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ABSTRACT

Multiple displacement amplification (MDA) outperforms conventional PCR in long fragment and whole-genome amplification,
making it attractive to couple MDA with long-read sequencing of samples with limited quantities of DNA to obtain improved
genome assemblies. Here, we explore the efficacy and limits of MDA for efficient low-cost genome sequence assembly using
Oxford Nanopore Technologies (ONTSs) rapid library preparations and minION sequencing. We successfully generated almost
complete genome sequences for all organisms examined, including Gram-positive (Staphylococcus aureus, Enterococcus faecium)
and Gram-negative (Escherichia coli) prokaryotes and one challenging eukaryotic pathogen (Cryptosporidium spp) representing
a broad spectrum of critical infectious disease pathogens. High-quality data from those samples were generated starting with
only 0.025ng of total DNA. Controlled sheared DNA samples exhibited a distinct pattern of size increase after MDA, which
may be associated with the amplification of long, low-abundance fragments present in the assay, as well as generating concate-
meric sequences during amplification. To address concatemers, we developed a computational pipeline (CADECT: Concatemer
Detection Tool) to identify and remove putative concatemeric sequences. This study highlights the efficacy of MDA in generating
high-quality genome assemblies from limited amounts of input DNA. Also, the CADECT pipeline effectively mitigated the im-
pact of concatemeric sequences, enabling the assembly of contiguous sequences even in cases where the input genomic DNA was
degraded. These results have significant implications for the study of organisms that are challenging to culture in vitro, such as
Cryptosporidium, and for expediting critical results in clinical settings with limited quantities of available genomic DNA.
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1 | Introduction

The advent of next-generation sequencing technologies has rev-
olutionized genomics research by enabling the rapid and cost-
effective generation of vast amounts of sequencing data (Slatko
et al. 2018; Hu et al. 2021). Among these technologies, Oxford
Nanopore Sequencing (ONT) stands out due to its ability to
provide long-read sequencing data in real-time, with lower in-
strument costs when compared to the other major commercial
long-read sequencing platform, PacBio (Pacbio 2022). ONT se-
quencing has been used for numerous applications, including
de novo genome assembly, metagenomics and pathogen detec-
tion. However, ONT sequencing library preparations typically
still require higher quality and higher quantities of DNA inputs
than may be available for many projects. ONT rapid library
preparations usually require at least 50-200ng of input DNA
for the older and newer kits per sample. However, more input
DNA is required when pooling fewer than eight barcoded sam-
ples, as a minimum of 400 ng is recommended for loading onto a
MinION flow cell. Many samples have also degraded DNA with
fragments that are too short for ONT rapid library preparation
or have limited utility in assembly. Removing these small frag-
ments to optimize read length and assembly processes further
reduces available DNA quantity. This poses challenges when
working with samples with limited quantity and/or degraded
DNA (Delahaye and Nicolas 2021). For this reason, alternative
library preparation or sequencing techniques, including short-
read sequencers (e.g., Illumina, Element Biosciences AVITI), are
often preferred for handling samples with low molecular weight
and/or low quantities of DNA.

To overcome these limitations, multiple displacement ampli-
fication (MDA) has emerged as a valuable and highly efficient
method for amplifying small quantities of DNA. MDA has sig-
nificant advantages over conventional PCR-based techniques
such as random or degenerate oligonucleotide-primed PCR
(DOP-PCR) and primer extension preamplification (PEP) (Hou
et al. 2015). MDA advantages include reduced waste of rare
samples since we can use lower amounts of DNA, isothermal
amplification for efficiency, heightened sensitivity in detecting
low amounts of DNA inputs, minimized coverage bias and error
rates when compared to the other PCR-based methods and am-
plification of longer DNA fragments (Dean et al. 2002; Fullwood
et al. 2008). MDA uses Phi29 DNA polymerase, which has a dis-
placement activity that enables the isothermal amplification of
DNA with high fidelity and exponential amplification of DNA
molecules (Dean et al. 2002). This technique has been success-
fully applied in various genomic studies, including single-cell
sequencing (Troell et al. 2016), ancient DNA analysis and mi-
crobiome studies (Binga et al. 2008; Lasken 2009). While a pro-
tocol for MDA with ONT ligation sequencing kits is available
using the repli-G kit (Qiagen, Germany), the potential of MDA's
application with ONT rapid kits, which offer faster processing
times and less cost (FFPE DNA repair is not needed in the rapid
kit protocol), though it yields relatively smaller fragments com-
pared to ligation kits, has not been investigated. Consequently,
MDA's potential limitations and impacts on whole-genome as-
sembly in this context remain relatively unexplored.

