the abundance of
those viral species demonstrated to significantly differ between PFTS and healthy
animals, supporting the reliability of the results. In spite of these limitations, this study
opens the door for a new aetiological hypothesis on the PFTS pathogenesis and
stimulates dedicated and more extensive studies to provide a clearer aetio-pathogenic

picture for this disease.

13



314

315

316

317

318

319

320

321

322

323

324

325
326
327

328
329

330
331
332
333

334
335
336

337
338
339

340
341
342

343
344
345

Acknowledgements The authors acknowledge the veterinarian Antonio Martinez, who

provided the PFTS cases for the study. The authors appreciate the financial support of

Zoetis.

Funding This study was funded by a research service agreement with Zoetis (former

Pfizer Animal Health). Zoetis did not participated in the design and analyses performed.

Competing interests None declared.

Ethics approval Data for this study came from previous diagnostic animal studies

performed at the Servei de Diagnostic de Patologia Veterinaria from the Universitat

Autonoma de Barcelona.

REFERENCES

1.

PLUSKE JR, DIVIDICH J LE, HAMPSON DJ. Management of Growing-
Finishing Pigs. In: Straw BE, Zimmerman JJ, D’Allaire S, Taylor DJ, editors.
Disease of Swine. 9th ed. Blackwell; 2006. p. 1055-74.

MISSOTTEN JAM, MICHIELS J, OVYN A, DE SMET S, DIERICK NA.
Fermented liquid feed for pigs. Arch Anim Nutr. 2010 ;64(6):437-66.

JOHNSON AK, EDWARDS LN, NIEKAMP SR, PHILLIPS CE,
SUTHERLAND MA, TORREY S, et al. Behavior and Welfare. In: Zimmerman
JJ, Karriker LA, Ramirez A, Schwartz KJ, Stevenson GW, editors. Disease of
Swine. 10th ed. Wiley-Blackwell; 2012. p. 32-49.

HUANG Y, HENRY S, HARDING R, FRIENDSHIP S, KENT J. Clinical
presentation, case definition, and diagnostic guidelines for porcine periweaning
failure to thrive syndrome. J Swine Heal Prod. 2011;19:340-4.

HUANG Y, GAUVREAU H, HARDING J. Diagnostic investigation of porcine
periweaning failure-to-thrive syndrome: Lack of compelling evidence linking to
common porcine pathogens. J Vet Diagnostic Investig. 2012;24(1):96-106.

HUANG Y, HARDING JCS. Pathological Features and Proposed Diagnostic
Criteria of Porcine Periweaning Failure-to-Thrive Syndrome. Vet Pathol
[Internet]. 2015;52(3):489-96.

HUANG Y, HARDING JCS. Attempted experimental reproduction of porcine
periweaning-failure-to- thrive syndrome using tissue homogenates. PL0oS One.
2014;9(3):1-5.

14



346
347
348
349

350
351

352
353
354

355
356
357

358
359
360

361
362

363
364
365

366
367

368
369

370
371

372
373

374
375

376
377
378
379

380
381

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

RAMIS G, MARCO E, MAGANA V, GONZALEZ-CONTRERAS P,
SWIERCZYNSKI G, ABELLANEDA JM, et al. Evidence that periweaning
failure-to-thrive syndrome (PFTS) has a genetic predisposition. Vet Rec.
2015;176(23):596.

HUANG Y, HARDING JCS. Do genetics play a role in porcine periweaning
failure-to-thrive syndrome? Vet Rec. 2015;176(23):594-5.

ZANELLAR, MORES N, MORES MAZ, PEIXOTO JO, ZANELLAEL,
CIACCI-ZANELLA JR, et al. Genome-wide association study of periweaning
failure-to-thrive syndrome (PFTS) in pigs. Vet Rec. 2016;178(26):653.

BERTOLINI F, YANG T, HUANG Y, HARDING JCS, PLASTOW GS,
ROTHSCHILD MF. Genomic investigation of porcine periweaning failure to
thrive syndrome (PFTS). Vet Rec. 2018;Vet Rec.2017-104825.

