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ABSTRACT Metagenomic shotgun sequencing (mNGS) can serve as a generic molecular
diagnostic tool. An mNGS proficiency test (PT) was performed in six European veteri-
nary and public health laboratories to detect porcine astroviruses in fecal material and
the extracted RNA. While different mNGS workflows for the generation of mMNGS data
were used in the different laboratories, the bioinformatic analysis was standardized
using a metagenomic read classifier as well as read mapping to selected astroviral
reference genomes to assess the semiquantitative representation of astrovirus species
mixtures. All participants successfully identified and classified most of the viral reads to
the two dominant species. The normalized read counts obtained by aligning reads to
astrovirus reference genomes by Bowtie2 were in line with Kraken read classification
counts. Moreover, participants performed well in terms of repeatability when the fecal
sample was tested in duplicate. However, the normalized read counts per detected
astrovirus species differed substantially between participants, which was related to the
different laboratory methods used for data generation. Further modeling of the mNGS
data indicated the importance of selecting appropriate reference data for mNGS read
classification. As virus- or sample-specific biases may apply, caution is needed when
extrapolating this swine feces-based PT for the detection of other RNA viruses or using
different sample types. The suitability of experimental design to a given pathogen/sam-
ple matrix combination, quality assurance, interpretation, and follow-up investigation
remain critical factors for the diagnostic interpretation of mNGS results.

IMPORTANCE Metagenomic shotgun sequencing (mNGS) is a generic molecular
diagnostic method, involving laboratory preparation of samples, sequencing, bioinfor-
matic analysis of millions of short sequences, and interpretation of the results. In this
paper, we investigated the performance of mNGS on the detection of porcine astrovi-
ruses, a model for RNA viruses in a pig fecal material, among six European veterinary and
public health laboratories. We showed that different methods for data generation affect
mNGS performance among participants and that the selection of reference genomes
is crucial for read classification. Follow-up investigation remains a critical factor for the
diagnostic interpretation of mNGS results. The paper contributes to potential improve-
ments of mNGS as a diagnostic tool in clinical settings.

KEYWORDS diagnostics, metagenomics, porcine astrovirus, proficiency testing
ntargeted metagenomic methods rely on high-throughput sequencing and
bioinformatic analysis of sequencing data to identify microbes present in sam-

ples without prior targeted cultivation or amplification of genomes (1). This approach,
referred to below as metagenomic shotgun sequencing (mNGS), is extensively used
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to study microbiota in different fields. As a generic method, it has become the stand-
ard for the detection of unknown, emerging, or re-emerging pathogens affecting
humans, animals, or plants (2). It provides a considerable benefit for the investigation
of emerging animal and public health threats. For example, this approach allowed the
identification of a novel orthobunyavirus (Schmallenberg virus) in dairy cattle exhibiting
fever, reproductive disorders, decreased milk production, and diarrhea (3). Subsequent
real-time RT-PCR screening, as well as the experimental inoculation of infectious blood
into calves, confirmed that the virus was responsible for the previously unidentified
disease. Occasional animal-to-human transmission of pathogens could trigger serious
public health crises, as exemplified by the ongoing global pandemic of coronavirus
disease 2019. The causative agent, severe acute respiratory syndrome coronavirus 2, was
identified by metagenomic sequencing of bronchoalveolar lavage fluid from patients in
China (4, 5) and confirmed by virus isolation and transmission electron microscopy (5).
Both examples highlight the power of mMNGS as a diagnostic tool.

The major steps of mNGS comprise sample disintegration, nucleic acid extraction,
cDNA and second-strand synthesis in case of RNA, fragmentation, library preparation
and sequencing, and bioinformatic data analysis (6). Minor additional steps to the
overall scheme of the metagenomic protocol can significantly improve the results.
For example, deep-frozen-based sample disintegration methods are generally able to
maintain high-quality nucleic acids, resulting in an overall good performance of mNGS
(7). While PCR amplification of DNA libraries is generally performed to increase the signal
strength in metagenomic diagnostics, a workflow without this additional amplification
step allows an unbiased pathogen detection in a variety of sample matrices, includ-
ing pig feces (7). A longer homogenization time and size-selective filtration can help
improve the enrichment of viral particles (8). A modular approach using enrichment and
amplification steps claimed minimal bias on the detected virome as demonstrated on
mock communities of relevant reference (9) while allowing workflow choices suited, e.g.,
challenging sample matrices (10). The hybridization capture enrichment approach also
shows a high diagnostic performance (11-13). Although some studies have highlighted
the value of pre-treatment or amplification steps for certain combinations of pathogens,
the sample type, and the required analytical sensitivities (9, 14), the mNGS user should
be fully aware of methodological biases as previously documented. For instance, certain
filtration steps may remove large viruses (9, 15), while random amplification methods
may over-amplify certain genomic regions (15) or small circular genomes and under-
amplify genomes with extreme GC content (16). Sequencing library preparation methods
have the potential to induce bias in the detected virome (17). Lastly, bioinformatic
methods may induce biases in classifying mNGS reads (18). These potential methodolog-
ical biases complicate the diagnostic validation of mNGS as a catch-all generic diagnostic
assay and highlight the importance of cautious interpretation and follow-up of mMNGS
findings.

Although metagenomic detection of pathogens has been applied in both human
and veterinary laboratories, hurdles like the presence of largely unknown quantities of
other non-relevant nucleic acids are still present for its routine application as a diagnostic
method (19, 20). The methodology has not been routinely evaluated by proficiency
testing (PT) of the same set of clinical samples in multiple laboratories, whereas this is
routinely the case for targeted nucleic acid detection assays. The use of PT as an external
assessment tool is essential to evaluate and verify mNGS quality and reliability (21).
Previous PT evaluations have focused on the reproducibility of data analysis steps using
simulated mNGS data sets (21), samples spiked with a mock microbial community (22), or
mock communities (23). A Swiss PT between clinical mNGS laboratories evaluated both
clinical samples spiked with known viruses, as well as a distributed mNGS data set to
disentangle variability arising from the laboratory compared to the bioinformatic parts of
the workflow (24, 25).