The use of MDA combined with ONT sequencing has the poten-
tial to unlock genomic insights for organisms that are small to

microscopic, especially those that are difficult or impossible to
culture in vitro (e.g., Cryptosporidium species, Mycobacterium
leprae and Treponema pallidum). Furthermore, clinical samples
and isolates with limiting amounts of DNA pose a challenge for
rapid and accurate genome sequence analysis, especially in ur-
gent clinical situations where timely results are crucial. Working
with degraded DNA samples becomes an issue since it could
limit the sequence genomic coverage and assembly (Ceccherini
et al. 2003; Dabney and Meyer 2019). While MDA effectively
amplifies low DNA inputs, it presents significant challenges
when applied to severely degraded DNA samples (Dabney and
Meyer 2019). Specifically, MDA can negatively impact genomic
analysis through (i) reduced efficiency due to DNA breaks or
lesions, leading to incomplete amplification; (ii) coverage bias
resulting in uneven genomic representation; (iii) potential con-
taminant interference with the amplification reaction (Wang
et al. 2004); and (iv) the yield from MDA decreases as the length
of the input DNA decreases (Lage et al. 2003).

Beyond these initial limitations, MDA introduces additional
complexities in genomic sequencing, including (i) nonspe-
cific amplification from primer dimer formation and template
switching, (ii) chimeric DNA rearrangements and (iii) inherent
genomic representation amplification bias that can compromise
the accuracy and comprehensiveness of molecular analysis
(Binga et al. 2008).

Some studies show that chimeric reads are usually inverted chi-
meras or direct chimeras, but it was previously observed that
most of the detected MDA chimeric sequences (85%) are in-
verted chimeras, such as inverted sequences with intervening
deletions, which can be caused by template switching (Lasken
and Stockwell 2007; Lu et al. 2023). These chimeric sequences
are known to affect genome sequencing because they can be
considered amplification artefacts, which cannot be used for ge-
nome assembly (Lu et al. 2023). Studies suggest that chimerism
in MDA sequencing data is a significant concern that is gaining
attention, particularly with the rise of single-cell studies (Hard
et al. 2023).

To address the challenges associated with artifactual concate-
meric sequences generated during MDA, we developed a novel
bioinformatic tool called CADECT (Concatemer Detection
Tool), which is made available at https://github.com/rpbap/
CADECT. This tool enabled the identification and removal of
putative inverted chimeric concatemers, thus improving the ac-
curacy and contiguity of the genome assembly.

Our study aims to provide valuable insights into the use of MDA
for whole-genome ONT sequencing, particularly for low molec-
ular weight and/or low quantities of DNA samples, highlight-
ing its potential as a powerful method to obtain high-quality
long-read sequencing data. We assessed the MDA advantages,
constraints and effectiveness for whole-genome assembly in
microbial organisms with genome sizes <10Mb. This is espe-
cially significant for infectious disease agents, where obtaining
enough DNA can be challenging. Overall, our study under-
scores the potential of MDA in enabling high-quality long-read
sequencing from challenging low-concentration DNA samples,
emphasizing its importance in various genomic research and
clinical applications.
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2 | Results
2.1 | MDA Efficiency Across Different Species

Our whole-genome amplification (WGA), using MDA, results
reveal that in each sample type tested, we find an overall fold
change of >500x in comparison to the input sample DNA
(Table 1). Following amplification, approximately 1.5ug of the
product was debranched using T7 endonuclease prior to library
preparation for ONT sequencing. Usually, in our assays, we ob-
tained an ~45% recovery after this step, with the loss mostly at-
tributed to the bead purification process (Table 1). Although a
large amount of DNA is lost during the DNA purification step
post T7 endonuclease reaction, an overall fold change of around
100X is observed compared to the MDA DNA input. The varia-
tion observed in the T7 recovery is affected by pipetting and the
Ampure XP magnetic bead ratio that is set based on the DNA
integrity from the QC. In this manuscript, we used a fixed ratio
for all samples.

