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Abstract

Background Accurate and comprehensive identification of enteropathogens, causing infectious gastroenteritis,

is essential for optimal patient treatment and effective isolation processes in health care systems. Traditional diagnos-
tic techniques are well established and optimised in low-cost formats. However, thorough testing for a wider range
of causal agents is time consuming and remains limited to a subset of pathogenic organisms. Metagenomic next-
generation sequencing (MNGS) allows the identification of all pathogens in a sample in a single test, without a reli-
ance on culture or introduction of target selection bias. This study aims to determine the ability to routinely apply
mNGS testing, in comparison to traditional culture or polymerase chain reaction (PCR) based tests, for the identifica-
tion of causal pathogens for gastrointestinal infections.

Results The performance of mNGS, PCR and microscopy, culture and sensitivity (MCS) assays was established using
2,619 prospectively collected faecal samples from patients with symptomology indicative of infectious gastroen-
teritiss. Commonly experienced pathogens including Aeromonas spp, Campylobacter spp, Salmonella spp and Giardia
spp, in single and co-infected patients, were used to establish test outcomes. When testing for these organisms,
using the combined result from either or both PCR and MCS testing as the comparator, the mNGS assay had clini-
cally acceptable sensitivity (89.2-100%). Further, the mNGS assay detected 14 additional enteropathogens, that were
either not detected or not tested, by initial PCR/MCS testing.

Conclusions The advantage of mMNGS compared to other syndromic testing systems is the broad range of detectable
targets and the ability to interrogate samples without clinician informed or assay specific bias. With the development
of newer sequencing assays, it is now feasible to test for a wide range of target organisms in a sample using a single
mNGS test. Overall, the mNGS based approach enabled pathogen detection that was comparable to conventional
diagnostics and was shown to have the potential to be extended for the detection of many pathogens and genes

of clinical interest. In conclusion, the mNGS assay offers an easy, sample to answer workflow with rapid detection

of enteropathogens and has the potential to improve diagnosis, therapy and infection control precautions.
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Background

Gastrointestinal infections, characterised by vomit-
ing and diarrhea, remain a leading cause of morbidity
and mortality in both high and low-resource settings
[1]. Persistent infection can lead to significant clinical
outcomes including malabsorption of nutrients, food
intolerances, allergies, diabetes, and diseases of the intes-
tinal tract, such as ulcerative colitis and Crohn’s disease,
often requiring hospitalisation [2]. Transmission may
occur by ingestion of contaminated food and water or
person-to-person contact. Timely detection, identifi-
cation and characterisation of causal microorganisms
allows appropriate treatment plans to be formed by cli-
nicians [3]. These causal microorganisms encompass a
wide range of viral, bacterial, and eukaryotic species.
Traditional diagnostic and molecular testing methods,
which include microscopy and culture-based assays, fail
to detect a pathogenic organism in up to 90% of cases [4].
Addition of multiplexed PCR based tests, to complement
traditional microbiological tests, have improved diagno-
sis. PCR assays enable the identification of an increased
number of pathogens with greater speed and sensitivity
(Table 1) [5, 6]. The introduction of these improved tests
was shown to result in a significant reduction in endo-
scopic procedures, antibiotic usage, length of hospital
stays and abdominal radiology; leading to appreciable
savings to health care systems [7]. However, limitations to
testing are still encountered as the clinician must formu-
late a potential diagnosis on the basis of clinical presenta-
tion and patient history, in a disease that has overlapping
infectious clinical manifestations and non-infectious
causes [8]. Given the large range of pathogens, the con-
struction of initially available diagnostic PCR panels was
a compromise between providing less comprehensive
diagnostic panels or less than desirable assay perfor-
mance [9]. Current PCR assays are more comprehensive,
however generally a physician-directed testing schema
requires serial laboratory testing, which increases time to
diagnosis and costs, and most often does not address rare
pathogens. This ultimately impacts treatment and patient
care that will vary with different infectious origins (bac-
terial, viral, eukaryotic), and delays the identification of
both nosocomial and foodborne outbreaks [10].

The use of metagenomic next-generation sequenc-
ing (mNGS) in a diagnostic setting has been proposed
because a broad range of causal organisms can be identi-
fied in a single assay with improved taxonomic resolution
[11]. High throughput mNGS assays are fundamentally
hypothesis free and allow detection and identification
of uncultured microorganisms. The method has been
applied extensively in research studies, associating spe-
cific human microbiome features or organisms to a wide
range of health conditions, including gastrointestinal
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complaints [12], metabolic diseases [13], allergies [14],
and neurological conditions [15]. The rapidly decreasing
costs of sequencing and data processing, together with
improved bioinformatic techniques, suggest that mNGS
could be viable for routine clinical use, including diag-
nosis of human pathogens. In routine clinical diagnos-
tic assays of gastrointestinal infections from faeces, the
application of mNGS has been limited to microbial strain
typing in epidemiological studies, although it is under-
stood that implementation of the technique to microbial
communities would lead to actionable clinical outcomes
[16, 17].

