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Abstract
Background  Next generation sequencing (NGS) remains underutilized in clinical microbiology applications despite provid-
ing broad pathogen spectrum detection superior to other molecular methods. This is primarily because of lower sensitivity 
of metagenomic NGS (mNGS) compared to PCR, lengthy turn-around times, cost, and complexity of data analysis. Capture 
sequencing is a technique that can mitigate some of the limitations of mNGS. Using probes that are engineered to selectively 
bind and pull down desired nucleic acids, capture sequencing enriches for targets of interest and can result in up to a 10,000-
fold increase in sensitivity compared to mNGS. In this study, we describe the application of capture sequencing on Oxford 
Nanopore Technology’s portable sequencer, the MinION MK1C.
Methods  We examined the performance of VirCapSeq-VERT and TBDCapSeq, two distinct capture sequencing assays that 
target vertebrate viruses and tick-borne pathogens, respectively. Both assays were originally established on the Illumina 
platform. To enable sequencing on the MinION instrument, we developed a modified hybrid workflow using our established 
library preparation and capture protocol for Illumina, followed by the addition of the ONT sequencing adaptor. In tests using 
contrived and clinical samples, we compared sensitivity thresholds and sequencing output, including pathogen genome cov-
erage and relevant read counts.
Results  The addition of capture enrichment to MinION NGS provided significant improvement in pathogen detection when 
compared to mNGS. Assessment of assay performance on pathogen-positive samples revealed equivalent sensitivity on the 
MinION MK1C and Illumina NextSeq. We found that the elevated read counts and sequencing depth generated by Illumina 
NGS were offset by the greater read length obtained on the MinION MK1C and resulted in comparable pathogen genome 
coverage between the two platforms.
Conclusion  This study demonstrates the utility for employment of VirCapSeq and TBDCapSeq on different sequencing 
platforms and suggest the potential of the MinION platform for broad-spectrum clinical diagnostics.
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Background

Over the past two decades, a wide range of technological 
innovations have spurred novel approaches for improving 
pathogen detection. During this time, PCR has become the 
gold standard rapid first line tool for diagnosis of infectious 
diseases, primarily because of its high sensitivity, speed, 
low cost, and assay simplicity. However, PCR is applicable 
only for detection of known or genetically related pathogens 
and has limited capacity for target multiplexing. The intro-
duction of next generation sequencing (NGS) platforms has 
revolutionized research in infectious diseases by enabling 
pathogen surveillance, phylogenetics, and novel pathogen 
discovery [1–6]. Nonetheless, NGS has not yet gained wide 
acceptance in clinical microbiology likely due to limited 
sensitivity, operational costs, lengthy turn-around-times, 
and the computing power required for analyses of large 
data sets. Assay sensitivity of mNGS is also inferior to gold 
standard PCR tests [7–9]. Therefore, improvement in per-
formance along with lowering sequencing costs are crucial 
for adopting NGS platforms in clinical microbiology.

To address the limitations of mNGS, we introduced a 
capture enrichment method that enhances assay sensitiv-
ity and reduces the complexity of bioinformatic analysis. 
The enabling component is a library of agent-specific bio-
tinylated DNA probes that are designed along the entire 
length of a pathogen genome. The probes selectively bind 
and enrich the desired template prior to sequencing which 
subsequently results in a substantial reduction in back-
ground noise, simplifying bioinformatic analyses. The 
library is designed to include probes for a wide array of 
pathogens thereby enabling the broad range detection of 
unbiased NGS at sensitivities that can surpass PCR. We 
first described this approach in 2015 for pan viral detection 
(VirCapSeq-VERT) [7]. This was followed by an assay tar-
geting all human pathogenic bacteria and their associated 
anti-microbial resistance (AMR) elements (BacCapSeq), 
and a targeted panel for pathogens associated with tick-
borne infections (TBDCapSeq) [7, 9–11]. We validated Vir-
CapSeq-VERT and secured regulatory Clinical Laboratory 
Evaluation Program (CLEP) certification from New York 
State Department of Health (NYSDOH) for use of this assay 
as a diagnostic test for multiple specimen matrices [8]. The 
advent of portable sequencers like the Oxford Nanopore 
Technologies (ONT) MinION provides an opportunity 
to move NGS from specialized laboratories to less well-
resourced environments [12–14]. These portable devices 
and their current chemistry allow for rapid sequencing at a 
fraction of the cost of larger sequencers and the applicabil-
ity of capture sequencing on the ONT platform has been 
shown [15–17]. Here, we report the adaptation of our cur-
rent viral (VirCapSeq-VERT) and tick-borne agent capture 

sequencing (TBDCapSeq) probe sets to the ONT platform. 
This feasibility study demonstrates the potential diagnostic 
utility of this approach.

Materials and methods

ONT-VirCapSeq-VERT feasibility using ONT library 
preparation kits

Initial MinION feasibility tests were done using the cDNA 
Barcoding Kit (SQKPCB109) which employed oligo-
dT primers for cDNA synthesis. For compatibility with 
the ONT kit components and workflow, we ensured that 
the sample input included polyadenylated mRNA tran-
scripts, achieved by harvesting adenovirus-infected Vero 
cells to specifically target poly-adenylated viral mRNA 
transcripts. Total nucleic acids (TNA) from the infected 
cells were extracted using the NucliSENS EasyMag plat-
form (bioMèrieux, France) and libraries were prepared as 
per the ONT kit protocol. Multiple parameters were sub-
sequently evaluated, including sequencer run times, input 
concentrations, and library amplification PCR cycles, but 
we did not achieve an increase in sensitivity comparable to 
Illumina-VirCapSeq-VERT.

