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The etiology of an outbreak of gastroenteritis in humans cannot always be determined, and ~25% of outbreaks remain unsolved
in New Zealand. It is hypothesized that novel viruses may account for a proportion of unsolved cases, and new unbiased high-
throughput sequencing methods hold promise for their detection. Analysis of the fecal metagenome can reveal the presence of
viruses, bacteria, and parasites which may have evaded routine diagnostic testing. Thirty-one fecal samples from 26 gastroenteri-
tis outbreaks of unknown etiology occurring in New Zealand between 2011 and 2012 were selected for de novo metagenomic
analysis. A total data set of 193 million sequence reads of 150 bp in length was produced on an Illumina MiSeq. The metag-
enomic data set was searched for virus and parasite sequences, with no evidence of novel pathogens found. Eight viruses and one
parasite were detected, each already known to be associated with gastroenteritis, including adenovirus, rotavirus, sapovirus, and
Dientamoeba fragilis. In addition, we also describe the first detection of human parechovirus 3 (HPeV3) in Australasia. Metag-
enomics may thus provide a useful audit tool when applied retrospectively to determine where routine diagnostic processes may

have failed to detect a pathogen.

Outbreaks of acute gastroenteritis are associated with signifi-
cant global morbidity and mortality, particularly in pediatric
populations (1). Bacterial pathogens are well-described causes of
gastroenteritis, e.g., Escherichia coli O157:H7, Salmonella, Campy-
lobacter, and Shigella (2, 3), but are known to occur less frequently
than viral pathogens as the cause of acute gastroenteritis (4). No-
roviruses, sapoviruses, group A rotaviruses, enteric adenoviruses,
and astroviruses have been recognized as the main etiological
agents in viral gastroenteritis, although it has been suggested that
a number of other viruses may also be involved (5, 6). Parasites
such as Dientamoeba fragilis have also been implicated in gastro-
enteritis; however, there is still debate surrounding their pathoge-
nicity (2, 7).

In New Zealand, no causative agent is identified in approximately
25% of reported gastroenteritis outbreaks at the conclusions of public
health investigations (8). A proportion of unsolved cases may be due
to the presence of a novel pathogen. Viral pathogens are particularly
problematic to discover because well-established methods such as
electron microscopy, PCR, or viral culture are not always effective;
they may be too specific, lack high-throughput capability, or not be
sensitive enough to detect low numbers of organisms within a sample
(9). High-throughput sequencing holds promise for resolving the
etiology of unsolved gastroenteritis outbreaks, as large volumes of
unbiased metagenomic data are produced, allowing for the sequences
from all viruses, bacteria, parasites, and fungi present in the sample to
be revealed (10). Any knowledge gained from identifying previously
unknown pathogens causing outbreaks of gastroenteritis will facili-
tate public health investigations, allowing for possible identification
of the source of infection and informing measures for intervention (6).

Most metagenomic studies of undiagnosed gastroenteritis
have focused on identifying the cause of sporadic gastrointestinal
disease in individual patients (11, 12) rather than examining out-
breaks. To date, there are only three reports of outbreaks that have
been investigated using a metagenomic approach (13-15). A large
proportion of viruses are yet to be discovered (16), and the num-
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ber of documented human viruses is incomplete, with at least one
new human virus per year expected to be discovered (17). Accord-
ingly, the aim of the present study was to apply metagenomic
analysis to unsolved gastrointestinal outbreaks in New Zealand to
reveal points where conventional diagnostic algorithms may have
failed to detect known viral pathogens and to seek potentially
novel viruses associated with gastroenteritis.

MATERIALS AND METHODS

Sample selection and preparation. Fecal samples from gastroenteritis
cases in New Zealand can be tested by diagnostic laboratories for norovi-
ruses, rotaviruses, sapoviruses, astroviruses, or adenovirus types 40 and
41. Bacteria for which samples can be tested include E. coli, Campylobacter
spp., Salmonella spp., Vibrio spp., Shigella spp., Listeria monocytogenes,
Clostridium perfringens, Staphylococcus aureus, and Bacillus cereus; bacte-
rial enterotoxins may also be sought. Samples may also be tested for the
parasites Giardia and Cryptosporidium. Thirty-one fecal samples were
randomly selected from a reference laboratory collection of samples from
26 gastroenteritis outbreaks occurring between 2011 and 2012 (8), where
no causative agents had been previously identified at the time of sample
selection. Continued public health investigations subsequently identified
causative agents in five of these outbreaks from linked samples that were
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TABLE 1 Candidate pathogenic organisms detected in metagenomic data from unsolved outbreaks of gastroenteritis, and results of independent