The astrovirus genome is a single-stranded positive-sense RNA molecule of approxi-
mately 7 kb in size and contains three overlapping open reading frames and a poly-A
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tail. The virus is found in a wide range of hosts such as humans, birds, and mammals.
Porcine astroviruses (PAstVs) belong to the Mamastrovirus genus of the Astroviridae
family. While porcine astrovirus 1 (PAstV1) is listed as the only officially approved species,
additional PAstVs that are distinct phylogenetically from PAstV1, e.g., PAstV2, PAstV3,
PAstV4, PAstV5, and mamastrovirus 3 (MAstV3), remain unclassified but are continuously
reported in the literature. The presence of all five species in a single pig farm in the
USA has been documented (26), and co-circulation of more than one species has been
reported in 15 out of the 17 investigated pig farms (27).

The main goal of the present study was to evaluate the suitability of selected mNGS
workflows to identify RNA viruses using a well-characterized pig fecal material natively
containing multiple PAstVs. We also aimed to evaluate repeatability in identifying PAstVs
in the fecal samples that were tested in duplicate.

MATERIALS AND METHODS
Organization of the proficiency test

The viral metagenomic PT was organized within the One Health European Joint
Programme (European Union'’s Horizon 2020 Research and Innovation programme under
grant agreement No 773830) internal joint research project METASTAVA (Standardisation
and validation of metagenomic methods for the detection of foodborne zoonoses,
antimicrobial resistance and emerging threats). The following six European public and
animal health institutes from five countries (shown in alphabetical order) participated
in the PT: ANSES (France), ErasmusMC, (EMC, the Netherlands), Friedrich-Loeffler-Insti-
tut (FLI, Germany), Sciensano (Belgium), Swedish Veterinary Agency (SVA, Sweden, the
organizer of the PT), and Wageningen BioVeterinary Research (WBVR, the Netherlands).
Six partners registered their interest in participating in this PT and agreed to carry
out sequencing according to the specified workflows and procedures (Table 1) and
subsequent standardized data analysis (File S1) with the implementation of a mapping
quality cut-off criterion. A native sample was used rather than a mock community
spiked with defined microbes in the PT to reflect the complexity of sample matrices
handled daily by the participants. An astrovirus-positive fecal material from a healthy
pig was selected since astroviruses are non-zoonotic RNA viruses that could be handled
in biosafety level 2 laboratories by all participating institutes. Thereafter, the organizer
identified and evaluated a suitable sample for the PT, thoroughly characterized the
material, prepared 250 mg fecal sample aliquots and RNA extracts, and sent these
materials on dry ice to each participant. Participants also received the same reference
database to be used for Kraken taxonomic analysis (28) and the reference genomes
of astroviruses for Bowtie2 alignment (29) of sequencing reads. Participants performed
sample processing, sequencing, and sequence analysis and reported files including raw
data, quality reports, Kraken mapping results, Bowtie2 alignment results, numbers of
reads for porcine astrovirus species following the conventional nomenclature, and a
short report of the methods and analysis. An additional centralized analysis of all PT
data from the six participants was performed, and additional sequences of PAstVs were
retrieved from NCBI as references that were not distributed to the participants.

Characterization of the PT sample

The pig fecal material was obtained from a 12-week-old healthy pig in a specific
pathogen-free farm in Sweden. The material tested positive for porcine astrovirus by
real-time RT-PCR (30). RNA was extracted from seven aliquots of the fecal material by
a combined TRIzol reagent (ThermoFisher Scientific, Carlsbad, CA) and RNeasy Mini kit
(Qiagen, Hilden, Germany), eluted in 40 pL nuclease-free water, mixed, and aliquoted
(40 pL final volume). Both fecal and RNA aliquots were stored at —80°C until further
testing. The presence of PAstVs in the sample was confirmed by preliminary mNGS
analysis prior to the PT. In addition, the viral load was quantified as 5.5 x 10° copies/mg
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TABLE 1 Modules from the METASTAVA mNGS workflow applied by the participants

Participant Sample preparation dsDNA synthesis Library preparation Sequencing
Disintegration  Extraction DNase Reagents Elution Kits #cycles Platform Chemistry
P1 Vortexing TRIzol + RNeasy Kit No SuperScript IV+ 20 pL Nextera XT 12 NovaSeq/6000 NovaSeq 6000 SP
NEBNext Reagent Kit
P2 Bead-beating High Pure RNA No SuperScript IV+ 10 uL Nextera XT 20 MiSeq MiSeq Reagent
(FastPrep) Isolation Kit NEBNext Kit v3
P3 CryoPREP TRIzol + RNAadvance Yes SuperScript IV+ 25 pL CovarisAFA+ 0 lon Torrent S5XL lon Xpress
Kit NEBNext Gene Read L
Core
P4 Bead-beating TRIzol + RNeasy Kit No SuperScript IV+ 15 uL Nextera XT 12 MiSeq MiSeq Reagent
(Tissuelyser) NEBNext Kit v3
(4°C pre-cooled)
P5 Bead-beating TRIzol + RNeasy Kit ~ Yes SuperScript IV+ 20 uL Nextera XT 12 MiSeq MiSeq Reagent
(FastPrep) NEBNext Kit v3
P6 Bead-beating High Pure RNA Yes SuperScript IV+ 30 L Nextera XT 12 MiSeq MiSeq Reagent
(FastPrep) Isolation Kit NEBNext Kit v3

for PAstV2 with primers/probe PAstV2-F/P/R, 9.8 x 10* copies/mg for PAstV4 with
PAstV4-F/P/R, 2.4 x 10° copies/mg for mammalian astrovirus 3 (MAstV3) with MAstV3-
F/P/R, and 5.6 x 10" copies/mg for PAstV5 with PAstV5-F/P/R and the absence of PAstV3
with PAstV3-F/P/R by five species-specific real-time RT-PCR assays using synthetic DNA
standards for quantification. The list of nucleotide sequences is provided in Table S1.
The full description of MiSeq sequencing, astrovirus sequence alignment and phylogeny
reconstruction, real-time RT-PCR assays, and validation of their specificity is presented in
File S2.

mNGS sequencing

The participants used various methods for sample disintegration and nucleic acid
extraction from the fecal material, ¢cDNA synthesis and second-strand synthesis,
fragmentation, library preparation, and high-throughput sequencing (Table 1). The
participants aimed for at least 4 million reads per sample.

