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Metagenomic sequencing of post-mortem
tissue samples for the identification of
pathogens associated with neonatal deaths

Vicky L. Baillie 1,2 , Shabir A. Madhi 1,2, Vida Ahyong3 &
Courtney P. Olwagen1,2

Postmortem minimally invasive tissue sampling together with the detailed
review of clinical records has been shown to be highly successful in deter-
mining the cause of neonatal deaths. However, conventional tests including
traditional culture methods and nucleic acid amplification tests have peri-
odically proven tobe insufficient to detect the causative agent in the infectious
deaths. In this study, metagenomic next generation sequencing was used to
explore for putative pathogens associated with neonatal deaths in post-
mortemblood and lung tissue samples, in Soweto, South Africa. Here we show
that the metagenomic sequencing results corroborate the findings using
conventional methods of culture and nucleic acid amplifications tests on post-
mortem samples in detecting the pathogens attributed in the causal pathway
of death in 90% (18/20) of the decedents. Furthermore, metagenomic
sequencing detected a putative pathogen, including Acinetobacter baumannii,
Klebsiella pneumoniae, Escherichia coli, and Serratia marcescens, in a further
nine of 11 (81%) cases where no causative pathogen was identified. The anti-
microbial susceptibility profile was also determined by the metagenomic
sequencing for all pathogens with numerous multi drug resistant organism
identified. In conclusion, metagenomic sequencing is able to successfully
identify pathogens contributing to infection associateddeaths onpostmortem
blood and tissue samples.

In 2019, there were approximately 5.2 million deaths in children less
than 5 years of age, 46% of which occurred within the first month
(neonates) of life1. Seventy-seven percent of deaths in children under-5
years of age occur in Africa and South Asia2. Traditionally, the cause of
death (CoD) in children is modeled mainly using verbal autopsy and
vital registration data3, and only attributes the death to a single
underlying condition. The use of postmortemminimally invasive tissue
sampling (MITS) has been shown to provide granular understanding of
the CoD in children, including providing biological evidence of patho-
gen specific causes of infection related deaths. Furthermore, use of

MITS together with other sources of information enables better char-
acterization of the full causal pathway to death, including expanding to
identify antecedent and immediate events leading to death, over and
above the underlying CoD. We reported in 2019, using MITS, the
dominant role (74%) of multidrug-resistant (MDR) bacteria, particularly
Acinetobacter baumannii and Klebsiella pneumoniae, in the causal
pathway of in-hospital neonatal deaths in South Africa4. These patho-
genswere only identifiedby conventional culture, since the commercial
molecular assays used at the time did not target some of the organisms,
including Acinetobacter baumannii and Klebsiella pneumoniae4.
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Metagenomic next-generation sequencing (mNGS) has the
potential to provide a more granular understanding of the role of
different pathogens in the causal pathway to death, as it is not
biased to only identifying pre-selected targets, and is able to iden-
tify viruses, bacteria, fungi, and parasites in a single assay5–7. In a
study to determine the etiology of meningitis, encephalitis, or
myelitis for which no pathogen was identified by routine micro-
biological testing, mNGS yielded identification of a putative
pathogen in 22% (13/58) of cases5. Furthermore, mNGS allows for
culture-independent analysis of the antimicrobial resistome,
enabling characterization of antimicrobial resistant genes present
in the sample8. The sensitivity of standard microbial culture is
variable on ante-mortem blood and tissue sampling, and the anti-
microbial susceptibility profile is usually delayed for 2 to 3 days
after initiation of empiric antibiotic therapy for suspected sepsis9,10.
Rapid characterization of the antimicrobial resistome on ante-
mortem samples could assist with antimicrobial stewardship and
potentially improve patient outcomes.

In this exploratory study, we evaluated the utility of mNGS in
identifying pathogens associated with neonatal deaths. We tested
post-mortem blood and lung samples collected by MITS, which had
previously been tested by culture and select nucleic acid amplification
tests (NAAT)4.