We successfully obtained contiguous and sometimes even
chromosomal-level assemblies from the samples analyzed in
this study, starting with MDA DNA inputs much lower than
Oxford Nanopore's recommended minimum of 50ng and 200ng
for the rapid barcode kit (RBK) for old and new library prep kits,
respectively (Table S1).

For certain samples, such as E. faecium, we observed that
achieving improved contiguity required generating higher
depth coverage during the sequencing. Our results indicate that,
for this organism, reaching depths beyond 70x allowed us to
attain a chromosomal-level assembly with only 2.5ng of start-
ing total DNA (Table S2). In comparison, increased sequencing
depth on samples that started with less than 0.001ng of input
into the MDA did not enhance contiguity. Combining separate
MDA amplifications of the same limited input samples did im-
prove the final genome coverage because the random nature of
the initial templates and amplification process. Thus, multiple
independent MDAs appears to be advantageous because it could
randomly amplify by chance different regions that are beneficial
for the genome assembly.

2.2 | MDA Using Serially Diluted Samples

Serial dilutions of a single E. faecium sample reveal success-
ful DNA amplification even at a low initial DNA amount of

2.5E-5ng (Figure 1A). The MDA technique imposes a size
limit on its amplified products, with an average product
length of 10-12kb (Dean et al. 2002). The debranching step
prior to library prep also leads to a reduction in the mean se-
quence read sizes (Table S3). Post MDA, the average size of the
reads observed in our study was within the range of 2-3kb.
In contrast, standard Oxford Nanopore Technologies (ONT)
assays without amplification (i.e., ONT RBK), which includes
a transposase step that simultaneously cleaves template mol-
ecules and attaches tags to the cleaved ends, are expected to
generate DNA fragments ranging from 5 to 20kb. When as-
sessing genome coverage from the tested samples such as E.
faecium, we observed that DNA inputs below 0.025ng result
in incomplete coverage of certain genomic regions that are
distributed randomly across the genomes tested (Figure 1B).
The same is expected for the other samples (Troell et al. 2016;
Chen et al. 2024; Penumarthi et al. 2024).

2.3 | MDA Results in an Unexpected Size Increase
From Fragmented DNA Samples

Following controlled enzymatic fragmentation using a
dsDNA fragmentase (to simulate degraded input DNA) and
MDA according to the repli-G manufacturer protocol, we ob-
served an unexpected size-increase distribution of fragments
(Figure 2A). Indeed, for all samples, except Cryptosporidium,
the size distribution post-MDA was nearly identical for in-
tact and fragmented input DNA. Subsequent analysis of the
ONT sequencing results revealed the existence of longer read
lengths than those present in the same sample without MDA
amplification (Figure 2B).

When analyzing the sequence content of the run (all reads gen-
erated), two distinct types of reads were identified. Some rep-
resented potentially low-abundance longer reads that escaped
fragmentation during the enzyme incubation and were subse-
quently amplified. The other reads were primarily chimeric con-
catemers, likely generated through template switching of short
fragments during MDA (Figure 3A). While the occurrence of
concatemers in MDA assays has been reported previously (Paul
and Apgar 2005; Lu et al. 2023), they are typically present in low
amounts after sequencing. In our case, the fragmentation pro-
cess seemed to enhance the prevalence of these chimeric reads
in our ONT sequencing. As expected, assembly of the data re-
vealed that the presence of these chimeric/concatemer regions
significantly impacted genome assembly, resulting in a bubble

TABLE1 | Observed amplification yield increase by sample type.
MDA MDA Estimated

input output T7 output T7 recovery DNA output

(ng) (ng) (ng) (%) fold increase
Gram-positive S. aureus 2.5 1500 894 59.6 357.6X
E. faecium 2.5 1430 749 52.4 299.6x
Gram-negative E. coli 5.0 8360 552 36.8 110.0x
Eukaryotic Pathogen (Cryptosporidium ssp.) 2.5 1976 555 441 222.0%
Positive control (Calf thymus) 5.0 3800 620 41.33 124.0x
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fragmentation effect across the entire genome and affecting con-
tiguity (Figure 3B).