Examples of the pioneering diagnostic application
of mNGS include successful treatment of a critically ill
child with meningoencephalitis [18] and investigation of
Escherichia coli strain 0104:H4 outbreaks in public heath
settings [19-21]. Several groups have now validated the
use of mNGS in certified clinical laboratories to diag-
nose infections in different sample types including serum
[22], sputum [23], and spinal fluid [24]. These established
causal agents for a wide range of diseases including men-
ingitis, encephalitis [18, 24], sepsis [25], and pneumonia
[26, 27]. However, to our knowledge, there are no certi-
fied mNGS based tests for faecal samples. The applica-
tion of this technology to faecal samples is challenging,
as the causal agent is hidden within endogenous micro-
organisms native to the gastrointestinal tract [28], which
is bioinformatically challenging to achieve acceptable
diagnostic performance due to high frequency of similar
genomic regions between pathogens and commensals.
Preliminary research has identified potential pathogens
in patients with acute cholecystitis [29] and Clostridi-
oides difficile infections [30]. Additionally, a compre-
hensive description of the faecal microbiome has been
demonstrated to provide valuable information by allow-
ing the identification of individual microorganisms or
sets of microorganisms that may be used as biomarkers
for grading severity or prognosis of disease states [31, 32].

In this study, we demonstrate that mNGS has the nec-
essary diagnostic performance for clinical application in
infectious disease testing of faecal samples. The use of
mNGS, by direct assay of stool samples, was compared
to the outcome of conventional diagnostic testing to
identify causal agents of infectious gastrointestinal com-
plaints for a selected common pathogen panel.

Methods

Study design

To establish the performance of mNGS as a diagnostic
assay, a retrospective study was designed which estab-
lished test outcomes from samples that were submitted
for routine pathology testing for GI pathogens and from
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samples that were assumed to be pathogen free (work-
flow outlined in Fig. 1).

Clinical samples

A total of 2619 stool specimens submitted to a clini-
cal laboratory for routine diagnostic testing of gas-
trointestinal pathogens were obtained as part of an
ethically approved clinical trial to assess the performance
of the mNGS assay (Mater Research Clinical Governance
Approval; Project 46934 Ref AM/MML/46934 v4) within
a local Australian population. Eligible samples were
obtained from patients who submitted stool samples for
testing as clinically indicated by the requesting practi-
tioner. Direct sampling of the originally submitted sample
was made to compare the diagnostic performance of the
mNGS assay to the requested pathology testing. Aliquots
of the original samples were made and stored at — 20 °C.
Within this sample set, 87% of sample reports were nega-
tive for the pathogens tested with routine pathology test-
ing. This allowed a retrospective panel of 329 samples
to be selected after processing at the Mater Pathology
(MP) clinical laboratory. Selection of samples was made
to include reported gastrointestinal pathogen targets and
samples failing to identify a pathogen target (negative) as
indicated by routine analysis in the supplying laboratory.
238 samples were positive for a single targeted organ-
ism, 23 reported multiple infectious organisms, and 66
reported negative test results for all tested organisms.
Two samples were removed from the testing panel due to
high relative abundance of human reads, which resulted
in insufficient microbial reads required for mNGS analy-
sis. Complete test reporting is included in Supplemental
File 1.

Routine Pathology
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Non-Clinical samples

A set of 200 non-clinical samples were obtained as part
of an ethically approved research program (Bellberry
Approved Project No.: 2018-05-400-A-2) that was simi-
larly formed from a local Australian population. This
sample set was established from participants over the
age of 18 that passed self-reported exclusion criteria that
classified them as presumptively healthy. These criteria
included no major medical conditions, no infections in
the previous six months, no gastrointestinal disease indi-
cators, a BMI less than 30, no antibiotic/antifungal use in
the previous six months, no use of medications known
to strongly impact the gut microbiome, not pregnant or
breastfeeding, no excessive alcohol intake, and no smok-
ing. These samples could be assumed to be free of gas-
trointestinal pathogens in the clinical range. The sample
set could not be confirmed to be free of potential partici-
pants that may be asymptomatic.

Routine pathology testing

Conventional testing, following the routine diagnostic
methodology of the testing laboratory (Mater Pathology)
was performed on all samples. Assays included micros-
copy, culture and sensitivity (MCS) testing, which com-
prised culture on selective media for Salmonella spp.,
Shigella spp., Campylobacter spp., Aeromonas hydroph-
ila, Yersinia spp., Vibrio parahaemolyticus/cholerae and
Shiga toxin-producing Escherichia coli. Alternatively, or
additionally, testing was performed with PCR for Sal-
monella spp., Campylobacter spp., Shigella spp., Yersinia
enterocolitica, Rotavirus A, Adenovirus, Sapovirus, Noro-
virus 1, Giardia lamblia/intestinalis, Cryptosporidium
parvum/hominis and Entamoeba histolytica. Tests per-
formed were on the direction of the submitting clinician
and following the routine test selection for the laboratory.

Testing
O Review of results and
) MCS selection of a set of ) ) Discrepancy
pathogen positive mNGS Test Testing
PCR and negative samples
Clinical Other e.g antigen Performance
Samples Metrics
Established
®)
» Discrepancy
ll I! > mNGS Test —>| Testing
Non-clinical
Samples

Fig. 1 Outline of Retrospective Study to Assess mNGS Assay Performance
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mNGS testing

Faecal samples were collected in a routine pathology
stool collection container (Sardstedt) and duplicate sam-
ples collected with a flocked active drying swab (Copan).
Specimens were stored at — 20 °C until extracted with the
QIAcube HT Automated DNA Extraction System, using
the DNeasy 96 PowerSoil Pro extraction Kit (Cat. No.
47021), in accordance with the manufacturer’s instruc-
tions. The quantity and purity of the extracted genomic
DNA was evaluated with fluorometric assay (QuantIT
High Sensitivity, ThermoFisher) and stored at 4 °C until
used.