ONT-VirCapSeq-VERT feasibility using a custom 
workflow

Subsequently, we adopted an alternative approach and 
established a working protocol that used library preparation 
and capture kits from Twist Bioscience in conjunction with 
the ONT Ligation Sequencing Kit V14 (SQK-LSK114) and 
a sequencer run time of 15 h. This protocol was a modifica-
tion of our current Illumina workflows wherein the capture 
enriched libraries are adapted to enable ONT sequencing. 
These alterations included shorter DNA fragmentation time 
to retain longer molecules, and the ligation of ONT sequenc-
ing adapters (SQK-LSK114) to the capture-enriched library 
pool to enable loading and sequencing on the MinION 
MK1C. The fragmentation step could not be omitted due 
to the kit configuration where the same enzyme mix (Twist 
Frag/AT Enzymes) carries out fragmentation, end repairs 
and A-tailing in one reaction. Thus the incubation was 
shortened to the minimal amount of time for the heat activa-
tion of the enzyme mix. This resulted in the fragmentation 
incubation decreasing from 5 min to 1 min, in order to retain 
longer DNA fragments.

The hybrid approach is illustrated in Fig. 1. This proto-
col employs random primers for cDNA synthesis, and we 
were no longer restricted to poly-adenylated RNA for input. 
Therefore, template material for these tests consisted of 
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TNA extracted on the EasyMag from samples comprised 
of quantified viruses spiked into a negative background 
matrix of nasal swabs. All subsequent testing for ONT-
VirCapSeq-VERT were done on these contrived samples. 
After TNA extraction, first and second strand cDNAs were 
synthesized using random hexamers, Superscript IV (Ran-
dom Hexamers and Superscript IV, Invitrogen, USA) and 
Klenow (Klenow Fragment (3´→5´ exo–) New England 
Biolabs, USA) followed by bead clean up (AMPure beads, 
Agencourt Axyprep, USA) and quality control (QC) checks 
on a Qubit instrument (Qubit, Thermo Fisher, USA). 50 ng 
of double-stranded cDNA (ds-cDNA) was used as input for 
preparing sequencing libraries. ds-cDNAs were subjected to 
fragmentation, end repair and dA-tailing followed by liga-
tion of universal adapters using the Twist EF Library Prep 
2.0 workflow (Twist Bioscience, CA, USA). Unique dual 
indices (UDIs) were introduced via library amplification. 
Indexed libraries were purified (AMPure beads, Agencourt 
Axyprep, USA) and quality-assessed using a TapeStation 
4200 system (Agilent Technologies, CA, USA). Equal 
amounts (by mass) of the uniquely indexed libraries were 
pooled to obtain a total DNA mass of 1,500 ng. The pool 
was capture-enriched using our custom VCS probes and 
Twist Fast Hybridization Kit (Twist Biosciences, USA), and 
was recovered using streptavidin-coated magnetic beads, 
washed under high-stringency conditions as per the Twist 
SOP, and amplified by post-capture PCR (13 cycles). The 
enriched pool was purified, quantified using the TapeSta-
tion 4200, and ligated to ONT sequencing adapters using 
the Ligation Sequencing Kit V14 (SQK-LSK114; Oxford 
Nanopore Technologies, UK).

Performance comparison of ONT-VirCapSeq-VERT 
over ONT-mNGS

A random assortment of six viruses spiked in at varying con-
centrations were selected for analysis of ONT-VirCapSeq-
VERT performance. Individual viral libraries with discrete 
barcodes were pooled, captured and loaded on a MinION 
MK1C. The same pooled libraries were also sequenced in 
parallel without capture, using mNGS. All viruses were 
assayed in duplicate runs with both ONT-mNGS and 
ONT-VirCapSeq-VERT.

Sensitivity comparison of Illumina-VirCapSeq-VERT 
and ONT-VirCapSeq-VERT

For assessing linearity and the limits of detection (LoD) on 
Illumina, viruses were quantified in copies/mL using virus-
specific qPCR assays and then spiked in to the background 
matrix at concentrations starting from 500,000 down to 
0.5 copies/mL in 10-fold serial dilutions. As part of VCS 
feasibility testing on the ONT we wanted to investigate if 
VirCapSeq-ONT could detect all viruses at the Illumina 
based LoDs. Thus, we conducted runs only at those concen-
trations by spiking in each virus at its previously established 
Illumina threshold [8]. Six discretely barcoded libraries rep-
resenting viruses at their Illumina-based limit of detection 
(LoD) and sensitivity thresholds were included in each run 
and compared across two independent runs for each virus.

TBDCapSeq pathogen quantification and sample 
preparation

Generation of quantitative PCR assays

Individual Taqman-based quantitative PCR (qPCR) assays 
were designed for Anaplasma phagocytophilum, Babesia 
microti, and Borrelia burgdorferi (Supplemental Table 1). 
A positive control standard was obtained from GenScript, 
linearized, quantified, and serially diluted from 109 to 100 
copies/µl in background of salmon sperm DNA (5ng/µl). 
QPCR assays were performed with AmpliTaq gold 360 
DNA polymerase (ThermoFisher Scientific) using 2  µl of 
template DNA.

Clinical and contrived samples for TBDCapSeq

Both clinical and contrived whole blood samples were 
used for ONT-TBDCapSeq testing. Clinical samples were 
obtained from the Lyme biobank [11, 18]. All were previ-
ously comprehensively tested at clinical laboratories for 
infection/exposure to multiple tick-borne pathogens using 
serology and/or PCR. DNA was extracted directly from 200 

Fig. 1  Hybrid workflow for VirCapSeq-VERT on ONT platform. Illus-
tration created in bioRender (Toronto, Canada)
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ONT Sequencing

As per ONT SOP, 200 fmol of the DNA library pool was 
subjected to end-repair and dA-tailing followed by a purifi-
cation with AMPure XP Beads (Agencourt Axyprep, USA) 
at a 1:1 ratio. Adaptors were ligated and following a bead-
based purification, the final library was quantified using the 
Tapestation 4200 and diluted to 20 fmol. Libraries were 
loaded onto primed R10.4.1 flow cells (FLO-MIN114). 
Sequencing was carried out on a MinION MK1C.

