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Introduction
One of the aims of Sustainable Development Goals 
(SDGs), set by the United Nations Assembly in 2015, is 
the Global under-5 mortality (U5MR) rate reduction. 
The desired rate to be reached by 2030 was set to a rate 
as low as 25 deaths in 1000 livebirths for U5MR and to as 
low as 12 deaths in 1000 livebirths for neonatal mortality 
rate (NMR)[1]. Although by 2019 U5MR has decreased 
by 59% since 1990 and the majority of world countries 
were following up on the set goals, in 2019 alone about 
5,2 million children under 5 died worldwide due to pre-
ventable or treatable causes [1]. One of the leading causes 
of death are microbial infections, alongside with asphyxia 
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profiled with routine blood culture for sepsis.
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for characterization and surveillance of infectious diseases in medium- to low- resource settings.
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and preterm birth complications. Additionally, the death 
incidents show great geographic and economic varia-
tion with Sub-Saharan Africa holding the highest rates of 
mortality in the world [2].

The limited infrastructure and resources available in 
low and middle income countries hinders the generation 
of accurate epidemiological data regarding the incidence 
and prevalence of infectious diseases. Most of the avail-
able estimates are based on verbal autopsies or extrapo-
lated from few characterized cases rather than the result 
of accurate diagnostic tests or proper medical assessment 
[3]. One of the main limitations to generate reliable data 
are the high costs and limited throughput associated to 
methods routinely used for epidemiology and surveil-
lance [4, 5]. Therefore, generation of representative sur-
veillance data and thus proper resource allocation and 
death incidence prevention are hindered.

With the emergence of next generation sequenc-
ing (NGS) technologies, identification and discovery 
of microbes from clinical samples has not only become 
possible but also feasible for clinical implementation. 
Metagenomics and shotgun NGS approaches allow for 
identification, typing and classification of microbial com-
munities directly from clinical samples [6]. However, 
these methods present a limited sensitivity as a conse-
quence of the low concentration of microbial pathogens 
in most clinical samples, which biases any target ampli-
fication towards the host DNA [7]. Moreover, bioinfor-
matics analysis becomes cumbersome since the final 
number of reads that can be mapped to microbial patho-
gen sequences are less than 1% of the total reads [8]. In 
order to overcome this, a number of sample prepara-
tion protocols have been developed to either enrich the 
pathogen DNA or to clean up the host DNA content [5, 
9]. Nevertheless, these approaches significantly increase 
the total turn-around-time as well as the overall cost of 
the assay, making it financially impractical for routine 
surveillance, especially for developing countries [10].

On the other hand, targeted approaches allow to focus 
the analysis towards a number of targets of interest [11]. 
PCR is the most popular method to analyze a limited 
amount of targets, and amplification of 16  S and inter-
nal transcribed spacer (ITS) regions allow for a general 
microbial detection and classification approach [12]. 
However, limitations can be encountered due to bias 
during multiplex PCR amplification [13, 14]. Other tar-
get-enrichment strategies include hybridization-based 
methods that isolate the regions of interest by capturing 
them on a solid surface before library preparation. These 
allow for high multiplexity and can be cost effective for 
a high number of samples but require high amounts 
of purified DNA limiting its application for microbial 
identification.

The use of Molecular Inversion Probes (MIPs) for tar-
get enrichment is a promising approach, since it allows 
for a high level of multiplexing in a cost-effective man-
ner compared to other targeted strategies [11, 15, 16]. 
MIPs are linear oligonucleotides with complementary 
ends matching a specific target. These ends or arms 
form an open circle structure upon hybridization, leav-
ing a gap in between. A polymerase extends the 3’ end 
towards the 5’ end of the probe and a DNA ligase joins 
the resulting nick. The probe arms are linked with a back-
bone sequence that contains primer binding sites for 
downstream amplification and detection [17]. MIPs have 
been mainly used for multiplexed single-nucleotide poly-
morphism (SNP) genotyping, detection of low-frequency 
variations, allele quantification, targeted resequencing 
and exome sequencing [18, 19]. The input requirements 
for these techniques have been reported to be around 200 
ng thus allowing to adapt the use of MIPs for targeted 
infectious disease detection, including approaches target-
ing 16  S ribosomal sequences and antibiotic resistance 
markers [20–24].

