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Abstract

Background The timely and accurate diagnosis of bloodstream infection (BSI) is critical for patient management.
With longstanding challenges for routine blood culture, metagenomics is a promising approach to rapidly provide
sequence-based detection and characterisation of bloodborne bacteria. Long-read sequencing technologies have
successfully supported the use of clinical metagenomics for syndromes such as respiratory illness, and modified
approaches may address two requisite factors for metagenomics to be used as a BSI diagnostic: depletion of the high
level of host DNA to then detect the low abundance of microbes in blood.

Methods Blood samples from healthy donors were spiked with different concentrations of four prevalent causative

species of BSI. All samples were then subjected to a modified saponin-based host DNA depletion protocol and opti-

mised DNA extraction, whole genome amplification and debranching steps in preparation for sequencing, followed

by bioinformatical analyses. Two related variants of the protocol are presented: TmL of blood processed without bac-
terial enrichment, and 5mL of blood processed following a rapid bacterial enrichment protocol—SepsiPURE.

Results After first identifying that a large proportion of host mitochondrial DNA remained, the host depletion
process was optimised by increasing saponin concentration to 3% and scaling the reaction to allow more sample
volume. Compared to non-depleted controls, the 3% saponin-based depletion protocol reduced the presence

of host chromosomal and mitochondrial DNA < 10° and < 10° fold respectively. When the modified depletion method
was further combined with a rapid bacterial enrichment method (SepsiPURE; with 5mL blood samples) the depletion
of mitochondrial DNA improved by a further > 10X while also increasing detectable bacteria by > 10X. Parameters
during DNA extraction, whole genome amplification and long-read sequencing were also adjusted, and subsequently
amplicons were detected for each input bacterial species at each of the spiked concentrations, ranging from 50-100
colony forming units (CFU)/mL to 1-5 CFU/mL.

Conclusion In this proof-of-concept study, four prevalent BSI causative species were detected in under 12 h to spe-
cies level (with antimicrobial resistance determinants) at concentrations relevant to clinical blood samples. The use
of a rapid and precise metagenomic protocols has the potential to advance the diagnosis of BSI.
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Background

Bloodstream infection (BSI) represent a significant global
health problem, with an estimated 50 million cases per
year and a 20% mortality rate [1]. Despite this high inci-
dence and mortality, diagnosis of BSI remains challeng-
ing due to the low sensitivity and long turnaround time
to results, where it is estimated that current gold stand-
ard blood culture (BC) methods can detect only 30-50%
of the cases within the first 2 days after collection of
blood samples for the majority of species, and as long as
5 days for other species [2—4]. Novel and rapid diagnos-
tics are needed to support the identification of aetiologic
agents of BSI and for the refinement of antibiotic treat-
ment [5]. Antibiotics are critical for the treatment and
rapid empiric administration of antibiotics is recom-
mended upon suspicion of BSI [2]. Delays in diagnosis
or the incorrect administration of antibiotics can lead to
increased mortality [6, 7].

Culture-based BSI diagnostics has been improved
through automated systems that enable higher through-
put sample processing, continuous monitoring, or
improved standardization [8]. Examples include matrix-
assisted laser desorption ionization-time of flight mass
spectrometry (MALDI-TOF MS), which quickly detect
microbes to the species-level directly from positive BC
specimens or from cultured isolates [9], and automated
species identification and antimicrobial susceptibility
testing (ID/AST), such as VITEK®2 cards which have
substantially improved detection of antibiotic resistant
organisms [10]. However, both methods still rely on posi-
tive blood culture (BC) [11]. The dependence on BC calls
for an urgent response to find a rapid and more effective
method to diagnose BSI [12, 13].

The field of Clinical Metagenomics (CMg) has
recently emerged due to substantial technological
sequencing advances that provide practical improve-
ments in time-to-result and cost-per-sample, and it is
now a viable diagnostic approach to consider sequenc-
ing of pathogens directly from human tissue samples
[14, 15]. Direct sequencing from blood samples has
the potential to overcome the issues associated with
BC or nucleic acid amplification tests [16], yet whole
blood samples present a challenge for development of
CMg pipelines. The number of infecting microbial cells
during adult BSI are normally <10 CFU/mL [17] while
host DNA contributed from white blood cells and other
constituents of blood is in far excess of microbial DNA
[18]. Therefore, extraction of sufficient detectable bac-
terial DNA is a challenge [19], where the metagenomic

identification of bacterial pathogens is almost impos-
sible without the use of efficient pathogen enrichment
methods or extended sequencing times. Metagenom-
ics samples can also contain a large amount of con-
taminant reads originating from multiple sources such
as the environment, reagents or manual handling [20,
21], resulting in false positives and complications to
the interpretation of metagenomics sequencing results,
especially if common agents of BSI such as E. coli can
also be found as contaminants [22]. To address some
of the issues associated with the low number of micro-
organisms present in BSI samples, pre-analytical bac-
terial DNA enrichment steps such as Whole Genome
Amplification (WGA) or host DNA depletion through
differential chemical lysis (e.g. with saponin) or DNA
amplification can be incorporated into CMg pipelines.
However, these methods may indiscriminately enrich
the presence of the contaminants and background
DNA from different sources [21, 23]. Thus, no CMg BSI
pipelines have been routinely implemented as a clinical
diagnostic as they do not have the same sensitivity and
specificity levels as the current gold standard diagnos-
tics [24].

Recently, some CMg approaches using cell-free DNA
(cfDNA) have been developed for the diagnosis of BSI
[25, 26]. However, this approach is unable to detect
antimicrobial resistance (AMR) genes due to the lack
of whole genome coverage and is prone to false posi-
tive results caused by the detection of cfDNA from spe-
cies that are not the causative agent of infection [24,
27-29]. CMg directly applied to whole blood can theo-
retically detect bacterial AMR genes [30, 31]. Despite
this approach being highly successful when applied in
other tissues, such as sputum for the detection of res-
piratory infections [32], direct applications in blood
have been limited, with reduced sensitivity due to the
high levels of host genetic material present [33-35]. To
overcome the large abundance of host DNA in whole
blood, most methods rely on selective host depletion
steps that leave intact the microorganisms present [36,
37]. However, to date, host depletion methods have not
been effective enough to allow rapid and accurate BSI
diagnosis.

