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Abstract
Neonatal diarrhea in piglets may cause major losses in affected pig herds. The present study used random high-throughput 
RNA sequencing (metagenomic next generation sequencing, mNGS) to investigate the virome of sows from a farm with 
persistent neonatal piglet diarrhea in comparison to two control farms without diarrhea problems. A variety of known 
swine gastrointestinal viruses was detected in the control farms as well as in the problem farm (Mamastrovirus, Entero-
virus, Picobirnavirus, Posavirus 1, Kobuvirus, Proprismacovirus). A substantial increase in normalized viral read counts 
was observed in the affected farm compared to the control farms. The increase was attributable to a single viral species 
in each of the sampled sows (porcine astrovirus 4 and Posavirus 1). The complete genomes of a porcine astrovirus 4 and 
two co-infecting Posavirus 1 were de novo assembled and characterized. The 6734 nt single-stranded RNA genome of 
porcine astrovirus 4 (PoAstV-4) strain Belgium/2019 contains three overlapping open reading frames (nonstructural protein 
1ab, nonstructural protein 1a, capsid protein). Posavirus 1 strains Belgium/01/2019 and Belgium/02/2019 have a 9814 nt 
single-stranded positive-sense RNA genome encoding a single open reading frame (polyprotein precursor) containing the 
five expected Picornavirales-conserved protein domains. The study highlights the potential of mNGS workflows to study 
unexplained neonatal diarrhea in piglets and contributes to the scarce availability of both PoAstV-4 and Posavirus-1 whole 
genome sequences from Western Europe.
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Introduction

Diarrhea is one of the leading causes of morbidity and 
mortality in piglets and constitutes one of the major eco-
nomic infectious disease burdens for pig producers. Diar-
rheal disease in neonates causes a rapid decline in clinical 
condition as the piglet becomes dehydrated and develops 
metabolic acidosis [1]. Both bacterial and viral factors have 
been associated with diarrhea problems in young suckling 
piglets [2–7].

The increased availability of high-throughput sequencing 
platforms to research and diagnostic laboratories has high-
lighted the added value of studies sequencing the complete 
nucleic acid content of samples (metagenomics) for the char-
acterization of pathogens, the study of multifactorial disease 
[8, 9], and the identification of novel infectious agents both 
in human and animals [10–12].
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A recent systematic review of metagenomics studies in 
farm animals identified the families Astroviridae, Calici-
viridae, Coronaviridae, and Picornaviridae as the most 
frequently documented intestinal virome constituents of 
pigs with gastrointestinal symptoms, followed by Anello-
viridae, Circoviridae, and Herpesviridae [13]. Examples 
of frequent metagenomically documented virus genera in 
the swine intestinal tract of healthy and diseased animals 
include Bocaparvovirus (Parvoviridae), porcine circovirus 
(Circoviridae), Deltacoronavirus, and porcine epidemic 
diarrhea virus or Alphacoronavirus (PEDV, Coronaviridae), 
Rotavirus (Reoviridae), Sapelovirus, Enterovirus, Kobuvi-
rus, Teschovirus and Pasivirus (Picornaviridae), Sapovirus 
(Caliciviridae), Mamastrovirus (Astroviridae), and Torque 
teno sus virus (Anelloviridae) [13–16]. In addition, high-
throughput sequencing-based viral metagenomics studies 
have identified novel porcine stool-associated Picornaviruses 
(Posavirus, porcine stool-associated virus) with a global dis-
tribution [17–20] that are likely associated to the presence of 
gut commensals or parasites [18]. Metagenomic and virus 
characterization studies in Belgian swine farms have iden-
tified Kobuvirus (Picornaviridae), Mamastrovirus (Astro-
viridae) [21], Rotavirus (Reoviridae) [22, 23], Enterovirus 
(Picornaviridae) [24], and PEDV (Coronaviridae) [25] as 
constituents of the swine fecal virome, mostly focusing on 
fecal material sourced from fattening pigs and piglets. Tar-
geted screening has identified bacterial species including 
Escherichia coli, Clostridium perfringens, Salmonella sp., 
and/or Brachyspira sp. as co-infection in Rotavirus positive 
diarrheic samples from Belgian swine herds [26].