Here, we adapted MIPs and short-read single end Illu-
mina sequencing as an approach to characterize and 
identify pathogens and antimicrobial resistance genes 
(AMRs) on archived blood culture samples to generate 
surveillance data. We have designed a panel comprised 
of 144 probes targeting 21 bacterial species, 2 bacterial 
genera, 6 fungi species and 7 antimicrobial resistance 
markers. Moreover, we have developed and automated 
a bioinformatics pipeline that implements the analysis 
with minimal computational resources. Analytical valida-
tion of the method was performed with different mixes 
of extracted microbial genomic DNA, which allowed 
for specific and robust detection of down to 1 in a 1000 
pathogen DNA targets contained in host DNA. More-
over, the assay capabilities with a set of 24 DNA extracts 
from positive blood cultures, were further validated. We 
were not only able to confirm the assignment of patho-
gens and AMRs that were detected through blood cultur-
ing, but we also detected E. coli in one of the samples that 
was not identified by blood culture. Overall, the versatil-
ity, specificity and robustness of the presented method 
can be implemented for characterization and routine 
surveillance for infectious diseases of microbial origin.

Materials and methods
Tth ligase (EN13-B) and dNTPs (RP65) were acquired 
from Blirt S. A. (Gdansk, Poland). Phusion High-Fidelity 
DNA Polymerase (F530L), Phusion Hot Start II DNA 
Polymerase (F549L), Exonuclease I (EN0582), Exonucle-
ase III (EN0191) and SYBRgreen (S7567) were obtained 
from ThermoFisher Scientific (Stockholm, Sweden). 
Φ29 (Phi-29) DNA polymerase (4002) was obtained by 
Monserate Biotechnology Group (San Diego, USA). All 
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oligonucleotides were synthesized by Integrated DNA 
Technologies (Coralville, USA). MgCl2, KCl and Tri-
ton® X-100, NAD (MN1454) and human genomic DNA 
(11691112001) were obtained from Sigma-Aldrich 
(Darmstadt, Germany). Tris-HCl and phosphate-buff-
ered saline (PBS) were obtained from Karolinska Insti-
tute Substrat (Stockholm, Sweden). QIAamp DNA 
Mini Kit (51304) was obtained from Qiagen (Hilden, 
Germany). NextSeq 500/550 High Output Kit v2.5 (75 
Cycles) (20024906) sequencing kits and PhiX Control v3 
(15017666) were obtained from Illumina, Inc. (San Diego, 
USA).

Isolation of microbial DNA from positive blood cultures
The isolation of microbial DNA from positive blood 
cultures of 5 ml volume was performed using Molzym 
Microbial DNA MolYsis™ Complete5 © D-321-100 (Bre-
men, Germany) according to manufacturer instruc-
tions. The procedure included initially the human DNA 
removal, then the universal lysis of Gram-negative, 
Gram-positive bacteria and fungi and the isolation of the 
microbial DNA.

Matrix interference assessment on spiked whole blood 
samples
Blood samples of 200 µL volume were spiked with 100 ng 
of isolated DNA of E. coli (ATCC 25922). QIAamp DNA 
Mini Kit (Qiagen) was used for the isolation of microbial 
DNA from human blood samples according to manufac-
turer’s instructions.

Target selection and probe design
Bacterial Genome-sequences were downloaded from 
NCBI public database (Blastn/nucleotide collection: 
https://www.ncbi.nlm.nih.gov). The selection of spe-
cies and AMR genes was based on literature on the most 

frequently detected microorganisms and AMRs on sep-
sis patient samples at the time of design (2016–2017). All 
the available annotated sequences for the selected spe-
cies and AMRs were used for identifying 40–57 nt long 
preserved regions by doing pairwise alignment avoid-
ing highly repetitive regions and homomers of more 
than 5 nucleotides. Identified unique targets were split 
in 3 parts: a 5’ arm binding region with a Tm range of 
54-56oC; a gap-fill region of 10 nt and a 3’ arm binding 
region with a Tm range of 79-84oC. Both probe arms 
were connected with a backbone containing a 5 nt patho-
gen ID, a 15 nt forward primer sequence, a 15 nt reverse 
primer sequence and a 9 nt UMI (as indicated in Fig. 1A). 
No model organism was used to select the specific targets 
and probe sequences since such approach would risk not 
finding actual clinical findings due to the variability in 
genome sequence among bacteria belonging to the same 
species. Full list of target sequences and designed molec-
ular inversion probes for the identification of microbes 
and antibiotic resistance genes are provided in Suppl. 
Tables 1 and 2, respectively.