Metagenomic read classification

A standardized prescribed data analysis procedure (File S1) was followed by all par-
ticipants to rule out potential variation introduced by using different bioinformatic
approaches, using Kraken for k-mer-based taxonomic classification against a provided
version of the NCBI RefSeq Microbial Genomes database (28), which lists both classified
and unclassified PAstVs as “species” In addition, read mapping using Bowtie2 (29)
against a list of reference genomes provided to the participants was used for the
semiquantitative species-level quantification of different astroviruses in comparison to
the species classification provided by Kraken. For Bowtie2 read alignment data analysis,
the participants received a multi-FASTA file containing reference genomes for eight
porcine astrovirus species and one dromedary astrovirus that is closely related to PAstVs
(Fig. S1), for which accession numbers are provided in Table 2 and pairwise sequence
identity is presented in Table S2.

Data integration and final evaluation

Result files from all participants were processed centrally at P5 using the R package
tidyverse (version 1.3.1) and R (version 4.1.2) on a Windows platform [x86_64-w64-
mingw32/x64 (64-bit)] in the environment RStudio Desktop (version 2021.09.2). Basic
statistics of reads (numbers and lengths) were obtained by aggregating FastQC (31)
results of all participants into a single file. For the processing of the Kraken results,
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TABLE 2 Porcine astrovirus reference sequences used in this study

Species NCBI reference  Strain name

genome
Porcine astrovirus 4° NC_023675.1 Porcine astrovirus 4 strain 35/USA
(PAstV4) NC_016896.1 Astrovirus wild boar/WBAstV-1/2011/HUN
Porcine astrovirus 2° NC_023674.1 Porcine astrovirus 2 strain 43/USA
(PAstV2) NC_027711.1 Dromedary astrovirus isolate DcAstV-274

NC_034974.1 Mamastrovirus 2 isolate K321
Porcine astrovirus 3 (PAstV3)  NC_019494.1 Porcine astrovirus 3 isolate US-MO123
Porcine astrovirus 5 (PAstV5)  NC_023636.1 Porcine astrovirus 5 isolate AstV5-US-IA122
Mamastrovirus 3 (MAstV3) NC_025379.1 Mamastrovirus 3 isolate PAstV-GX1
Bastrovirus NC_032423.1 Bastrovirus/Vietnam/porcine/17489_85

9PAstV4 and PAstv2 are considered as cluster species consisting of two and three closely related astrovirus species,
respectively.

the numbers of reads for Astroviridae family and porcine astrovirus species, as well
as the total number of reads, were extracted directly from the Kraken reports provi-
ded by the participants. For the processing of Bowtie2 results, read counts mapping
to reference genomes of porcine astrovirus species as reported by the participants
themselves were used. For both Kraken and Bowtie2 results, the number of viral reads
“on-target” was normalized as reads per million (RPM), and we used RPM, unless explicitly
stated otherwise in this report. The coefficient of variation (CV) for Astroviridae RPM was
calculated by dividing the standard deviation of RPM by the average RPM.

Apart from summarizing the reported participants’ results, the organizer performed a
central Bowtie2 mapping of the reads from all participants’ data sets following the same
bioinformatic pipeline at the Uppsala Multidisciplinary Center for Advanced Computa-
tional Science, a CentOS (version 7) Linux platform. The lllumina paired-end reads were
trimmed prior to mapping to the reference sequences according to the pipeline (File
S1) whereas no trimming was done for the lon Torrent single-end reads. The reads
from all participants were mapped to 985 sequences of PAstVs that were retrieved from
GenBank by filtering out species of non-porcine origin followed by manual examination.
Those mapped reads were further assembled into contigs by SPAdes (version 3.15) using
the default settings (32). The species of each contig was determined by either blastn
analysis against and/or phylogenetic relationship with the porcine astrovirus sequences
of known species. The accession numbers of porcine astrovirus sequences and corre-
sponding species are presented in Table S3. Finally, the species of the mapped reads
were determined by Bowtie2 mapping to the contigs.

The sequencing files and metadata were deposited in the European Nucleotide
Archive under project number PRJEB44508.

RESULTS AND DISCUSSION
Metagenomic data produced by the participants

All participants successfully completed sample preparation, sequencing, and sequence
analysis. The number of reads and libraries and read length are shown in Table 3. All
participants tested the fecal material in duplicate, except P2 who tested one fecal and
one RNA in two separate sequencing experiments using the same libraries. Although
testing the RNA sample in duplicate was not required, two participants (P1 and P5) did
the test in duplicate. P3 using the lon Torrent S5XL platform generated, on average,
2.1 million reads per library, while participants P2, P4, P5, and P6 using the lllumina
MiSeq produced on average 4.9 million reads, ranging from 3.0 to 6.4 million per
sample. P1 used the lllumina NovaSeq platform and produced the largest number of
reads (9.4 million) per sample. Read lengths also varied but mainly depended on the
sequencing chemistry and platform.
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TABLE 3 Basic statistics of metagenomic PT raw data

Participant Mean # reads per sample (million) # libraries Read length
P1 9.4 4 151

P2 3.0 2 300

P3 2.1 5 25-615

P4 4.8 3 35-301

P5 6.4 4 35-301

P6 55 3 35-151

Identification of sequences representing the family Astroviridae

All participants identified Astroviridae by k-mer taxonomic classification (Kraken) against
the provided database using the same bioinformatic workflow (File S1). A summary of
average RPM values for the detection of astroviruses at the family level is shown in Fig.
1. Of the six participants, P4 reported the highest Astroviridae RPM in both the fecal
material (2,552) and the RNA sample (693), which was followed by P2 with an RPM of
1,130 in the fecal material and 378 in the RNA sample. Both P2 and P4 applied the
same methods for cDNA synthesis, library preparation, and sequencing on an Illumina
MiSeq platform as used by P5 and P6 (Table 1). Only P4 reported a pre-cooling at
4°C of all buffers and components (including aluminum sample blocks) prior to bead-
beating sample homogenization (33), likely resulting in an improved RNA quality and
consequent sequencing data generation. P3 produced a low RPM value in both fecal
samples (average 13 RPM) and RNA (16) based on the Kraken analysis. P3 employed
cryoPREP disintegration, which may have resulted in different host/bacterial/viral nucleic
acid ratios compared to bead-beating methods. Another difference of the P3 workflow is
the absence of an amplification step during sample processing, which can bias the ratio
of different taxa of the sample community in the sequencing data set.