Results
Study population
Between July 16th, 2015 and July 30th, 2016, MITS was undertaken in
153 (64.8%) of the 236 neonatal deaths who were eligible for enroll-
ment. The leading underlying CoD included complications of pre-
maturity (53%), complications of intrapartum events (15%) and
congenital malformations (13%). Among the decedents that died of
non-infectious causes (65/153; 42%), 16 were included in the current
study as controls. The leading immediate CoD among the controls was
“respiratory distress syndrome of newborn” (50%, n = 8/16). Further-
more, there was no notable organisms detected by culture of NAAT
either on ante-mortem blood sample or post-mortem sampling; Sup-
plementary Table 1. Eight-eight (57.5%of 153) deathswere attributed to
being associated with an infectious cause either as the immediate or
underlying cause; including 55% (n = 48/88) due to sepsis, 38% (n = 33/
88) due to lower respiratory tract infection (LRTI), and 8% (n = 7/88)
due to meningitis or encephalitis. Of the decedents with an infectious
cause, 35.2% (n = 31/88) had residual paired lung tissue and blood
samples available for mNGS analysis and were included in this study.
Of these 31 decedents, a causative pathogen was identified through
conventional ante- or post-mortem culture or on NAAT (post-mortem
sample only) in 65% (n = 20) of the decedents. Whereas in the
remaining 11 cases, there was insufficient evidence for the DeCoDe
panel to identify a causative pathogen; Table 1 and Supplementary
Table 2. Themedical notes and antemortemblood culture results were
unavailable for a single case where infection was attributed in the
casual pathway to death. In the 20 decedents where a pathogen was
identified as the infectious CoD, 70% (n = 14/20) had the organism
identified on ante-mortem samples within 72 h of death, of which 93%
(n = 13/14) were also identified on post-mortem cultures. In the
remaining 6 decedents attributed to infections as the cause of death,
the causative pathogen was identified on postmortem blood (n = 5)
and lung (n = 6); Supplementary Table 2. In the decedents where no
causative pathogen was identified, all the antemortem cultures and
64% (n = 7/11) of the postmortem cultures were negative; Supple-
mentary Table 2.

The median time between the death of the neonate and the MITS
procedures for the controlswas 19.4 h (SD:10.40) and 20.4 h (SD: 9.89)
for the cases; including 17.7 h (SD: 9.98) and 25.2 h (SD: 9.9;p =0.06) in
those cases with and without an identifiable pathogen, respectively.

Performance of metagenomics NGS relative to conventional
testing
The mean total number of mNGS sequencing reads or the average
percentage of non-host reads (reads that did not map to the human
genome) did not differ among decedents in whom infection was
attributed in the causal pathway to death by the DeCoDe panel,
between those with (4.7 million paired-end reads and 13.0%; n = 300
244/2 305 246) and without an identifiable pathogen (5.5 million
paired-end reads and 8.4%; n = 161 118/1 905 520); Fig. 1. Overall the
controls decedents had lower non-host reads compared with cases
who had an infectious CoD (1.8% vs 10.7%; p =0.08). Furthermore, the
host read percentages were significantly lower in the cc, but not so in
cases in whom no organism had been identified (14.2%; 336 948/2 370
078; p =0.6); Fig. 1. In 37.5% (n = 6/16) of the control samples, common
NGS contaminates were identified at low concentrations and were
removed from further case analysis through the control background
subtraction matrix analysis. The suspected contaminates included
Burkholderia, Bradyrhizobium, Pseudomonas and Staphylococcus. Fur-
thermore, control samples 2 and 7 were weakly positive (<1% genome
coverage) for E.coli, control samples 3, 12 and 15 were weekly positive
for Pseudomonas spp., while control samples 2, 4, and 16 were weekly
positive for Serratia marcescens and control sample 1 was weekly
positive forA. baumannii. All of the organisms detected in the controls
were below the pathogen detection thresholds and thus removed by
the background subtraction matrix.