Target enrichment
The MIP-based target enrichment protocol described 
below is based on previously reported protocols for 
genomic DNA and cDNA [15, 22]. The gap-fill ligation 
mix contained a final concentration of 100 pM each MIP 
(14.5 nM total), 125 nM dNTPs, 250 mU/µL Tth ligase, 
20 mU/µL Phusion High-Fidelity DNA Polymerase, 1x 
Ampligase buffer (20 mM Tris-HCl (pH 8.3), 25 mM KCl, 
10 mM MgCl2, 0.5 mM NAD, 0.01% Triton® X-100) and 
5 µL of DNA extract in a final volume of 20 µL. The mix 
was incubated for 3 min at 98  °C followed by 45 min at 
55 °C, 20 min at 72 °C and hold at 12 °C or cooled on ice 
before the exonuclease treatment. Exonuclease treatment 
was performed by adding exonuclease I and exonuclease 

Fig. 1  General outline of the method. (A) MIP arms (blue) hybridize to the complementary target regions forming an open circle. A polymerase extends 
the gap in between arms (dotted line) and a DNA ligase is used to close the resulting nick. The MIP backbone contains: FW & RV: Forward & reverse primer 
binding sites. UMI: Unique molecular identifier. Path ID: Pathogen identifier. (B) (1) Extracted DNA contains few copies of pathogen DNA. (2) Targets are 
captured by adding MIPs that circularize after extension and ligation templated by the targets. (3) & 4. After exonuclease treatment, reacted probes are 
amplified with universal primers containing sequencing handlers for downstream library indexing and pooling for short-read single end Illumina se-
quencing for pathogen identification
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III to a concentration of 0.3 U/µL and 1.8 U/µL respec-
tively, in a final volume of 25 µL followed by an incu-
bation at 37  °C for 45 min and inactivation at 80  °C for 
20  min. 10 µL of each exonuclease treated sample was 
processed immediately after by real-time PCR using final 
concentrations of 500 nM of Forward and Reverse prim-
ers, 0.5x SYBR green, 200 µM dNTPs, 20 mU/µL Phusion 
Hot Start II DNA Polymerase and 1x HF buffer in a final 
volume of 20 µL. The enrichment PCR was programmed 
as follows: (1) 98 °C for 2 min, (2) 98 °C for 10 s, (3) 55 °C 
for 30 s, (4) 72 °C for 30 s, (5) return to step 2 for a total 
of 30 cycles, (6) 72 °C for 2 min. Amplicons were stored 
at − 20 °C until use.

Sample indexing and library preparation
1 µL of the enriched amplicons were indexed using 200 
µM TrueSeq HT combinatorial dual (CD) index adapt-
ers (Supp. Table 3), 200 µM dNTPs, 20 mU/µL Phusion 
Hot Start II DNA Polymerase and 1x HF buffer to a final 
volume of 10 µL with a PCR program that includes: (1) 
98 °C for 2 min, 2 cycles at (2) 98 °C for 15 s, (3) 60 °C for 
1 min, (4) 72 °C for 1 min, (5) and final extension at 72 °C 
for 3  min. Indexed samples were finally amplified using 
100 µM P5 and P7 primers, 200 µM dNTPs, 0.5x SYBR 
green, 20 mU/µL Phusion Hot Start II DNA Polymerase 
and 1x HF buffer in a final volume of 10 µL with a real-
time PCR program that includes: (1) 98 °C for 2 min, 20 
cycles of (2) 98 °C for 15 s, (3) 60 °C for 1 min, (4) 72 °C 
for 1  min, (5) and final extension at 72  °C for 2  min. 5 
µL of the resulting PCR products were pooled together 
and 200 µL of the resulting library was purified by adding 
360 µL of AMPureXP beads (A63881) (Beckman Coulter, 
USA) and incubating at room temperature for 10  min. 
The tube was placed on a magnetic rack during 5 min to 
collect the beads and the supernatant was discarded. Col-
lected beads were washed twice with 700 µL of 70% Etha-
nol and let dry at room temperature for 3 min. DNA was 
eluted by adding 50 µL mQ H2O and quickly vortexing 
and incubating for 3 min. Beads were collected by spin-
ning down and placing the tube in the magnetic rack for 
1  min. The supernatant was transferred to a new tube. 
The average size and integrity of the library (250 bp) was 
confirmed by gel electrophoresis in a 1.5% agarose gel 
and the concentration was measured twice by Qubit 2 
using the dsDNA HS ASSAY kit (Life technologies, USA, 
Q32854). The library was normalized to 4 nM in RSB 
buffer and denatured following recommended protocols 
by Illumina. 10–30% of 4 nM PhiX control was spiked 
into the library before the run. Libraries were sequenced 
using Illumina Nextseq500 sequencing platform and per-
formed with 1 × 76 cycles, and an 8 bp dual index read.