confirmatory testing
Metagenomic data Independent test

No. of % of total no. Disease(s) already known to be associated with the
Candidate pathogen samples of samples Method(s) Result candidate pathogen
Adenovirus 1 3 qPCR Confirmed Gastroenteritis, respiratory illness
Human enterovirus B 2 7 qPCR Confirmed” Paralysis; gastrointestinal symptoms’; hand, foot

and mouth disease

Human parechovirus type 3 1 3 qPCR Confirmed Neonatal sepsis, encephalitis, paralysis
Picobirnavirus 14 45 Gastroenteritis
Influenza A virus 1 3 qPCR Not confirmed Respiratory illness, gastrointestinal symptoms
Pepper mild mottle virus 3 10 Plant virus; link to abdominal pain in humans (44)
Rotavirus 1 3 qPCR, ICA® Confirmed Gastroenteritis
Sapovirus 1 3 qPCR Confirmed Gastroenteritis
Dientamoeba fragilis 5 16 qPCR Confirmed Possible link to gastroenteritis
None 10 32

“ Confirmed in one sample only.
b Gastrointestinal symptoms are classified as vomiting and diarrhea.
¢ICA, immunochromatographic assay (SD Bioline).

examined and reported by other laboratories after the conclusion of the
selection process. Campylobacter species were implicated in three out-
breaks. Two of the outbreaks were shown to have cases of norovirus pres-
ent, but the norovirus-positive samples were not available and therefore
would not have been included in the group of 31 anonymous samples.

Fecal samples were resuspended in 2 ml of phosphate-buffered saline
(PBS), incubated for 1 h at 4°C, and centrifuged at 6,000 X g for 5 min to
remove cellular debris and bacteria; the supernatant was then filtered through
a0.45-pm syringe filter (Millipore, Billerica, MA). Nucleic acid was extracted
from 400 pl of filtered supernatant and eluted in 50 pl of molecular-grade
water using the iPrep PureLink virus kit (Life Technologies, Carlsbad, CA),
producing a metagenome representative for each sample.

High-throughput sequencing. A metagenome of the RNA present in
each sample was achieved by removing DNA from the extracted nucleic acid
using Ambion DNA-free (Life Technologies) as per the manufacturer’s in-
structions. Following treatment, 8 pl of DNA-free RNA was incorporated
into first-strand cDNA synthesis primed by random hexamers (Life Technol-
ogies). cDNA was then amplified by multiple-displacement amplification ina
whole-transcriptome amplification kit (Qiagen, Valencia, CA), producing
more than 1 g of DNA. DNA libraries were then prepared using the Illumina
TruSeq DNA library preparation kit V2 (Illumina, San Diego, CA), followed
by sequencing of 150-bp paired-end reads on an Illumina MiSeq instrument
(New Zealand Genomics Limited, Massey Genome Service, Massey Univer-
sity, Palmerston North, New Zealand).

This method not only is capable of detecting RNA viruses but also is
capable of detecting DNA viruses due to the presence of viral mRNA or of
DNA that has evaded digestion due to the inefficiency of DNase enzymes (18).

Bioinformatics. The quality of the sequence data from a total of 15
MiSeq runs was checked using FastQC (version 0.10.1; http://www
.bioinformatics.babraham.ac.uk/projects/fastqc/). The total read length
of 150 bp was trimmed where the average quality score was <30. Dupli-
cate reads were collapsed using FASTX-Toolkit (version 0.0.13; http:
//hannonlab.cshl.edu/fastx_toolkit/index.html). Velvet (version 1.2.07)
(19) was used for de novo assembly of the trimmed sequence data with a
k-mer of 75. Contigs were compared to the GenBank nonredundant nu-
cleotide sequence database using BLASTN from BLAST + (version 2.2.27)
(20) and an E value threshold for reporting of 0.001. BLAST outputs were
visualized in MEGAN (version 4.7) (21) for taxonomic assignment. A
protein-level homology search was also performed by using RAPSearch2
(22) in order to identify highly divergent viruses.