While three participants (P3, P5, and P6) identified a similar level of astrovirus RPM
in both the fecal material and the RNA, the other three participants (P1, P2, and P4)
reported a substantially higher astrovirus RPM in the fecal material than in the RNA
(Fig. 1). The only module (Table 1) differentiating both groups was DNase treatment,
which was co-incidentally employed by participants P3, P5, and P6. Since the original
RNA had been treated with DNase via on-column digestion during extraction, treatment
of the fecal material resulted in a similar level of astrovirus RPM in both RNA and
fecal material. On the other hand, participants P1, P2, and P4 reported higher levels of
astrovirus RPM in the fecal material than in the original DNase-treated RNA, suggesting
that the DNase treatment of the fecal material might have caused unexpected side
effects, which requires a full investigation. It is likely that the effects of DNase treatment
on the enrichment of viral RNA may depend on the matrices. Apart from the DNase
treatment, there were some overlaps of the modules that might also have caused the
differences. Enrichment by filtration and nucleases (both DNase and RNase) increased
virus reads in nasal swabs and lungs spiked in with six viruses, but not the feces spiked
with the same viruses (34).

Repeatability of Astroviridae-classified mNGS reads

The CV within participating laboratories for Astroviridae RPM obtained by Kraken was
4.8% (P1), 8.8% (P2), 33.5% for fecal_1 and 7.4% for fecal_2 (P3), 4.6% (P4), 37.8% (P5),
and 6.6% (P6), indicating an overall good repeatability of the metagenomic identifi-
cation of Astroviridae in duplicate testing of the porcine fecal material. Except for
P5, which had the highest CV, the overall repeatability within laboratories was high
(where sufficient data were available; also see Fig. 1). The variation was larger between
laboratories. Large differences in reads assigned to microorganisms were also reported
in a PT of smoked salmon spiked with a mock community (22). For example, data
sets M33 and M34 were generated following the same workflow, including filtration
and endonuclease treatment, yet they differed by 3-fold in the percentage of host
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FIG 1 The average RPM obtained using Kraken. The error flags represent the standard deviation for all the samples except for three RNA samples that were

tested only once by P3, P4, and P6. P3 tested each fecal sample fecal_1RNA and fecal_2RNA in duplicate.

(Eukaryota), 0.5-fold in the percentage of bacteria, and 12.7-fold in the percentage of
viruses. Due to the different combinations of the mNGS laboratory methodological
modules (Table 1) that were applied by various participants, substantial variations among
laboratories were anticipated. These results underscore the significance of meticulous
design and validation of mNGS workflows. Another related study emphasized the
necessity of several technical steps to conduct a successful interlaboratory study using
high-throughput sequencing methods or mNGS (23), and differences between methods
could substantially impact the results (35).
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Species-level astrovirus detection by Kraken and Bowtie2

Metagenomic identification of astroviruses in the porcine fecal material at the species
level was also evaluated. All participants correctly identified the two most abundant
porcine astrovirus species PAstV2 and PAstV4 in the fecal and RNA samples with Kraken
(Table 4: left panel) and Bowtie2 (Table 4: right panel). The corresponding viral load
was 5.5 X 10° copies/mg (PAstV2) and 9.8 x 10" copies/mg (PAstV4). RPM values at
the species level varied considerably among participants. Furthermore, all participants
(except P3) reported low RPM values of MAstV3 (corresponding to 2.4 x 10° copies/mg)
in the fecal and/or RNA samples. P4 and P6 identified the least abundant species PAstV5
(corresponding to 5.6 X 10' copies/mg) in the fecal material using Bowtie2. P4 reported
PAstV3 in the fecal material, whereas P6 reported PAstV3 in the RNA sample using
Bowtie2. This likely constitutes a false positive result as the presence of this species
was not confirmed by the PAstV3-specific real-time RT-PCR assay. Indeed, P4 found that
the few reads that had been aligned to PAstV3 failed to form a contig, and a close
investigation of the reads discovered the presence of a poly-A/T stretch in the sequences
that adversely affected the quality of Bowtie2 alignment. Therefore, the genome location
to which the reads are mapped should also be taken into consideration when evaluating
and reviewing mNGS results, besides the depth of coverage and number of different
genome regions covered by the reads (36). As highlighted by the differences in the
normalized Astroviridae reads (Fig. 1), methodological differences in the workflow clearly
have an impact on the detection sensitivity of low-abundant species. Moreover, this PT
did not consider a significance cut-off for metagenomic findings. The study (33) suggests
an arbitrary significance criterion of RPM >1, which in the context of the present PT
would question the significance of most (except P2 and P4) MAstV3 and all PAstV5
identifications based on low RPM. However, such a cut-off or threshold would have to
be determined for every protocol and validated by comparing with golden standard
molecular techniques, as recommended (36). It is strongly advised to initiate follow-up
investigations to confirm the presence of low RPM taxa.

In the PT, all participants were successful in sample preparation, sequencing, and
data analysis, indicating that the selected workflows were rather robust. P3 interpreted
and reported only the numbers of reads for the porcine astrovirus species, fulfilling the
objective of this PT, whereas the remaining five participants reported the numbers of
reads for all astrovirus species without differentiation. As pointed out in another PT (37),
it is necessary to build the capacity for the interpretation of diagnostic metagenomic
data sets, and in the context of this PT, it is probably the lack of awareness that led the
five participants of this PT not to report the results as required.