2.4 | Concatemer Detection Tool

To identify and eliminate potential concatemers generated by
MDA, we designed a concatemer detection tool specifically
tailored for raw ONT reads called CADECT. This tool enables
the differentiation of putative concatemeric chimeric reads
from non-concatemeric ones. To achieve this, the process in-
volves dividing each long-read sequence into multiple frag-
ments using a sliding window approach and then aligning these
fragments with one another using Biopython global pairwise2
(pairwise2.align.globalxx). The underlying hypothesis is that
the presence of a concatemer would result in certain windows
aligning with each other (presence of alignments with global
alignment coverage greater than 0.7), thereby confirming the
existence of a potential concatemer or tandem repeat within
the sequenced read. No overlapping detection under the same
parameters as mentioned above would be identified as non-
concatemeric. Reads with lengths less than twice the given win-
dow size are categorized and stored as short reads. Additionally,
it incorporates a size selection mechanism to isolate longer
reads, thereby streamlining the genome assembly process and
enhancing contiguity.

Following evaluation of the CADECT pipeline on frag-
mented DNA and a comparative analysis of results pre- and

post-amplification assays (Table S1), we confirmed that the final
genome assembly exhibited significantly reduced fragmenta-
tion. The integration of MDA and CADECT proved to be effec-
tive, particularly in handling challenging, low-quantity DNA
samples. This combination facilitated the generation of nearly
complete genome assemblies with depths above 70x (Figure 4;
Table S4).

Overall, when comparing the data before and after CADECT
using default parameters with a 500 base window size, we ob-
serve that it is a stringent process, which separates putative con-
catemers and shorter reads and tends to affect the average final
depth of the final input. Specifically, in the case of S. aureus, we
note that for high-quality intact amplified DNA, the detection of
putative chimeras and size selection decreases coverage by 40%,
whereas for amplified fragmented samples, it decreases cover-
age by 50% (Table S5). Due to size selection, the effect on depth
is more pronounced for fragmented samples.

3 | Discussion

Our study demonstrates that MDA offers a promising solution
for amplifying low amounts of DNA from precious samples for
ONT sequence generation with the ONT rapid barcode sequenc-
ing Library kit (RBK). In this study, we demonstrated key points:
(A) Using our method, we can successfully sequence samples
with DNA inputs as low as 0.025pg., corresponding to approx-
imately 1.5 times the DNA content of a single Cryptosporidium
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representation of the effect of concatemers on genome assembly (bubble
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| Impact of MDA-generated concatemers on the genome

oocyst (genome size ~9 Mb; Table 2). For bacteria with genome
sizes ranging from 3 to 7Mb, this DNA amount would represent
contributions from more cells. However, as shown in Figure 1
for bacteria, achieving whole genome and plasmid assemblies
with whole-genome coverage typically requires approximately
2.5pg. of input DNA, equivalent to more haploid genome equiv-
alents. This demonstrates that while our approach has high
sensitivity, generating complete genome assemblies is more re-
liable when working with DNA from more cells. Single-oocyst
sequencing minimizes the variability associated with bulk

sequencing approaches, providing more consistent genomic in-
sights. Nonetheless, for applications requiring complete assem-
blies, starting with higher DNA concentrations is advisable to
ensure robust results. (C) MDA using ONT RBK Kkits shows a
good option to decrease the library prep time and cost, generat-
ing closed bacterial genomes and chromosomal-level genomes
with a limited amount of DNA input. Here, we have only exam-
ined organisms with genome sizes < 10Mb. Larger genome sizes
will require additional starting material, and smaller genome
sizes should have success with even less input DNA.