Bioinformatics

Raw Nanopore FASTQ files were demultiplexed using 
Oxford Nanopore Guppy barcoder v. 6.5.7 + ca6d6af and 
quality filtered using Fastp v 0.23.4 (minimum read length: 
400 bp; minimum quality score: 10 [19, 20]. Host subtrac-
tion was performed using the human genome (GRCh38) 
with Minimap2 v 2.28-r1209, and unmapped sequences 
were extracted using Samtools 1.20 [21, 22]. Non-host reads 
were mapped to a reference database of pathogen genomes 
using Minimap2 [22], retaining only reads with mapping 
quality scores > 10. A BLAST analysis (Blastn, megablast) 
against a curated pathogen database was performed, extract-
ing the optimal alignment per read [23]. For VirCapSeq, the 
database consists of all vertebrate viral sequences while the 
tick-borne pathogen database includes microbial genomes 
associated with tick-borne disease. Further filtering was 
applied using a Python v. 3.12.2 script to refine pathogen 
assignments [24]. CIGAR string processing was conducted 
to retain high-confidence alignments, and supplementary 
alignments were removed. Final filtered reads were con-
verted to BAM format, sorted, and indexed using Samtools 
[21]. Read coverage and mapping statistics were generated 
with Bedtools v 2.26.0 and Samtools idxstats [21, 25], and a 
summary report was compiled using a custom Python script. 
Positivity thresholds were established based on analyses of 
control samples using a custom bioinformatics pipeline. 
For Illumina, final host-subtracted reads were subjected to 
homology search using GenBank MegaBLAST against the 
curated custom viral database. All reads were subsequently 
re-mapped to the reference viral sequences identified by the 
initial homology search to validate the MegaBLAST results. 
Finally, stringency filters including e-value of ≤ 1.00E-35, 
nucleotide identity of ≥ 95%, alignment lengths of ≥ 100nt, 
minimum number of unique reads aligned (N ≥ 25), mini-
mum number of genomic regions ≥ 100nt (N ≥ 3), and 
cumulative minimum length of ≥ 500nt were applied. For 
ONT sequencing, because of lower fidelity, lower sequenc-
ing total read output and longer read length, the stringency 
filters were adjusted to include nucleotide identity of ≥ 85%, 
alignment lengths of ≥ 300nt, minimum number of genomic 

µl of whole blood using QIAamp DNA Blood Mini Kit (Qia-
gen, MD, USA). To generate contrived specimens, aliquots 
from human whole blood were obtained from the Depart-
ment of Pathology at Columbia University. Clinical whole 
blood samples with high pathogen burden for B. microti and 
(A) phagocytophilum were used as a source for subsequent 
spiking experiments. For (B) burgdorferi, live cultured spi-
rochetes from a low passage, infectious B31 strain were 
added directly to whole blood. For B. microti and (A) phago-
cytophilum, clinical whole blood samples were extracted, 
quantified and then approximately 105 genomic copies 
were spiked and serially diluted in whole blood-derived 
DNA. For (B) burgdorferi, the serial dilutions were done 
in culture media, quantified, and then live spirochetes were 
added to whole blood and extracted. Samples with pathogen 
concentration between 1 and 3 genomic copies per µl, as 
determined by qPCR, were selected as targets for reproduc-
ibility assays. To measure precision, 9 unique replicates of 
each target pathogen were processed. Additionally, DNA 
extracted from a negative whole blood sample was tested 
to characterize the background and ensure that no signals 
were detected for pathogens targeted by the TBDCapSeq 
assay. Samples were analyzed under Columbia IRB proto-
col AAAT5727.

ONT-TBDCapSeq library preparation

DNA concentration was measured with the Qubit High 
Sensitivity Double-stranded DNA kit and Qubit 2.0 Fluo-
rometer (Invitrogen, MA, USA). Sequencing libraries were 
prepared with the KAPA HyperPrep kit (Roche, MA, USA) 
using 100 ng of DNA. Universal adapters were ligated to 
the DNA and then amplified using Dual Index (DI) Primer 
Mixes (Roche, MA, USA). Amplified libraries were quanti-
fied using the TapeStation 4200 (Agilent Technologies, CA, 
USA). After quantification, equal amounts (by mass) of each 
uniquely indexed library were pooled (ranging from 3 to 4) 
to obtain a combined DNA mass of 1,500 ng. We employed 
Roche-manufactured capture probes, as these were the 
probes used for all previously published TBDCapSeq 
experiments [9, 11]. Following an overnight incubation at 
55 °C (16–20 h), the captured libraries were pulled down 
using magnetic streptavidin beads (KAPA HyperCapture 
Bead kit) and washed. The enriched library pool was sub-
jected to post-capture amplification and quantified on the 
Tapestation 4200. ONT sequencing adaptors were ligated to 
the enriched library pool using the Ligation Sequencing Kit 
V14 (SQK-LSK114, Oxford Nanopore Technologies, UK).
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of host and environmental nucleic acids are depleted as part 
of the capture process that requires the post capture ampli-
fication step to augment the total mass of captured DNA. 
Accordingly, for subsequent runs the universal library 
amplification primers were used to include a post-capture 
amplification step. The sequencing libraries were divided 
into three equal portions, with one portion sequenced with-
out capture (unbiased), one with capture enrichment but 
without post-capture PCR amplification and the last with 
a post-capture amplification step. Even the addition of a 
post-capture amplification step did not increase sensitivity 
comparable to Illumina instruments leading to a conclusion 
that the ONT standardized workflows for the kits used for 
feasibility testing were incompatible with our capture proto-
col. The assays were then run with a modified hybrid work-
flow using our established library preparation and capture 
protocol for Illumina-VirCapSeq-VERT followed by the 
addition of the ONT sequencing adaptor to enable sequenc-
ing on the MinION instrument. The fragmentation time of 
DNA was shortened, to enable long read sequencing. The 
modified workflow resulted in significant enrichment, when 
compared to mNGS. The comparisons of ONT-mNGS and 
ONT-VirCapSeq-VERT were done in duplicate using con-
trived samples. Both runs yielded comparable data and dem-
onstrated that the addition of capture enrichment resulted in 
up to 6000-fold increase in sensitivity (Table 1). The capture 

regions (N = 2), and cumulative minimum genome coverage 
of 0.20%.