The present study investigates the virome of sows (as 
potential reservoirs from which viruses may infect sensi-
tive piglets) in a Belgian swine production farm with unex-
plained persisting neonatal diarrhea in comparison with 
sows from two farms without diarrhea problems. The com-
plete genome of a porcine astrovirus 4 and a Posavirus 1 is 
described, the latter consisting of a mixed infection of two 
viruses.

Material and methods

Study population

Fresh rectal fecal samples were obtained from sows in ster-
ile containers, transported at 4 °C to the laboratory and 
stored at − 80 °C until nucleic acid extraction. Samples were 
obtained from two separately housed sows from two swine 
farms showing no clinical symptoms of neonatal diarrhea 
(“control farm 1” using a 4-week batch production system 
and housing 230 sows; “control farm 2” using a 3-week 
batch production system and housing 350 sows). A sample 
was obtained from two separately housed sows from a farm 

(“problem farm”, using a 5-week batch production system 
and housing 500 sows) with increased (> 10%) incidence of 
neonatal diarrhea issues not due to infections with pathogens 
well known to potentially cause diarrhea in young piglets 
such as E. coli, C. perfringens, or Rotavirus infections. For-
mer analyses proved only sporadic presence of hemolytic E. 
coli, C. perfringens Type A, and Rotavirus. Furthermore, 
administration of antimicrobials active against E. coli (e.g., 
gentamycin, colistin) or Clostridium (e.g., amoxycilline) 
(within 24 h of birth) had little effect. The implementation 
of an autogenous vaccine against E.coli F4(K88)/O8:K87 
and C. perfringens Type A did not confer the expected 
results. Additional bacteriological and virological analyses 
(RT-PCR for Enterobacteriaceae of feces from affected and 
non-affected piglets) could not identify the pathogens caus-
ing the problem.

Sequencing

Feces were homogenized in sterile phosphate-buffered 
saline (10% [wt/vol]). Ten µL of commercial quality con-
trol reagent (Mengovirus extraction control kit, bioMérieux) 
was added as a sample-level control for the efficiency of 
RNA extraction, cDNA synthesis, library preparation, and 
sequencing [27]. Homogenates were centrifuged at 10000 g 
at 5 °C for 5 min prior to collection of the supernatant. RNA 
was extracted from the supernatant of the homogenate using 
a combination of the TRIzol reagent (ThermoFisher) and 
RNeasy mini kit (Qiagen), including on column DNase treat-
ment as previously described (Wylezich et al. 2018). Viral 
nucleic acid extraction efficiency was evaluated in individual 
samples using a Mengovirus-specific qRT-PCR assay [27]. 
cDNA was synthesized using SuperScript IV reverse tran-
scriptase (Thermo Fisher Scientific) and random hexamer 
primers, followed by doublestrand cDNA synthesis using 
the NEBNext mRNA second-strand synthesis module (New 
England BioLabs). Sequencing libraries were prepared using 
the Nextera XT kit (Illumina) and standard Nextera XT index 
adapters (Illumina) and sequenced using a MiSeq reagent kit 
version 3 (Illumina) with 2 × 300-bp paired-end sequencing 
aiming for a minimum of 3 million read pairs per sample. 
Metagenomic NGS data were generated for 6 fecal samples. 
The resulting fastq raw metagenomics datasets are publicly 
available in the Sequence Read Archive (SRA) under BioSa-
mple accession numbers SAMN14450565, SAMN1450544 
(problem farm); SAMN14450538, SAMN14450540 (control 
farm 1); and SAMN14450542, SAMN14450570 (control 
farm 2).