Confirmatory PCR and quantitative PCR (qQPCR) assays. Sequences
for human parechovirus type 3 (HPeV3) identified in high-throughput
sequencing data were confirmed by customized conventional one-step
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reverse transcription-PCR (RT-PCR) assay. Primers were designed in Ge-
neious 6.1.3 (Biomatters, New Zealand) targeting a 180-bp region of the
HPeV3 VPI gene (HPeV3_VP1_F2 [5-GCTGGTGAGCAGATGACAC
T-3'] and HPeV3_VPI1_R [5'-GGCTGGTACGGGGAAAAAGA-3']). A
25-l reaction volume for the Invitrogen SuperScript III One-Step RT-
PCR system with Platinum Taq DNA polymerase (Life Technologies) was
used as per the manufacturer’s instructions, including 5 pl of RNA-DNA
and thermocycling parameters as follows: 50°C for 30 min; 85°C for 5 min;
95°C for 2 min; 40 cycles of 95°C for 30 s, 55°C for 30 s, and 68°C for 30 s;
and a final extension of 68°C for 5 min. A PCR product of 180 bp was
identified by microchip electrophoresis (MultiNA; Shimadzu, Kyoto, Ja-
pan) and then sequenced by the Sanger method on a capillary sequencer
(model 3100 Avant; Applied Biosystems).

Confirmatory testing for D. fragilis was conducted using a qPCR assay
targeting the 5.8S rRNA gene (23), with some modifications. A 25-p.l
reaction mixture consisted of 10 pl of PerfeCTa qPCR ToughMix Low
Rox (Quanta Biosciences, Gaithersburg, MD), 3 pmol of each D. fragilis-
specific primer, 5 pmol of D. fragilis-specific probe, and 5 pl of DNA.
Thermocycling parameters were 15 min at 95°C followed by 45 cycles of
15 s at 95°C and 60 s at 60°C.

Phylogenetic analysis for human parechovirus type 3 sequence. Se-
quences were aligned using ClustalW (24) and phylogenetic trees inferred
by MEGAS5 (25). The Tamura-Nei model selected was based on the lowest
Bayesian informative criterion values from a model test within MEGAS.

Ethical approval. This study was approved by the New Zealand Health
& Disabilities Ethics Committee (approval number LRS/11/EXP/026). An
amendment to this study was also approved (approval number LRS/11/
EXP/026/AMO02).

RESULTS

Identification of candidate pathogens using metagenomics. A
total 0f 193,505,576 sequence reads were produced for the 31 sam-
ples, with an average of 3,121,058 reads per sample. These se-
quences were assembled into 552,057 contigs; 62% of these could
be assigned to a taxonomic group using MEGAN, and bacteria
were the most predominant (data not shown). The delineation of
bacterial species was not performed, as this requires targeted am-
plification of a conserved gene region, e.g., 16S rRNA. The de novo
metagenomic data set does not target specific genes and was there-
fore analyzed for the purpose of identifying viruses and/or para-
sites. Eight viruses and one parasite (D. fragilis) were identified
as candidates for gastroenteritis etiology (Table 1). Additional sta-
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TABLE 2 BLASTN output statistics for the longest contig matching a virus/parasite from each of the fecal samples”

BLASTN output statistics for the best hit recorded for the longest contig

Anonymous Longest contig matching % % query

sample no. Virus or parasite a virus/parasite (bp)” E value Score identity coverage Best hit*