Here we present a proof-of-concept study on a CMg
method that accurately detects key bacterial species
spiked in whole blood samples at clinically relevant
concentrations. The method includes the following
steps: host DNA depletion, DNA extraction, whole
genome amplification, and bioinformatic analysis



Moragues-Solanas et al. BMC Medical Genomics (2024) 17:71

Page 30f 18

Wet Lab

Bioinformatics analysis

5mL blood from CPD or
EDTA tubes

1mL blood from CPD or
EDTA tubes

SepsiPURE - bacteria
enrichment and host
cells depletion

Saponin-based host DNA depletion

Microbial DNA extraction

Whole Genome Amplification and
DNA Debranching

Rapid PCR Barcoding
kit library preparation

Rapid Barcoding kit
library preparation

Sample positive

MinlON nanopore sequencing for Infection

Yes—

Blood samples 6

Y
— i/// Remove short reads
>
(5250 bp)

amrfinder plus

<Taxa abundance >

Bacterial species
number of classified
reads 25 and
abundance 290%

Remove human reads

H i ini 2
) omo sapanBs minimap:
l (CHM13v2)
AMR Y@ -
(minimap2) =
(KMA) RefSeq minimap2 db
taxa_score 285 built 3/2022

taxa_score = 2* (identity + coverage)/(identity*coverage)

Report Score: 0 - 100

_Species based-.

> < AMR genes >
coverage ) - N /

Y

Coverage 21X and
template identity and —Ye:
coverage 298%?

Potential AMR
gene presence

Fig. 1 Schematic representation of steps involved in TmL and 5mL CMg pipelines. Left panel: In triplicates, 50-100 CFU/mL, 5-10 CFU/mL,

1-5 CFU/mL and NTC of E. coli (CTX-M-15), S. aureus, K. pneumoniae or E. faecalis cultures were spiked into 1mL (Standard protocol) or 5mL
(Quick-enrichment protocol) of whole blood samples in EDTA or CPD. 5mL samples underwent SepsiPURE extraction and both 5mL and 1mL
samples went through saponin-based host DNA depletion and subsequent DNA extraction. DNA extracts were whole genome amplified

and debranched/digested. Samples were subjected to either Rapid PCR Barcoding (SQK-RPB004) or Rapid barcoding kit (SQK-RBK004) library
preparation and nanopore sequenced (3 h) with Oxford Nanopore MinlON. Right panel: Short (< 250bp) fastq were removed and then mapped
against the human chromosome to eliminate remaining host DNA reads. Remaining bacterial reads were taxonomically classified using minimap2
and filtered according to their taxa_score and AMR determinants identified using KMA. Reports for taxonomic abundance, species coverage
mapped metrics and AMR determinants detection data were produced. Samples were deemed positive for infection if bacterial species number
of reads was > 5 and relative abundance over the total number of reads > 90%. For AMR gene detection, gene specific coverage had to be > 1

and template identity and coverage > 98%

(Fig. 1). Prior to determining limits of detection of the
method, key parameters of each step such as saponin
concentration were optimised in the context of deplet-
ing host cells and/or recovering microbial DNA from
blood samples, and additionally, an enrichment step
was explored as an addendum to the initial steps of
the method to improve analytical sensitivity for micro-
bial DNA and efficiency of host depletion. Both arms
of the protocol (i.e., the standard protocol without an
enrichment step, versus the protocol with an enrich-
ment addendum) utilise real-time nanopore long-read
sequencing and results can be available approximately
9h and 12h, respectively, from sample to result. With

further development using clinical specimens, these
methodologies could be implemented for the diagnosis
of BSI and improved management of sepsis.

Methods

Blood sample collection

Whole human blood samples were commercially
acquired from Cambridge Bioscience. Blood sam-
ples were collected from healthy donors aged between
18-60 and were supplied in Ethylenediaminetet-
raacetic acid (EDTA) or Citrate—Phosphate-Dextrose
(CPD) anticoagulants and stored under chilled (4°C)
conditions.
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Spiking blood samples and colony count

Different volumes of blood corresponding to variants
of the core protocol (1mL, ‘ImL standard protocol’; or
5mL ‘SmL quick-enrichment protocol’) were spiked using
serial dilutions (in PBS) of Escherichia coli (ATCC 10536
or NCTC 13441), Staphylococcus aureus (ATCC 25923),
Klebsiella pneumoniae (ATCC 13882) and Enterococ-
cus faecalis (NCTC 13779) from overnight cultures in
Luria—Bertani (LB) broth or TRM media (Momentum
Bioscience Ltd. (MBL)). For non-template control sam-
ples (NTC), blood samples were spiked with the same
volume of PBS containing no bacterial species. NTC
samples were subjected to the remainder of the full pipe-
line alongside the spiked samples. Overnight spiked con-
centrations were calculated by plating the dilutions on LB
agar plates and growing them overnight to determine the
CFU/mL spiked into the samples.

Saponin host-depletion protocol optimisation

The standard host depletion protocol (saponin at 1% final
concentration [38]) was compared to a variant protocol
with an increased final concentration of saponin (3%).
For both protocols, 200uL of spiked blood (50-100 CFU/
mL E. coli) were combined with saponin (in PBS) at a
final concentration of 1% or 3%, 200uL of HLSAN Buffer
(in water 5.5M NaCl and 100mM MgCI2) and 10pL of
HLSAN DNase (ArticZymes) in a 1.5mL Eppendorf tube.
Samples were incubated at 37°C for 10 min at 1000rpm
on a ThermoMixer (Eppendorf). The depletion effi-
ciency of the standard protocol was tested by sequenc-
ing saponin-depleted samples and comparing them to
the same non-depleted controls. Sequencing results
were analysed by taxonomically classifying the reads into
human chromosome, human mitochondria and bacterial
reads (see Bioinformatics). The standard 1% and variant
3% saponin protocol DNA was extracted and compared
by qPCR by measuring the effects of these methods on
both host DNA (chromosomal and mitochondrial DNA)
and microbial DNA (qPCR targets in Additional File:
Table S1). Finally, a scaled-up saponin-based depletion
protocol, which allowed an increase in sample volume
processed, was optimized and compared to the proto-
col described previously (saponin at 3% final concentra-
tion). The ‘scaled-up protocol’ was tested by spiking with
50-100 CFU/mL of E. coli into 1mL of blood and com-
bined with saponin at a final concentration of 3%, 1mL of
HLSAN Buffer and 10puL of HLSAN DNase on a 5.0mL
Eppendorf tube. Samples were incubated at 37°C for 30
min at 1000rpm on a ThermoMixer. Protocols were com-
pared by qPCR by measuring the effects of these meth-
ods on both host DNA (chromosomal and mitochondrial
DNA) and microbial DNA.
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SepsiPURE bacterial enrichment

To establish the limit of detection, spiked 5mL blood
samples were subjected to SepsiPURE microbial isola-
tion and enrichment protocol (Momentum Bioscience
Ltd) by simulating a 1-h transportation phase (mimick-
ing time between phlebotomy and the beginning of sam-
ple processing) in 5mL TRM media (20°C, static) and
then combining the blood with 715uL of binding buffer
containing universal microbial capture magnetic beads
and incubated for 30 min for microbial extraction. Mag-
netic beads with microbes attached were extracted and
the retained microorganisms were finally subjected to
a 4-h growth phase at 37°C in 150uL LB. Beads were
removed and the media containing the enriched bacte-
ria was mixed with PBS for a total volume of 1mL and
subjected to saponin-based host DNA depletion. Then,
samples underwent the scaled-up saponin-based proto-
col described previously (Saponin host-depletion proto-
col optimisation — ‘scaled-up protocol’). To individually
test the SepsiPURE and saponin-based methods and
the effects of combining them, 5mL blood samples were
spiked with 5-10 CFU/mL of E. coli and assessed by
qPCR by measuring the effects of these methods on both
host DNA (chromosomal and mitochondrial DNA) and
microbial DNA.

