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Abstract

Oxford Nanopore Technologies (ONT) sequencing platforms currently offer two approaches to whole-genome native-DNA 
library preparation: ligation and rapid. In this study, we compared these two approaches for bacterial whole-genome sequenc-
ing, with a specific aim of assessing their ability to recover small plasmid sequences. To do so, we sequenced DNA from seven 
plasmid-rich bacterial isolates in three different ways: ONT ligation, ONT rapid and Illumina. Using the Illumina read depths to 
approximate true plasmid abundance, we found that small plasmids (<20 kbp) were underrepresented in ONT ligation read sets 
(by a mean factor of ~4) but were not underrepresented in ONT rapid read sets. This effect correlated with plasmid size, with the 
smallest plasmids being the most underrepresented in ONT ligation read sets. We also found lower rates of chimaeric reads in 
the rapid read sets relative to ligation read sets. These results show that when small plasmid recovery is important, ONT rapid 
library preparations are preferable to ligation-based protocols.

DATA SUMMARY
Supplementary figures, tables, data and code can be found 
at: ​github.​com/​rrwick/​Small-​plasmid-​Nanopore and ​bridges.​
monash.​edu/​articles/​dataset/​Small_​plasmid_​Nanopore_​
data/​13543754. The authors confirm all supporting data, 
code and protocols have been provided within the article or 
through supplementary data files.

INTRODUCTION
Plasmids are extra-chromosomal pieces of DNA present 
in many bacterial genomes [1, 2]. While smaller than the 
chromosome, they are important genomic components that 
can confer key phenotypic traits and contribute to gene flow 
within/between species. Most plasmids are circular, though 
linear plasmids also exist [3], and for some bacterial species 
it is common to find multiple plasmids in a single genome 
[4]. Plasmids come in a broad range of sizes, from <1 kbp 
to >300 kbp [5, 6]. For simplicity, here we categorise plasmids 
as ‘small’ or ‘large’ using a threshold of 20 kbp [7]. Both small 
and large plasmids can carry clinically relevant genes, such 
as virulence or antimicrobial resistance (AMR) genes [8–10]. 

Unlike many large plasmids, small plasmids do not encode 
their own conjugative transfer systems, but many do appear 
to be readily mobilizable between host cells, and are therefore 
similarly important for the transfer of genetic material and the 
spread of AMR [11].

Short-read sequencing (e.g. Illumina platforms) of bacterial 
genomes can typically only produce fragmented draft assem-
blies [12]. It is difficult to reconstruct plasmid sequences 
from short-read assemblies [13], and this impedes the ability 
to accurately monitor the spread of key genes in bacterial 
populations [14, 15]. In contrast, long-read sequencing (e.g. 
Pacific Biosciences and Oxford Nanopore Technologies plat-
forms) allows for complete bacterial genome assembly, with 
each chromosome or plasmid assembled into a single contig 
[16, 17]. Oxford Nanopore Technologies (ONT) long-read 
platforms are especially well suited to bacterial genomics, 
as they are cost-effective and allow for easy multiplexing of 
samples, enabling sufficient data generation for simultaneous 
completion of 12 or more genomes at a cost of <100 USD each 
[18–20]. There are many genome assembly tools appropriate 
for use with ONT reads, some of which also use short reads 
for what is known as hybrid assembly [12, 21]. Other tools 
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operate on ONT reads alone, an approach we will call long-
read-only assembly [22–24].

While ONT sequencing offers many advantages in bacte-
rial genomics, during a number of sequencing projects 
[18, 25–30], we have anecdotally observed that small plasmids 
are frequently absent from ONT long-read-only assemblies. 
This can have serious downstream consequences, e.g. if a 
small plasmid containing an AMR determinant is missing 
from the assembly, this can result in an incorrect antimicro-
bial susceptibility prediction (a failure to detect resistance), 
known as a ‘very major error’ as it can lead to prescribing 
an ineffective antimicrobial [31]. We hypothesised that this 
problem was due in part to our use of the ONT ligation-based 
library preparation (SQK-LSK109 kit). During extraction, 
DNA is incidentally fragmented, typically resulting in frag-
ments ~10 kbp in size [32] onto which barcode and adapter 
sequences are attached via blunt-end ligation during library 
preparation. Large plasmids are likely to be fragmented into 
one or more linear pieces, but small plasmids may avoid frag-
mentation and remain circular. As such, the small plasmids 
will have no blunt ends, will not have any adapter ligated 
and will thus be unavailable for sequencing (Fig. 1). Upon 
sequencing of the library, this leads to underrepresentation of 
small plasmids in the resulting ONT read set, which may in 
turn cause the assembler to fail to produce contigs for them 
[24]. Deliberately increasing fragmentation before DNA 
preparation could mitigate this effect by creating smaller 
fragments, however this would result in shorter read lengths, 
which negates the benefits of long-read sequencing and can 
negatively impact the assembly contiguity [24, 33].