Samples were processed with secured version-con-
trolled protocols, analytical pipelines and reference data-
bases at Microba Laboratories (ISO15189:2022; NATA
certified) following the routine diagnostic methodology
of the laboratory. The mNGS workflow is outlined in
Fig. 2. 1 ng of extracted genomic DNA was used in library
construction using the DNA Tagmentation Kit (Illumina,
CA, USA) according to the manufacturer’s protocol, with
slight modification to allow for high throughput process-
ing of larger sample numbers in smaller reaction vol-
umes. Sequencing was performed on the NovaSeq 6000
(Ilumina, CA, USA) in 2x150 bp format, generating a
minimum of 16 million read pairs per sample. Primary

Q
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)
000
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(s]0]

Library preparation
and sequencing
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GAGTC . Base calling
Removal of

human reads
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Fig.2 Outline of Workflow for Clinical Metagenomics
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sequence output was demultiplexed using manufacturer
supplied processing using Basespace (Illumina) and
FASTQ sequence files generated using default parame-
ters. The resulting reads were quality trimmed and subse-
quently filtered if shorter than 100 bases by Trimmomatic
[33]. All sequences from metagenomic sequencing have
been deposited at SRA (BioProject PRINA1156595), after
removal of reads containing human DNA. Quality-con-
trolled read pairs were mapped to genomes in Microba’s
proprietary reference genome databases. Taxonomic pro-
filing was performed using a proprietary genome-based
bioinformatic pipeline utilizing the Microba Community
Profiler (MCP) [37] and additional proprietary bioinfor-
matics methods. This bioinformatic pipeline was param-
eterized using in silico communities to achieve accurate
detection of target pathogens. Minimum requirements
for the quality of sequencing and control sample results
were met for each processing run. The clinical report lists
detected organisms meeting target-specific reporting cri-
teria, resulting in reporting of ‘detected’ or ‘not detected’
within the resulting report.

Control samples
Control samples were included in each mNGS process-
ing run. These were designed to confirm the appropriate

Aeromonas caviae Campylobacter coli
Aeromonas dhakensis Campylobacter jejuni
Aeromonas hydrophila Campylobacter lari

Campylobacter upsaliensis

REPORTING

Giardia Salmonella bongori

Salmonella enterica
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Fig. 3 Outline of required controls for sample processing to proceed
to report generation

performance of the assay in each step of the assay and
covered both positive and negative controls. To facili-
tate the creation of these controls a lot-controlled refer-
ence material was established from a faecal sample that
had been previously screened to be free of the nominated
gastrointestinal pathogens for the assay, by PCR and
mNGS analysis. The control process applied is outlined
in Fig. 3 for reference.

Positive control

The established faecal reference material was used as a
base to which a spike in of mixed target species at a clini-
cally reportable range was made. Target species included
in the control material were isolated within the labora-
tory by culture directed approaches for Aeromonas spp.,
Campylobacter spp., Salmonella spp. and Giardia spp.
Resulting axenic cultures were sequenced using DNA
Tagmentation Library Preparation (Illumina), following
the manufacturer’s protocol for direct input of microbial
material and validated genomically from 150 bp paired-
end data generated on the NovaSeq 6000. Resulting data
was trimmed and quality controlled using Trimmo-
matic v0.36 (ILLUMINACLIP:adapters_NexteraPE-PE_
TruSeq3-PE.fa:2:30:10, LEADING:3, TRAILING:3,
SLIDINGWINDOW:4:15, CROP:150 HEADCROP:0,
MINLEN:100) [33], and phiX reads were removed using
bbduk from bbmap v38.68 [34]. Reads were merged
using bbmerge from bbmap and assembled using Spades
v3.13.0 [35]. Resulting genome assemblies were evaluated
with CheckM v1.0.18 [36] for genomic completeness and
potential contamination of the reference material.

Negative control

Target free wells were included in all stages of process-
ing, from DNA extraction to sequence analysis, on each
processing run. These were used to monitor for reagent/
consumable contamination and any potential cross con-
tamination between samples during processing.

Required control results
Each metagenomic assay required positive identification
of all nominated organisms within the positive control

Page 6 of 17

and absence of identification of any organisms within the
negative control for analysis of the samples to proceed to
reporting.

Discrepant analysis

In the case of discrepant results, confirmatory PCR
screening was performed using a validated clinical assay
as per the manufacturer’s instructions for the identifi-
cation of Campylobacter, Aeromonas and Salmonella
species (LightMix Modular Gastro Bacteria Multiplex
Testing (TIB Molbiol)) or Giardia spp. (Gastro Parasite
Multiplex Testing (TIB Molbiol)). Each discordant sam-
ple was tested in a minimum of two independent PCR
tests to enable consensus of the sample content to be
reported at the threshold of 3 of 4 concordant results.
The result of this orthogonal confirmatory test was con-
sidered accurate and used to resolve the discrepancy.
Six samples were unable to be resolved due to an inabil-
ity to reach a consensus from multiple rounds of testing
in which they returned a mix of detected/not detected
results, presumably being at the limit of detection for the
testing applied.

Statistical analysis

Statistical analysis was performed using Pearson’s chi
square test to obtain a correlation coefficient between
DETECTED/NOT DETECTED results of pathogen
detection by mNGS in comparison to the combined
results of the validated routine testing of PCR and MCS.
Statistical testing was performed with Stata 17 Data
Analysis and Statistical Software and GraphPad Prism
Software. A p-value of less than or equal to 0.05 was con-
sidered statistically significant.

Extended target testing

A subset of 32 samples from the original clinical sample
set were also tested for the presence of Adenovirus spp.
following the same laboratory processing and confirma-
tory PCR approach. Sample contents were evaluated with
the Microba Community Profiler [37] as a proof of con-
cept that the validated assay could be extended for addi-
tional targets.