4 Picobirnavirus 1,196 3.5E—126 512 96 23 GQ915049
4 D. fragilis 198 8.0E—55 360 98 100 JQ677148
5 Influenza virus A 151 2.0E—31 234 100 85 CY188670
5 D. fragilis 151 1.0E—68 268 99 100 AY730405
7 Picobirnavirus 540 3.0E—60 242 70 84 GQ915026
7 D. fragilis 214 2.0E—43 407 98 100 JQ677168
8 Picobirnavirus 796 6.0E—58 388 82 62 AB517736
10 Picobirnavirus 592 3.5E—21 124 67 77 KF861773
11 Picobirnavirus 1,738 0 2950 95 100 KJ663816
12 Picobirnavirus 375 1.0E—04 57 82 14 KF861769
12 D. fragilis 343 4,0E—112 642 100 100 JQ677148
13 Picobirnavirus 579 4.0E—08 70 77 17 AB517737
13 Tobamovirus 560 1.4E—171 678 99 62 AB000709
13 D. fragilis 218 5.0E—64 253 99 100 JQ677149
15 Parechovirus 268 1.0E—30 475 99 99 AB759205
16 Tobamovirus 286 3.9E—143 572 100 100 AB126003
17 Picobirnavirus 585 2.0E—10 77 79 15 KC692366
18 Rotavirus 573 0 928 95 100 JX567765
21 Picobirnavirus 257 3.0E—43 185 80 82 AB517731
22 Picobirnavirus 288 1.0E—47 199 78 89 AF246939
23 Adenovirus 238 1.0E—65 455 100 100 AB901016
23 Picobirnavirus 562 3.0E—21 113 68 60 AF246941
26 Sapovirus 341 5.0E—162 580 98 100 AY237420
29 Enterovirus 822 0 969 86 99 FJ460595
33 Enterovirus 233 1.2E—21 124 82 96 GQ141875
35 Picobirnavirus 324 1.0E—137 499 94 100 GQ915028
38 Picobirnavirus 1,603 0 750 70 92 KJ663814
40 Picobirnavirus 1,195 1.0E—94 358 69 82 AB517733
40 Tobamovirus 403 0.0E + 00 806 100 95 AB000709

@ Samples that showed no evidence for any candidate virus were omitted.

¥ Only matches to candidate vertebrate viruses, pepper mild mottle virus (PMMV), or Dientamoeba fragilis were considered. Plant viruses (except PMMV) and bacteriophage were

excluded from the analysis.

¢ GenBank accession number for the first sequence found to match the query in the BLASTN result.

tistics on the metagenomic data are presented in Table 2. The
RAPSearch? results did not reveal any novel viral sequences but
were concordant with the BLASTN results (data not shown).

Known pathogenic human viruses. The common enteric viral
pathogens human adenovirus, rotavirus, and sapovirus were de-
tected in the metagenomic data. Human enterovirus B and influ-
enza A virus sequences were also present (Table 1).

Fecal samples were resubmitted to the reference laboratory for
repeat testing by qPCR (26-29) (http://www.who.int/influenza
/resources/documents/molecular_diagnosis_influenza_virus
_humans_update_201108.pdf). The presence of sapovirus and
adenovirus in the original samples was confirmed, human entero-
virus B could be detected in only one sample, and influenza A virus
could not be detected in any samples. A rapid antigen immuno-
assay (SD Bioline Rota/Adeno rapid kit; Standard Diagnostics
Inc., Yongin-si, South Korea) and qPCR (28) confirmed the pres-
ence of group A rotavirus.

Detection of D. fragilis and HPeV3. Of particular interest was
the detection of D. fragilis and HPeV3 sequences (Table 1). Permis-
sion was sought by ethical review (New Zealand Health & Disabil-
ities Ethics Committee: approval number LRS/11/EXP/026/
AMO02) to return to the original reference collection of 64
identifiable samples from the 26 outbreaks to specifically test for

January 2015 Volume 53 Number 1

Journal of Clinical Microbiology

HPeV3 and D. fragilis; epidemiological data were therefore also
available.

A customized one-step RT-PCR assay revealed HPeV3 in a
fecal sample collected from a 2-year-old child as part of a gastro-
enteritis outbreak investigation at a child care facility; eight indi-
viduals were affected over a 17-day period. No other samples were
available from linked cases. Phylogenetic analysis confirmed the
identity of the virus as HPeV3 (Fig. 1), designated HPeV3 NZ/
2012-176.

Specific testing using qQPCR for D. fragilis in the reference col-
lection showed that this organism was present in seven samples
from six outbreaks (Table 3).