The ONT rapid preparation kits (e.g. the SQK-RBK004 rapid 
barcoding kit) offer a potential solution. Unlike the ligation 
approach, the rapid approach uses a transposase enzyme 
to simultaneously cleave DNA and attach barcode/adapter 
sequences (Fig. 1). Since rapid preparations do not rely on 
blunt-end ligation, they should be active on sequences that 
are circular such as unfragmented small plasmids. Hence, in 
this study we compared the performance of ONT ligation and 
rapid library preparations for whole-genome sequencing of 
bacterial genomes containing small plasmids. Specifically, we 
aimed to quantify plasmid read depths and determine whether 
ONT rapid preparations give a more accurate representation 
of small plasmid abundance than ONT ligation preparations. 
To assess this, we used short-read Illumina sequencing, whose 
libraries are unbiased with respect to the starting length of 
the molecules, as the gold standard for quantifying plasmid 
abundance.

METHODS
Bacterial isolates, DNA extraction and sequencing
We included seven bacterial isolates in this study (Table 1, 
Fig. S1a, available in the online version of this article), each 
containing small plasmids (identified from previous analyses) 
[34–37] and belonging to different bacterial species: Acineto-
bacter baumannii, Citrobacter koseri, Enterobacter kobei, an 
unnamed Haemophilus species (given the placeholder name 

Haemophilus sp002998595 in GTDB R202) [38, 39], Klebsiella 
oxytoca, Klebsiella variicola and Serratia marcescens. These 
isolates were cultured overnight at 37 °C in Luria-Bertani 
broth and DNA was extracted using GenFind V3 according 
to the manufacturer’s instructions (Beckman Coulter) (Fig. 
S1b). The same DNA extract was used to sequence each isolate 
using three different approaches: ONT ligation, ONT rapid 
and Illumina (Fig. S1c). For ONT ligation, we followed the 
protocol for the SQK-LSK109 ligation sequencing kit and 
EXP-NBD104 native barcoding expansion (Oxford Nanopore 
Technologies). For ONT rapid, we followed the protocol for 
the SQK-RBK004 rapid barcoding kit (Oxford Nanopore 
Technologies). All ONT libraries were sequenced on MinION 
R9.4.1 flow cells. For Illumina, we followed a modified Illu-
mina DNA Prep protocol (catalogue number 20018705), 
whereby the reaction volumes were quartered to conserve 
reagents. Illumina libraries were sequenced on the NovaSeq 
6000 using SP reagent kits v1.0 (300 cycles, Illumina Inc.), 
producing 150 bp paired-end reads with a mean insert size of 
331 bp. We repeated this process (from culture to sequencing) 
to generate a set of technical replicates. For the first technical 
replicate, a refuel (with the EXP-FLP002 flow cell priming 
kit) was performed at the 18 h point of the ONT runs to 
boost yield. However, no refuelling step was required for 
the second replicate. All ONT read sets were basecalled and 
demultiplexed using Guppy v3.6.1 (Fig. S1d, e). Basecalled 
reads (FASTQ format) are available in the supplementary data 
repository, ​github.​com/​rrwick/​Small-​plasmid-​Nanopore.

Impact Statement

Researchers who use Oxford Nanopore Technologies 
(ONT) platforms to sequence bacterial genomes can 
currently choose from two library preparation methods. 
The first is a ligation-based approach, which uses ligase 
to attach sequencing adapters to the ends of DNA mole-
cules. The second is a rapid approach, which uses a 
transposase enzyme to cleave DNA and attach adapters 
in a single step. There are advantages to each prepara-
tion, for example ligation can produce better yields but 
rapid is a simpler procedure. Our study reveals another 
advantage of rapid preparations: they are more effective 
at sequencing small plasmids. We show that sequencing 
of ligation-based libraries yields fewer reads derived 
from small plasmids, making such plasmids harder to 
detect in bacterial genomes. Since small plasmids can 
contain clinically relevant genes, including antimicro-
bial resistance (AMR) or virulence determinants, their 
exclusion could lead to unreliable conclusions that 
have serious consequences for AMR surveillance and 
prediction. We therefore recommend that researchers 
performing ONT-only sequencing of bacterial genomes 
should consider using rapid preparations whenever 
small plasmid recovery is important.