Bioinformatic analysis

Metagenomic read classification: A two-step trimming strat-
egy including Trimmomatic v0.38 [28] to remove adapter 
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sequences and low-quality bases (setting the ‘ILLUMINA-
CLIP 2:30:10′, ‘LEADING:5′, ‘TRAILING:5′, ‘SLIDING-
WINDOW:4:10′, and ‘MINLEN:20′ options), followed 
by low-complexity sequence information removal using 
PRINSEQ v0.20.4 [29] (setting the ‘-trim_tail_right 10′ and 
‘-trim_tail_left 10′ options), was implemented. Only paired 
reads were retained for further analysis. Classification of 
trimmed reads was performed with Kraken v1.1 (Wood and 
Salzberg, 2014) as previously described [27]. A customized 
Kraken database was built using all available RefSeq “Com-
plete Genome” sequences of six targeted taxonomic groups 
(archaea, bacteria, fungi, human, protozoa, and viral) down-
loaded from RefSeq Genome (O’Leary et al., 2016) (ftp://
ftp.ncbi.nlm.nih.gov/genom es/refse q/) on 18/02/2019. Read 
counts per taxonomic level classified by Kraken were fur-
ther normalized as reads per million (RPM) total (trimmed) 
reads [27] to remove technical bias introduced by sequencing 
depth variation between samples. An arbitrary acceptance 
criterion of RPM > 1 for a significant mNGS finding was 
used. Mengovirus-normalized read counts were used to vali-
date the complete workflow for the generation of metagen-
omic data from RNA virus genomes, referring to the range 
previously documented for swine fecal samples [27].

De novo assembly and complete genome characterization: 
Raw sequence data from samples yielding increased Astro-
viral- and Posaviral-normalized read counts in the Kraken 
analysis were trimmed using Trim Galore! V0.5.0 (q = 30, 
l = 50, paired; https ://www.bioin forma tics.babra ham.ac.uk/
proje cts/trim_galor e/). A random paired subset (2 × 50,000 
reads) was used for de novo assembly using SPAdes v3.9.0 
[30] and IVA v1.0.0.[31]. Relevant contigs (Astrovirus and 
Posavirus, as determined using a Blastn search of all contigs 
longer than 500 nt against the NCBI Nucleotide database) 
were joined using CAP3 [32]. The full trimmed dataset was 
mapped to the finished full genome length contigs using 
BWA-0.6.2 [33]. To identify conserved protein domains, a 
RPS-BLAST search (Marchler-Bauer et al. 2015) against 
the Conserved Domain Database (CDD) was performed, in 
the case of Posavirus 1 strain Belgium/01/2019 adding a 
modified 3C protease domain profile for the Posavirus 1 
sequence as previously described [18]. Due to high variation 
in the Posavirus 1 strain Belgium/01/2019 mapping, vari-
ants were called using LoFreq v2.1 [34]. A genomic region 
with frequency-linked sequence variants was observed 
(5297–5486), and a frequency cutoff of 18% (based on the 
lower limit of the 95% confidence interval of allele frequen-
cies in the region) was applied, as well as a minimum posi-
tional coverage of 2500 to include a variation in the genome 
of the co-infecting virus. These cutoffs did not validate any 
variation beyond the 5297–5486 region. In addition, visual 
inspection of the alignment files (Tablet, [35]) demonstrated 
linkage of these variants on reads and read pairs. Additional 
low-frequency (< 18%) sequence variation was not taken 

into account. An ambiguous nucleotide Y was included 
at position 16 (frequency 48% but coverage < 1000) in the 
genome of the co-infecting variant Posavirus 1 strain Bel-
gium/02/2019 genome.