Results

Limit of detection

To determine if mNGS is viable for clinical applications,
we first determined the limit of detection for clinically rel-
evant species of Campylobacter, Aeromonas, Salmonella
and Giardia that could be compared to standard qPCR
and culture-based assays. This formed a set of 11 organ-
isms, noted as reported in Fig. 2. A base faecal matrix
was pre-screened for these potentially pathogenic organ-
isms and was determined to have 2x10® organisms/g,
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which was noted to be within the temporal variation
experienced within faeces from healthy and unhealthy
donors [38]. The limit of detection (LoD), defined as the
lowest concentration at which 95% of positive samples
were detected, was determined for each of the 11 organ-
isms on the mNGS reporting panel at a standardised read
sequencing depth. Serial dilutions from 5x10° genome
equivalents/gram faeces were made across a minimum
4-log dilution range for each organism, and each sam-
ple assayed in triplicate by both PCR and mNGS. As the
established value for all species within each genus was
the same, an example of the read count correlation with
increased number of organisms/g of faeces for one spe-
cies within each genus has been included in Fig. 4a. The
LoD ranged from 1x10* to 1x10° organisms/g for the
mNGS assay. In comparison, the PCR assay LoD ranged
from 1x10* to 1x10° organisms/g. This was confirmed
using reference material for each of the 11 species and is
presented as a collated concordant outcome for all spe-
cies within each genus (Fig. 4b). All samples reported
as negative by mNGS were also negative by PCR test-
ing, except for Aeromonas spp., which required tenfold
greater target organism levels to reliably return a positive
result with mNGS testing. Conversely, the mNGS assay
identified a positive result at tenfold less target than PCR
for both Giardia and Salmonella spp. Testing of closely
related species from the same genus, that were not clini-
cally relevant, reported negative test results in both
mNGS and PCR testing (Supplementary Table 2).
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Clinical performance
To assess the validity of mNGS as a diagnostic for a range
of infectious pathogens, we compared the results of the
mNGS faecal assay to pathogens identified by standard
testing of 329 faecal samples from selected patients in the
Mater Hospital System, Brisbane, Australia. The required
clinical presentation of these patients was gastrointesti-
nal symptomology indicative of infectious disease.
Standard testing of faecal samples uses a combina-
tion of MCS, PCR and antigen testing. This testing was
not uniform across the sample set due to technical limi-
tations and individual clinician choice of test. However,
each sample assessed contained at least one test outcome
from the standard tests offered within the initial pathol-
ogy service. These initial tests were all weighted equally
in being considered a test outcome. The approach of the
mNGS assay was to report only identified organisms
that were clearly established as gastrointestinal patho-
gens, rather than listing all microbes present in the sam-
ple. Using this approach, from the 329 faecal samples,
preliminary test results indicated that 18 were positive
for more than one pathogen, 170 were positive for one
pathogen and 150 were negative for all tested patho-
gens. Four pathogens of clinical interest typically identi-
fied at the genus level by standard testing were used for
validation testing of the mNGS assay, Campylobacter
(87/338), Salmonella (50/338), Giardia (28/338) and
Aeromonas (15/338) [39]. Although, these may not be the
most important organisms clinically, they were justified
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Fig. 4 Established Limit of Detection for Representative Species used to Demonstrate Clinical Performance of Metagenomic Assays. The

limit of detection was established using known isolates as a spike in to pre-established screened negative faecal samples at known numbers

of pathogenic organisms per gram of faeces. A Each organism was graphed to map the number of target organisms to the resulting diagnostic
reads recorded. An example of one species within each of the genus evaluated is included in section A. B Tabulated summary of the analysis

of the spike in samples over the range of 0 to 5 x 10° target organisms per gram of screened negative faeces, tested in 3 replicates with both mNGS

and PCR and reported as Detected (+) or Not Detected (-)
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Giardia spp
28 Samples
mNGS
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Testing
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Testing
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mNGS
MCs Testing
Testing
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Testing

Fig. 5 Test Outcomes for MHC Clinical Sample Set Tested by PCR, MCS, mNGS and Discrepant PCR assay. A clinical sample set (MVHC)

was established from samples submitted for routine pathology testing, being symptomatically indicative of the presence of a gastrointestinal
pathogen. The outcome from testing of these samples was determined for the initial pathology service (diagnostic PCR testing and MCS
testing), and for the subsequent mNGS testing, and discrepant PCR testing, as required. The results were collated at a genus level for Aeromonas,
Camplyobacter, Salmonella and Giardia species, given that PCR testing lacked resolution to the species level

in inclusion as they were contained on the reports issued
by the primary pathology service and were noted to be
present as targets in routinely offered diagnostic PCR
panels. The selection of these organisms was also based
on obtaining enough positive samples to generate statis-
tically robust performance measures. As such, the study
should be considered a proof of concept providing a basis
for identification of other pathogenic species. Initially
mNGS had modest concordance with standard testing,
ranging from 46.7% (Aeromonas) to 75.9% (Campylobac-
ter) sensitivity, requiring discordancy testing. Discord-
ant test results were resolved according to the criteria
outlined in the Methods (Supplementary Table 1). The
notable difference in Aeromonas spp. testing outcomes
was due to this genus not being included in the PCR
assay used by the original testing laboratory. Therefore,
identification of this pathogen was solely reliant on MCS

testing, explaining the low concordance as MCS is known
to be less reliable than molecular-based techniques [40,
41]. Overall, MCS failed to detect a pathogen where PCR
did in 21 of 176 cases. However, in 3 cases, PCR failed
to detect a pathogen where MCS did, demonstrating the
limitations of current testing (Fig. 5).