MIP analysis
A Perl (version 5.26.3) based pipeline using previously 
described modules [25] was built. The steps comprised in 
the pipeline are: (1) Quality filter, (2) Removing of primer 
sequences, (3) Size filter, (4) Find unique sequences and 
UMI counting, (5) Trimming UMIs and alignment to the 
library of targets and, (6) Group using the pathogen bar-
code and sum the counts for UMIs of individual probes 
for each pathogen. We used the approach by Arts. et al. 
[15] to filter possible sequencing errors in the UMIs. 
Briefly, UMIs were sorted by descending value of reads/
UMI and only the UMIs for which the coverage value was 
equal or above 95% of the total reads obtained for a sin-
gle MIP were counted. The pipeline is written to process 
demultiplexed *.FASTQ files directly providing a heat 
map as an output including the total number of UMIs/
pathogen for each sample. The pipeline is customizable 
to any panel design and is available at https://github.com/
Moldia/Sepsis Github repository (July 14, 2023).

Results
Overview of the method
The adapted MIP assay for pathogen identification is 
briefly illustrated in Fig.  1. MIPs targeting highly con-
served regions of approximately 30 bp within the patho-
gen genomes and AMRs were selected. Probes are 
designed to form a gap of 10 bp between hybridized arms 
and their backbone to contain: (i) forward and reverse 
primer sites, (ii) a 5 nt pathogen barcode, common to all 
probes targeting the same microbe or AMR, and (iii) a 9 
nt unique molecular identifier (UMI) to eliminate PCR 
duplicates in the analysis (Fig. 1A). Primers are compris-
ing a probe binding site and sequencing adaptors.

Target regions are captured by mixing the extracted 
DNAs from cultured strains, mocked samples or positive 
blood cultures with the MIP pool, Phusion polymerase 
and a thermostable DNA ligase. Non-reacted probes 
are digested by exonuclease treatment and circularized 
probes are amplified by qPCR. The resulting amplicons 
containing the sequencing adaptors are indexed, pooled, 
purified and normalized for single-end 75  bp Illumina 
sequencing (Fig. 1B).

Demultiplexed FASTQ-files are directly input into an 
automated pipeline that after quality filtering and primer 
sequence trimming, quantifies the number of UMIs/
probe and align the sequences to the library of targets 
to finally provide the total number of UMIs/Pathogen/
sample.

Optimization and analytical validation
As reported previously, the sensitivity of an MIP-based 
assay is highly dependent on the probe and dNTPs con-
centration, and type of polymerase used in the capture 
step. These parameters were tested finding an optimal 

https://github.com/Moldia/Sepsis
https://github.com/Moldia/Sepsis
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concentration of probes between 1 nM and 100 pM 
for each probe (Supp. Figure  1  A) similar to previously 
reported concentrations for padlock probes and other 
MIP-based assays [20, 22, 23]. Phusion polymerase and 
Klenow fragment polymerase have been reported for 
MIP-based assays to be able to perform the gap-fill reac-
tion efficiently. Phusion and Klenow fragment polymer-
ases were compared and similar to a previous report[26], 
we confirmed that Phusion polymerase is the most effi-
cient to perform the gap-fill reaction (Supp. Figure  1B). 
On the other hand, dNTPs concentration was observed 
to have a minimal effect in the performance within the 
range tested in this study (Supp. Figure 1 C).