Results

ONT-VirCapSeq-VERT

Quantified adenovirus TNA was extracted from infected 
cells as template for all initial proof-of-concept assays. 
To determine a suitable sequencing run time using ONT 
standard protocols, results of five and 15-hr run times 
were compared, without the addition of VirCapSeq-VERT 
enrichment (Supplemental Table 2). The 15-hr run time 
proved optimal and was selected for subsequent assays that 
now incorporated VirCapSeq-VERT enrichment to the stan-
dard ONT’s SOP. The kit chemistry did not allow for a post 
capture amplification step unless the same universal barcod-
ing primers were used again, a suboptimal restriction that 
would likely promote non-specific amplification. There-
fore, the assay was performed without the post capture PCR 
amplification that is part of our established Illumina-Vir-
CapSeq-VERT SOP. The total raw and viral-specific reads 
were lower when compared to the ONT-mNGS run without 
capture, despite increasing the concentrations of input TNA 
(Supplemental Table 2). This was expected as the majority 

Table 1  Comparison of metagenomic NGS vs. VirCapSeq-VERT
Virus Input Concen-

trations (copies/
ml)

ONT-mNGS 
Normal-
ized Raw 
Reads/M*

ONT-mNGS 
Normal-
ized Viral 
Reads/M*

ONT-mNGS 
On Target 
Reads* (%)

ONT-VCS 
Normal-
ized Raw 
Reads/M*

ONT-VCS 
Normal-
ized Viral 
Reads/M*

ONT-VCS 
On Target 
Reads* (%)

Fold 
Enrich-
ment*

Human adenovirus C 50,000 61,156 0 0.000 33,742 1,286 3.811 -
Human coronavirus 
OC43

50,000 81,438 95 0.117 71,237 39,050 54.817 ~ 500

SARS-CoV-2 50,000 69,448 19 0.027 83,573 66,500 79.571 ~ 3500
Enterovirus D68 50,000 82,198 31 0.038 74,006 33,600 45.402 ~ 1000
Human 
metapneumovirus

50,000 72,988 79 0.108 47,280 31,459 66.537 ~ 400

Respiratory syncytial 
virus A

50,000 65,917 117 0.177 101,534 68,910 68.547 ~ 600

Influenza A 50,000 59,541 0 0.000 100,002 390 0.390 -
Human parainfluenza 
virus 1

50,000 83,512 47 0.056 94,387 44,100 46.722 ~ 1000

Human coronavirus 
229E

5,000 105,832 2 0.002 77,910 11,300 14.504 ~ 6000

Human parainfluenza 
virus 2

5,000 70,934 0 0.000 117,180 1,352 1.154 -

Influenza B 50 34,383 0 0.000 23,991 3 0.013 -
Human parainfluenza 
virus 3

50 44,803 0 0.000 31,112 2 0.006 -

*Mean of two runs
ONT-mNGS: metagenomic sequencing on the MinION 
MK1C
ONT-VCS: VirCapSeq-VERT sequencing on th MinION 
MK1C

1 3

Page 5 of 11    448 



Molecular Biology Reports          (2026) 53:448 

1,000–10,000-fold gain in sensitivity and higher genome 
coverage when compared to mNGS [7]. We hypothesized 
that despite a significantly lower number of output reads, the 
long chain sequencing on Nanopore technologies may allow 
for a comparable genome coverage with capture enrichment 
due to the longer read lengths. Our results confirmed that 
genome coverage was similar for both platforms (Fig. 2).

ONT-TBDCapSeq

Next, we tested the adaptability and performance of 
TBDCapSeq on the MinION MK1C. First, we needed to 
confirm that the addition of the capture step would enhance 
sensitivity relative to mNGS, similar to what we observed 

enrichment also enabled the detection of human parainflu-
enza virus 3 and influenza B at their Illumina established 
LoD concentration of only 50 copies/ml. Therefore, addi-
tional tests were performed for other viruses to determine 
if VirCapSeq-VERT sensitivity on the ONT was compara-
ble to previously established VirCapSeq-VERT thresholds 
on the Illumina platform [8]. The ONT-VirCapSeq-VERT 
results across the two runs matched closely in terms of viral 
specific reads and viral genome coverages, and the sensitiv-
ity was similar and reproducible on both platforms (Table 
2).

We previously demonstrated that capture enrichment 
in conjunction with Illumina’s sequencing by synthesis 
(SBS) chemistry for short fragments enabled between a 

Table 2  Comparison of VirCapSeq-VERT sensitivity thresholds on Illumina vs. ONT
Virus LoD concentrations (cop-

ies/ml) established on 
Illumina

Viral specific 
reads on Illumina

Viral genome cover-
age on Illumina

Viral specific 
reads on ONT*

Viral 
genome 
coverage 
on ONT*

Adenovirus C 50 3442 29.69% 134 21.69%
Enterovirus D68 5 2483 78.82% 432 90.28%
Influenza A virus 50 1356 37.84% 22 24.84%
Influenza B virus 50 2029 38.03% 49 34.91%
Respiratory syncytial virus 5 1177 81.82% 785 89.19%
Human metapneumovirus 50 1653 40.70% 47 31.27%
Human parainfluenza virus 1 5 2012 60.03% 333 99.35%
Human parainfluenza virus 2 5 1995 98.43% 124 72.21%
Human parainfluenza virus 3 50 4373 48.32% 48 38.05%
Coronavirus 229E 50 5118 85.85% 220 95.00%
Coronavirus OC43 50 984 32.04% 64 55.38%
SARS-CoV-2 50 2323 47.13% 177 67.37%
*Mean of two runs