In total, mNGS identified the same organism in 90% (18) of the 20
cases in which the same pathogen had been attributed as the CoD by
DeCoDe; Table 1. In the two cases where mNGS failed to detect the
putative etiological agent, Staphylococcus aureus (case 19) and Kleb-
siella pneumoniae (Case20)wereattributed as thepathogenby culture
and/or NAAT (Supplementary Table 2); albeit the NAAT cycle thresh-
old (Ct) values were high (32.8 and 34.9 for S. aureus in the plasma and
lung samples, respectively; and 34.8 for theK. pneumoniae in the lung).
Furthermore, a single death attributed to respiratory syncytial virus
(RSV), an RNA virus, which had been identified by NAAT on lung tissue
(Ct = 30) was negative on mNGS (plasma and lung). The mNGS
detected DNA viruses in three cases, including human alpha-
herpesvirus 1 (Case 19 in plasma; not previously detected by NAAT),
CMV (Case 18 in plasma and lung; previously detected by NAAT in the
blood sample), and human adenovirus (Case 14 in plasma; not pre-
viously detected by NAAT); Supplementary Table 2. Further, mNGS
identified additional organisms which could have contributed to the
neonatal deaths, namely Klebsiella aerogenes identified concurrently
with A. baumannii and S. aureus (case 8).

Of the 11 cases where death was attributed to an infection, but no
organism was identified as the causative agent by the DeCoDe panel
(Cases 21–31), potential etiological organisms were identified in nine
(81%) decedents using mNGS; Table 1. The putative pathogens identi-
fied only by mNGS included K. pneumoniae (plasma in case 23), A.
baumannii (in plasma of case 26 and lung tissue in case 27), and S.
marcescens (in plasma of cases 30 and 31). In two cases (case 21 and
case 28), the same pathogens detected through either culture and/or
PCRwere also identified bymNGS; Table 1 and Supplementary Table 2.

Furthermore, of the 14 cases that had a positive antemortem
blood cultures, mNGS detected the same organisms in 86% (n = 12).
Similarly, of the 23 cases that had positive postmortem blood and/or
lung tissue culture, mNGS detected the same organisms in 87%
(n = 20). Overall, NAAT had a low sensitivity for detecting the etiolo-
gical CoD (40%, n = 8/20). Similarly, the agreement between NAAT and
mNGS was also low (50%; n = 4/8); Table 1 and Supplementary Table 2.

The raw paired-end reads from the mNGS RNA libraries were
screened for the presence of AMR genes. In total, 32 AMR genes were
identified within the mNGS data (Fig. 2), including resistance genes to
beta-lactams, aminoglycosides, sulfonamide, trimethoprim,phenicols,
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rifampacin, and macrolides antibiotics. β-lactamase encoding genes
exhibited the greatest diversity with 12 unique β-lactamase gene
mutations identified, the most common of which was NDM-1 gene
(n = 7/31, 23%). Furthermore, therewere nine different genes indicative
of resistance against aminoglycosides, with 32% (10/31) of the cases
having at least one aminoglycoside gene detected in the lung and/or
blood sample. Sulfonamide and rifamycin resistant genes were each
detected in 26% (8/31) of the cases. Of the 32 AMRgenes detected, 56%
(18/32) were detected in <5% of the cases, and were mainly related to
macrolide, trimethoprim, and phenicol antibiotic resistance.

An overall comparison of the AMR gene abundance revealed that
the cases where a pathogen was determined to be the CoD had a
greater number of AMR genes (average 2.05, range: 0–23) compared
with infectious death cases where no pathogenwas identified (average
0.5, range 0–5; P =0.04).

DNA libraries were prepared for 12 of the cases where the infec-
tious agent was identified and six of the cases where no pathogen was
identified; Table 1. Amongst the cases with known etiological agents,
the DNA library preparations were able to identify the putative
organism, in 50% (n = 6/12) of the cases in whom an infection

Fig. 1 | ThemetagenomicNGSmetric for reads remaining after host and quality
filtering. Shows the mean percentage of total reads that were non-human reads
overall and for plasma and lung separately from the neonatal infectious disease
deaths where a causative pathogen was/was not identified and neonates that died

of non-infectious causes. Pathogens were identified through antemortem and
postmortem cultures or NAAT. P values of <0.05 were considered significant and
denoted with an*.
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100-90 B-lactamases
89.99-80 Aminoglycosides
79.99-70 Macrolides
69.99-60 Rifampicin
59.99-50 Trimethoprim
49.99-40 Sulfonamides
39.99-20 Phenicols