TABLE 4 Analytic performance of metagenomic identification of porcine astrovirus species in both fecal (F) and RNA (R) samples by the six participants®

Participant  Type RPM (Kraken) RPM (Bowtie2)
PAstV2 PAstV4 MAstV3 PAstV5 PAstV2 PAstV4 MAstV3 PAstV5 PAstV3
(55x10°) (9.8x10%) (24x10°) (5.6x10) (55x10°) (9.8x10%) (24x10°) (56x10") ()
P1 F 21 45.7 0.1 - 37.2 46.1 0.9 - -
RNA 10.1 23.9 - - 18.2 27 0.3 - -
P2 F 297.4 602.6 1.2 - 303.6 3494 6.3 - -
RNA 1225 189.9 24 - 122.1 113.9 5.9 - -
P3 F1 3 73 - - 7.2 10 - - -
F2 3.9 73 - - 9.2 11.2 - - -
RNA 6 7.8 - - 1.7 11.2 - - -
P4 F 828 1,270.6 33 0.3 7219 768.2 49 0.5 0.2
RNA 208.8 3735 0.8 - 191.6 237.5 1.1 - -
P5 F 83.7 164 0.2 - 80.2 99.1 1 - -
RNA 120.5 199.3 0.3 - 121.3 117.8 0.6 - -
P6 F 30.1 63.1 0.3 - 26.7 40.4 0.4 0.2 -
RNA 41.8 62.3 0.4 - 385 42 0.4 - 0.2

“Numbers refer to the average RPM per sample obtained by using Kraken (left panel) or Bowtie2 (right panel). A dash sign indicates a non-detection of the category.
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Investigation of the effect of selected reference sequences on Bowtie2 read
alignment

Although all participants reported the presence of the two dominant porcine astrovirus
species in the samples, the RPM values for all detected species were inconsistent with
the viral loads as quantified by real-time RT-PCR assays. This raised a concern about the
suitability of the software and references used in this PT data analysis. An independent
centralized Bowtie2 mapping of the PT data reported by all participants to the nine
reference genomes (Table 2) identified more reads (not RPM) for PAstV4 (13,442 reads)
than PAstV2 (12,257 reads) and the presence of MAstV3 (124 reads), PAstV5 (5 reads),
and PAstV3 (2 reads) in the materials. The pattern of the identified porcine astrovirus
species composition was similar to those reported by the participants, excluding the
computational environment, software, and analysis operator of each participant as the
main factors causing the observed discrepancies between real-time RT-PCR quantifica-
tion and Bowtie2 mapping results. Thereafter, additional Bowtie2 analyses without a
MAPQ cut-off criterion were made focusing on the used reference genomes for mNGS
read classification.

Reads from the pre-PT MiSeq characterization were used to assemble contigs by CLC
Genomics Workbench version 11.0.2 (CLC Bio-Qiagen), and the corresponding species
of the 21 contigs over 500 nt long were determined by blastn analysis against 1,094
sequences of PAstVs. Of the 21 contigs, 11 were PAstV4, 9 were PAstV2, and 1 was
MAstV3. Bowtie2 mapping of all reads from the six participants to the 21 contigs
determined 151,900 astrovirus reads, including 99,893 (65.8%) reads of PAstV2, 51,790
(34.1%) reads of PAstV4, and 9 (0.01%) reads of MAstV3. The number of the reads for each
species or the relative abundance more closely matched the viral load as determined
by the real-time RT-PCR quantification, indicating the importance of the selection of
reference genomes in mNGS read classification.

The unproportionally lower number of reads for MAstV3 and the absence of PAstV5 in
the pre-PT MiSeq data suggested the need for references closely related to the porcine
astrovirus species in the material. This would enable Bowtie2 to identify and assign
reads to both species. Therefore, a similar approach was taken to prepare the contigs
assembled from all reads from the six participants, as references, and the species of the
contigs were determined by blastn analysis against 1,007 sequences (Table S3). Out of
the 113 million total reads produced by six participants (P2: not in duplicate), 106,289
reads were found to be PAstVs and consisted of 66,271 (62.3%) PAstV2, 39,899 (37.5%)
PAstV4, 93 (0.09%) MAstV3, and 26 (0.02%) PAstV5. The composition of overall porcine
astrovirus species correlated perfectly with viral load in the material. Thus, for a given
Bowtie2 algorithm for the classification of reads, the selection of reference sequences
closely related to the species in the sample data (here modeled by the use of de novo
contigs as references) had a large impact on quantitative performance. Although such
prior knowledge about target species in samples is in theory impossible in diagnostic
mNGS applications, these modeling efforts show the importance of proper reference
data selection for a given classification algorithm on mNGS read classification and warn
for cautiously selecting reference databases fit for purpose. The quality of the de novo
contigs can be assessed and even corrected by new tools such as metaMIC (38). Inclusion
of the de novo contigs in the regularly updated reference database would be a great
strategy for improving mNGS as a generic diagnostic method in both veterinary and
public health.

Conclusions

Results of this study indicated that careful design, validation, and subsequent execution
of various stages of the mNGS workflows play a crucial role in determining the final
observed outcomes. All six participants of this PT identified PAstVs at the Astroviridae
family level in the fecal material and the extracted RNA. The normalized number of
astrovirus reads varied substantially among participants and sequencing methodolo-
gies. Participants performed well in terms of repeatability when the fecal material was
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tested in duplicate, resulting in a low coefficient of variation. All participants classified
the majority of reads to two porcine astrovirus species (PAstV2 and PAstV4) by both
approaches. Further centralized analysis indicated the importance of selecting the
proper references for mNGS classification. The awareness of result review and reporting
needs to be raised, and follow-up investigations are required to verify the presence of
viruses with just a few reads.

ACKNOWLEDGMENTS

We thank Drs. Claudia Wylezich and Dirk Hoper, Friedrich-Loeffler-Institut, Germany,
for sharing their results. L.L. thanks the Uppsala Multidisciplinary Center for Advanced
Computational Science (UPPMAX) and National Academic Infrastructure for Supercom-
puting in Sweden (NAISS) for computation and data storage.

This work was supported by funding from the European Union’s Horizon 2020
Research and Innovation programme under grant agreement No 773830: One Health
European Joint Programme as internal joint research project METASTAVA.