DNA extraction protocol

Following host DNA depletion, samples were transferred
to a 2.0mL Eppendorf tube and pelleted by centrifugation
at 8000xg for 6 min. Supernatants were discarded and
pellets were resuspended in 1mL of PBS and transferred
to 1.5mL Eppendorf tubes. Samples were pelleted again
at 12,000xg for 3 min. Pellets were finally resuspended in
600puL PBS and transferred into Lysing Matrix E 2.0mL
tubes (MP Biomedicals) and bead-beaten at 6m/s for 60 s
on a FastPrep-24 5G instrument (MP Biomedicals) to lyse
bacterial cells. After bead beating, samples were centri-
fuged at 20,000xg for 1 min and the supernatants contain-
ing DNA transferred into 1.5mL Eppendorfs containing
20pL of Proteinase K (Qiagen). Finally, the mixture was
incubated at 65°C for 5 min at 1000rpm. The DNA was
extracted with the Maxwell RSC PureFood Pathogen kit
(Promega) using the Maxwell RSC 48 (Promega) machine
and finally eluted in 50pL of Elution Buffer, following the
manufacturer’s protocol with the following modification:
samples were directly mixed with 300pL of Lysis buffer
and then transferred into the cartridge. DNA extraction
protocol efficiency was assessed by first running qPCR on
pure gDNA yields from E. coli and S. aureus equivalent to
10° — 1 cells. The following formula was used to deter-
mine the amount of DNA to add for the cell equivalences:
1 cell genome mass=dsDNA length x bp Dalton weight.
Average bp was estimated to be 615.9 Daltons and a
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single Dalton 1.66x 10~ '?pg [39]. To estimate the weight
of single cells, E. coli and S. aureus were considered to
have genome sizes of 5Mb and 2.8Mb respectively. Run-
ning these titrated equivalences on qPCR also resulted in
the generation of a regression line. Then, blood samples
were spiked with 10%, 10? and 10° CFU of both E. coli and
S. aureus, and saponin-based depletion and DNA extrac-
tion protocols were used. Extractions were run on qPCR
and Ct (Cycle threshold) results were compared to the
ones obtained from the gDNA regression line samples
to check for possible loss of bacterial DNA during the
extraction protocol.

gqPCR assay

SYBRGreen and probe-based qPCR assays were per-
formed on samples which targeted human chromosomal
DNA (RNA Pol. A gene), human mitochondrial DNA
(MT-TL1I gene), E. coli DNA (cyaA gene) and S. aureus
(eap gene) (Additional File: Table S1). For all qPCR
assays, each reaction contained a final concentration
of 0.5uM of both reverse and forward primer, 0.2uM of
probe primer (in probe-based assays for human chromo-
somal and E. coli DNA), 10uL of LightCycler 480 Probe
or SYBR Green I Master Mix (2X, Roche), 5uL of DNA
template and nuclease-free water was added to make
a final reaction volume of 20pL. Where appropriate,
qPCR Ct results were recalculated to obtain the approxi-
mate Ct values of the original samples. This was done
by assuming a 100% amplification efficiency in all assays
and subtracting 3.3 Cts to the obtained results. qPCR
assays were performed using the LightCycler 480 instru-
ment (Roche). Program conditions were: pre-incubation
at 95°C for 5min, amplification for 50 cycles at 95°C for
30s, 55°C for 30s and 72°C for 30s, with a final extension
at 72°C for 5min. Ct values were determined using the
Roche LightCycler 480 software. Host DNA depletion
and bacterial enrichment efficiency were represented and
measured as fold change ratio values. These were calcu-
lated from the ACt by normalizing all values to one of the
untreated control biological replicate Ct. Normalized Ct
values were converted to fold change from the Eq. 274,
From these data were obtained the p-value with a 2-tail
unpaired t-test among different replicate groups.

Whole genome amplification (WGA) and DNA debranching
Depleted DNA samples were subjected to WGA to
increase bacterial DNA vyield. Before WGA, samples
were concentrated to a final eluted volume of 15puL by
mixing with 1.8X of AMPure Beads (Beckman Coulter).
Samples with beads were mixed using a HulaMixer (Life
Technologies) and beads pelleted using a DynaMag-2
magnetic rack (Thermo Fisher). Two 200uL 70% etha-
nol washes were applied. Finally, DNA was eluted by
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resuspending the beads in nuclease-free water (Thermo
Fisher). Purified and concentrated samples were ampli-
fied using the Repli-g Single Cell kit (Qiagen) according
to instructions with the following adjustments: 15pL of
sample was mixed with 0.16pL of 1M DTT and 1.84uL
DLB Buffer at a final volume of 2uL per sample; polymer-
ase master mix was prepared by mixing 29uL of Single
Cell reaction buffer with 2uL of polymerase; amplifica-
tion occurred at 37°C for 1 h and 30 min. This optimised
version of the protocol was compared to the standard
protocol following the manufacturer’s handbook on
purified genomic DNA. To assess the WGA efficiency
of the optimised protocol and compare it to the stand-
ard version, different concentrations of extracted gDNA
of both E. coli and S. aureus were added as template for
the WGA reaction equivalent to adding 10% 10 and 1
cells. The amplification incubation time was 2 h 30 min
and samples were taken at 0, 1, 1.5, 2 and 2.5 h and ran
on qPCR for the detection of E. coli and S. aureus DNA.
Ct results were converted to their cell equivalences of
genomic material produced by usin 4 the following equa-
tion: Cellquantityequivalence = 10 = , m and b values
were taken from the regression line equation obtained
in the DNA extraction experiments detailed previously.
The number of E. coli reads obtained from blood sam-
ples spiked with 50-100 CFU of E. coli and subjected
to saponin-based depletion, DNA extraction and WGA
were compared to non-WGA controls. WGA qPCR and
sequencing results were further analysed to obtain the
p-value in a 2-tail unpaired t test among the different rep-
licate groups. After WGA, artificial constructs that could
interfere with nanopore sequencing were debranched
using 20U of T7 Endonuclease I (NEB) and mixed with
Buffer 2.0 (NEB) at 1X. Samples were incubating at 37°C
for 30 min. After debranching, samples were cleaned
with AMPure Beads at 0.8X ratio and the rest of the pro-
tocol performed as per described for cleaning samples
pre-WGA.