Phylogenetic analysis

MAFFT v7.310 [36, 37] was used to align the complete 
genome sequences of Posavirus 1 strains Belgium/01/2018 
and Belgium/02/2018 with all available Posavirus 1 com-
plete genomes (n = 24, sourced from NCBI:txid1105380, as 
well as Unclassified Viruses NCBI:txid12429). After selec-
tion of the most suitable evolutionary model (lowest Bayes-
ian Information Criterion score), a maximum likelihood phy-
logenetic tree was calculated in Mega X [38] (GTR + G + I 
[39]; partial deletion of missing data and gaps; 500 bootstrap 
replicates). In addition, due to low nucleotide and amino 
acid sequence similarity of Posavirus 1 to other Posavi-
rus species, the amino acid sequences of the conserved 
RdRp domain of all available Posavirus genomes (n = 44, 
NCBI:txid2219055) and Posavirus 1 Belgium/01/2019 were 
aligned using MAFFT v7.310, and an amino acid Maximum 
Likelihood tree was calculated in Mega X using the most 
optimal model (LG + G + I [40], partial deletion of missing 
data and gaps; 500 bootstrap replicates).

A similar approach was used for PoAstV-4/Belgium/2019, 
using all porcine astrovirus 4 whole sequences available in 
the NCBI nt database (n = 35) with the addition of three 
porcine astrovirus 2 outgroup sequences and an identical 
optimal maximum likelihood model as selected by Mega X 
(GTR + G + I; 500 bootstrap replicates). In addition, due to 
low nucleotide sequence similarity with other porcine astro-
virus genotypes, the amino acid sequence of the conserved 
RdRp domain was extracted from all Mamastrovirus com-
plete genome sequences in the NCBI nucleotide database 
(n = 245, NCBI:txid249588) and aligned with the RdRp 
region of PoAstV-4/Belgium/2019 using MAFFT v7.310, 
followed by maximum likelihood phylogenetic analysis 
using Mega X (LG + G + I model; 500 bootstrap replicates).

Results

Fecal virome of sows in farms 
without and with problems of neonatal diarrhea

The efficient extraction of viral nucleic acids was validated 
for all samples by Mengovirus exogenous internal process 
control Cq values ranging from 32.83 to 34.91 (99% CI of 
Mengovirus Cq values previously documented 31.94–36.70, 
[27]). The reproducible Mengovirus detection, with nor-
malized read counts ranging from 5.26 to 141.32 RPM, 
validated the complete workflow for all tested samples 

ftp://ftp.ncbi.nlm.nih.gov/genomes/refseq/
ftp://ftp.ncbi.nlm.nih.gov/genomes/refseq/
https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/
https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/
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[27]. As our mNGS workflow purposely avoided the use 
of viral enrichment steps, a relatively low percentage of 
viral reads (0.008–4%) was observed. However, due to the 
high sequencing effort per sample (2.87 × 106 – 4.46 × 106 
read pairs), the absolute number of viral reads was suffi-
ciently high to allow confident detection of viral taxa, even 
using relatively conservative cutoff criteria for significance 
(RPM > 1). The majority of reads was bacterial (78–94%).

Although there was evidence of presence of known por-
cine enteric viruses (Mamastrovirus, Enterovirus, Picobir-
navirus, Posavirus 1, Kobuvirus, Proprismacovirus) in the 
farms without problems, their normalized read counts were 
relatively low (< 218 RPM of raw read pairs in the dataset, 
Table 1). In addition, low read counts showed similarities to 
unclassified viruses previously documented in fecal samples 
from seals, ducks, and humans. A final category of virome 
constituents in the healthy farms were reads classifying as 
diet-associated plant viruses or insect viruses (Table 1).

Both samples from the farm with neonatal diarrhea 
problems had dramatically increased viral normalized 
read counts (Table 1). In addition to the abovementioned 
virome categories with low normalized read numbers, 

the samples from the problem farm showed dramatically 
increased (> 38,000.00 RPM) normalized read counts for 
a single known fecal virome species. In the fecal sample 
from sow 1, 118,944 reads were classified as Posavirus 1. 
The fecal sample from sow 2 had 123,966 reads classified 
as Mamastrovirus (porcine astrovirus). In addition, low nor-
malized read counts were observed for bacteriophage species 
(Caudovirales) in the samples from the symptomatic farm, 
whereas negligible normalized read counts were detected for 
Caudovirales in the control farms (RPM < 1.06).