AUTHOR AFFILIATIONS

'Department of Microbiology, Swedish Veterinary Agency, Uppsala, Sweden
?Department of Animal Health and Antimicrobial Strategies, Swedish Veterinary Agency,
Uppsala, Sweden

*Department of Transversal activities in Applied Genomics, Sciensano, Brussels, Belgium
“Ploufragan-Plouzané-Niort Laboratory, French Agency for Food, Environmental and
Occupational Health Safety, Ploufragan, France

*Department of Viroscience, Erasmus University Medical Center, Rotterdam, the
Netherlands

®Department of Epidemiology, Bioinformatics and Animal models, Wageningen
BioVeterinary Research, Wageningen University & Research, Lelystad, the Netherlands
"Department of Avian Virology and Immunology, Sciensano, Ukkel, Belgium

AUTHOR ORCIDs

Lihong Liu @ http://orcid.org/0000-0002-5921-6805

Mikhayil Hakhverdyan @ http://orcid.org/0000-0002-9481-2709
Per Wallgren 2 http://orcid.org/0000-0002-3958-9620

Pierrick Lucas @ http://orcid.org/0000-0002-2844-6157
Miranda de Graaf (2 http://orcid.org/0000-0002-7831-0098

Bas B. Oude Munnink @ http://orcid.org/0000-0002-9394-1189
Alex Bossers 2 http://orcid.org/0000-0002-6586-717X

Marcel Hulst @ http://orcid.org/0000-0001-8020-8853

Steven Van Borm (@ http://orcid.org/0000-0002-3464-2306

AUTHOR CONTRIBUTIONS

Lihong Liu, Conceptualization, Data curation, Formal analysis, Funding acquisition,
Investigation, Project administration, Validation, Visualization, Writing — original draft,
Writing - review and editing | Mikhayil Hakhverdyan, Data curation, Formal analysis,
Investigation, Methodology, Validation, Writing — original draft, Writing - review and
editing | Per Wallgren, Resources | Kevin Vanneste, Conceptualization, Data curation,
Formal analysis, Investigation, Methodology, Validation, Writing — original draft, Writing
- review and editing | Qiang Fu, Methodology, Software | Pierrick Lucas, Data curation,
Methodology | Yannick Blanchard, Conceptualization, Data curation, Funding acquisi-
tion, Investigation, Project administration, Writing — original draft, Writing - review and
editing | Miranda de Graaf, Data curation, Formal analysis, Funding acquisition, Investiga-
tion, Methodology, Project administration, Writing — original draft, Writing - review and
editing | Bas B. Oude Munnink, Formal analysis, Investigation, Methodology, Writing -

October 2024 Volume 12 Issue 10

Microbiology Spectrum

10.1128/spectrum.04208-23 10

Downloaded from https://journals.asm.org/journal/spectrum on 14 November 2024 by 37.58.186.129.


https://doi.org/10.1128/spectrum.04208-23

Research Article Microbiology Spectrum

original draft, Writing — review and editing | Sander van Boheemen, Conceptualization,
Formal analysis, Funding acquisition, Investigation, Supervision, Writing - original draft,
Writing — review and editing | Alex Bossers, Data curation, Formal analysis, Methodology,
Writing - original draft, Writing - review and editing | Marcel Hulst, Conceptualization,
Formal analysis, Funding acquisition, Investigation, Project administration, Supervision,
Writing - original draft, Writing — review and editing | Steven Van Borm, Conceptualiza-
tion, Data curation, Formal analysis, Funding acquisition, Investigation, Methodology,
Project administration, Validation, Writing — original draft, Writing - review and editing

ADDITIONAL FILES

The following material is available online.

Supplemental Material

Supplemental data 1 (Spectrum04208-23-s0001.pdf). Pipelines.
Supplemental data 2 (Spectrum04208-23-s0002.pdf). Characterization.
Fig. S1 (Spectrum04208-23-s0003.pdf). Phylogeny.

Table S1 (Spectrum04208-23-s0004.pdf). Nucleotide sequences.

Table S2 (Spectrum04208-23-s0005.pdf). Pairwise sequence identity.
Table S3 (Spectrum04208-23-s0006.pdf). Accession numbers.