Fig. 2  Comparison of VirCapSeq-
VERT results on the Illumina 
(panel A) and ONT (panel 
B) platforms. Shown are the 
sequencing reads mapped to for 
human coronavirus 229E (acces-
sion number NC_002645.1; 
www.ncbi.nih.gov; accessed 
06/10/2025) sequenced at its sen-
sitivity threshold (50 copies/ml) 
on both platforms. The Illumina 
NextSeq 2000 150 bp single end 
sequencing with VirCapSeq-
VERT yielded 5,118 229E 
specific reads with a genome 
coverage of 85.85%. VirCapSeq-
VERT with ONT yielded 220 
229E specific reads with maxi-
mum read length of 1.3KB, a 
mean read length of 800 bp, and 
a genome coverage of 95%
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with Illumina sequencing and for ONT-VirCapSeq-VERT. 
Three whole blood clinical samples were selected for test-
ing, each previously found to be positive for a different tick-
borne agent (Borrelia burgdorferi, Babesia microti, and 
Ehrlichia chaffeensis) with qPCR and/or Illumina NextSeq 
2000-based TBDCapSeq (Table 3). Notably, the pathogen 
burden in the B. burgdorferi sample was low, testing nega-
tive by our in-house qPCR and by an outside clinical testing 
site [18]. Individual sequencing libraries were generated for 
each sample and then pooled. Two identical pools were ana-
lyzed separately on the MinION MK1C, one using a mNGS 
approach, and the other pool using capture sequencing.

Pathogen detection using ONT-mNGS was poor 
(Table 3). Borrelia burgdorferi and E. chaffeensis were not 
detected and only 3 sequencing reads were obtained for B. 
microti, the agent with the highest pathogen burden in the 
pool. However, a substantial improvement was achieved in 
the quantity of agent specific sequencing reads with ONT-
TBDCapSeq (Table 3). All three pathogens were detected, 
including B. burgdorferi within the qPCR-negative sample.

Next, contrived samples were tested, wherein B. burg-
dorferi, B. microti and (A) phagocytophilum were spiked 
into whole blood to determine assay precision and detec-
tion thresholds for ONT-TBDCapSeq. For each agent, nine 
individual samples were prepared, all at similar pathogen 
concentration, as determined by qPCR. Each blood sample 
was extracted, and an individual sequencing library was 
prepared. A total of twenty-seven libraries were prepared, 
nine from each agent. For NGS sequencing, pools were pro-
cessed, each consisting of three sequencing libraries, one 
from each pathogen. The mean pathogen concentrations for 
the nine pools were determined by qPCR to be 1–2 genome 
equivalents (GE)/µl for each agent and up to 2 µl was used 
for each library. All three agents were detected in every 
pool, although the number of reads and genome coverage 
was higher for (B) microti and (A) phagocytophilum despite 
similar template input (< 4 GE per agent) (Table 5). None-
theless, a high degree of assay reproducibility was achieved 
and sensitivity thresholds for (B) burgdorferi, B. microti and 
A. phagocytophilum were established as being under 4 GE 
per assay. A library generated from a healthy control did not 
produce sequencing reads for any of the three agents.

To evaluate the performance of ONT-TBDCapSeq rela-
tive to Illumina, additional whole blood specimens were 
examined, all previously tested with TBDCapSeq on the 
Illumina NextSeq 2000. Seven samples with low pathogen 
read count were selected, including three that were qPCR-
negative (Table 5). Two other samples were obtained from 
healthy controls who were negative for all pathogens tested. 
Individual sequencing libraries were combined into pools 
of three prior to capture and MinION MK1C sequencing. 
All pathogen-positive samples were identified accurately 
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Table 4  TBDCapSeq assay precision on the MinION MK1C
 Replicate Raw reads TBD Agent ONT-TBDCapSeq qPCR

Mapped reads % Genome coverage** Ct Copies/µl
B. burgdorferi 190 2.6 40.0 0.5

Pool 1 8,865,159 B. microti 1,713 1.1 40.1 0.5
A. phagocytophilum 1,793 7.4 38.8 1.5
B. burgdorferi 179 2.7 39.8 0.6

Pool 2 9,115,364 B. microti 2,138 3.7 40.1 0.6
A. phagocytophilum 2,888 17.2 39.3 1.1
B. burgdorferi 14 0.2 40.0 0.5

Pool 3 9,978,686 B. microti 1,483 1.8 40.0 0.6
A. phagocytophilum 7,021 36.8 39.3 1.1
B. burgdorferi 71 1.15 NA* -

Pool 4 9,414,377 B. microti 2,252 3.8 40.9 0.3
A. phagocytophilum 7,092 45.3 38.4 2.1
B. burgdorferi 40 0.6 39.8 0.7

Pool 5 8,419,029 B. microti 1,227 1.5 39.2 1.2
A. phagocytophilum 2,335 19.1 38.3 1.9
B. burgdorferi 202 2.25 39.7 0.7

Pool 6 10,847,499 B. microti 1,927 1.8 40.4 0.5
A. phagocytophilum 3,104 12.6 38.4 1.9
B. burgdorferi 45 0.25 40.0 0.5

Pool 7 10,060,059 B. microti 1,381 1.8 38.7 1.5
A. phagocytophilum 3,991 15.5 39.2 1.1
B. burgdorferi 134 1.62 39.8 0.6

Pool 8 7,733,645 B. microti 945 1.3 40.2 0.5
A. phagocytophilum 3,364 19.2 39.1 1.3
B. burgdorferi 93 0.8 39.8 0.7

Pool 9 9,967,215 B. microti 1,431 2.0 40.1 0.6
A. phagocytophilum 2,911 13.0 38.8 1.9
B. burgdorferi 0 0 * 0