After resolution of discordant test results with inde-
pendent PCR testing, a composite result was made from
the standard validated tests to establish pathogen pres-
ence in each sample, resulting in 152 positive samples.
Using the composite results as ground truth, the sensitiv-
ity and specificity for detection of the 4 pathogens with
mNGS was determined (Fig. 6). mNGS had a clinically
acceptable sensitivity for all 4 pathogens; 89.2% for Sal-
monella spp., 88.5% for Giardia spp., 89.5% for Campy-
lobacter spp. and 100% for Aeromonas spp. Analogous to
PCR testing outcomes (130 of 152), the identification of
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pathogens was higher with mNGS (137 of 152) than with
MCS testing (83 of 152). Notably, mNGS testing resolves
targets to the species level unlike MCS or PCR testing.
Resolution of the positive Aeromonas samples at the spe-
cies level revealed that each sample was dominated by a
single species: A. caviae (4/15), A. dhakensis (5/15), A.
hydrophila (5/15), and A. veronii (1/15). Our results are
consistent with previous studies in which these four spe-
cies are the most pervasive of the 19 known Aeromonas
species considered potential pathogens [42].

The outcome of testing for Campylobacter species was
mostly concordant (89.5%), with discordant outcomes
being due to disagreements as to which species should
be included as pathogenic in a diagnostic assay. For
example, five of the samples were scored as positive for
Campylobacter (Supplementary Table 2) from MCS and
PCR testing but were scored as negative in the mNGS
assay, because at the species level they were identified
as either C. hominis or C. concisus, which we and others
considered to be non-pathogenic due to their prevalence
in healthy individuals [43, 44]. Further studies will be
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necessary to confirm the inference of non-pathogenicity
applied in the mNGS test.

A number of samples were close to the PCR detection
threshold (Ct>35) for Giardia, Salmonella and Campy-
lobacter spp., which presented as discordant results with
mNGS. For example, in two cases duplicate PCR tests
recorded alternating negative and positive results, indi-
cating the inherent variability in assessing samples at the
edge of clinical reporting ranges. Figure 7 demonstrates
this trend, with the concordance of PCR test results when
reported as units from a maximum of 40 cycles (assumed
to be negative) to the number of informative sequenc-
ing reads identified in the mNGS assay for each species.
Previous studies have concurred with this finding, with
discrepant results containing Ct values of 35 or higher
considered to be of questionable clinical relevance [6]
and potentially incorrectly inflating the discrepancies
reported (Supplementary Table 1). If these borderline
results are removed, discrepancies between mNGS and
standard testing are resolved in 92% of samples.

Prevalence
(%) TP TN FP FN

Aeromonas spp 0.7 15 315 0 0
Campylobacter spp 3.0 68 252 0 8
Giardia lambia 1.0 23 302 2 3
Salmonella spp 1.6 33 325 0 4

Diagnostic Sensitivity Diagnostic Specificity

% 95% ClI % 95% Cl
Aeromonas spp 100.00 78.20%-100.00% 100.00 98.84%-100.00%
Campylobacter spp 89.47 80.31%-95.34% 100.00 98.55%-100.00%
Giardia lambia 88.46 69.85%-97.55% 99.34 97.64%-99.92%
Salmonella spp 89.19 74.58%-96.97% 100.00 98.87%-100.00%

Diagnostic Accuracy

Limit of Detection (95%Cl)

% 95% CI (CFU/g faeces)
Aeromonas spp 100.00 98.89%-100.00% 1075
Campylobacter spp 99.68 98.29%-99.99% 10M
Giardia lambia 99.23 97.58%-99.87% 107N
Salmonella spp 99.83 98.65%-100.00% 1075

Negative Predictive Value Positive Predictive Value
% 95% CI % 95% CI
Aeromonas spp 100.00 N/A 100.00 N/A
Campylobacter spp 99.68 99.38%-99.83% 100.00 N/A
Giardia lambia 99.88 99.66%-99.96% 57.59 25.31%-84.48%
Salmonella spp 99.82 99.56%-99.93% 100.00 N/A

Fig. 6 Clinical Performance Metrics for mNGS when Applied as a Routine Pathology Test. Standard performance metrics for the mNGS assay were
established and are outlined for diagnostic sensitivity, specificity, accuracy, limit of detection, negative predictive value and positive predictive value
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Fig. 7 Correlation of Diagnostic Read Identification with mNGS testing to Ct Value with PCR Testing of Clinical Samples. Comparison was made
from samples within the MHC clinical sample set of the number of diagnostic reads (NGS read count) and PCR Ct value, displayed as the value
below the upper Ct value cut off established by the manufacturer (CT units from max)

In total, mNGS testing identified 14 additional poten-
tial microbial pathogens in the sample set belonging to
the genera Aeromonas, Campylobacter, Giardia and Sal-
monella, equating to a diagnostic result for an additional
4.14% of the originally tested sample set.

The evaluation of the selected pathogen panel indicates
that mNGS can be applied as a standard testing approach
with equal sensitivity and increased taxonomic resolution
in comparison to routine pathology testing. While not
having enough samples to perform the appropriate statis-
tical tests, preliminary results suggest that the assay could
equally be applied to a wider range of targets, includ-
ing Adenovirus, Cryptoporidium, Pleisomonas, Yersinia
and others. For example, Adenovirus could be resolved
to subtypes A-H, using mNGS, providing clinically use-
ful information as different subtypes have different clini-
cal presentations and treatments e.g. A and F [45] which
are associated with either diarrhea or cryptic enteric
infection [45]. Other subtypes that are not reported by
standard testing, such as C and D, are detected by mNGS
providing a more complete picture (Fig. 8).