Library preparation and MinlON sequencing

Library preparation of WGA samples was completed
using the Rapid PCR barcoding Kit SQK-RPB004
(Oxford Nanopore Technologies) for ‘ImL standard pro-
tocol’ samples due to typically low DNA yields following
host depletion, and for samples processed through the
SmL quick-enrichment’ protocol, the Rapid Barcoding Kit
SQK-RBK004 (Oxford Nanopore Technologies) was uti-
lised because of the increase in DNA vyields arising from
the enrichment phase. Rapid PCR Barcoding kit library
preparations followed the manufacturer’s instructions
with the following modifications: up to 10ng DNA was
used as template in a maximum total volume of 7.5uL
with water, then 2.5uL. FRM was added; reaction volumes
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were doubled, using 2uL. RLB barcode, 50uL. LongAmp
Taq 2 X Master mix (NEB) and 38uL nuclease-free water
(100pL total reaction volume); thermocycling parameters
were initial denaturation 3 min at 95°C (1 cycle), 25 cycles
of denaturation 15 s at 95°C, annealing 15 s at 56°C,
extension 4 min at 65°C, then a final extension 4 min at
65°C (1 cycle) held at 4°C. The RBK protocol followed the
manufacturer’s instructions except that 600ng of tem-
plate DNA were added per barcode. Once libraries were
prepared, samples were quantified, pooled in equal con-
centrations, and cleaned with a 0.6X AMPure XP bead
wash eluting 10pL of 10mM Tris—HCIl pH7.5-8.0 with
50mM NaCl. Approximately 100fmoles of pooled PCR
library was loaded onto the MinION flow cell (R9.4.1,
Oxoford Nanopore Technologies) and the entirety of the
pooled RBK library were loaded according to manufac-
turer’s protocol. The sequencing run time was 3 h for the
taxonomic identification experiments and 3 and 24 h for
the AMR experiments and fastq files to be obtained.

Quality Control—DNA quantification and fragment size
measurement

To determine the quantities to add into library prepara-
tion protocols, DNA was quantified on the Qubit 4.0
(Thermo Fisher) using the high-sensitivity dsDNA kit
(Thermo Fisher). The DNA libraries quality and frag-
ment size measurement was assessed using the Genomic
ScreenTape (Agilent Technologies) on the TapeStation
2200 (Agilent Technologies). DNA concentrations and
fragment size measurement were also performed as such
for NTC samples.

Bioinformatics analysis

A custom pipeline for taxonomic profiling and screen-
ing antimicrobial resistance determinants was devel-
oped (https://github.com/quadram-institute-biosc
ience/nf-ont-taxamap). The fast5 files acquired were
base-called with the Super Accuracy (SUP) model using
guppy_basecaller and subsequently demultiplexed using
guppy_barcoder of the Guppy software v6.2.x [40]. For
the SQK-RBKO004 kit, the minimum barcoding score was
set at 65 and mid-read barcode filtering enabled, while
for the SQK-PBKO004, the barcoding score was kept at 60,
and set enabled for the options: barcode both ends and
mid-read barcode filtering. The pipeline involved the fol-
lowing steps for taxonomic profiling and screening AMR
genes: human reads were removed from each barcode
fastq file by mapping each barcode’s reads against the
Homo sapiens reference genome CHM13v2 [41] using
minimap2 (version 2.17) [42]. Un-mapped reads to the
CHM13v12 were included for mapping against the Ref-
Seq database curated as of the 6th of March 2022 using
minimap2 (v2.17). The mapped reads were filtered based
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on a taxa_score defined as a harmonic mean of identity
and coverage of the mapped reads (2*[identity+ cover-
age]/[identity*coverage]), only reads with taxa_score > 85
(in a range from 0 to 100) were included for taxonomic
profiling, which identified the taxa and their relative
abundance. The non-human reads were also used for
screening AMR genes using KMA (version 1.4.9) [43] tool
with the chosen database amrfinderplus (v3.10). Average
read coverage was calculated taking into account both
upstream and downstream flanking regions and barcodes
introduced during nanopore library preparation. These,
combined, added approximately 100-150bp on each read
which would represent approximately between 6 and
12% of the bases on each read (averaging between 1000
and 2000 bases) so maximum average read coverage val-
ues matching the reference that could be obtained were
approximately 88-95%. Final results were aggregated
into an Excel format, including taxa relative abundance,
AMR genes, and species-based coverage estimated from
the total mapped bases against multiple references of
the species and then divided by the species genome size.
From the relative abundance of the bacteria within each
barcode/sample, the sample is concluded to be positive
with the taxon if the abundance of reads for the species,
over the total population of classified reads, was>90%
and>5 reads matched that species. AMR genes were
considered to be present if their template identity and
coverage and their depth of coverage reported by KMA
were superior to >98% and > 1X, respectively.

Results

Increasing saponin concentration and sample volume,

and adding bacterial enrichment improves the efficiency
of host depletion

A host DNA depletion step is essential to detect bacte-
rial DNA in blood samples using metagenomic sequenc-
ing. Using whole blood samples spiked with 50-100
CFU of E. coli, saponin-based host depletion reduced
host DNA from 99.1% of the total population of reads in
non-depleted samples to 31.1% in host-depleted samples,
while the proportion of bacteria reads increased from
0.86% to 68.8% (Fig. 2A). Despite the large proportional
increase of bacteria DNA reads after host depletion,
host DNA is still a significant component of the pro-
cessed samples. The composition of the remaining host
DNA was analysed and categorised as chromosomal or
human mitochondrial DNA. Comparing samples before
and after saponin-based depletion, 88.8% of the total
population of reads matched the human mitochondrion
in depleted samples, whereas in non-depleted samples
human mitochondrial DNA only represented 0.11% of
the classified reads (Fig. 2B).
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Fig. 2 Relative abundance of sequences after saponin-based host depletion of blood samples. Samples were spiked with 50-100 CFU/mL

E. coli and subjected to standard saponin-based depletion method, followed by DNA extraction and nanopore sequencing. All sequenced reads
were taxonomically classified. A Relative abundance (%) of human chromosomal or bacterial (any species) DNA in samples after host depletion
compared to control samples not subjected to host depletion (B) Relative abundance of human chromosomal and mitochondrial DNA after host
depletion compared to control samples not subjected to host depletion. Data are means +SD. n=3 are biological replicates

With the efficiency of host depletion impacted by a
resilient mitochondrial DNA fraction, saponin concen-
tration was increased from 1 to 3% to lyse mitochondrial
membranes more efficiently. Depletion efficiency was
quantified using qPCR and represented as fold change
from untreated to treated samples. Comparing the
standard use of 1% saponin to 3% saponin, the depletion
of each of chromosomal and mitochondria host DNA
improved a further tenfold with 3% saponin (Fig. 3A).
Increasing saponin concentration did not result in loss of
spiked E. coli.