Known case Unknown cases

Fig. 2 | Antimicrobial resistance (AMR) genes in samples from neonates that
died of known and unknown pathogens using RNA libraries. The plot was
generated by percentage coverage of the AMR gene and each AMR gene (Y-axis) is

organized by antimicrobial class (β-lactamase, aminoglycoside, macrolides, rifa-
mycin, trimethoprim, sulfonamides, and phenicols). Only AMR markers with a
coverage >20% and ≥5 reads per sample were included in the analysis.
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associated organism was identified by culture or NAAT, all of which
were A. baumannii. Furthermore, we were able to generate almost
complete genome sequences (92–99%) for all six of the A. baumannii
positive samples, which were all closely related and of ST1 type, Fig. 3.
The genome sequences are available on PathogenWatch (https://
pathogen.watch/collection/urkelmvr3ade-gce-abaumannii-genomes-
baillie-et-al-2023). In the six cases where no pathogen was identified,
the DNA library preparations identified a single case of K. pneumoniae
(16%, n = 1/6); Table 1.

The raw paired-end reads from the DNA libraries where an
organism was detected were screened for the presence of AMR mar-
kers. Similar to the RNA libraries, 29 AMR gene markers were identi-
fied, which indicated resistances to beta-lactam, aminoglycosides,
sulfonamide, trimethoprim, phenicols, rifampacin, macrolides, and
tetracyclines. β-lactamase and aminoglycosides encoding genes
showed the greatest diversity with 9 genes identified for each; Fig. 4.

Discussion
We evaluated the clinical utility of mNGS for identifying putative
pathogens in neonates that died due to pneumonia, sepsis and/or
meningitis. Metagenomics sequencing was able to corroborate the
etiological agent in 90% (N = 18/20) of decedents who had a putative
pathogen identified by ante- or post-mortem conventional culture or
post-mortem NAAT detection in blood or lung samples. In the parent
study, hospital-acquired multi-drug resistant bacteria (74%) were the
most common pathogens attributed as the CoD, particularly Acineto-
bacter baumannii (52%) despite not being tested for by NAAT4. Meta-
genomic NGS detected A. baumanni in all cases where it was identified
through conventional culture (100%, n = 15/15), and in a further 18%
(n = 2/11) of cases where no pathogen was identified despite infection
being attributed in the causal pathway for death. Further, mNGS
identified a possible pathogen in 78% (n = 7/9) of deaths attributed to
an infectious cause, but in whom no causative organism was identified
by the DeCoDe panel based on the ante and post mortem data.
Organisms detected by mNGS among the cases with unknown etiolo-
gies included K. pneumoniae, E. coli and S. marcescens, all of which are

common causes of hospital acquired infections in neonates11,12. The
detection of additional organism only by mNGS illustrates that it is
likely more sensitive compared with other conventional methods, as
well as the advantage of not being biased by prior assumptions of the
role of organisms in causal pathway to death13.

Furthermore, 32 different AMR markers were detected on mNGS
associated with resistances to commonly utilized antibiotics14, includ-
ing Beta lactamases, macrolides, and aminoglycosides. The identifica-
tion of antimicrobial resistance genes is important for understanding
the evolution and epidemiology of antibiotic resistance and could
assist in informing empiric antibiotic treatment. Also, timeous read-out
of antibiotic susceptibility profile, should mNGS be deployed on ante-
mortem sample testing, could assist in antibiotic stewardship and
positively impact on patient outcome with tailoring to appropriate
antibiotic sooner than is achievable with conventional culture as anti-
biotic susceptibility testing which can take up to 6 days15–18. Further,
due to low blood volumes in neonates (85–100mL/kg)19, the volume of
blood submitted for culture is often less than the recommended
amount (>1mL) which greatly reduces the sensitivity of blood culture
as a diagnostic tool in neonates20. In contrast, NGS only requires small
sample volumes (~200 µL) and is less affected by prior antibiotic usage
unlike conventional culture methods21. Yet as mNGS does not always
detect whole pathogen genomes the absence of an AMRgene does not
imply antibiotic sensitivity. The mNGS antibiotic resistome was how-
ever corroborated by the antibiotic susceptibility profile of the
pathogens from ante- and post-mortem cultured isolates, where MDR
A. baumanniiwas the dominant organism at the time of the study. The
findings of the dominance of multi-drug resistance A. baumannii as a
leading causeof neonatal hospital acquired infections in South Africa is
corroborated by earlier studies in South Africa22–25, and also recognized
as a priority organism by the World Health Organization26.