In the rare instances of a confirmed co-infection in the
complete data set (12 of 2713 samples), mNGS identi-
fied common sets of co-occurring pathogens (Table 2).
The most prevalent pathogens in co-infections were Sal-
monella (6/12), Adenovirus (5/12) and Campylobacter
(5/12), which have been reported previously [46, 47].

Beyond pathogen detection, mNGS can detect many
other features of potential clinical interest due to the
untargeted nature of the technology in comparison to
PCR. While PCR panels require selection and validation
of each target primer set to be reported, mNGS covers
all genomic material in the sample, relying on a selec-
tion of targets within the database to which the sequence
data is compared. This means that the resulting data can
be reanalysed for additional features of interest once the
data is in hand. For example, antimicrobial resistance
gene presence was recorded in 212 of 388 samples and
toxin genes were detected in 110 of 388 samples (Sup-
plementary Table 1) indicating that further clinical value
can be developed for mNGS testing with refinement of
the assay.

A limitation of mNGS noted in our study was host
contamination that can mask microbial detection [48].
Human DNA content ranged from 0-5% in the healthy
control samples and between 1-95% in the clinical sam-
ple set but was sufficiently low in the majority of samples
within both populations to be generally appropriate for
metagenomic based analysis. Results were unable to be
generated from two samples due to high levels of human
DNA (up to 99% of total DNA). These samples were from
patients with active C. difficile infection that generally
had higher human DNA concentrations. Methods to
reduce host contamination, with commercially available
solutions such as differential lysis or CpG methylated
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3322::_ Ori%i:::‘::(:R mNGS Result C:g;irg;astslrty Consensus
BBF0325 Negative Adenovirus C Negative Negative
BBF0660 Negative Adenovirus D Negative Negative
BBF1911 Negative Adenovirus D Negative Negative
BBF0354 Negative Negative Negative Negative
BBF0375 Negative Negative Negative Negative
BBF0526 Negative Negative Negative Negative
BBF0358 Adenovirus Negative Negative Negative
BBF0443 Adenovirus Negative Negative Negative
BBF7394 Adenovirus Negative Negative Negative
BBF8881 Adenovirus Negative Negative Negative
BBF8885 Adenovirus Negative Negative Negative
BBG6868 Adenovirus Negative Negative Negative
BBG6876 Adenovirus Negative Negative Negative
BBG6926 Adenovirus Negative Negative Negative
BBG6927 Adenovirus Negative Negative Negative
BBF0352 Negative Adenovirus F | Adenovirus Positive
BBF8866 Negative Adenovirus F | Adenovirus Positive
BBF8902 Negative Adenovirus F | Adenovirus Positive
BBG6869 Adenovirus Negative Adenovirus Positive
BBG6872 Adenovirus Negative Adenovirus Positve
BBG6874 Adenovirus | Adenovirus A Negative Positive
BBG6875 Adenovirus | Adenovirus A Negative Positive
BBG6873 Adenovirus | Adenovirus A | Adenovirus Positive
BBF0350 Adenovirus | Adenovirus F | Adenovirus Positive
BBF0449 Adenovirus | Adenovirus F | Adenovirus Positive
BBF0525 Adenovirus | Adenovirus F | Adenovirus Positive
BBF8901 Adenovirus | Adenovirus F | Adenovirus Positive
BBG6870 Adenovirus | Adenovirus F | Adenovirus Positive
BBG6871 Adenovirus | Adenovirus F | Adenovirus Positive
BBG6877 Adenovirus | Adenovirus F | Adenovirus Positive

*Adenovirus A is associated with cryptic enteric infection
Adenovirus F is associated with diarrhea
Adenovirus C and D are not associated with gastrointestingal disease

Fig. 8 Detection of Adenovirus with mNGS and PCR Testing. A Subset of the MHC Clinical Sample Set was used to apply analysis for less prevalent
organisms including Adenovirus. Comparison was made between the initial laboratory PCR test, the mNGS test, and the confirmatory PCR result

to come a consensus outcome

DNA depletion, prior to sequencing is one approach to
mitigate this issue [49-51].

mNGS performance was also assessed using a nega-
tive asymptomatic donor population. Of the 200 asymp-
tomatic samples, 98% had no detectable pathogens,
using both PCR and mNGS testing. In 3 positive sam-
ples, a single pathogenic species was detected in a clini-
cally relevant range, with both mNGS and PCR, namely

Campylobacter coli, Aeromonas caviae, and Giardia
intestinalis. mNGS also identified a single sample
that was positive for Salmonella enterica that was not
detected by PCR testing. This species was identified as
Salmonella enterica subsp. arizonae, which is determined
to be a less common pathogenic species. Analysis of the
genetic region used for the PCR test indicated that this
serovar had only 93.9% identity to the genomic region
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Table 2 Co-infections Within the Clinical SampleSset Identified with mNGSTtesting

Sample number Coinfection type

Organisms identified

BBF0525 Bacteria-virus
BBF8901 Eukaryotic-virus
BBF8888 Eukaryotic-bacteria
BBF8889 Bacteria-bacteria
BBF8902 Bacteria-virus
BBF8872 Bacteria-bacteria
BBG0794 Bacteria-bacteria
BBG0805 Eukaryotic-bacteria
BBG5065 Eukaryotic-bacteria
BBG5055 Bacteria-bacteria
BBF0660 Bacteria-virus
BBF1911 Bacteria-virus