We were able to obtain whole-genome sequences at the chro-
mosomal level for almost all tested organisms when generating
depth coverages > 70x. This indicates that we can overcome the
challenge of the relatively shorter reads that MDA with T7 deb-
ranching generates compared to reads generated from higher
DNA input without amplification. Although the V14 RBK Kkits
for R10.4.1 flow cells were not available at the time experiments
were conducted, we have subsequently used the updated ONT
V14 chemistry and confirmed that the protocol yields repro-
ducible results, consistent with our earlier findings (data not
shown). It is essential to highlight that highly complex regions,
such as repetitive regions with tandem repeats larger than the
window size used for CADECT detection, might be identified as
concatemeric reads. This occurs because the tool detects repeat
overlaps, which can lead to their exclusion before the assembly
process, potentially causing some regions of the genome to re-
main fragmented. Thus, the judicious use of CADECT, includ-
ing optimizing the window size, is warranted depending on the
size and structure of repeats in the genome of the organisms
being sequenced and assembled.

At a lower amount of initial DNA, we observed that the ampli-
fication appears to be random, exhibiting no apparent coverage
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FIGURE 4 | Circos plot illustrating a synteny comparison between the reference S. aureus ATCC-29213 genome sequence and pre- and post-
amplification genome assemblies. The Circos plots contrast the assemblies resulting from the amplified fragmented DNA before and after CADECT
processing. A comparison between the reference genome and (A) genomic assembly of fragmented DNA sample without MDA, (B) genomic assembly
of fragmented DNA sample with MDA before CADECT and (C) genomic assembly of fragmented DNA sample with MDA after CADECT. Grey lines
are potential secondary alignments (multicopy region, repeats or concatemers).

TABLE 2 | Estimated DNA concentration in a single cell of the
organisms studied in this project.

Estimated Amt of
genome DNA/

Sample size (Mb) cell (fg)
E. coli 5.00 5.43
S. aureus 2.81 3.03
E. faecium 2.91 3.14
Cryptosporidium. ssp. 9.2 39.70
(oocysts)*
Cryptosporidium ssp. 9.90
(sporozoite)

*One Cryptosporidium ssp. oocyst contains four haploid sporozoites.

amplification bias across the genome (Figure 1). At extremely
low DNA amounts, achieving full coverage of the target genome
may be challenging, but the method remains valuable for poten-
tial taxon identification and may prove effective for the identifi-
cation of plasmids as well (Figure 1). While the effectiveness in
metagenomic samples requires further evaluation, there is prom-
ise in using this approach for taxon identification. Extremely
low-abundance samples tend to produce patchy sequence infor-
mation. Thus, although extremely low-concentration samples
provide valuable sequence information, they also lack coverage
in many regions, which impacts the assembly process and the
ability to produce full genomic information. Combining mul-
tiple MDA replicates is likely to increase the chances of am-
plifying more regions and thus will be more likely to enhance
genome coverage versus deeper sequencing.

In the case of sheared DNA, the higher impact on the depth after
CADECT is primarily related to loss in the size selection pipeline
(Table S5). However, our concatemer detection tool, CADECT,
effectively identified and removed several concatemers, facil-
itating the assembly and yielding good results. This highlights
the importance of bioinformatic tools in overcoming challenges
associated with amplification artefacts, thus improving the accu-
racy of genome assembly.

It is worth noting that the CADECT pipeline will remove a sig-
nificant number of reads, which will impact depth for an optimal

genome assembly. If there is no sufficient coverage obtained
post-CADECT run, an alternative is to merge the reads identi-
fied as short by the program with the non-concatemeric reads.
As observed previously, the chimeric rate produced by MDA is
positively associated with the mean read length (Lu et al. 2023),
indicating a decreased likelihood of chimeric reads in this short
dataset. Consequently, this dataset is less likely to negatively im-
pact the assembly process. In more complex genome sequences
that are rich in repeats, further investigation is required to ad-
dress these regions effectively and be able to distinguish concate-
mers from genuine repetitive patterns within the genome. As a
solution, the CADECT pipeline generates a separate concatemer
fastq file. This file includes putative concatemeric regions as
well as true repeats. For example, in highly repetitive genomes
such as trypanosomatids with an ~50% genomic repeat content
(El-Sayed et al. 2005), CADECT would detect a high number of
reads containing real tandem repeats in the genome as putative
concatemers, which would result in a higher impact on coverage
depth loss and also impact the genome content of the organisms
used for assembly. To mitigate this, we recommend incorporat-
ing a repeat identification step into the pipeline, such as using
RepeatModeler (Flynn et al. 2020) trained with the organism of
interest on the putative concatemer generated sequence file from
CADECT. This additional step would enhance the recovery of in-
formation and data for the subsequent assembly process.