SEGALES J, MARTINEZ J, VIDAL E, KEKARAINEN T, BRAGULAT J,
QUINTILLA C, et al. Periweaning failure to thrive in pigs in Spain. Vet Rec.
2012;170(19):499.

DUTILH BE, REYES A, HALL RJ, WHITESON KL. Editorial: Virus Discovery
by Metagenomics: The (Im)possibilities. Front Microbiol. 2017;8:1710.

RODRIGUES RAL, ANDRADE ACDSP, BORATTO PV DE M, TRINDADE G
DE S, KROON EG, ABRAHAO JS. An Anthropocentric View of the Virosphere-
Host Relationship. Front Microbiol. 2017;8:1673.

SHANT, LI L, SIMMONDS P, WANG C, MOESER A, DELWART E. The Fecal
Virome of Pigs on a High-Density Farm. J Virol. 2011;85(22):11697—708.

DENNER J. The porcine virome and xenotransplantation. Virol J.
2017;14(1):171.

SCHMIEDER R, EDWARDS R. Quality control and preprocessing of
metagenomic datasets. Bioinformatics. 2011;27(6):863—4.

LANGMEAD B, SALZBERG SL. Fast gapped-read alignment with Bowtie 2.
Nat Methods. 2012 Mar 4;9(4):357-9.

WOOD DE, SALZBERG SL. Kraken: Ultrafast metagenomic sequence
classification using exact alignments. Genome Biol. 2014;15(3):R46.

AFGAN E, BAKER D, VAN DEN BEEK M, BLANKENBERG D, BOUVIER
D, CECH M, et al. The Galaxy platform for accessible, reproducible and
collaborative biomedical analyses: 2016 update. Nucleic Acids Res.
2016;44(W1):W3-10.

PETERSEN TN, LUKJANCENKO O, THOMSEN MCF, MADDALENA
SPEROTTO M, LUND O, M@LLER AARESTRUP F, et al. MGmapper:

15



382
383

384
385

386
387
388

389
390
391
392

393
394
395
396

397
398

399
400
401

402
403

404
405
406

407
408

409
410
411

412
413
414
415
416

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Reference based mapping and taxonomy annotation of metagenomics sequence
reads. PLoS One. 2017;12(5):e01764609.

PAULSON JN, COLIN STINE O, BRAVO HC, POP M. Differential abundance
analysis for microbial marker-gene surveys. Nat Methods. 2013;10(12):1200-2.

LI H, HANDSAKER B, WYSOKER A, FENNELL T, RUAN J, HOMER N, et
al. The sequence alignment/map format and SAMtools.Bioinformatics. 2009;
25(16), 2078-2079.

WATSON SJ, WELKERS MRA, DEPLEDGE DP, COULTER E, BREUER JM,
DE JONG MD, et al. Viral population analysis and minority-variant detection
using short read next-generation sequencing. Philos Trans R Soc B Biol Sci.2013;
368(1614):20120205-20120205.

GUINDON S, DUFAYARD JF, LEFORT V, ANISIMOVA M, HORDIUK W,
GASCUEL O. New algorithms and methods to estimate maximum-likelihood
phylogenies: Assessing the performance of PhyML 3.0. Syst Biol.
2010;59(3):307-21.

DARRIBA D, TABOADA GL, DOALLO R, POSADA D. JModelTest 2: More
models, new heuristics and parallel computing. Nat Methods. 2012;9(8):772.

ANISIMOVA M, GIL M, DUFAYARD JF, DESSIMOZ C, GASCUEL O. Survey
of branch support methods demonstrates accuracy, power, and robustness of fast
likelihood-based approximation schemes. Syst Biol. 2011;60(5):685-99.

DELWART EL. Viral metagenomics. Vol. 17, Reviews in Medical Virology.
2007. p. 115-31.