Salmonella bongori, Adenovirus F
Giardia intestinalis, Adenovirus F
Aeromonas dhakensis, Giardia intestinalis
Aeromonas caviae, Salmonella enterica
Salmonella enterica, Adenovirus F
Aeromonas veronii, Campylobacter jejuni
Aeromonas veronii, Campylobacter jejuni
Salmonella enterica, Giardia intestinalis
Salmonella enterica, Giardia intestinalis
Campylobacter jejuni, Salmonella enterica
Campylobacter jejuni, Adenovirus D
Campylobacter jejuni, Adenovirus D

targeted by the PCR test, which accounts for the lack
of detection in this assay format. These results in a pre-
sumptive healthy population were similar to preliminary
studies in smaller studies, in which Salmonella and Cam-
plyobacter spp. were detected [8] and can be attributed to
asymptomatic carriers.

Test turnaround time (TAT) is an important vari-
able for clinicians. The median TAT was 1 week, which
is comparable to standard testing. The fastest time to
report generation was 48 h indicating that mNGS could
be adopted for critical care. However, given the current
routine test time frame, which is similar to sequential
pathology testing including culture-based assays, we
suggest that initial use of mNGS testing would be best
applied to patients that have longer term chronic gastro-
intestinal distress. It is likely that these clinical samples,
which have not been resolved with routine testing for
common pathogens, require investigation for a broader
range of organisms, which mNGS facilitates.

Discussion

Advances in diagnostics for gastrointestinal infectious
diseases are critical to improve both the individual care
of patients and health care systems globally. Current
gold standard testing (PCR, MCS, Antibody staining,
Maldi-TOF) lack specificity and coverage [41]. There-
fore, new assays should identify a wide range of infec-
tious agents in parallel with high precision. Identified
pathogens should have sufficient characterisation to
guide appropriate therapy and avoid mistreatment
or overuse of antibiotics, that leads to the emergence
of anti-microbial resistance. New tests need to enable
surveillance of resistance patterns and screening of
patients colonised with resistant pathogens, which sup-
ports prevention and infection control measures. Tests

should also monitor for emerging pathogens within
patient populations. Current techniques fall short
of providing these functions, even when applied in a
sequential syndromic testing format [17, 52].

The inclusive nature of mNGS addresses many of these
requirements by providing contemporaneous informa-
tion on the presence of bacteria, fungi, eukaryotes, and
viruses with up to strain level resolution if required [53].
In this study only a modest number of pathogens were
analysed that can be replicated with multiplex PCR; how-
ever, mNGS has the potential to identify hundreds of
targets and indeed more targets can be added as needed.
In other studies, it was observed that the application of
mNGS to prevent multiple sample testing and provide
additional information in testing of immunocompro-
mised neonates, transplant recipients, and critically ill
intensive care patients significantly improved survival
and quality of life [19, 54]. This was also associated with
reduced patient isolation times, hospital stays and medi-
cal interventions, leading to an overall decreased cost to
both the patient and the hospital [55]. Similar outcomes
could be expected to be achieved when applying mNGS
to testing of patients with persistent or severe gastroin-
testinal infections, and specifically hospitalised infants,
elderly and immunocompromised patients, where noso-
comial infectious gastroenteritis is a common compli-
cation, contributing to increased morbidity, mortality,
length of hospital stay and hospital costs [5, 9, 56]. Fur-
ther studies including economical calculations, including
those associated with delayed diagnostics and increased
morbidity and mortality, are called for.

Accurately determining the microbial species present
in clinical samples enables understanding of microbial
interactions that promote the expression of pathogenic-
ity and virulence factors, and the transfer of AMR genes
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[57-60]. Application of shotgun metagenomics for the
detection of multi-drug resistant microbial coloniza-
tion in high-risk clinical settings has shown promise in
onco-hematological patients [61-63]. For these patients,
gold standard testing lacks sensitivity and is restricted to
detection of Enterobacterales species that carry extended
spectrum beta-lactamase (ESBL)/carbapenemase resist-
ance genes [64]. In this scenario, relapsing patients follow
treatment plans that exert selective pressure, significantly
increasing the risk of bacteraemia in patients colonised
by ESBL containing organisms, even at relatively low
abundances [65—67]. Under-detection of colonisation is
also problematic in allowing the spread of resistant bacte-
ria to other patients at risk, which has been comprehen-
sively demonstrated in hospital-associated transmission
events [68]. Thus, the application of mNGS in infectious
disease testing holds great promise in addressing existing
testing regime short comings.

In this study, we demonstrated the successful applica-
tion of mNGS for routine infectious disease testing in
faecal samples, in which the performance for detection
of commonly encountered GI pathogens was equivalent
to standard diagnostic testing but with improved reso-
lution and inferred functional potential of antimicrobial
resistance and virulence factors to guide clinical treat-
ment. mNGS was able to detect pathogens in 137 of 152
samples with clinical sensitivity ranging between 88.5 to
100% and specificity ranging from 99.3 to 100% for the
four target genera evaluated. This was achieved despite
differences in diagnostic performance of testing meth-
odologies and inclusion of cases only diagnosed with one
test method, for example MCS. At least 14 of 16 addi-
tional organisms identified by mNGS are likely true posi-
tive detections which merit further investigation. As with
any diagnostic assay, performance at the limit of detec-
tion is prone to unreliable reporting. This applied to 16 of
the samples in the present study for which there was evi-
dence of informative sequencing reads below the set tar-
get threshold or positive identification of closely related
species to the PCR target organism being observed.