Moving forward, it is crucial to continue exploring the poten-
tial of MDA in various biological contexts and optimize the am-
plification protocol to minimize potential amplification biases
and errors. Additionally, considering the clinical applications of
MDA, further research and development of rapid and reliable
sequencing approaches are necessary to unlock its full potential
in diagnosing and monitoring infectious diseases and other clin-
ical applications.

4 | Materials and Methods
4.1 | Sample Collection and Preparation

A 100-ng DNA sample of Cryptosporidium meleagridis isolate
TU1867 was obtained from BEI Resources (NR-2521) (Manassas,
VA). DNA samples from cultured Staphylococcus aureus ATCC-
29213, Enterococcus faecium TX-1330, and Escherichia coli
strain K12, which were available in our laboratory, were used
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for testing. The bacterial DNA samples were prepared for down-
stream processing using the QTAGEN QIAamp DNA Mini Kit
with lysozyme for Gram-positive samples and buffer ATL (tissue
lysis buffer) for Gram-negatives. To assess sequence integrity,
an S. aureus DNA sample aliquot was sheared using NEBNext
dsDNA Fragmentase for 15min to generate fragments approxi-
mately 1000bp in size. All DNA samples were quality controlled
using a TapeStation (Agilent Technologies, Santa Clara, CA) and
Qubit (ThermoFisher Scientific, Waltham, MA). In addition, we
conducted serial dilutions on all samples to assess the limit of de-
tection for amplification in the assay. The dilutions ranged from
2.5E-5ng to 2.5ng, allowing us to determine the minimum con-
centration at which successful amplification could be achieved.

4.2 | Multiple Displacement Amplification (MDA)

Prior to MDA, the concentration of DNA was obtained
using a Qubit fluorometer dsDNA high-sensitivity assay kit
(ThermoFisher, Waltham, MA). For the C. meleagridis DNA, three
different amounts were used as input for whole-genome amplifi-
cation (i.e., 2, 5 and 10ng) in a final volume of 5uL. For the bacte-
rial samples, MDA was performed on 2.5ng of fragmented intact
S. aureus DNA as well as serial dilutions of DNA from E. faecium
ranging from 2.5ng to 2.5E-5ng. 400ng of non-amplified DNA
was used as an input control for the ONT rapid kit library prepa-
ration (Oxford Nanopore Technologies, Oxford, United Kingdom).

MDA was performed using the Qiagen repli-G kit (CAT #150023,
Qiagen, Hilden, Germany), following the manufacturer's in-
structions. Following this, concentrations of DNA were ob-
tained using a Qubit fluorometer dsDNA high-sensitivity assay
kit (ThermoFisher, Waltham, MA).

For T7 Endonuclease I debranching, up to 42uL (i.e., all prod-
uct from the MDA reaction) of MDA DNA was used as input
(Catalogue #M0302, New England BioLabs, Ipswich, MA). After
scaling up the reaction to accommodate a 42-uL input, all reaction
components were added following the manufacturer's guidelines
and incubated for 15min at 37°C in a BioRad T100 thermocycler
(BioRad, Hercules, CA). The incubated reaction was brought up
to a final volume of 50 uL using TE buffer pH 8. AMPure XP beads
(CAT# A63880) were prepared ahead of time following the man-
ufacturer's instructions, and 35uL of beads were added to the
reaction and mixed thoroughly. The bead-reaction mixture was
placed on a rotator mixer (e.g., Hula mixer) for 10min at room
temperature. Following this, the bead-reaction mixture was spun
down and placed on a magnet until the eluate was clear and co-
lourless. With the bead-reaction mixture on the magnet, the clear
supernatant was pipetted off and 200 uL of freshly prepared 70%
ethanol was carefully added not to disturb the pellet (i.e., wash
step). The wash step was repeated one time, for a total of two
washes. After removing the supernatant from the second wash,
49 uL of water was used to resuspend the pellet, which was im-
mediately incubated for 1 min at 50°C in a BioRad T100 thermo-
cycler, followed by 5min at room temperature. The bead-reaction
mixture was placed back on the magnet, and 49 uL of the elute
was transferred to a sterile 1.5-mL tube. Concentrations of DNA
were obtained using a Qubit fluorometer dSDNA high-sensitivity
assay kit (ThermoFisher, Waltham, MA). A summarised diagram
of the protocol is provided (Figure S2).