BARZON L, LAVEZZO E, MILITELLO V, TOPPO S, PALU G. Applications of
next-generation sequencing technologies to diagnostic virology. Int J Mol Sci.
2011;12(11):7861-84.

OPRIESSNIG T, GIMENEZ-LIROLA LG, HALBUR PG. Polymicrobial
respiratory disease in pigs. Anim Heal Res Rev. 201;12(2):133-48.

NI J, QIAO C, HAN X, HAN T, KANG W, ZI Z, et al. Identification and
genomic characterization of a novel porcine parvovirus (PPV6) in China. Virol J.
2014;11(1):203.

SCHIRTZINGER EE, SUDDITH AW, HAUSE BM, HESSE RA. First
identification of porcine parvovirus 6 in North America by viral metagenomic
sequencing of serum from pigs infected with porcine reproductive and respiratory
syndrome virus other viruses (e.g. pox, papilloma, parvo, reoviridae). Virol J.
2015;12(1):170.

16



417
418
419

420
421
422
423

424
425
426

427
428
429

430
431

432
433
434

435
436
437
438

439
440
441
442

443
444
445

446
447
448

449
450
451
452

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

CUI J, FAN J, GERBER PF, BIERNACKA K, STADEJEK T, XIAO CT, et al.
First identification of porcine parvovirus 6 in Poland. Virus Genes.
2017;53(1):100-4.

BLOMSTROM AL, BELAK S, FOSSUM C, MCKILLEN J, ALLAN G,
WALLGREN P, et al. Detection of a novel porcine boca-like virus in the
background of porcine circovirus type 2 induced postweaning multisystemic
wasting syndrome. Virus Res. 2009;146(1-2):125-9.

PFANKUCHE VM, BODEWES R, HAHN K, PUFF C, BEINEKE A,
HABIERSKI A, et al. Porcine bocavirus infection associated with
encephalomyelitis in a pig, Germany. Emerg Infect Dis. 2016;22(7):1310-2.

CHENG W, LI JS, HUANG CP, YAO D PING, LIU N, CUI S, et al.
Identification and nearly full-length genome characterization of novel porcine
bocaviruses. Jin D-Y, editor. PLoS One. 2010;5(10):e13583.

ZHOU F, SUN H, WANG Y. Porcine bocavirus: Achievements in the past five
years. Viruses. 2014;6(12):4946-60.

ZHAI S, YUE C, WEI Z, LONG J, RAN D, LIN T, et al. High prevalence of a
novel porcine bocavirus in weanling piglets with respiratory tract symptoms in
China. Arch Virol. 2010;155(8):1313-7.

BLOMSTROM A-L, BELAK S, FOSSUM C, FUXLER L, WALLGREN P,
BERG M. Studies of porcine circovirus type 2, porcine boca-like virus and torque
teno virus indicate the presence of multiple viral infections in postweaning
multisystemic wasting syndrome pigs. Virus Res. 2010;152(1-2):59-64.

ZEEUW EJL, LEINECKER N, HERWIG V, SELBITZ HJ, TRUYEN U. Study
of the virulence and cross-neutralization capability of recent porcine parvovirus
field isolates and vaccine viruses in experimentally infected pregnant gilts. J Gen
Virol. 2007;88(2):420-7.

PHAN TG, GIANNITTI F, ROSSOW S, MARTHALER D, KNUTSON T, LI L,
et al. Detection of a novel circovirus PCV3 in pigs with cardiac and multi-
systemic inflammation. Virol J. 2016;13(1):1-8.

KU X, CHEN F, LI P, WANG Y, YU X, FAN S, et al. Identification and genetic
characterization of porcine circovirus type 3 in China. Transbound Emerg Dis.
2017;64(3):703-8.

PALINSKI R, PINEYRO P, SHANG P, YUAN F, GUO R, FANG Y, et al. A
Novel porcine circovirus distantly related to known circoviruses is associated
with porcine dermatitis and nephropathy syndrome and reproductive failure. J
Virol. 2017; 91(1):e01879-16.