In this study, both RNA and DNA libraries were generated.
Although the RNA libraries weremore sensitive for pathogen recovery
(90%) compared with the DNA libraries (50%), the latter were able to
generate almost complete genome sequences (92–95%) for two-thirds
of the organism identified. The near complete genome sequences give
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Fig. 3 | Whole genome phylogeny of the genomes of the 9 Acinetobacter bau-
mannii strains collected from6 neonatal deaths evaluated in the DNA libraries
for this study together with 6 reference strains. The phylogeny tree was con-
structed on the basis of SNPs and the strains isolated from the same decedent but

from different sample type clustered very closely together and all strains clustered
together indicating a likely outbreak. The plot was generated using PathogenWatch
and the data are available at https://pathogen.watch/collection/urkelmvr3ade-gce-
abaumannii-genomes-baillie-et-al-2023.
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an almost full overview of all the AMR genes present, assisting in being
more clinically relevant for tailoring of antibiotic treatment. This was
evident by the AMR profiles generated for the DNA libraries which
showed resistance genes for all major classes of antibiotics, similar, to
the antimicrobial sensitivity culture data. The whole genome sequen-
ces could also assist in monitoring for genetic relatedness27 and iden-
tify common source of infection, as alluded to by all the A. baumannii
isolates that were sequenced being ST1 in our study. An outbreak of A.
baumannii hospital-acquired infection during our year-long study
period is likely to have been the reason for its dominance, as all the
decedents had been in the hospital since birth4. Thus, DNA metage-
nomic NGS could be used ante-mortem to define likely transmission
events in-hospital and identify putative resistance mutations in emer-
ging strains, which could assist in curbing the transmission and time-
ously tailoring empiric antibiotic treatment.

Limitations of metagenomic NGS in attributing a causal associa-
tion to death include the abundanceof humanhostDNApresent in the
samples (>90% overall, >99% in 49% of samples), which reduced the
analytical sensitivity for pathogen recovery. The decedents with an
infectious cause of death but where no organism was identified initi-
ally, tended to have longer time interval between death and sample
collection and lower percentages of nonhost reads (avg: 25.2 h and
2.3%) compared to where a pathogen was implicated (17.7 h and 6.9%).
Thus we propose that the postmortem samples where conventional
culture and mNGS failed to detect a causative agent were most likely
more degraded leading to reduced sensitivity for pathogen detection.
Host depletion methods were employed in the RNA libraries to

mitigate the low pathogen recovery. Future studies should investigate
additional methods, including CRISPR-Cas9 cleavage, to reduce the
host background further28. Another limitation of metagenomic NGS is
the detection of contaminants present in the sample or introduced
during the sequencing process29,30. To minimize potential environ-
mental contaminates and commensal flora, negative controls and
samples collected from decedents that died of non-infectious causes
were sequenced to create a background matrix. Further, the odds of a
contaminating or likely colonizing organism (including CMV, S. mitis
and H. haemolyticus) being listed as the etiological agent in the CoD
was unlikely as the DeCoDe panel only attributed a pathogen as the
CoD after a detailed review of the clinical notes, as well as ante- and
post-mortem laboratory findings.

In conclusion, our data shows that clinical metagenomic NGS of
samples collected using post-mortem MITS could be useful in deter-
mining pathogen-specific infectious causes of neonatal deaths. This
diagnostic approach may guide future treatment plans in neonatal
intensive care units, help to identify emerging infections and disease
phenotypes as well as identify and help to curb nosocomial outbreaks.
Further, in resource constrained countries, mNGS could be used to
identify the pathogen landscape of a given disease and the most
common AMR genes present which could then direct targeted NAAT
development.