4.3 | Whole-Genome Sequencing and Assembly

Sequencing of the amplified DNA samples was performed using
the ONT SQK-RBK110.96 kit for library preparation R9.4.1
MinION flow cells (Oxford Nanopore Technologies, Oxford, UK).
The amplified DNA samples were prepared according to the kit
instructions and loaded onto the flow cell for sequencing follow-
ing the manufacturer's instructions. Sequencing was carried out in
Mk1B and GridION MK1 devices for 72h, and the resulted fast5
files were base-called using guppy v6.3.7 using the high accuracy
model (dna_r9.4.1_450bps_hac). By sequencing for 72h, we aim
to recover as much data as possible. The real-time sequencing ca-
pability of ONT allowed us to access data as it is generated, which
is particularly advantageous in urgent cases like clinical assays.
When it is necessary to pellet cultured bacteria to obtain suffi-
cient DNA, this approach enables sequencing without requiring
prolonged cultivation periods. Furthermore, we are able to com-
mence data analysis as soon as the sequencing reaches the desired
depth, as monitored by the MinKNOW ONT software.

Flye 2.9 (Kolmogorov et al. 2019) was used for assembly. For
samples with > 100x coverage, the ‘—asm-coverage 100’ param-
eter was used to improve assembly and facilitate the assembler's
performance. We then used Nextpolish 1.4.1 (Hu et al. 2020)
to increase the overall base call quality of the genome and fa-
cilitate further quality control analysis such as Benchmarking
Universal Single-Copy Orthologs (BUSCO) scores and better
gene annotation. Illumina sequencing was not used here be-
cause the objective of this research was to determine how MDA
would affect long-read generation.

4.4 | Putative Concatemer Detection in Intact
Versus Fragmented Amplified Samples

To examine the impact of fragmentation on MDA products,
we treated DNA aliquots with NEBNext dsDNA Fragmentase
(CAT# M0348S) at 37°C for 16 min, creating fragments between
500 and 1000bp. This enzyme-based method induces DNA
shearing, generating fragments of specified sizes in a time-
dependent manner. The process provides random fragmen-
tation similar to mechanical methods. Both fragmented and
non-fragmented (high molecular weight DNA) samples were
sequenced as described above.

The CADECT tool (https://github.com/rpbap/CADECT) was
developed in-house and was used for the detection and removal
of putative concatemeric chimeric sequences in the ONT am-
plified reads. CADECT splits all reads into separate files and
performs sliding windows with a user-defined preferred size
and gap between windows. For ONT amplified reads, a window
size of >500bp with no overlaps was used (e.g., —w 500 and -s
500). Reads generating less than one window (<1kb in size in
the 500bp window example) were skipped, and their IDs were
stored in the short.txt output file. Fragment windows from reads
with more than two windows were aligned using nucmer from
mummer 4 (Marcais et al. 2018), and reads with overlaps were
reported in the stats file, with their IDs stored in the concat_ID
output file. Statistics including the total number of reads, number
of putative concatemers, number of reads with no concatemer
detection and overlap frequency were recorded in the stats.txt
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output file. Fastq/Fasta files containing the characterized reads
were generated for further analysis.

These methods were employed to investigate the benefits and
limitations of MDA in whole-genome ONT, focusing on low-
concentration DNA samples.
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