Healthy control^ 6,241,599 B. microti 0 0 * 0
A. phagocytophilum 0 0 * 0

Table 5  Analysis of clinical samples with TBDCapSeq-ONT
ONT Pool # Sample ID Agent detected  Illumina TBDCapSeq** TBDCapSeq-ONT

by TBDCapSeq  Agent  
reads

Filtered  
reads

Reads/million Agent 
reads

Filtered  
reads

Reads/
million

Pool 1 LYM-1385 Borrelia miyamotoi* 608 8310969 73.2 138 618019 222.6
LYM-1308 Rickettsia rickettsii^ 465 12105761 38.4 121 566221 212.3
LYM-2127 Ehrlichia chaffeensis^ 218 3359795 64.9 117 570653 205.3

Pool 2 LYM-1999 Ehrlichia ewingii^ 1289 19333240 66.8 18 403796 45
LYM-2038 Borrelia burgdorferi* 307 16181451 19 38 284934 135.7
LYM-2040 Healthy control  0 8981212 0 0 275668 0

Pool 3 LYM-1983 Borrelia burgdorferi* 168 10619998 15.8 13 795946 16.5
LYM-1442 Anaplasma 

phagocytophilum
854 1489500 573.2 9646 2291569 4212.2

LYM-2041 Healthy control  0 13421785 0 0 881384 0
*agent-specific PCR negative
^PCR was not performed
**samples were sequenced in pools 20–30
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VirCapSeq-VERT displayed a high degree of concordance 
with the FDA approved BioFire Respiratory Panel and even 
identified co-infections missed by the initial testing [8]. 
Nonetheless, batching larger sample numbers can become 
a limitation in the clinical setting when a quick diagnosis 
for a single or a few critically ill patients is required. Here 
the ONT is ideally suited since it allows for single sample 
analysis at economic costs. Another benefit of the smaller 
ONT instruments is the portability for field deployment as 
part of an outbreak response.

Because of the advantages provided by ONT sequenc-
ing, we undertook this feasibility study to demonstrate the 
utility of our capture sequencing panels on the MinION 
instrument. The aim of the current study was not intended to 
directly compare the outputs of ONT and Illumina. Rather, 
we only sought to demonstrate the flexibility of our capture 
assays, irrespective of the sequencing platform used, and 
illustrate the potential advantages provided by ONT capture 
sequencing. We were able to successfully adapt our current 
hybrid protocol onto the MinION with the significant sen-
sitivity enhancement that is typical of capture sequencing 
relative to mNGS. For VirCapSeq-VERT, we have previ-
ously established LoD thresholds on Illumina sequencers 
[8]. Here, we were able to match these thresholds on the 
MinION. As anticipated, the variant chemistries employed 
by Illumina and ONT produced stark differences in read 
output. In comparisons of Illumina and ONT, the number 
of pathogen-specific reads provided by Illumina sequencing 
was substantially greater and directly correlated with greater 
overall read counts. However, this disparity was mostly off-
set by the longer sequencing reads provided by the MinION 
and the genomic coverage between the two platforms was 
comparable. Thus, our results demonstrate the benefits of 
combining capture sequencing with ONT instruments.

Despite the utility of NGS for diagnostics, there are chal-
lenges that need to be addressed for this method to gain 
acceptance in clinical laboratories. The establishment of 
clear positivity thresholds is key for diagnostic utility. On 
Illumina, our positivity threshold is a combined function 
of the overall read number and sequence length generated, 

and after normalization to reads per million, the read count 
and the genome coverage were comparable between the two 
platforms (Table 5; Fig. 3).

Discussion

Rapid differential diagnosis of infectious diseases can 
guide decision making crucial for public health including 
the introduction of appropriate containment measures. It 
also enables better patient management through the selec-
tion of interventions that reduce morbidity, mortality and 
healthcare costs. Because signs and symptoms of infec-
tious diseases are rarely specific for individual pathogens, 
laboratory tests are critical for clinical insights. PCR assays 
have become mainstream in clinical microbiology. How-
ever, even multiplex PCR has limited capacity for target-
ing a wide repertoire of pathogens, may fail to detect novel 
pathogens, and do not provide detailed phylogenetic data. 
For example, the emerging SARS CoV-2 virus would not 
have been detected using existing PCR assays. However, 
VirCapSeq probes, designed in 2015, facilitated complete 
genome assembly of this virus [15, 16]. mNGS circumvents 
some of the limitations of PCR, but it is less sensitive. In 
contrast, capture sequencing provides the sensitivity of PCR 
and tolerates sequence divergence similar to mNGS. Unlike 
PCR, we target complete genomes for probe design, and 
the probes can tolerate up to 30% of nucleotide divergence. 
This strategy allows for detection of novel, highly diver-
gent pathogens through probes that hybridize within con-
served regions of the genome. While there could be a drop 
in genome coverage within the variable regions of emerging 
or novel strains, the assay would not fail to detect a novel 
agent. The enrichment through positive selection also low-
ers the sequencing depth that is required for mNGS and 
thereby facilitates the analysis of multiple samples within a 
single assay and substantially lowers per-sample costs. Typ-
ically, a single VirCapSeq-VERT assay on an Illumina Next-
Seq 2000 can provide pathogen genomic analyses for up to 
50 samples. In our previously reported validation efforts, 

Fig. 3  Genome coverage comparison of TBDCapSeq using Illu-
mina (panel A) and ONT (panel B). Shown are the reads aligned to 
the chromosome of B. miyamotoi strain LB-2001 (accession number 

NC_022079.2; www.ncbi.nih.gov; accessed 06/17/2025) generated 
from a whole blood B. miyamotoi-positive clinical sample

 

1 3

Page 9 of 11    448 

http://www.ncbi.nih.gov


Molecular Biology Reports          (2026) 53:448 

Declarations

Ethics approval and consent to participate  NA.

Consent for publication  NA.

Competing interests  The authors declare no competing interests.