Methods
Our research fuls all relevant ethical requirements and was conducted
in accordance with the Declaration of Helsinki. The parent study and

Fig. 4 | Antimicrobial resistance (AMR) genes in samples from neonates that
died of infectious diseases using DNA libraries. The plot was generated by per-
centage coverage of the AMR gene and each AMR gene (Y-axis) is organized by
antimicrobial class (β-lactamase, aminoglycoside, macrolides, rifamycin,

trimethoprim, sulfonamides, phenicols and Tetracyclines). Only samples where an
organism was detected and AMR markers with a coverage >20% and ≥5 reads per
sample were included in the analysis.
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the mNGS testing amendment was approved by the Human Research
Ethics Committee of the University of the Witwatersrand (HREC
reference number 150215). The parents of decedents had provided
written informed consent, including for further testing of samples
such as undertaken in the current study.

Study site and population
The samples were collected as part of an observational study aimed to
establish the CoD in children under the age of five years in Soweto,
South Africa. The detailed characteristics of the study population,
study site, MITS procedure, sample testing, and the manner in which
the causes of death (CoD) was attributed by a multi-disciplinary panel
(referred to as DeCoDe) has been detailed previously4.

Briefly, from the 16th of July 2015 to the 30th of July 2016, children
who died at Chris Hani Baragwanath Academic Hospital in Johannes-
burg, South Africa were identified by the study staff, and parental
consent was obtained for study inclusion. Inclusion criteria included
birth weight >750 g, residing in the study site, ability to perform the
MITS procedure within 36 h of death, and parental consent. The cur-
rent study is limited to investigation of deaths that occurred in those
<28 days of age (i.e., neonates).

The MITS procedures were conducted by trained study staff—the
decedents were washed with water and decontaminated using 70%
ethanol prior to any study sampling procedure. Core biopsy needles
were used to collect brain, liver, and lung samples. All tissue samples
were sent for histopathology examination, culture for bacteria were
done on blood and cerebrospinal fluid (CSF), and NAAT were done on
lung tissue, blood and CSF samples. The NAAT testing was conducted
using commercially available multiplex Fast-Track Diagnostic (FTD™,
Malta) PCR assay. The FTD sepsis kit (Cat no: 10921757) was used to
test blood samples, and included targets for cytomegalovirus (CMV),
Group B Streptococcus (GBS), Listeria monocytogenes, Escherichia coli,
Staphylococcus aureus, Chlamydia trachomatis and Ureaplasma urea-
lyticum/parvum. The lung tissue samples were tested using the FTD
sepsis, neuro-9 (Cat no: 10921801) andResp-33 (Cat no: 10921707) PCR
panels. In addition to the organism on the FTD sepsis panel, the other
organism targets included for detection on lung were epstein-barr
virus, adenovirus, herpes simplex virus (1 and 2), varicella-zoster virus,
enterovirus, parechovirus, human herpes virus (6 and 7), parvovirus
B19, influenza (A, B and C), rhinovirus, coronavirus (NL63, 229E, OC43
and HKU1), parainfluenzae virus (1, 2, 3 and 4), human metapneumo-
virus, bocavirus, respiratory syncytial virus, Mycoplasma pneumoniae,
Streptococcus pneumoniae, Haemophilus influenzae, Pneumocystis jir-
ovecii, Bordetella spp., Moraxella catarrhalis, Klebsiella pneumoniae,
Legionella spp., and Salmonella spp.

Determination of CoD
An international DeCoDe panel consisting of pathologists, pediatri-
cians, epidemiologists, microbiologists, infectious disease specialists,
and obstetricians was convened to review all clinical records and
antepartum and postmortem testing results to determine the CoD.
The characterization of the casual pathway to death included attribu-
tion of the “underlying condition” which was considered as the
underlying illness leading to death, as well as the final event leading to
death; i.e., the “immediate” CoD31. In addition, other antecedent con-
ditions were also evaluated.