With these optimized conditions, the specificity of the 
MIP panel was examined. Extracted DNA from most of 
the pathogen species included in the panel was obtained 
and each specific DNA was individually tested using the 
complete probe panel and adding human genomic DNA 
to assess its interference. The assay successfully detects 
individual pathogen species DNA with no cross-reac-
tivity and no signal in those that just contained human 
genomic DNA (Fig. 2A). We further challenged the speci-
ficity of the probes, using DNA from pathogen species 
not included in the design but phylogenetically related 
to those included in the panel and associated to other 
pathologies (i.e. ventilator associated pneumonia). While 
the high specificity of most of the probes was confirmed, 
those designed for E. coli and K. pneumonia also detected 
closely related species such as Shigella ssp.. and K. vari-
icola respectively (Fig.  2B). This was further confirmed 
in silico where the target sequences of these probes were 
also found with 100% match in the genomes of the latter 
species.

The sensitivity of the probes was further assessed by 
preparing serial dilutions of mixes of DNA contain-
ing 1–10.000 genome copies from different pathogens 
(0.04–100 pg). In addition, 450 ng (104 copies) of human 
genomic DNA were spiked to all mixes, with the aim of 
assessing the capability of the method to detect and dif-
ferentiate pathogens in samples that contain more than 
one microbe at different concentrations. Sensitivity lim-
its ranging from 10 to 900 copies of target input were 
obtained (Fig.  3A), similar to previously reported levels 
[22]. The difference between the sensitivity levels of dif-
ferent pathogens can be accounted by the number of 
probes designed for each pathogen (Suppl. Table 4), the 
efficiency of individual probes (Fig. 3B) and the low cov-
erage (1 to 2 reads/UMI) of the sequencing at low con-
centrations (Fig. 3A).

Performance assessment with positive blood cultures
The performance of the method was further assessed 
by testing 24 characterized DNA extracts from positive 
blood culture samples containing some of the pathogens 

included in the panel (Suppl. Table  5). Pathogen IDs 
and AMRs identified with blood culture were detected 
in 20 out of 24 samples (Fig.  4). It was not possible to 
score four samples that were culture positive for E. fae-
calis, probably caused by DNA concentrations below the 
detection limit of the method. Moreover, the here pre-
sented method detected the presence of E. coli DNA in a 
sample which was negative by culture.

Performance on spiked whole blood samples
During the optimization of the method, the effect of 
increasing the amount of human genomic DNA during 
the capture reaction was examined observing no detri-
mental effect on the detection of specific pathogen DNA 
for up to 450 ng (104 copies) of human DNA present 
(Supp. Figure 2 A and B). While the extraction method 
used for the positive blood culture samples included a 
step where the human DNA is removed, we additionally 
examined the possibility of detecting the microbes and 
AMRs directly on whole blood. For this, whole blood 
samples were spiked with a dilution of E. coli (ATCC 
25922) culture and compared to the performance of the 
assay of the same dilution but in saline buffer as control. 
The results showed no matrix interference or decrease in 
the number of reads obtained suggesting that the method 
can detect the spiked 150 CFUs/µL of bacteria on whole 
blood DNA extracts (Fig. 5).

Discussion
Every year millions of children under the age of five die 
globally because of preventable or treatable causes, such 
as lower respiratory infections, diarrheal diseases, and 
other infectious diseases, with the majority of those 
deaths occurring in low- and middle- income countries 
[1, 27]. Many of these deaths are undiagnosed at the time 
of death and/or verbal autopsies are used for diagno-
sis and registration of the incidences in archives [3, 27]. 
Generation of surveillance data is of outmost importance 
for proper management and allocation of resources, risk 
identification and assessment of effectiveness of the cur-
rent approaches [3, 4].