Open Access   This article is licensed under a Creative Commons 
Attribution-NonCommercial-NoDerivatives 4.0 International License, 
which permits any non-commercial use, sharing, distribution and 
reproduction in any medium or format, as long as you give appropri-
ate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if you modified the licensed 
material. You do not have permission under this licence to share 
adapted material derived from this article or parts of it. The images or 
other third party material in this article are included in the article’s Cre-
ative Commons licence, unless indicated otherwise in a credit line to 
the material. If material is not included in the article’s Creative Com-
mons licence and your intended use is not permitted by statutory regu-
lation or exceeds the permitted use, you will need to obtain permission 
directly from the copyright holder. To view a copy of this licence, visit ​
h​t​t​p​​:​/​/​​c​r​e​a​​t​i​​v​e​c​​o​m​m​o​​n​s​.​​o​r​g​​/​l​i​​c​e​n​​s​e​s​/​​b​y​​-​n​c​-​n​d​/​4​.​0​/.

References

1.	 Morozova O, Marra MA (2008) Applications of next-generation 
sequencing technologies in functional genomics. Genomics 
92:255–264

2.	 Jarvie T (2005) Next generation sequencing technologies. Drug 
Discov Today Technol 2:255–260

3.	 Cox-Foster DL, Conlan S, Holmes EC, Palacios G, Evans JD, 
Moran NA, Quan PL, Briese T, Hornig M, Geiser DM et al (2007) 
A metagenomic survey of microbes in honey bee colony collapse 
disorder. Science 318:283–287

4.	 Palacios G, Druce J, Du L, Tran T, Birch C, Briese T, Conlan 
S, Quan PL, Hui J, Marshall J et al (2008) A new arenavirus in 
a cluster of fatal transplant-associated diseases. N Engl J Med 
358:991–998

5.	 Quan PL, Wagner TA, Briese T, Torgerson TR, Hornig M, 
Tashmukhamedova A, Firth C, Palacios G, Baisre-De-Leon A, 
Paddock CD et al (2010) Astrovirus encephalitis in boy with 
X-linked agammaglobulinemia. Emerg Infect Dis 16:918–925

6.	 Briese T, Paweska JT, McMullan LK, Hutchison SK, Street C, 
Palacios G, Khristova ML, Weyer J, Swanepoel R, Egholm M et 
al (2009) Genetic detection and characterization of Lujo virus, 
a new hemorrhagic fever-associated arenavirus from southern 
Africa. PLoS Pathog 5:e1000455

7.	 Briese T, Kapoor A, Mishra N, Jain K, Kumar A, Jabado OJ, 
Lipkin WI (2015) Virome Capture Sequencing Enables Sensi-
tive Viral Diagnosis and Comprehensive Virome Analysis. mBio 
6(5):e01491–e01415.

8.	 Kapoor V, Briese T, Ranjan A, Donovan WM, Mansukhani MM, 
Chowdhary R, Lipkin WI (2024) Validation of the VirCapSeq-
VERT system for differential diagnosis, detection, and surveil-
lance of viral infections. J Clin Microbiol 62:e0061223

9.	 Jain K, Tagliafierro T, Marques A, Sanchez-Vicente S, Gokden A, 
Fallon B, Mishra N, Briese T, Kapoor V, Sameroff S et al (2021) 
Development of a capture sequencing assay for enhanced detec-
tion and genotyping of tick-borne pathogens. Sci Rep 11:12384

10.	 Allicock OM, Guo C, Uhlemann AC, Whittier S, Chauhan LV, 
Garcia J, Price A, Morse SS, Mishra N, Briese T, Lipkin WI 

number of discrete genomic regions detected, and % genome 
recovery. Implementing identical parameters on the ONT 
platform is impeded by lower read output and sequencing 
fidelity. We established an analysis that utilized homology 
search to curated pathogen databases using BLAST and a 
confirmation alignment to a reference genome. A sample 
is called positive if BLAST and mapping results correlate 
along with a minimum genome recovery of 5% for viruses 
and 0.2% for cellular pathogens from two distinct regions 
of the genome. Finally, to reduce turnaround time for ONT 
sequencing while increasing sensitivity and specificity, we 
will explore adaptive sampling that selectively sequences 
DNA molecules of interest and discards host or other desig-
nated nucleic acids [26, 27].

Conclusion

Technological advances have reduced the cost of NGS and 
enhanced assay performance. However, the infrastructure 
required to support NGS can render it cost-prohibitive and 
impractical for point-of-care testing. Additionally, as dem-
onstrated with the analyses of the clinical samples from 
patients with tick-borne disease, the low sensitivity of 
mNGS remains one of its key weaknesses as a diagnostic 
tool. The inclusion of enrichment methods such as capture 
sequencing are critical for providing acceptable thresh-
olds for detection. Our capture systems, VirCapSeq and 
TBDCapSeq, are highly adaptable, reproducible and robust 
as demonstrated with the use of different probes manufac-
turers and sequencing instruments. This suggests that invest-
ment into NGS-based diagnostics can provide economical, 
sensitive and specific tests with broad-pathogen coverage 
that can potentially be implemented in future point of care 
setting.

Supplementary Information  The online version contains 
supplementary material available at ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​1​​1​0​3​3​-​0​
2​6​-​1​1​5​8​9​-​1.

Acknowledgements  NA.

Author contributions  VK, PS, EH, TB, WIL, RT - study conception; 
VK, TB, RT- experimental design; SSV, WD, JP, AG - data acquisition; 
AN - data analysis; TB, VK and RT - data interpretation; WIL and RT - 
funding acquisition; VK and RT - composed the manuscript.

Funding  This work was supported by an award from the Department 
of Defense HT9425-23-1-0830 (PI: Tokarz) and with funds from the 
Department of Health and Human Services; Administration for Strate-
gic Preparedness and Response; Biomedical Advanced Research and 
Development Authority, under Contract No. 75A50122C00012.

Data availability  Raw sequence reads originated from this study has 
been submitted in the NCBI Sequence Read Archive under BioProject 
ID SUB15617694 and is publicly available.