Complete genome characterization of a porcine 
astrovirus 4 directly from fecal material of a sow 
in a farm with recurring neonatal diarrhea issues

The high Mamastrovirus load in the fecal sample from sow 
2 in the problem farm allowed the de novo assembly of the 
complete coding sequence of a Mamastrovirus (6734 nt 
contig containing 442,684 reads, average positional cover-
age of 15,227, genbank accession number MT642666). A 
maximum likelihood analysis including the RdRp domain 
amino acid sequence of all publicly available Mamastrovirus 

Table 1  Metagenomic virome composition of swine fecal samples

The normalized read count (RPM) of detected taxa is reported for each animal
‘- ‘: not detected
*: swine enteric virus detected below significance threshold (RPM > 1)
Italic font: diet-associated plant virus (†) or insect virus (‡)
•: bacteriophage

Control Farm 1 Control Farm 2 Problem Farm

Sow 1 Sow 2 Sow 1 Sow 2 Sow 1 Sow 2

Dataset size (raw read pairs) 3,778,854 4,462,389 3,602,745 3,041,003 3,056,801 2,868,104
Detected Taxa
Mengovirus extraction control 44.99 20.48 17.21 5.26 141.32 105.30
Posavirus 1 217.79 – 96.04 179.28 38,911.27 –
Mamastrovirus 181.27 17.70 8.88 0.99* 380.79 43,222.63
Porcine Enterovirus 57.95 – – – – –
Husavirus (Picornavirales) – 1.34 – – – 30.33
Kobuvirus – – – 1.97 – 16.04
Seal stool circular DNA virus (unclassified Circoviridae) 23.29 – – – – 8.02
Duck feces associated circular DNA virus (unclassified viruses) 12.17 10.31 – – – 11.51
Picobirnavirus 10.59 – 1.94 – 1.31 1.74
Hudisavirus (unclassified circular ssDNA virus) – – – – 4.58 –
Po-circo-like virus 21 (unclassified Circoviridae) – – 1.11 – – –
Porprismacovirus (Smacoviridae) – 1.79 0.28 – – –
Betabaculovirus (Choristoneura fumiferana granulovirus, Baculoviri-

dae)‡
1.59 – – – – –

Tobamovirus (Pepper mild mottle virus,Virgaviridae)† – – 2.50 – – –
Sobemovirus (Lucerne streak transient virus) † – 24.65 – – – 9.76
Carlavirus† – 3.36 – – – 3.49
Caudovirales• 1.06 – – – 7.19 2.79



700 Virus Genes (2020) 56:696–704

1 3

genomes (supplementary Fig. 1) confirmed the classifica-
tion of PoAstV-4/Belgium/2019 as a porcine astrovirus 4 
(Mamastrovirus 3). PoAstV-4/Belgium/2019 shared a whole 
genome 88.09% nucleotide identity with a bovine Astrovirus 
isolated from fecal material sampled from encephalitic veal 
calves in Switzerland, and a 87.12% nucleotide identity with 
porcine astrovirus 4 isolate from mainland China, 2018. A 
whole genome maximum likelihood analysis (Fig. 1) using 
all available PoAstV-4 complete genomes confirmed the 
global circulation of these viruses. The 6734 nt genome 
contained three overlapping open reading frames encoding 
the nonstructural protein 1ab (ribosomal slippage combining 
2 ORFS, 1332 AA, containing Trypsin-like peptidase and 
RdPd conserved domains), the nonstructural protein 1a (850 

AA, containing a conserved Trypsin-like peptidase domain), 
and the capsid protein (849 AA, containing an Astrovirus 
capsid conserved domain).