The method was further optimised by scaling up the
sample volume from 200uL to 1mL to obtain a higher
input of microbial cells without impacting host depletion.
Using qPCR, the fold change in both host depletion or
recovered E. coli DNA between the standard and scaled-
up protocols were not significantly different (Fig. 3B). To
further increase the method’s sensitivity and potentially
the host depletion efficiency, the saponin-based method
was combined with a bacterial enrichment method (Sep-
siPURE). The addition of the SepsiPURE enrichment step
increased detection of bacterial DNA by~ 10% fold and
increased the depletion of host DNA by~ tenfold com-
pared to unenriched samples (Fig. 3C). Alternatively, with
SepsiPURE alone (no saponin) there was still a ~ 103-fold
increase in bacterial DNA, but a marginal level of host
DNA depletion compared to non-depleted samples.

The optimised DNA extraction protocol for blood samples
caused no loss of bacterial DNA when bacterial species
were at clinically relevant concentrations

The optimized DNA extraction protocol was evaluated
with qPCR in blood samples that had been spiked with
10%, 10? and 10° CFU of both E. coli and S. aureus from
pure culture of both species (Additional File 1: Fig. S1).

Extracted samples were compared to bacterial gDNA
yields (equivalent to 10° — 1 cells) from both species. No
bacterial DNA was lost in samples where low concentra-
tions of bacteria (1 CFU) were spiked and then subjected
to the saponin-based depletion and DNA extraction
protocol.

Optimised whole genome amplification significantly
increases the presence of microorganism gDNA to perform
library preparation

To support the application in diagnostics, the WGA step
was modified by increasing the input volume of sample
and also addition of DTT to the DLB Buffer. The aim was
to generate a protocol that would amplify the lowest pos-
sible amount of starting bacterial DNA in the shortest
possible time. Sensitivity and efficiency of the modified
WGA protocol was tested and compared to the ‘stand-
ard protocol’ (following manufacturer’s instructions) and
using gDNA templates of E. coli and S. aureus equivalent
to adding, 100, 10 and 1 CFU. The WGA protocol was
first attempted in the absence of blood and evaluated
by qPCR and then converted to CFU equivalences. The
optimised WGA method produced high quantities of
DNA within 1.5 h of incubation when DNA was added
at approximately 10 cells equivalence (Fig. 4A and 4B).
When the amount of gDNA template added was equiv-
alent to 10> CFU and 10! CFU of E. coli, the optimised
WGA protocol amplified DNA to approximately 10*-fold
increase compared to the initial input. Alternatively,
results obtained with the standard protocol were signif-
icantly lower: for samples spiked with 100 and 10 CFU
the DNA were only amplified a further 10% and 10'-fold,
respectively, and the amount of amplified DNA reached
its peak at the 1.5 h timepoint; longer incubation times
did not significantly increase the quantity of bacterial
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yield. Finally, amplification could not be detected in
samples treated with either optimised or standard pro-
tocol when 1 CFU equivalent gDNA was used (Fig. 4A).
For S. aureus, initial template amounts equivalent to
10? CFU and 10 CFU were amplified approximately 10°
and 10°-fold, respectively, with the optimised protocol
(Fig. 4B). Alternatively, amplification results obtained
with the standard protocol were significantly lower with
only the 100 CFU input samples DNA being amplified
approximately 10X and no amplification at 10 and 1 CFU
input added samples. Similar to E. coli—the amount
of DNA amplified with the WGA optimised protocol
reached its peak at the 1.5 h for S. aureus.

The optimised WGA protocol was assessed in the con-
text of blood by incorporating 50-100 CFU of E. coli into
whole blood samples. After processing mock samples
using 3% saponin, libraries were prepared and sequenced
for 3 h after including or omitting WGA. Inclusion of
the WGA protocol significantly increased the number of
bacterial reads from extracted blood samples compared
to the same samples with no WGA step. In the absence
of WGA, an average of 4.8 + 3.8 reads were classified as E.
coli. Subjecting the same samples to a WGA step resulted
in an average of 7126.3 + 2460.0 reads taxonomically clas-
sified as E. coli, which constitutes a significant > 103-fold
increase in E. coli reads.

E. coli, S. aureus, K. pneumoniae and E. faecalis can be
detected at clinically relevant concentrations
Different concentrations of E. coli, S. aureus, K. pneu-
moniae and E. faecalis were spiked into 1mL or 5mL of
blood and samples were subjected to ‘ImL standard pro-
tocol’ and ‘SmL quick-enrichment protocol’ and then ana-
lysed with a custom bioinformatics pipeline (see Fig. 1).
Within the analysis pipeline, a threshold for the mini-
mum relative abundance of reads and minimum number
of reads and was established by reviewing the distribu-
tion of reads contributed from spiked species versus
those attributed to likely contaminating species (see
Additional files 1: Tables S2 and S3). After the applica-
tion of the taxonomic thresholds (>90% abundance,>5
total number of identified reads), the limit of detection
of the ‘ImlL standard protocol’ was 1-5 CFU/mL for E.
coli, 5-10 CFU/mL for S. aureus, and 50-100 CFU/mL
for K. pneumoniae and E. faecalis (Fig. 5; Table 1). The
concentration of spiked bacteria correlated with the
total number of obtained sequenced reads, which varied
amongst the input species (from an average of 5 to more
than 6K reads). Given that only known bacterial spe-
cies were spiked into blood samples yet these reference
species accounted a minority of bacterial reads in some
samples (e.g., the 1-5 CFU/mL K. pneumoniae and 1-5
CFU/mL E. faecalis samples), the taxonomic assignment
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of the remaining bacterial reads was further examined
(Additional file 1: Table S2). Reads representing pos-
sible contaminants contributed by skin flora or reagent
contaminants were detected (e.g., Cutibacterium acnes)
but no contaminants represented>90% of the bacte-
rial population relative abundance. Further, none of the
NTC samples were positive for any taxonomically classi-
fied microorganism species after applying the thresholds
(Additional file 1: Table S3). This entire pipeline took
approximately 9 h from sample collection to results.