However, there are no high throughput methods afford-
able for middle- and low-income countries to achieve 
this, thus limiting the surveillance data to verbal autop-
sies or very limited data sources of a few cases [28]. NGS 
technologies have undergone an impressive development 
in the last decade becoming feasible for clinical use for 
infectious disease detection and characterization. The 
possibility of generating precise data at a high through-
put makes it an ideal tool for collection of surveillance 
data. However, when it comes to detection of microbes 
from blood samples, the presence of human genomic 
DNA and matrix interferences can affect the overall per-
formance of NGS methods. Targeted approaches such 
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Fig. 2  Analytical specificity of the designed MIP panel. (A) DNA extracts (0.1–10 ng) from individual pathogens included in the panel were tested with 
the assay to assess specificity and cross-reactivity (n = 4). (B) DNA extracts (0.1–10 ng) from species not included in the design were additionally tested to 
challenge the specificity of the method (n = 3)

 



Page 7 of 10Hernández-Neuta et al. BMC Biotechnology           (2023) 23:31 

as PCR are alternatives to overcome this limitation by 
focusing the sequencing analysis towards the microbial 
genetic material [5, 15]. One approach that has been 
reported to be affordable – approx. 19 US/sample [15]- 
at a high throughput and high multiplex capability is the 
use of MIPs [15]. In this study, we adapted these probes 
in combination with short-read single-end NGS as a sur-
veillance method for targeted microbial analysis on cul-
tured blood samples.

Fig. 5  Matrix interference assessment. Number of detected UMIs from 
PBS (control) and whole blood samples spiked with 150 CFU/µl of E. coli 
culture (ATCC 25922) show no matrix interference (n = 4). DNA from both 
PBS and whole blood spiked in samples was extracted and processed with 
the MIP panel (144 probes)

 

Fig. 4  Summary results on assay performance on 24 characterized DNA 
extracts from positive blood cultures (n = 2). The 144 MIP panel was used 
and the positives results are shown (Detailed table in Supp. Table 5)

 

Fig. 3  Analytical sensitivity of the method. (A) Serial dilutions (1:10) of mixes containing 1–10.000 genome copies of different pathogens (0.04–100 pg) 
were tested with the assay. 450 ng (104 copies) of human genomic DNA were spiked to all mixes. Each colored symbol represents one pathogen or AMR 
included in the panel. Error bars correspond to standard deviation (n = 4). Dashed line indicates the set sensitivity limit of 10 UMIs/pathogen. (B) Examples 
of UMI counts for individual probes for the selected pathogens Candida albicans, Pseudomonas aeruginosa and Staphylococcus aureus (n = 3)
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To achieve this, a customized panel of probes targeting 
a wide range of microbes was designed including 2 bac-
terial genera, 21 bacterial species, 6 fungi species and 7 
antimicrobial resistance markers. The probes are targeted 
to capture highly conserved regions within the micro-
bial genomes in order to increase the specificity of the 
assay [23] and to minimize the bioinformatics resources 
required for the analysis. Furthermore, the developed 
analysis pipeline was designed to only count those reads 
that are 100% identical to the library of targets, which 
could also limit the number of sequencing errors or 
mutations within the gap. The specificity of the method 
was confirmed using genomic DNA extracts from the 
targeted microbes. The obtained results suggest that the 
specificity is mainly limited by the target selection for 
probe design and the number of conserved regions that 
can be found to differentiate species, especially those 
closely related (Fig. 2). To overcome this, sequence align-
ments for target selection can include not only clinically 
relevant strains but also related species of the natural 
microbiota and additionally increased stringency of the 
probe design pipeline is required in order to be able to 
find exclusive unique targets for each species. Further-
more, continuous updating with the growing number of 
sequences reported in the databases is also required.

The analytical sensitivity obtained in this study (Fig. 3) 
is in agreement with previous reports using MIP-based 
approaches [23] and sufficient to characterize samples 
with high microbial load (more than 100 copies/µL). 
A strategy that can be implemented for future assay 
designs would be to change the primer and probe design 
such that one of the sequencing handles is used as a for-
ward primer, and the UMIs are moved in the probes to 
end up in the 5’ end of the reads (Supp. Figure 3 A). This 
increases the diversity of the library and consequently the 
number of UMIs up to 10 times (Supp. Figure 3B) provid-
ing increased robustness when detecting low target con-
centrations. The addition of rolling circle amplification 
(RCA) before the enrichment qPCR, or as an alternative 
to the exonucleolytic treatment step, could potentially 
increase the coverage and sensitivity without introducing 
bias (Supp. Figure 4 A and B).