The four most consistently detected pathogens, by
mNGS and PCR, are consistent with published studies
globally, where Campylobacter, Salmonella, Aeromonas
and Giardia organisms are commonly encountered path-
ogens [69-73]. This makes the selected targets used in
the current study broadly applicable and translatable to
global diagnostic testing. In total, mNGS identified 314
infectious agents compared to 209 with conventional
testing alone. Four percent of samples were diagnosed
solely on the basis of mNGS, in which testing had not
been considered by the treating clinicians for the patient
testing or the testing format did not include the reported
pathogen. High host DNA background, which has been
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noted to be an issue for sensitivity in mNGS testing [74],
was only seen in 2 samples related to active C.difficile
infections. These findings suggest that gastrointesti-
nal infections remain undiagnosed or misdiagnosed in
a proportion of patients using conventional testing and
demonstrate the potential usefulness of clinical mNGS
testing. Additionally, eight of the samples testing positive
for Campylobacter by PCR and MCS, were classified as
the debatably pathogenic C. hominis or C. conscisus by
mNGS [43]. This demonstrates the importance of using
diagnostic testing that can report at the species or strain
level.

While mNGS holds great promise for analyzing com-
plex microbial populations in faecal samples, there are
additional challenges that warrant consideration, which
have been addressed in this study. Current limitations
for the diagnostic use of mNGS broadly include technical
restrictions, costs, standardisation, the complexity of bio-
informatic analysis and turn-around-time (TAT). Techni-
cally, the use of any genomic technology cannot link to
live organisms and is therefore limited in inferring clini-
cal relevance. Furthermore, the absence of standardized
workflows for sample preparation and data analysis can
impact reproducibility across studies. Addressing these
challenges is critical for maximizing the utility of mNGS
in clinical and research applications.

With recent advances in sequencing technology, the
costs associated with sample processing and sequencing
have steadily declined, making this technology feasible to
implement [75]. This is likely to continue, and the current
cost of mNGS testing may be justifiable if it can make
inroads into the ~60% of potential infections that remain
undiagnosed using conventional testing [76]. As most
countries do not have approved methods, instruments
and/or databases for diagnostic mNGS, they are currently
provided as in-house laboratory developed tests. These
require extensive validation and demonstration of perfor-
mance metrics before being able to be offered for clinical
testing [76]. Encouragingly, networks are being estab-
lished that are standardising both laboratory and bioin-
formatic procedures, required quality control processes
and proficiency testing programs [77]. However, there
is a scarcity of bioinformatic software capable for clini-
cal diagnostic use. This is exacerbated by concerns over
the quality and comprehensiveness of currently available
reference databases. Notably, viral species are under-
represented [78] and reference genomes can harbour
contamination with exogenous DNA [79] leading to high
risk of erroneous alignments and false positive diagno-
ses. Although several open source metagenomic analysis
pipelines are available, most have issues with false posi-
tive rates, precision and recall [37, 80, 81], making them
unsuitable for formally accredited clinical application.
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Accurate high-resolution classification, removal of host
sequence data, and appropriate report visualisations are
just some of the considerations required to make clini-
cally robust software [82], for example FDA-ARGO [83],
FDA RVDB [84]. The availability of proprietary clini-
cal reporting services such as those described here, are
therefore important, as they have been optimised for cer-
tified clinical diagnostics [36]. Use of such services also
addresses previous concerns that TAT for mNGS assays
is not within clinically actionable timeframes. Currently
TAT, from specimen receipt to result report issue, has
averaged 48 h for most mNGS platforms [10], with newly
emerging sequencing technologies promising further
reductions of TAT to as little as 6 h [85]. Given estab-
lished time frames for conventional culture-based meth-
ods at 3 days for bacteria (but up to 45 days for some
types such as mycobacteria) and 7 days for fungi, a 2 day
TAT with mNGS is a clinically acceptable period [17].
The challenge for the field will be to achieve these out-
comes in a commercially viable format.

Our mNGS approach did not allow for detection of
all viral pathogens that had been found by conventional
diagnostic testing, as most of the viral pathogens were
RNA viruses, which are missed in standard DNA based
metagenomics. However, the mNGS approach could be
expanded to include RNA purification from stool sam-
ples that would benefit from the development of specific
databases for virus diagnostics. Here we have validated
the method for a small number of targets, however, the
mNGS method can be greatly expanded to include more
pathogens and enable much broader hypothesis free syn-
dromic testing.

Conclusion

In summary, we demonstrate that mNGS is a promising
approach for the certified diagnosis of infectious disease
provided that laboratory and bioinformatic processes are
standardised benchmarked and of sufficient diagnostic
performance. Here we demonstrate this with a modest
number of well-known clinical targets; however, mNGS
has the potential to be scaled to hundreds of targets in
a single validated assay, which would have greater clini-
cal utility. This would justify the widespread adoption of
mNGS by the medical community, particularly for gas-
trointestinal infections. Ultimately rapid and accurate
identification of pathogens enables tailored treatments,
reduces the abuse of broad-spectrum antibiotics and
assists in patient recovery [3]. The emerging consensus
amongst the medical fraternity is that metagenomics will
play a role in clinical microbiology laboratories in the
near future, in particular for hard to diagnose samples.
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Ultimately, we expect metagenomics to be an important
method in gastrointestinal infectious disease testing.
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