1 3

  448   Page 10 of 11

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1007/s11033-026-11589-1
https://doi.org/10.1007/s11033-026-11589-1


Molecular Biology Reports          (2026) 53:448 

al (2020) The Lyme Disease Biobank: Characterization of 550 
Patient and Control Samples from the East Coast and Upper Mid-
west of the United States. J Clin Microbiol 58(6):e00032–e00020

19.	 Chen S (2023) Ultrafast one-pass FASTQ data preprocessing, 
quality control, and deduplication using fastp. Imeta 2:e107

20.	 Guppy protocol (GPB_2003_v1_revAX_14Dec (2018) [ ​h​t​t​p​s​:​​​/​​
/​n​a​n​o​p​​o​r​e​​t​e​c​​​h​.​c​o​​​m​/​​d​o​c​​u​m​e​​​n​t​/​​G​u​p​​​p​y​​-​p​r​o​​t​o​​c​​​o​l​​/​#​b​​a​r​c​​o​​d​i​​n​g​-​​d​e​m​u​
l​t​i​p​l​e​x​i​n​g ]

21.	 Danecek P, Bonfield JK, Liddle J, Marshall J, Ohan V, Pollard 
MO, Whitwham A, Keane T, McCarthy SA, Davies RM, Li H 
(2021) Twelve years of SAMtools and BCFtools. Gigascience 
10(2):giab008

22.	 Li H (2018) Minimap2: pairwise alignment for nucleotide 
sequences. Bioinformatics 34:3094–3100

23.	 Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ (1990) 
Basic local alignment search tool. J Mol Biol 215:403–410

24.	 McKinney W. Data structures for statistical computing in Python. 
scipy 445(1):51-6.

25.	 Quinlan AR, Hall IM (2010) BEDTools: a flexible suite of utili-
ties for comparing genomic features. Bioinformatics 26:841–842

26.	 Martin S, Heavens D, Lan Y, Horsfield S, Clark MD, Leggett RM 
(2022) Nanopore adaptive sampling: a tool for enrichment of low 
abundance species in metagenomic samples. Genome Biol 23:11

27.	 Weilguny L, De Maio N, Munro R, Manser C, Birney E, Loose 
M, Goldman N (2023) Dynamic, adaptive sampling during nano-
pore sequencing using Bayesian experimental design. Nat Bio-
technol 41:1018–1025

Publisher’s note  Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

(2018) BacCapSeq: a Platform for Diagnosis and Characteriza-
tion of Bacterial Infections. mBio 9(5):e02007–e02018

11.	 Sanchez-Vicente S, Jain K, Tagliafierro T, Gokden A, Kapoor V, 
Guo C, Horn EJ, Lipkin WI, Tokarz R (2022) Capture Sequenc-
ing Enables Sensitive Detection of Tick-Borne Agents in Human 
Blood. Front Microbiol 13:837621

12.	 Sheka D, Alabi N, Gordon PMK (2021) Oxford Nanopore 
Sequencing in Clinical Microbiology and Infection Diagnostics. 
Brief Bioinform 22:bbaa403

13.	 Gorzynski JE, Goenka SD, Shafin K, Jensen TD, Fisk DG, Grove 
ME, Spiteri E, Pesout T, Monlong J, Baid G et al (2022) Ultrar-
apid Nanopore Genome Sequencing in a Critical Care Setting. N 
Engl J Med 386:700–702

14.	 Jang Y, Kim S, Kim N, Son H, Ha EJ, Koh EJ, Phi JH, Park CK, 
Kim JE, Kim SK et al (2022) Nanopore 16S sequencing enhances 
the detection of bacterial meningitis after neurosurgery. Ann Clin 
Transl Neurol 9:312–325

15.	 Pogka V, Papadopoulou G, Valiakou V, Sgouras DN, Mentis AF, 
Karamitros T (2022) Targeted Virome Sequencing Enhances 
Unbiased Detection and Genome Assembly of Known and Emerg-
ing Viruses-The Example of SARS-CoV-2. Viruses 14(6):1272

16.	 Carbo EC, Mourik K, Boers SA, Munnink BO, Nieuwenhuijse 
D, Jonges M, Welkers MRA, Matamoros S, van Harinxma Thoe 
Slooten J, Kraakman MEM et al (2023) A comparison of five Illu-
mina, Ion Torrent, and nanopore sequencing technology-based 
approaches for whole genome sequencing of SARS-CoV-2. Eur J 
Clin Microbiol Infect Dis 42:701–713

17.	 Mears MC, Read QD, Bakre A (2025) Comparison of direct 
RNA sequencing of Orthoavulavirus javaense using two dif-
ferent chemistries on the MinION platform. J Virol Methods 
333:115103

18.	 Horn EJ, Dempsey G, Schotthoefer AM, Prisco UL, McArdle 
M, Gervasi SS, Golightly M, De Luca C, Evans M, Pritt BS et 

1 3

Page 11 of 11    448 

https://nanoporetech.com/document/Guppy-protocol/#barcoding-demultiplexing
https://nanoporetech.com/document/Guppy-protocol/#barcoding-demultiplexing
https://nanoporetech.com/document/Guppy-protocol/#barcoding-demultiplexing

	﻿Adaptation of custom capture sequencing panels to the Oxford Nanopore MinION platform
	﻿Abstract
	﻿Background
	﻿Materials and methods
	﻿ONT-VirCapSeq-VERT feasibility using ONT library preparation kits
	﻿ONT-VirCapSeq-VERT feasibility using a custom workflow
	﻿Performance comparison of ONT-VirCapSeq-VERT over ONT-mNGS
	﻿Sensitivity comparison of Illumina-VirCapSeq-VERT and ONT-VirCapSeq-VERT
	﻿TBDCapSeq pathogen quantification and sample preparation
	﻿Generation of quantitative PCR assays
	﻿Clinical and contrived samples for TBDCapSeq
	﻿ONT-TBDCapSeq library preparation
	﻿ONT Sequencing
	﻿Bioinformatics


	﻿Results
	﻿ONT-VirCapSeq-VERT
	﻿ONT-TBDCapSeq

	﻿Discussion
	﻿Conclusion
	﻿References