When 24 characterized DNA extracts from positive 
blood cultures of sepsis patients were processed, we were 
not only able to confirm the presence of pathogens and 
AMRs in 20 out of the 24 samples, but also to identify 
E. coli DNA in one of the DNA extracts where blood 
culture had failed to identify this species (Fig. 4). As has 
been reported in literature [29] the sensitivity of NGS 
technologies to detect pathogens is higher compared to 
routine blood culture. Since the information we have on 
the tested blood samples is based only on blood culture 
results, it is not possible to exclude the possibility of a 
false positive result. Nevertheless, we should also take 

into consideration that antibiotics are commonly admin-
istered to patients prior to the development or worsen-
ing of sepsis related symptoms and prior to blood culture 
testing [30]. This can result in under detected microor-
ganisms in blood culture testing that can be potentially 
detected with NGS due to the higher sensitivity of the 
method. The failed detection of E. faecalis in the four 
samples was possibly due to DNA from the bacterium 
being present in the DNA extracts at levels below to the 
assay’s detection limit equivalent to 100 DNA copies of 
target input.

Finally, matrix interference was not observed from 
the comparison of whole blood and saline buffer sam-
ples both spiked in with 150 CFUs/µL of E. coli broth 
culture. The DNA extracts from the spiked in blood 
samples produced 10 times more UMIs compared to 
the DNA extracts of the saline buffer spiked in samples. 
We hypothesize that this difference is likely caused by 
the commercial extraction kit used that was optimized 
for blood samples rather than purely saline solutions. 
These preliminary findings suggest that the method is 
also functional on whole blood DNA extracts and with 
further optimization could be also used as a direct from 
blood microbial characterization method (Fig. 5).

We observed that increasing the amount of human 
DNA in the capture reaction does not affect the perfor-
mance of the assay (Supp. Figure 2). This result suggests 
that it may not be necessary to eliminate the human 
genomic DNA in the sample, thus indicating the target 
enrichment capabilities of the approach. However, this 
needs further testing with more microbial pathogens in 
a larger study.

Conclusion
This work demonstrates the analytical properties and 
functionality of a MIP-based NGS assay for targeted 
microbial surveillance. The proposed assay is highly spe-
cific, cost-effective and requires minimal bioinformatics 
resources. Furthermore, the proposed assay offers great 
flexibility by creating customized panel(s) of MIP probes 
based on local epidemiology needs (bacterial and/or 
fungal species, AMRs etc.) or by creating larger panels 
including more targets. For example, more fungal spe-
cies can be added to the panel, such as the Fusarium spe-
cies Fusarium solani, Fusarium oxysporum and Fusarium 
verticillioides, which are the most common causes of 
fungemia after infection with Aspergillus fumigatus and 
Candida species [31, 32]. Additionally, the described 
MIP-based assay can be used for characterization of 
archival samples, in contrast with other methods (e.g. 
MALDI-TOF) that require sample cultures and input 
material isolation as fresh as possible [33] https://doi-org.
ezp.sub.su.se/10.1007/s00253-011-3783-4.

https://doi-org.ezp.sub.su.se/10.1007/s00253-011-3783-4
https://doi-org.ezp.sub.su.se/10.1007/s00253-011-3783-4
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With further validation and full automation of the 
library preparation, we believe that the described method 
can serve as a means of generating the high throughput 
and quality data that is required for infectious disease 
surveillance in developing countries. We acknowledge 
that NGS facilities are not always accessible to low- and 
middle- income countries. However, the cost for NGS 
has been continuously declining and due to recent out-
breaks worldwide (e.g. Ebola, Zika, COVID-19) more 
sequencing platforms are available in local setups  [33, 
34]. The presented assay can identify pathogens and 
AMRs from positive blood cultures. Blood culture tests 
are performed routinely. Since our suggested MIP-based 
assay requires low amounts of input DNA, even leftovers 
could be collected (blood or DNA extracted samples) 
and analyzed in centralized healthcare facilities with a 
focus on confirming the previously given diagnosis (if 
any) and properly register incidents in records. Neverthe-
less, there are still challenges regarding shipping of the 
material since it would be required to keep a cold-chain. 
Therefore, either using DNA extracts that are less sensi-
tive to the transport conditions or further developing the 
proposed method to work with dried blood spots (DBS) 
would significantly increase the feasibility of using this 
method under the proposed settings.

Among the benefits of surveillance and epidemiologi-
cal data collection, prioritization of vaccine development 
candidates would benefit as well, providing data on inci-
dent rates, AMRs and an estimation of the number of 
deaths a vaccine could prevent.
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