DISCUSSION

In this study, metagenomic analysis using high-throughput se-
quencing was applied to reveal viruses present in human feces
from unsolved outbreaks of gastroenteritis occurring in New Zealand
between 2011 and 2012. No evidence for the presence of any novel
viral agents was obtained, but there were numerous instances where
known viral pathogens were detected, including well-known enteric
viruses. The utility of metagenomics may therefore extend beyond
the detection of novel organisms by providing a useful audit tool
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FIG 1 Phylogenetic analysis showing the genetic relatedness of partial viral protein 1 (VP1) nucleotide sequences for human parechovirus type 3 identified in
New Zealand (shown in boldface and indicated by a triangle) with known human parechoviruses. Evolutionary history was inferred for a total of 479 nucleotide
sites by using a maximum likelihood method based on the Tamura-Nei model, with gamma distribution and invariant sites in MEGA5 software. Bootstrap values
were calculated from 1,000 trees (only bootstrap values of >50% are shown). Scale bar indicates nucleotide substitutions per site.
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TABLE 3 Dientamoeba fragilis testing by qPCR in 64 unsolved outbreak samples

Outbreak No. of samples testing positive Total no. of probable

identifier for D. fragilis in outbreak” cases in outbreak Outbreak setting Symptom(s)

11-1 1 8 Child care center Diarrhea, vomiting

11-2 1 43 Child care center Fever, nausea and vomiting
12-1 1 8 Child care center None given

12-2 1 22 Commercial food operator Diarrhea

12-3 1 8 Hostel/institution Diarrhea, vomiting

124 2 28 Child care center Diarrhea, abdominal pain

“ Denominator cannot be calculated for each outbreak, as the total number of samples available for testing is unknown.

when applied retrospectively, thus highlighting any potential inade-
quacies in the routine diagnostic process.

Until recently, only two unsolved outbreaks of human gastro-
enteritis have been investigated using metagenomics and impli-
cated novel viruses in the etiology (13, 14). A more recent study
investigated seven outbreaks of gastroenteritis (and sporadic
cases) and found the presence of novel viruses; however, none of
these could be implicated in disease (15). The present study is one
of the first to apply de novo metagenomics to a cohort of multiple
unsolved outbreaks of gastroenteritis on a larger scale than has
been previously attempted, with a total of 26 outbreaks included.
It was hypothesized that novel viral agents would account for at
least a portion of the etiology, but none were detected even when
a protein-level homology search was applied (RapSearch2). In-
stead, the detection of known pathogens rendered the application
of metagenomics akin to the use of a sophisticated multiplex PCR.
These data do not support the hypothesis that there is a large
unknown quotient of viruses accounting for the majority of un-
solved outbreaks. However, completely novel or highly divergent
viruses may be so different that they will escape detection regard-
less of whether nucleotide or protein searches are used. A more
tenable explanation could be a “diagnostic gap,” a theory also
suggested by others (5, 13, 30). The present study reveals instances
where routine testing failed. For example, common enteric viruses
were present in the metagenomic data; the most likely explanation
for this is that the pathogens were not tested for in the first in-
stance. The successful reapplication of routine diagnostic meth-
ods in the present study excludes the possibility that genomic
changes would account for evasion of testing. There are two main
reasons why a pathogen may not have been initially tested for: (i)
there is an economic imperative to test only a selected number of
cases from an outbreak, or (ii) the actual request for testing does
not always include every agent; e.g., norovirus may be requested
without consideration for rotavirus. However, definitive conclu-
sions cannot be drawn as to how known viruses were missed,
because anonymous samples in this study (as required by ethics)
prevent access to previous test results or epidemiological informa-
tion.

The most interesting clinical finding for this study is the detec-
tion of HPeV3 in New Zealand. HPeV3 was discovered in 2004
(31) and is now thought to be prevalent worldwide. It has yet to be
reported in the Southern Hemisphere, with the exception of Bo-
livia (32). HPeV3 is mainly reported as a pediatric pathogen, par-
ticularly for children under 1 year of age. It is capable of causing
more severe disease, such as neonatal sepsis, encephalitis, sudden
unexpected death in infancy (SUDI), and paralysis (33-35), likely
due in part to central nervous system involvement. Cases of
HPeV3 infection may present with gastrointestinal and respira-
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tory symptoms, but this virus has also been detected in healthy
individuals (36, 37). The relevance of HPeV3 to the specific gas-
troenteritis outbreak in this study cannot be determined, espe-
cially given that no samples from linked cases were available.
However, it is noted that no testing for HPeV3 is currently per-
formed in New Zealand, and given that HPeV3 can cause severe
disease, it is reccommended that clinicians now consider testing for
HPeV3.