Complete genome characterization of a porcine 
Posavirus 1 directly from fecal material of a sow 
in a farm with recurring neonatal piglet diarrhea 
problems

The high Posavirus 1 load in the fecal sample from sow 1 
in the problem farm allowed the de novo assembly of the 
complete coding sequence of a Posavirus 1 belonging to 
the Unclassified Picornavirales (9814 nt contig containing 
350,910 reads, average positional coverage of 7427, genbank 

Fig. 1  Maximum likelihood phylogenetic analysis of the complete 
genome sequence of PoAstV-4/Belgium/2019 in comparison with 
35 publicly available PoAstV-4 complete genome sequences and 
3 PoAstV-2 outgroup sequences. For visual simplification, only 

the subtree showing PoAstV-4 is depicted. Bootstrap support val-
ues > 60% are indicated near the nodes. Filled triangle: genome 
sequence determined in the present study. The scale bar expresses the 
average number of substitutions per site
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accession number MT642667). The maximum likelihood 
analysis of the RdRp domain amino acid sequence of all 
publicly available Posavirus complete genomes confirmed 
the classification as Posavirus-1 (supplementary figure S2). 
Posavirus 1/Belgium/01/2019 had a whole genome 93.80% 
nucleotide identity with Posavirus 1 isolate Ishi-Im3/
JPN/2015 from Japan and had an intermediate phylogenetic 
position between Posavirus genomes characterized from 
Japan and North America as indicated in a whole genome 
maximum likelihood phylogenetic analysis comparing it 
with all publicly available Posavirus 1 genomes (Fig. 2). Of 
note, the publicly available whole genome sequence infor-
mation for Posavirus 1 is biased by two studies sampling the 
majority of whole genomes in Vietnam (in 2013) and Japan 
(2015–2016). The 9814 nt single-stranded positive-sense 
RNA genome contained one open reading frame encoding 
a polyprotein precursor protein (3069 AA) containing the 
five expected Picornavirales-conserved protein domains 
(helicase, 3C cysteineprotease, RNAdependent RNA poly-
merase, and two Picornavirus capsid domains). The Posavi-
rus RNA population in the fecal sample was highly diverse 

(supplementary Table 1). Frequency-linked high-frequency 
variants in the population, that were also physically linked 
on reads and read pairs upon inspection of the alignment, 
allowed us to identify a co-infecting Posavirus 1 strain Bel-
gium/02/2019 (genbank accession number MT642668), 
while additional low-frequency variation was observed (as 
typical for replicating RNA viruses).

Discussion

Neonatal diarrhea in pigs is a common and important prob-
lem worldwide and affected farms incur major financial 
losses due to piglet mortality, decreased performance, and 
costs for treatment and control. Numerous studies have 
investigated the swine intestinal virome as a potential con-
tributing factor [13]. Besides known swine intestinal virome 
constituents like Astroviruses, metagenomics NGS stud-
ies have added multiple novel viral species with currently 
unstudied biological implication in the occurrence of diar-
rhea [17–20]. Although the present study is too limited in 

Fig. 2  Maximum likelihood phylogenetic analysis of the complete 
genome sequence of Posavirus 1/ Belgium/01/2019 and Posavirus 
1/ Belgium/02/2019 in comparison with 24 publicly available Posa-
virus 1 complete genome sequences. Bootstrap support values > 60% 