17



453
454
455

456
457
458

459
460
461
462

463
464
465

466
467
468
469

470
471

472
473

474
475

476
477
478
479

480

44,

45.

46.

47.

48.

49.

50.

51.

52.

ZHENG S, WU X, ZHANG L, XIN C, LIU Y, SHI J, et al. The occurrence of
porcine circovirus 3 without clinical infection signs in Shandong Province.
Transbound Emerg Dis. 2017;64(5):1337-41.

FRANZO G, LEGNARDI M, TUCCIARONE CM, DRIGO M, KLAUMANN F,
SOHRMANN M, et al. Porcine circovirus type 3: A threat to the pig industry?
Vet Rec. 2018 Jan 20 ;182(3):83.

FRANZO G, LEGNARDI M, HIULSAGER CK, KLAUMANN F, LARSEN LE,
SEGALES J, et al. Full-genome sequencing of porcine circovirus 3 field strains
from Denmark, Italy and Spain demonstrates a high within-Europe genetic
heterogeneity. Transbound Emerg Dis. 2018;65(3):602—6.

KLAUMANN F, FRANZO G, SOHRMANN M, CORREA-FIZ F, DRIGO M,
NUNEZ JI, et al. Retrospective detection of Porcine circovirus 3 (PCV-3) in pig
serum samples from Spain. Transbound Emerg Dis. 2018.

ALLAN GM, KENNEDY S, MCNEILLY F, FOSTER JC, ELLIS JA,
KRAKOWKA SJ, et al. Experimental reproduction of severe wasting disease by
co-infection of pigs with porcine circovirus and porcine parvovirus. J Comp
Pathol. 1999;121(1):1-11.

ALLAN GM, ELLIS JA. Porcine circoviruses: A review. J Vet Diagnostic
Investig. 2000;12(1):3-14.

DESSEIN A. Genetic predisposition to infectious diseases. Med Trop (Mars).
1997 ;57(3 Suppl):10-2.

BISHOP SC. Genetic resistance to infections in sheep. Vet Microbiol.
2015;181(1-2):2-7.

SMITH J, GHEYAS A, BURT DW. Animal genomics and infectious disease
resistance in poultry. Rev Sci Tech I’OIE. 2016;35(1):105-19.

18



481  Table 1. Summary of obtained and included reads for each animal group and tissue.

482
Reads
Nuclei . . Reads Mean included
x(c::i?j ¢ Animal Group Tissue Pool number length in the

analysis

Brain (pool A) 4475711 | 272 4271248

P°°'Sa':i?n”;|';ea'ty Intestine (pool B) | 5263610 270 | 5029314

ONA Kidney/liver/lung (pool C) | 3867029 240 3443772

Brain (pool A) 4596751 246 3640701

Poo';ri‘r’nrglgﬁs Intestine (pool B) | 5519346 269 5267485

Kidney/liver/lung (pool C) | 4418469 251 4115840

Brain (pool A) 5980195 = 148 3110813

Poo'sagﬁnn;l';'ea'ty Intestine (pool B) 6404609 143 3559730

A Kidney/liver/lung (pool C) | 6044144 | 132 3333853

Brain (pool A) 6002491 114 3467236

POO'Z ;ri‘r’n”glsFTS Intestine (pool B) 6219160 117 3738157

Kidney/liver/lung (pool C) | 5971371 | 102 3063793
483
484
485
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486
487
488

489

Table 2. Summary of reads assigned to the considered viral species in different animal categories and tissues.

Brain (pool A)

Intestine (pool B) Kidney/liver/lung (pool C)

Virus | PFTS | Healthy | PFTS | Healthy PFTS Healthy | Average Count in PFTS animals | Average count in healthy animals | P-value
PPV6 0 12060 0 73749 0 28286 0 38031.67 P <0.001
BoPV2 | O 0 14144 0 0 0 4714.67 0 P <0.001
PPV | 1553 3 17646 0 460091 0 159763.33 1 P <0.001
PCV-3 | 9845 0 2599 0 S877 0 6107 0 P <0.001
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