Although the focus of this study was primarily on revealing
viruses present in unsolved outbreaks of gastroenteritis, it was also
possible to examine higher organisms within the metagenomic
data, where genes that are specific for such organisms, e.g., para-
sites, allow for unequivocal identification. A strong etiological
candidate was identified, the parasite D. fragilis. While the role of
this parasite in gastroenteritis still remains unclear, it has been
suggested that in the absence of another pathogen, D. fragilis may
be considered a cause (7). In the present study, D. fragilis was
detected in 7/64 (10.9%) outbreak samples, but interestingly, it
showed a higher frequency in 4/9 (44%) outbreaks occurring in
pediatric settings. Only one previous study has reported an esti-
mate of D. fragilis prevalence in New Zealand, at ~2% in one city
in 1987 (38). Current routine testing in community pathology
laboratories uses light microscopy, which has been shown to pro-
vide a sensitivity inferior to that of gPCR (7), and therefore may
underestimate the prevalence of D. fragilis. Further testing for D.
fragilis in a larger number of outbreak samples than of healthy
control samples is therefore warranted to clarify any involvement
of this pathogen in outbreaks of gastroenteritis.

Viruses with more circumspect involvement in gastroenteritis
were also detected in the metagenomic data, e.g., pepper mild
mottle virus, picobirnaviruses, human enterovirus B, and influ-
enza A virus (Table 1). Pepper mild mottle virus is often found at
high titers in human fecal samples due to its dietary origin (39),
while picobirnavirus has been detected in 20% of human diarrheal
samples of unknown etiology (40). Human enterovirus B and in-
fluenza A virus are respiratory pathogens, and while there is some
evidence of gastrointestinal involvement (41, 42), it is unclear if
they are involved in these outbreaks.

The aim of this study was to search for viruses, and thus, virus
enrichment steps were incorporated into the methodology, such
as the use of centrifugation and nuclease treatment. These meth-
ods decrease the amount of host and bacterial material, thus in-
creasing the sensitivity of detection for viruses (18, 43). As previ-
ously reported, it was still possible to detect bacterial DNA, DNA
viruses (e.g., adenovirus), and parasites (i.e., D. fragilis) in the
metagenome. This is not unexpected; DNase treatment is not
100% efficient, allowing the detection of DNA viruses and bacteria
when using RNA-targeted methods (18, 43). It has also been sug-
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gested that the identification of a DNA virus in data from an RNA-
targeted approach may reflect the expression of viral mRNA tran-
scribed from DNA genomes during infection (18).

There are still major issues to be resolved before metagenomics
can be transitioned from the research setting into a clinical diag-
nostic laboratory. First, metagenomic studies, like many other di-
agnostic assays, are only able to detect the presence or absence of a
pathogen; they do not provide any information on functional in-
teractions or prove causality in the disease or outbreak. In the
current study, while candidate viral pathogens were identified,
causality could not be proven for their involvement in the out-
break, especially given that only one or two samples were available
from each outbreak. Second, viruses with unique genomes that
have no known relatives in the GenBank database could have been
missed due to the absence of any homology to known sequences.
As more viral genomes become available and bioinformatic tools
are further developed, metagenomics will become more effective
in the discovery of novel viruses. Third, it will be necessary for
both clinicians and patients to consider issues that may attend
unexpected findings and incidental detection of pathogens with
significant health consequences. Randomized anonymous sam-
ples and ethical review as a specific research project avoided such
an issue in this study. However, the use of anonymous samples
also limits interpretations, as no clinical or epidemiological infor-
mation relating to the outbreaks could be obtained. Lastly, even
though sequencing hardware is well developed, the bioinformatic
software is presently suited only to an expert user and is often ad
hoc or not specifically designed for unbiased metagenomic data.
These ethical and analytical aspects will need significant consider-
ation, along with financial costs, before metagenomic detection of
viruses becomes commonplace in clinical diagnostic laboratories.

This metagenomic study revealed a list of viruses and a parasite
occurring in unsolved gastrointestinal outbreaks in New Zealand,
providing a starting point for further investigations into outbreak
etiology and an audit process for routine diagnostic algorithms.
This study also provides the first report of HPeV3 in Australasia,
and given the more serious illness associated with this pathogen, it
is recommended that clinicians and health authorities consider
routine testing for this pathogen in instances of severe disease such
as encephalitis, neonatal sepsis, and paralysis, as already occurs in
the United States, Japan, and Europe.
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