When pathogens were spiked at different concentra-
tions in 5mL blood samples and tested with the ‘5mL
quick-enrichment protocol’, pathogens were detected at
all concentrations, equating to a sensitivity of 1-5 CFU/
mL across the four species (Fig. 5). For all test species and
at all concentrations the average proportion of bacterial
reads matching their appropriate reference was>90%,
and the number of sequence reads matching the refer-
ence were > 5, which indicates a limit of detection of 1-5
CFU/mL for this pipeline. Similar to the 1mL standard
protocol, the spiked inoculum of the four species directly
correlated with the total number of obtained reads,
although this varied among species (from an average of
5 to over 20K matching their respective references). In
some samples, the number of classified reads was mini-
mal (between 5-100 reads; Fig. 5; Table 1). Despite this,
their relative proportion of classified reads was consist-
ently high (~95-100%), outnumbering the number of
reads from any other species. With the introduction of
the SepsiPURE step, this pipeline required approximately
12 h to completed from sample collection to results. Con-
sistent with the taxonomic results obtained from 1mL
samples, all the spiked species were completely absent in
their respective NTCs (Additional file 1: Table S3).

We further analysed the mapped reads to obtain data
on read and genomic coverage (Table 1). Amplicon sizes
averaged 1.5-2.5Kbp and 1-1.5Kbp for the ‘ImL stand-
ard protocol’ and ‘SmL quick-enrichment’ pipelines,
respectively, and averaged 88%-95% matching the refer-
ence for both pipelines, which matches the theoretical
maximum since sequences included barcode sequences
introduced during library preparation. With both proto-
cols, the average genome coverage was directly propor-
tional to the concentration of spiked bacteria (Table 1).
For the ‘ImL standard protocol’, a lower number of reads

(See figure on next page.)
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resulted on low coverage values ranging from an aver-
age of approximately 1X coverage at 50-100 CFU/mL to
0.001X coverage at 1-5 CFU/mL. The ‘5mL quick-enrich-
ment protocol’ produced approximately 10X more reads
than the ‘ImL standard protocol’, however, this did not
result in a proportionate increase in coverage when com-
paring the protocols. Across all species, average coverage
ranged from approximately 5X at highest concentrations
spiked to 0.005X at the lowest.

Antimicrobial resistance determinants could be identified
at all spiked concentrations for E. coli.

Different concentrations of p-lactamase resistant E.
coli CXTM-15 (containing the pEK499 plasmid which
encodes 10 AMR determinants) were spiked into 1mL
or 5mL of blood to determine if AMR determinants are
detectable using any of the two presented CMg pipe-
lines. When using the ’ImL standard protocol’ pipeline,
6 of 10 AMR determinants could be detected on samples
spiked at the highest concentration (100 CFU/mL), 2 at
the 10 CFU/mL concentration, and none at the lowest
spiked concentrations. When detected, average coverage
was low (<10X) but the high template identity (>98%,)
and high template coverage values (between 100-102%)
confirmed the presence of all these AMR genes (Table 2).
When assessing the ‘SmL quick-enrichment protocol’ sam-
ples, all resistance genes could be detected at any input
concentration, except for tet(A), catB4 and blaTEM-1 at
the lowest concentrations. On two occasions, genes were
misidentified: aac(6’)-lb-W104R, aac(6’)-lb-D181Y and
aac(6’)-Ib-AKT instead of the expected aac6™-Ib-cr; and
catB3 instead of the expected catB4. Average coverage
obtained in samples spiked with low amounts of bacte-
ria (1-10 CFU/mL) was generally low (<10X). However,
the high average template identity (>99%) and coverage
(between 99-101%) values confirmed the presence of
all these genes when using the ‘SmL quick-enrichment
protocol’.

The potential benefits of extending the sequencing
time for AMR determinant detection were examined.
We introduced varying concentrations of the E. coli
CXTM-15 strain into 5mL blood samples, followed
the’5 mL quick-enrichment protocol; and subjected
them to 24-h sequencing. These outcomes were com-
pared against samples sequenced for 3 h (as shown

Fig. 5 Bacterial sequence reads with the TmL and 5mL CMg pipelines. Number of classified reads obtained on £. colj, S. aureus, K. pneumoniae and
E. faecalis when spiked at different concentrations (50-100, 5-10 or 1-5 CFU/mL). All species and concentrations were spiked into TmL or 5mL

of whole blood and were subjected to whole standard and quick-enrichment pipelines. Sequencing results were grouped into two different
categories: Target species reads =taxonomically classified reads that matched the spiked species; Other reads =reads that were classified as any other

microbial species. Data are means+SD. n=3 are biological replicates
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Table 1 Sequencing metrics for the TmL and 5mL CMg pipelines
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Total number of reads matching
reference

Bacteria population relative

abundance (%)

Average bp length of mapped
reads to reference (average read
coverage(%))

Average coverage to reference
(X)

1 mL protocol 5 mL protocol 1 mL protocol 5 mL protocol 1 mL protocol 5mL 1 mL protocol 5 mL protocol
protocol
Escherichia coli
50-100 CFU/  6306.7+3238.1 225163+16775 952+09 96.9+0.2 187883+1294 113234545 244125 4.7+05
mL (91.0£0.6) (92.1+£4.0)
5-10CFU/mL  16623+8119 5384.7+£26556  90.5+4.4 959+14 22214+1089 1197.1+£26.6 07404 1.1+£06
(92.2+04) (88.2+0.2)
1-5 CFU/mL 392.7+306.8 452134£17019 949412 96.94+0.2 25192+718 11489+12.2 02401 09+03
(89.1£3.6) (87.8+0.1)
Staphylococcus aureus
50-100 CFU/ 1224.7+320.6 2963.0+£12796 989+36 99.74+0.1 1947.7+117.3 13365+126 0.8+0.21 09+04
mL (90.6+£0.4) (89.0+£0.2)
5-10 CFU/mL 98.0+64.4 96.0+42.8 96.2+3.1 95.1+1.8 2496.2+390.1 6872+21.2 0.06+0.04 0.02+0.01
(85.7+6.0) (93.6+2.3)
1-5 CFU/mL 40+26 34.0+186 174432 986+ 14 1892.7+17.9 797.1+£83.8 0.002+0.001 0.005+0.002
(91.6+0.7) (94.7+1.7)
Klebsiella pneumoniae
50-100 CFU/ 377.7+1924 42687+14528 946+16 993+0.6 2481.8+587.2 1379.9+55.6 0.06+0.02 27+15
mL (92.0+1.3) (89.5+0.4)
5-10 CFU/mL 393+31.1 4793+213.7 214+6.7 989+1.1 22195+263.7 1262.6+50.3 0.003+0.002 0.1+£0.05
(92.5+1.6) (88.7+0.2)
1-5 CFU/mL 47433 3823+152.7 55+4.1 953446 23459+318 121654496 0.0007+0.0 0.07+0.03
(93.9+0.1) (88.5+£0.4)
Enterococcus faecalis
50-100 CFU/ 393.7+1254 268.0+29.3 9724038 979+1.0 23503+1389 1161.3+£66.7 0.26+0.07 0.04+0.02
mL (91.3£0.6) (92.1+£4.0)
5-10 CFU/mL 54+48 7804380 4454294 982+14 24744+181.7 1091.0+109.9 0.006+0.005 0.008+0.004
(90.6+0.6) (976+0.3)
1-5 CFU/mL 00+0 7+17 00+0 100+0 - 1107. 7+3774 - 0.002+0.001
(963+1