REFERENCES
1. Hoper D, Wylezich C, Beer M. 2017. Loeffler 4.0: diagnostic metagenom- comprehensive virome analysis. mBio 6:201491-15. https://doi.org/10.
ics. Adv Virus Res 99:17-37. https://doi.org/10.1016/bs.aivir.2017.08.001 1128/mBi0.01491-15
2. Greninger AL. 2018. A decade of RNA virus metagenomics is (not) 13.  Wylezich C, Calvelage S, Schlottau K, Ziegler U, Pohlmann A, Hoper D,
enough. Virus Res 244:218-229. https://doi.org/10.1016/j.virusres.2017. Beer M. 2021. Next-generation diagnostics: virus capture facilitates a
10.014 sensitive viral diagnosis for epizootic and zoonotic pathogens including
3. Hoffmann B, Scheuch M, Héper D, Jungblut R, Holsteg M, Schirrmeier H, SARS-CoV-2. Microbiome 9:51. https://doi.org/10.1186/540168-020-
Eschbaumer M, Goller KV, Wernike K, Fischer M, Breithaupt A, 00973-z . ) ) )
Mettenleiter TC, Beer M. 2012. Novel orthobunyavirus in Cattle, Europe, 14. Rosseel T, Ozhelvaci O, Freimanis G, Van Borm S. 2015. Evaluation of
2011. Emerg Infect Dis 18:469-472. https://doi.org/10.3201/eid1803. convenient pretreatment protocols for RNA virus metagenomics in
111905 serum and tissue samples. J Virol Methods 222:72-80. https://doi.org/10.
4. WuF, Zhao S, Yu B, Chen YM, Wang W, Song ZG, Hu Y, Tao ZW, Tian JH, 1016/jjviromet.2015.05.010
Pei YY, Yuan ML, Zhang YL, Dai FH, Liu Y, Wang QM, Zheng JJ, Xu L, 15.  Rosseel T, Van Borm S, Vandenbussche F, Hoffmann B, van den Berg T,
Holmes EC, Zhang YZ. 2020. A new coronavirus associated with human Beer M, Hoper D. 2013. The origin OfA bias.ed sequen.ce.de.pth in
respiratory disease in China. Nature 579:265-269. https://doi.org/10. sequence-independent nucleic acid amplification and optimization for
1038/s41586-020-2008-3 efficient massive parallel sequencing. PLoS One 8:e76144. https://doi.
5. Zhu N, Zhang D, Wang W, Li X, Yang B, Song J, Zhao X, Huang B, Shi W, 0rg/10.1371/journal.pone.0076144
Lu R, Niu P, Zhan F, Ma X, Wang D, Xu W, Wu G, Gao GF, Tan W, China 16.  Parras-Molté M, Rodriguez-Galet A, Sudrez-Rodriguez P, Lépez-Bueno A.
Novel Coronavirus Investigating and Research Team. 2020. A novel 2018. Evaluation of bias induced by viral enrichment and random
coronavirus from patients with pneumonia in China, 2019. N Engl J Med amplification protocols in metagenomic surveys of saliva DNA viruses.
382:727-733. https://doi.org/10.1056/NEJM0a2001017 Microbiome 6:119. https://doi.org/10.1186/540168-018-0507-3
6. Gu W, Miller S, Chiu CY. 2019. Clinical metagenomic next-generation 17. Pérez-Cataluna A, Cuevas-Ferrando E, Randazzo W, Sanchez G. 2021. Bias
sequencing for pathogen detection. Annu Rev Pathol 14:319-338. https: of library preparation for virome characterization in untreated and
//doi.org/10.1146/annurev-pathmechdis-012418-012751 treated wastewaters. Sci Total Environ 767:144589. https://doi.org/10.
7. Wylezich C, Papa A, Beer M, Hoper D. 2018. A versatile sample 1016/j.scitotenv.2020.144589
processing workflow for metagenomic pathogen detection. Sci Rep 18.  McLaren MR, Willis AD, Callahan BJ. 2019. Consistent and correctable
8:13108. https://doi.org/10.1038/541598-018-31496-1 bias in metagenomic sequencing experiments. Elife 8:e46923. https://
8. Kohl C, Brinkmann A, Dabrowski PW, Radoni¢ A, Nitsche A, Kurth A. doi.o.rg/10.7554/eLife.46923 ) _ _
2015. Protocol for metagenomic virus detection in clinical specimens. ~ 19-  Greninger AL. 2018. The challenge of diagnostic metagenomics. Expert
Emerg Infect Dis 21:48-57. https://doi.org/10.3201/eid2101.140766 Rev Mol Diagn 18:605-615. https://doi.org/10.1080/14737159.2018.
9. Conceicao-Neto N, Zeller M, Lefrére H, De Bruyn P, Beller L, Deboutte W, 1487292
Yinda CK, Lavigne R, Maes P, Van Ranst M, Heylen E, Matthijnssens J. 20.  Chiu CY, Miller SA. 2019. Clinical metagenomics. Nat Rev Genet 20:341-
2015. Modular approach to customise sample preparation procedures 355. https://doi.org/10.1038/541576-019-0113-7
for viral metagenomics: a reproducible protocol for virome analysis. Sci ~ 21. Brinkmann A, Andrusch A, Belka A, Wylezich C, Hoper D, Pohlmann A,
Rep 5:16532. https://doi.org/10.1038/srep16532 Nordahl Petersen T, Lucas P, Blanchard Y, Papa A, et al. 2019. Proficiency
10. Conceicao-Neto N, Yinda KC, Van Ranst M, Matthijnssens J. 2018. testing of virus diagnostics based on bioinformatics analysis of
NetoVIR: modular approach to customize sample preparation sir.nulat.ed in silico high—throughput sequencing data sets. J Clin
procedures for viral metagenomics. Methods Mol Biol 1838:85-95. https: Microbiol 57:200466-19. https://doi.org/10.1128/JCM.00466-19
//doi.org/10.1007/978-1-4939-8682-8_7 22. Sala C, Mordhorst H, Griitzke J, Brinkmann A, Petersen TN, Poulsen C,
11.  Wylie TN, Wylie KM, Herter BN, Storch GA. 2015. Enhanced virome Cotter PD, Crispie F, Ellis RJ, Castellani G, Amid C, Hakhverdyan M,
sequencing using targeted sequence capture. Genome Res 25:1910- Guyader SL, Manfreda G, Mossong J, Nitsche A, Ragimbeau C, Schaeffer
1920. https://doi.org/10.1101/gr.191049.115 J, Schlundt J, Tay MYF, Aarestrup FM, Hendriksen RS, Pamp SJ, De Cesare
12.  Briese T, Kapoor A, Mishra N, Jain K, Kumar A, Jabado OJ, Lipkin WI. 2015. A. 2020. Metagenomics-based proficiency test of smoked salmon spiked

Virome capture sequencing enables sensitive viral diagnosis and

October 2024 Volume 12 Issue 10 10.1128/spectrum.04208-23 11

Downloaded from https://journals.asm.org/journal/spectrum on 14 November 2024 by 37.58.186.129.


https://doi.org/10.1128/spectrum.04208-23
https://doi.org/10.1016/bs.aivir.2017.08.001
https://doi.org/10.1016/j.virusres.2017.10.014
https://doi.org/10.3201/eid1803.111905
https://doi.org/10.1038/s41586-020-2008-3
https://doi.org/10.1056/NEJMoa2001017
https://doi.org/10.1146/annurev-pathmechdis-012418-012751
https://doi.org/10.1038/s41598-018-31496-1
https://doi.org/10.3201/eid2101.140766
https://doi.org/10.1038/srep16532
https://doi.org/10.1007/978-1-4939-8682-8_7
https://doi.org/10.1101/gr.191049.115
https://doi.org/10.1128/mBio.01491-15
https://doi.org/10.1186/s40168-020-00973-z
https://doi.org/10.1016/j.jviromet.2015.05.010
https://doi.org/10.1371/journal.pone.0076144
https://doi.org/10.1186/s40168-018-0507-3
https://doi.org/10.1016/j.scitotenv.2020.144589
https://doi.org/10.7554/eLife.46923
https://doi.org/10.1080/14737159.2018.1487292
https://doi.org/10.1038/s41576-019-0113-7
https://doi.org/10.1128/JCM.00466-19
https://doi.org/10.1128/spectrum.04208-23

Research Article

23.

24,

25.

26.

27.

28.

29.

30.

31.