Cases were decedents in whom an infectious cause of death was
attributed by the DeCoDe panel as either an underlying or immediate
CoD. The cases were further stratified into those where a specific
pathogen was identifiable by the DeCoDe panel as the pathogen con-
tributing to death, and cases where there was insufficient evidence to
attribute a pathogen as the CoD even if organisms were detected by
culture or NAAT. For example, for sepsis related deaths, there had to
be histopathological evidence of sepsis frommore than one organ and
post-mortem culture and/or positive NAAT for the same organisms in

more than one sample if the ante-mortem culture was negative. Simi-
larly, for LRTI related deaths, there had to be histopathological change
of pneumonia and immunohistochemical evidence of the organism in
the lung tissue with culture and/or NAAT positivity4,31.

In addition for a control group, we also undertook mNGS on
plasma and lung tissue samples froma groupof decedents inwhomno
notable organisms were detected by culture or NAAT and the DeCoDe
panel did not attribute infection related illness in the casual pathway to
death. The metagenomic analysis was limited to the decedents with
adequate paired blood and lung tissue samples available for testing.
We sampled one control for every two case and the investigators were
blinded to the case control status as well as the causative agent
responsible for the death in the cases.

Metagenomic analysis
Paired plasma and lung tissue samples were tested using QIAseq Fas-
tSelect rRNA/Globin kit (QiaGen, Germany, Cat no: 334375) for human
host RNA depletion in line with mNGS library prep. The Ultra II RNA
Library Prep Kit (New England Biolabs, Massachusetts, United States,
Cat no: E7775) was used according to manufacturer’s instruction as
previously described32. On a subset of samples with sufficient residual
material, DNA libraries were generated using the NEBNext Ultra II FS
DNA Library Prep kit (New England Biolabs, Massachusetts, United
States, Cat no: E7805) according to themanufacturer’s instruction. The
resulting libraries were sequenced using a 300 cycle High Output
Illumina NextSeq500 instrument (Illumina, San Diego, CA, USA). A
water control samplewas includedduring eachextraction andexternal
RNA controls 103 Consortium collection (ERCC; Life Technologies,
Carlsbad, CA, Cat no: 4456740) spike-in controls were included in each
sample for the RNA libraries.

Phylogenetic analysis
The raw fastq files were uploaded to the CZ ID portal which is a cloud-
based, open-source metagenomics bioinformatics tool, specifically
designed to detect pathogens and antimicrobial resistance markers
(AMR) (https://czid.org/version 7.0)33. All NGS results and whole gen-
omes are available To remove any potential environmental con-
taminants and commensal flora, Z-scoremetric for each genus relative
to a background matrix were used where taxa with a Z-score <1 were
removed from the analysis. The background matrix was composed of
the “no template” water controls and the controls (deaths not attrib-
uted to an infectious cause). Organism detections were reported on
the basis of additional threshold criteria34,35, including a reads per
million cut-off ≥10, a read alignment length of ≥250 bps and a genome
coverage of >5%. All mNGS identified organisms and the genotype for
the viruseswere confirmedusing BLASTn. This analysis was performed
separately for the DNA and RNA libraries and the results were com-
pared. For the AMR marker analysis, only genes with a coverage>20%
and ≥5 reads per sample were included.

The potential pathogens identified bymNGSwere compared with
the results from the NAAT and bacteria culture for which the samples
had been previously tested. Where the potential organism identified
by mNGS was not detected during the initial testing, its presence was
confirmed through additional NAAT assays.

Statistical analysis
Study data were collected andmanaged using REDCap electronic data
capturing tools (Version 13.8.1) which are hosted at the University of
the Witwatersrand, Johannesburg, South Africa36,37. This is an
exploratory study thus no statistical methods were used to pre-
determine a sample size and the investigators were blinded to alloca-
tion during experiments and outcome assessment. Due to the limited
number of participants included in the analysis, sex or gender analysis
was not performed and no data was excluded from the analyses. All
statistical analysis were conducted using STATA Version 11.0
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(StataCorp, Texas, USA) and the statistical significance between
groups was calculated using the tests indicated in the figure legends.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All data needed to evaluate the conclusions of this work are present in
the main document and/or the Supplementary Materials. Source data
are provided with this paper.
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