Sequencing results obtained in experiments on TmL and 5mL of blood spiked with 50-100, 10-50 and 1-5 CFU/mL of E. coli, S. aureus, K. pneumoniae and E. faecalis.
Total number of reads matching reference =number of reads matching species reference species spiked. Bacteria population relative abundance (%) =abundance

of targeted species reads over the total number of taxonomically classified reads obtained. Average bp length of mapped reads to reference (average read coverage
(%)) = average length of the reads that matched the reference and percentage of identical nucleotides per read between template and consensus (spiked species).
Average coverage to reference (X) = estimated depth of coverage taking into account the number of reads matching the reference and their average length. Data are

means +SD. n=3 are biological replicates

in Table 2). The longer sequencing times noticeably
increased gene coverage across all targets (Additional
file 1: Table S4). This enabled successful detection
of the blaTEM-1 gene across all spiked concentra-
tions, which remained elusive during the initial 3-h
sequencing. Conversely, as per the initial 3-h sequenc-
ing results, the catB3 and tet(A) genes remained unde-
tected. The extended sequencing time led to reduce
the misidentification of genes from the pEK499 plas-
mid. Noticeably, only aac(6’)-lb-W104R was identified
in one replicate instead of the expected aac6’-Ib-cr.
Similarly, catB4 was consistently detected across all
replicates, as opposed to the expected catB3 gene.

Discussion

Culture-based approaches have been the long-standing
gold standard method for BSI diagnostics. Although
there have been some enhancements in terms of sam-
ple throughput, improvements to the overall sensitivity
and time to detection have been limited [44]. CMg is a
promising new approach for many microbiological diag-
nostics, however attempts to develop a sequencing-based
methodology applicable to BSI have proved challenging
for numerous reasons: (1) the low abundance of micro-
organisms compared to host cells in blood, (2) difficul-
ties in extraction and purification of microbial DNA at
this abundance (3) false positive results contributed by
contamination and background DNA, (4) challenges in
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interpretation of sequence data for the accurate assign-
ment of etiologic agents amongst multiple detected taxa,
and (5) extended turn-around times in practice [18-22].
In this study, we developed a proof-of-concept CMg
pipeline method that overcomes these issues and can
detect causative species of BSI when spiked at clinically
relevant levels. This method has the potential to be used
in place of blood culture as a more sensitive and faster
method for BSI diagnostic.

Since the publication of the use of a saponin-based host
DNA depletion method in respiratory samples in 2019
[32], the method has been further improved as a stream-
lined version that includes a saponin final concentration
of 1% [38] with the potential use for blood samples [45].
In this study, despite being highly efficient at remov-
ing host chromosomal DNA (>99.9% removal), there
was still a significant presence of human mitochondrial
DNA after depleting spiked whole blood samples. The
lytic effect of saponin is due to an interaction with the
sterol molecules present on cell membranes [46], which
are present in eukaryotic cells [47] and absent in bacte-
ria cell membranes [48]. However, both inner and outer
human mitochondria cell membranes contain a relatively
low number of sterol groups [49, 50], making them more
resistant to the saponin treatment. In this study, after
using the standard saponin-based host depletion meth-
odology, mitochondrial DNA remained in the sample at
an abundance that impacted the detection of bacterial
DNA. Thus, the resistance of mitochondria to saponin
treatment decreased the sensitivity of the pipeline, high-
lighting the importance of improving the host mitochon-
drial DNA removal to increase the overall CMg pipeline
sensitivity. We improved the depletion of human mito-
chondrial DNA by augmenting the saponin concentra-
tion as well as scaling-up the processed volume without
imparting a detrimental effect on the detectable bacteria.
We believe that adding a higher concentration of saponin
facilitated further interaction between the detergent and
the limited number of sterols on the mitochondria mem-
branes. Depletion of mitochondria was further improved
by combining the saponin-based depletion method with
SepsiPURE microbial capture in the SmL quick-enrich-
ment protocol’, wherein the combination of both methods
resulted in an increase in E. coli DNA detection as well
as the highest levels of host DNA depletion, as detected
by absolute DNA quantification by qPCR (Fig. 3C), indi-
cating a its potential to yield the highest sensitivity in the
subsequent metagenomics sequencing of the samples.
We hypothesise that these shifts were due to selective
binding of bacteria over host cells by the capture beads,
which were then further enriched during a 4-h growth
phase in LB broth. Alternatively, residual host genomic or
mitochondrial DNA bound to beads was then removed
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by discarding the beads before subjecting the bacteria-
containing media to saponin-based depletion. The intro-
duction of a growth step also likely facilitated selection
of intact, viable microbial cells. We acknowledge that
enrichment may compromise the detection of species
that are fastidious [51]. As such, we also present the ‘ImL
standard protocol’, a sensitive method that can directly
analyse 1mL blood samples and does not require an
enrichment phase.

In all versions of the protocol, after host depletion and
DNA extraction, DNA was amplified using an optimised
WGA protocol. Despite the potential ability of WGA to
generate species-bias during amplification [52], this effect
is less consequential when used on BSI samples as the
majority of infections are monomicrobial [53, 54]. When
gDNA from microorganisms was present at low concen-
tration, the WGA optimised protocol could amplify large
quantities of bacterial DNA from very low inputs (equiv-
alent to approximately 10 CFU) within 1 h and 30 min.
Despite the WGA protocol not resulting in demonstrable
amplification for samples spiked with gDNA equivalent
to 1 CFU, microbial reads were detected in blood sam-
ples spiked with 1-5 CFU/mL. We hypothesize that the
molecular crowding effect during the multiple-displace-
ment amplification [55] caused the amplification of the
low number of bacterial reads which are surrounded by a
high presence of host DNA.

The two variants of the methodology—one involving
bacterial enrichment (‘5SmL quick-enrichment protocol’)
and one that directly analyses blood with enrichment it
(‘ImL standard protocol’)—were tested on mock blood
samples spiked with four of the main causative species
of BSI E. coli, S. aureus, K. pneumoniae and E. faecalis
[56]. Final products of the WGA and debranching steps
were sequenced using nanopore sequencing, which was
chosen for its potential to enable rapid library prepara-
tion and provide real-time sequence results, resulting in
a significant reduction in turnaround times [57]. After
sequence analyses using a customised bioinformatics
pipeline, results were available in 9 h and 12 h for ImL
and 5mL pipelines, respectively (Fig. 5).