October 2024 Volume 12

with a mock community. Microorganisms 8:1861. https://doi.org/10.
3390/microorganisms8121861

O'Sullivan DM, Doyle RM, Temisak S, Redshaw N, Whale AS, Logan G,
Huang J, Fischer N, Amos GCA, Preston MD, et al. 2021. An inter-
laboratory study to investigate the impact of the bioinformatics
component on microbiome analysis using mock communities. Sci Rep
11:10590. https://doi.org/10.1038/s41598-021-89881-2

Zamperin G, Lucas P, Cano |, Ryder D, Abbadi M, Stone D, Cuenca A,
Vigouroux E, Blanchard Y, Panzarin V. 2019. Sequencing of animal
viruses: quality data assurance for NGS bioinformatics. Virol J 16:140.
https://doi.org/10.1186/512985-019-1223-8

Junier T, Huber M, Schmutz S, Kufner V, Zagordi O, Neuenschwander S,
Ramette A, Kubacki J, Bachofen C, Qi W, Laubscher F, Cordey S, Kaiser L,
Beuret C, Barbié V, Fellay J, Lebrand A. 2019. Viral metagenomics in the
clinical realm: lessons learned from a Swiss-wide ring trial. Genes (Basel)
10:655. https://doi.org/10.3390/genes10090655

Shan T, Li L, Simmonds P, Wang C, Moeser A, Delwart E. 2011. The fecal
virome of pigs on a high-density farm. J Virol 85:11697-11708. https://
doi.org/10.1128/JV1.05217-11

Flores C, Ariyama N, Bennett B, Mena J, Verdugo C, Mor S, Brito B,
Ramirez-Toloza G, Neira V. 2021. Case report: first report and phyloge-
netic analysis of porcine astroviruses in Chile. Front Vet Sci 8:764837.
https://doi.org/10.3389/fvets.2021.764837

Wood DE, Salzberg SL. 2014. Kraken: ultrafast metagenomic sequence
classification using exact alignments. Genome Biol 15:R46. https://doi.
org/10.1186/gb-2014-15-3-r46

Langmead B, Salzberg SL. 2012. Fast gapped-read alignment with
Bowtie 2. Nat Methods 9:357-359. https://doi.org/10.1038/nmeth.1923
Zhou W, Uliman K, Chowdry V, Reining M, Benyeda Z, Baule C, Juremalm
M, Wallgren P, Schwarz L, Zhou E, Pedrero SP, Hennig-Pauka |, Segales J,
Liu L. 2016. Molecular investigations on the prevalence and viral load of
enteric viruses in pigs from five European countries. Vet Microbiol
182:75-81. https://doi.org/10.1016/j.vetmic.2015.10.019

Andrews S. 2010. FastQC:a quality control tool for high throughput
sequence data. Available from: http://www.bioinformatics.babraham.ac.
uk/projects/fastqc/

Issue 10

32

33.

34.

35.

36.

37.

38.

Microbiology Spectrum

Behsaz B, Mohimani H, Gurevich A, Prjibelski A, Fisher M, Vargas F, Smarr
L, Dorrestein PC, Mylne JS, Pevzner PA. 2020. De novo peptide
sequencing reveals many cyclopeptides in the human gut and other
environments. Cell Syst 10:99-108. https://doi.org/10.1016/j.cels.2019.
11.007

Van Borm S, Fu Q, Winand R, Vanneste K, Hakhverdyan M, Hoper D,
Vandenbussche F. 2020. Evaluation of a commercial exogenous internal
process control for diagnostic RNA virus metagenomics from different
animal clinical samples. J Virol Methods 283:113916. https://doi.org/10.
1016/j.jviromet.2020.113916

Kubacki J, Fraefel C, Bachofen C. 2021. Implementation of next-
generation sequencing for virus identification in veterinary diagnostic
laboratories. J Vet Diagn Invest 33:235-247. https://doi.org/10.1177/
1040638720982630

Allali 1, Arnold JW, Roach J, Cadenas MB, Butz N, Hassan HM, Koci M,
Ballou A, Mendoza M, Ali R, Azcarate-Peril MA. 2017. A comparison of
sequencing platforms and bioinformatics pipelines for compositional
analysis of the gut microbiome. BMC Microbiol 17:194. https://doi.org/
10.1186/512866-017-1101-8

de Vries JIC, Brown JR, Couto N, Beer M, Le Mercier P, Sidorov |, Papa A,
Fischer N, Oude Munnink BB, Rodriquez C, et al. 2021. Recommenda-
tions for the introduction of metagenomic next-generation sequencing
in clinical virology, part II: bioinformatic analysis and reporting. J Clin
Virol 138:104812. https://doi.org/10.1016/j.jcv.2021.104812

Hoper D, Griitzke J, Brinkmann A, Mossong J, Matamoros S, Ellis RJ,
Deneke C, Tausch SH, Cuesta I, Monzon S, et al. 2020. Proficiency testing
of metagenomics-based detection of food-borne pathogens using a
complex artificial sequencing dataset. Front Microbiol 11:575377. https:/
/doi.org/10.3389/fmicb.2020.575377

Lai S, Pan S, Sun C, Coelho LP, Chen WH, Zhao XM. 2022. metaMIC:
reference-free misassembly identification and correction of de novo
metagenomic assemblies. Genome Biol 23:242. https://doi.org/10.1186/
$13059-022-02810-y

10.1128/spectrum.04208-23 12

Downloaded from https://journals.asm.org/journal/spectrum on 14 November 2024 by 37.58.186.129.


https://doi.org/10.3390/microorganisms8121861
https://doi.org/10.1038/s41598-021-89881-2
https://doi.org/10.1186/s12985-019-1223-8
https://doi.org/10.3390/genes10090655
https://doi.org/10.1128/JVI.05217-11
https://doi.org/10.3389/fvets.2021.764837
https://doi.org/10.1186/gb-2014-15-3-r46
https://doi.org/10.1038/nmeth.1923
https://doi.org/10.1016/j.vetmic.2015.10.019
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://doi.org/10.1016/j.cels.2019.11.007
https://doi.org/10.1016/j.jviromet.2020.113916
https://doi.org/10.1177/1040638720982630
https://doi.org/10.1186/s12866-017-1101-8
https://doi.org/10.1016/j.jcv.2021.104812
https://doi.org/10.3389/fmicb.2020.575377
https://doi.org/10.1186/s13059-022-02810-y
https://doi.org/10.1128/spectrum.04208-23

	An interlaboratory proficiency test using metagenomic sequencing as a diagnostic tool for the detection of RNA viruses in swine fecal material
	MATERIALS AND METHODS
	Organization of the proficiency test
	Characterization of the PT sample
	mNGS sequencing
	Metagenomic read classification
	Data integration and final evaluation

	RESULTS AND DISCUSSION
	Metagenomic data produced by the participants
	Identification of sequences representing the family Astroviridae
	Repeatability of Astroviridae-classified mNGS reads
	Species-level astrovirus detection by Kraken and Bowtie2
	Investigation of the effect of selected reference sequences on Bowtie2 read alignment
	Conclusions