are indicated near the nodes. Filled triangle: genome sequence deter-
mined in the present study. The scale bar expresses the average num-
ber of substitutions per site
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scale to suggest an association of viral species to the occur-
rence of neonatal diarrhea, we observed an increased viral 
load (as indirectly measured using normalized NGS read 
counts) in sows in a farm with persisting neonatal diarrhea 
problems compared to two control farms without neonatal 
diarrhea problems. The increased viral load was in both 
samples from the problem farm attributable to high nor-
malized read counts of a single viral genus (Posavirus and 
Mamastrovirus, respectively). Importantly, caution should 
be taken not to interpret metagenomic read numbers as an 
absolute quantification of the taxa identified. Indeed, mul-
tiple factors like differences in nucleic acid extraction effi-
ciency due to different virion structure may bias the genera-
tion of sequence data of certain taxa. An earlier study [21] 
applied MinION nanopore sequencing-based mNGS on a 
single piglet diarrhea sample from a farm with recurring 
diarrhea problems and identified low read numbers of por-
cine Kobuvirus, Enterovirus, and Astrovirus, viruses that we 
detected in both the problem and control farms. Although no 
direct comparison is possible between both studies (differ-
ent sampling time, farm and sampling of one piglet vs. two 
sows), the lower read numbers per sample attained through 
MinION sequencing (3 × 104 reads comparted to > 3 × 106 
read pairs in our study), did not allow the assembly of com-
plete genomes or the identification of circulating virus vari-
ants as was possible in our study and other studies using 
second generation (Illumina) sequencing platforms [24]. In 
addition to confirming the virus genera detected by MINION 
sequencing, our study detected the circulation of Posavi-
rus 1, Picobirnavirus, Porprismacovirus, unclassified cir-
cular DNA viruses, Husavirus, and Hudisavirus (Posa-like 
Picornavirales from human stool samples) with significant 
normalized read counts (RPM > 1). Our study also detected 
several feed-associated plant and insect viruses. However, 
biological differences between the samples in both stud-
ies (farm, sow vs. piglet, sampling time) may equally have 
influenced the amount of virus in the samples and thus the 
success in whole genome assembly and variant detection. 
The complementarity between second and third genera-
tion sequencing platforms should be stressed. The higher 
number of sequencing reads produced by second generation 
sequencing platforms may currently still provide superior 
mNGS detection sensitivity, sequencing depth, and sequenc-
ing breadth (i.e., genome coverage), all of which are impor-
tant parameters in the confident diagnostic interpretation of 
mNGS results. However, the long read length provided by 
nanopore sequencing (in addition to advantages like port-
ability and turnaround time) facilitates genome assembly, 
especially in the context of mixed infections. In the present 
study, the high read numbers of Mamastrovirus and Posavi-
rus 1 in animals from the problem farm allowed the assem-
bly of a complete PoAstV-4 genome from one sow, as well 
as the identification and complete genome characterization 

of two co-infecting Posavirus 1 strains directly from a fecal 
sample from another sow.

Porcine astroviruses (PoAstVs) are well known associ-
ates of porcine gastrointestinal disease. Initially identified 
using electron microscopy in feces from diarrheal pigs in 
the USA in 1980 [41], they currently show a worldwide 
distribution. Five genotypes of PoAstV have been identi-
fied [42] belonging to seven ICTV (International Com-
mittee on Taxonomy of Viruses) recognized clades of the 
genus Mamastrovirus [43]. This classification is testimony 
to a complex evolutionary history with different origins of 
PoAstVs including interspecies transmission and recombi-
nation events [44, 45]. PoAstVs have been detected, often 
using metagenomics sequencing methods, in the USA, 
Canada, Colombia, China, India, Thailand, South Korea, 
the Czech Republic, Croatia, Slovakia, Hungary, Italy, 
Spain, Austria, Germany, Belgium and Sweden at vary-
ing prevalences and have been detected in both healthy 
and diseased animals [14–16, 20, 21, 24, 42, 46–61]. 
In addition to its implication in gastrointestinal disease, 
PoAstV has been detected in nasal swabs of piglets with 
respiratory disease [62], and it was detected in the brains 
of piglets suffering from congenital tremors [63]. Due to 
its presence in both healthy and diseased animals, and the 
frequently documented co-infection with other gastrointes-
tinal pathogens, the economic impact of swine Astrovirus 
infections is poorly understood and difficult to assess.