Notably, the limit of detection for the methodology
was 1-5 CFU/mL for E. coli, 5-10 CFU/mL for S. aureus
and 50-100 CFU/mL for K. pneumoniae and E. faecalis
with the ‘ImL standard protocol’ pipeline. When using
the SmL quick-enrichment protocol’ pipeline the ana-
lytic sensitivity was 1-5 CFU/mL for all species. The
‘ImL standard protocol’ was not sufficient to deplete
host DNA to the same degree (with a significant mito-
chondrial DNA fraction remaining) which impacted the
detection of microbial species when present at low con-
centrations. The different LoD values between the spiked
species when using the 1mL, a potential limitation of this
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method, could be due to the introduction of species bias
at certain steps: (1) the saponin-based method, which has
been reported to potentially lyse certain bacterial species
leading to a loss of their DNA [32]; (2) DNA extraction
methods have differential effectiveness between bacte-
rial species [19, 58]; (3) the WGA method or the Rapid
PCR barcoding library kit, which use polymerases (phi29
or LongAmp ") that are known for having more affinity
for amplifying certain bacterial species [59, 60]. If testing
clinical samples (rather than spiked samples with known
microbial species) it will be important to include extrac-
tion (positive) controls to confirm that productive extrac-
tions have occurred. Further, as commonly described in
other metagenomic studies, this pipeline could also be
susceptible to contamination and false positive results
[23]. However, after the application of the appropriate
analytical thresholds, all spiked samples were negative for
any non-targeted species. Similarly, all the non-template
control samples were negative for any bacterial species.
The introduction of an enrichment phase as part of the
‘SmL quick-enrichment protocol’ resulted in increased
yields of microbial DNA. Consequently, adding higher
yields to the WGA reaction resulted in increased yields
post-WGA when compared to non-enriched samples.
This allowed the use of a rapid barcoding library instead
of the PCR-based approach used in the ‘ImL standard
protocol’, which is one of the fastest and simplest man-
ual library preparation protocols [61-63]. Nonetheless,
this caused a slightly shorter average amplicon size and
consequently, the augment on reads matching the refer-
ence did not result in a proportional increase in genome
coverage.

Genomic coverage varied among the different spiked
species and, as read length values were similar across
samples, it was directly impacted by the number of reads
obtained (which also varied among species). Despite hav-
ing a limit of detection of 1-5 CFU/mL for all species
when using the ‘SmL quick-enrichment protocol, some
species like E. coli, showed a significantly higher num-
ber of reads compared to other species and consequently
a higher average genome coverage. We hypothesize
that the short enrichment phase could be introducing
species-differences due to both the quantity of bacteria
bound to the beads and their multiplication during the
media incubation. This, combined with all the previously
listed steps of the pipeline that can potentially introduce
species-bias, had a direct impact on the final number of
reads and the genomic coverage and could potentially be
a limitation of the protocol.

The detection of antimicrobial genes could be chal-
lenging due to the low coverage numbers obtained using
the protocols (<10X) [64], making difficult establish-
ing phenotypic correlations [65, 66]. However, when the
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pipeline was spiked with different concentrations of E.
coli CXT-M-15, the majority of resistance genes encoded
by pEK499 [67] were detected. Compared to obtained
genomic coverage values on LoD experiments, all resist-
ance genes had a higher depth of coverage (>1X). This,
together with the high template identity and template
coverage obtained, allowed the detection of almost all
resistance genes at the lowest spiked concentrations.
As pEK499 is a low-copy number plasmid [68, 69], its
yield would not be superior to the chromosomic bac-
terial DNA. The increased coverage on plasmid AMR
genes could be explained by the plasmid amplifica-
tion bias introduced during WGA, which has also been
described by other authors [59, 70]. This could be prob-
lematic when trying to detect chromosomal AMR genes.
Nonetheless, the most prevalent BSI causative antimi-
crobial resistance strains (MRSA, Vancomycin-Resistant
Enterococcus, Multidrug-Resistant Enterobacteriaceae,
Extended-Spectrum [p-Lactamase (ESBL) gram-nega-
tive species or Carbapenem-Resistant Enterobacterales
[56]), generally have plasmid-mediated resistant mecha-
nisms [71-75]. Because of the low coverage obtained in
two of the genes present on the plasmid (aac6’-lb-cr and
catB4), these were misidentified as closely related genes:
aac(6’)-Ib-W104R, aac(6’)-Ib-D181Y, aac(6’)-lb-AKT and
catB3. However, all these variants were mutations of the
expected genes and are part of the same resistance mech-
anisms [76-78]. To overcome this, our method could
be adapted to have longer sequencing incubation times,
resulting in higher coverage. As nanopore sequenc-
ing allows real-time visualisation of results, we propose
that within the first hours of sequencing the causa-
tive microorganisms could be identified and extended
incubation times (3—-36 h) would allow, thanks to the
higher coverage, an improved detection of specific AMR
determinants.

Conclusion

In this study we developed a CMg pipeline for the
detection of bloodborne microbial species and antimi-
crobial resistance genes. We demonstrated that current
saponin-based host depletion methods lack the neces-
sary depletion efficiency to detect bacterial species in
blood (when these are present at low concentrations)
due to a relatively high proportion of retained human
mitochondria DNA. From this, we proposed that addi-
tional reduction of mitochondrial DNA would greatly
improve clinical metagenomic pipelines. This was
achieved with the addition of a bead-based enrichment
protocol followed by a higher concentration of sapo-
nin during host depletion steps. Classification of the
resulting microbial sequences was completed using a
customised bioinformatics approach with a threshold
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for determining reportable findings, where in LoD
experiments with mock samples, only true positives
were observed in spiked samples and no false negatives
were observed in control samples. Antimicrobial resist-
ance genes were also detectable if there was sufficient
genome coverage. As a result, and in combination with
additional optimisation steps, four of the main causa-
tive species of BSI could be detected when spiked into
5mL of whole blood at clinically relevant concentra-
tions (1-5 CFU/mL blood) in a 12-h protocol, from
sample collection to results. We anticipate that further
reductions to human mitochondrial DNA are possible
and will have a similar or incremental effect on the sen-
sitivity of CMg pipelines for BSI. It will also be impor-
tant to test a modified version of the protocol to detect
Candida species due to the high mortality of candi-
demia [79] while accounting for fungal cell wall struc-
tures containing sterols [80] which may be lysed with
saponin during host depletion steps. In conclusion, we
present several methodological developments and opti-
mizations to improve a CMg pipeline that is now suited
for validation with clinical patient samples in conjunc-
tion with culture and molecular diagnostic method-
ologies. Compared to blood culture, this metagenomic
methodology could be used as a more rapid and sensi-
tive diagnostic to improve the management of patients
with BSI.
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