A study in five European countries (targeted screening of 
PoAstV-4, porcine Rotavirus A and C, porcine Circovirus 
2 and Kobuvirus) showed that porcine astrovirus genotype 
4 (PoAstV-4) is the most prevalent gastrointestinal virus in 
swine in Austria, Germany, Hungary, Spain, and Sweden, 
with an average prevalence of 72.4% in healthy and 68.5% 
in diarrheal pigs [61]. Similarly, PoAstV-4 is widely dis-
tributed in 12 states of the USA, showing a 62–64% preva-
lence in US farms with a history of diarrhea [42, 54]. In 
contrast, lower prevalences were found in domestic pigs 
in South Korea (19.4%) [52]) and in China (3.1—16.1%).
[64, 65]. This might reflect differences in swine population 
density and farming practices. PoAstV-4 was detected in 
both domestic pigs and wild boar in Hungary [55, 56]. It 
has been recently detected in Belgium through metagenom-
ics [21, 24]. Until present, only three PoAstV-4 complete 
genomes from Europe were available in public sequence 
databases, including a swine isolate from Belgium, 2015 
(KY214437, [24]), a wild boar isolate from Hungary in 2011 
(NC_016896; JQ340310, [55]), and an isolate from the 
feces of veal calves in Switzerland genetically classifying 
as PoAstV-4 (MK987099). In view of the very scarce avail-
ability of PoAstV-4 genomes from Europe, the present data 
represent an important contribution towards better under-
standing of the characteristics and evolution of these gas-
trointestinal swine viruses.
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Porcine stool-associated virus (Posavirus) (Picorna-
virales) is a typical example of a novel virus genus that 
has been associated to the swine intestinal virome using 
metagenomic NGS. It was initially detected in fecal sam-
ples from diarrhetic as well as healthy piglets in 2010 [20] 
and has since been detected worldwide in swine farms 
[17–20] as well as well water collected from farms [66]. 
Although posaviruses can be detected at high frequency in 
pig feces (40%) and drinking water (21%), Posavirus anti-
bodies are infrequently detected [67]. High sequence simi-
larity of Posavirus sequences to RNA sequences from the 
parasite Ascaris suum [20, 68] suggests that these viruses 
may not infect pigs, but rather infect gut parasites or com-
mensal organisms or have a dietary or environmental origin. 
Furthermore, RNA sequencing libraries from the mosquito 
Anopheles sinensis and the fruit fly Drosophila subobscura 
contained sequences with some identity to posaviruses [69]. 
In addition, a nucleotide composition analysis revealed com-
positional properties similar to arthropod viruses and sug-
gested a non-mammalian replicative host for all Posaviruses 
[18]. The increased detection of posaviral reads in our study 
is thus unlikely to be directly associated with the persist-
ing neonatal diarrhea problems. More likely, it is indirectly 
associated to the presence of a gut commensal or parasite, 
as previously suggested.

The observed high genetic variation in our Posavirus 
datasets is most likely due to the co-infection of multiple 
Posavirus 1 strains. Indeed, in addition to low-frequency 
variation expected in an RNA virus population (“quasi-spe-
cies”), high-frequency variants (> 18% of reads covering a 
position) were frequency linked suggesting they belonged 
to the same co-infecting strain. As viral isolation and clon-
ing approaches are currently an untouched domain for these 
novel viruses, future investigations using long read sequenc-
ing platforms may assist in the reconstruction of co-infecting 
genomes.

Although more extensive studies are needed to investigate 
the association of virome composition and health status of 
farms, this study highlights the potential of metagenomic 
NGS workflows to study clinical problems with unknown 
etiology. When sufficient sequencing effort is used and/or 
pathogen load is sufficiently high, it allows complete genome 
characterization and identification of mixed infections and 
co-circulating variants. In the particular case of the present 
study, this contributed to the scarce availability of both 
PoAstV-4 and Posavirus 1 whole genome sequences from 
Western Europe.
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