3

Wick et al., Microbial Genomics 2021;7:000631

Reference genome assembly
To assign reads to their replicon of origin, we required a refer-
ence assembly for each of the seven genomes in the study. 
We first produced separate assemblies for each genome and 
technical replicate (14 assemblies in total) using pooled 
reads from each sequencing run (ONT ligation, ONT rapid 
and Illumina) (Fig. S1f). We then merged the two replicate 
assemblies for each genome to produce a single final assembly 
(Fig. S1g). Illumina read QC and trimming was performed 
by fastp v0.20.1 [40] using default parameters. ONT read QC 
was performed by Filtlong v0.2.0 using no external reference, 
a minimum read length of 1 kbp, a minimum mean quality of 
80 and a minimum window quality of 60 (quality values refer 
to Filtlong percent identity estimates based on Phred scores). 
We used Trycycler v0.3.3 [41] to produce a consensus long-
read assembly for each isolate from 15 input assemblies (five 
Flye v2.8 [23] assemblies, five miniasm/Minipolish v0.3/v0.1.3 
[42] assemblies and five Raven v1.1.10 [43] assemblies), each 
made using independent sets of randomly subsampled ONT 

reads of 50× depth. Trycycler consensus assemblies were then 
polished with Medaka v1.0.3 [44] and Pilon v1.23 [45]. For 
each genome, the two independent assemblies (one from each 
technical replicate) were compared using edlib [46]. Wherever 
differences were found, we used IGV [47] to visually inspect 
Illumina read alignments (generated with Bowtie2) [48] and 
ONT read alignments (generated with minimap2) [49] for 
the region in question to assess whether the difference indi-
cated an assembly error (indicated by a drop in Illumina read 
depth), and we manually repaired such errors as appropriate. 
Only one genuine sequence difference was found between the 
two technical replicates: a 1 bp indel in the smallest plasmid of 
E. kobei MSB1_1B. Two plasmids in Haemophilus M1C132_1 
only appeared in assemblies for the second technical replicate, 
as they were missing from all ONT and Illumina read sets 
in the first replicate, suggesting that they were lost during 
culturing. A plasmid in S. marcescens 17-147–1671 occurred 
in two variants (a 17.4 kbp version with one copy of IS4321 
and an 18.7 kbp version with two copies of IS4321) [50], both 

Fig. 1. Conceptual illustration of Oxford Nanopore ligation and rapid sample preparation methods. When circular DNA is extracted from a 
bacterial cell (top-left), incidental fragmentation of the DNA occurs. The ligation preparation (bottom-left) comprises blunt-end ligation of 
barcodes/adapters onto DNA molecules, so circular pieces of DNA will not receive adapters and thus remain unavailable for sequencing. 
The rapid preparation (right) uses a transposome enzyme to add barcodes/adapters into the middle of DNA molecules, making both 
linear and circular DNA available for sequencing.
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of which occurred in both technical replicates. After curation, 
we merged the assemblies of the two technical replicates to 
make a single reference assembly for each of the seven isolates, 
including the two plasmids that only appeared in the second 
technical replicate and all versions of plasmids that contained 
variation. The resultant genomes contained a total of seven 
chromosomes and 26 plasmids (Table 1, Fig. S2). Using a 
size threshold of 20 kbp, 14 of the plasmids were classified 
as ‘small’ and 12 as ‘large’. We screened plasmids for AMR 
genes using Kleborate v2.0.1 (uses the CARD database) [51] 
and for virulence genes using the VFDB [52]. Seven of the 
plasmids (five large and two small) contained one or more 
antimicrobial resistance genes and two of the plasmids (both 
large) contained one or more virulence genes (Table S1). The 
reference assembly sequences (FASTA format) are available 
in the supplementary data repository, ​github.​com/​rrwick/​
Small-​plasmid-​Nanopore.

Comparison of ONT library preparation methods
To aid our read-based analyses, we developed custom Python 
scripts (available in the supplementary data repository, ​github.​
com/​rrwick/​Small-​plasmid-​Nanopore). We aligned each of 
the four ONT read sets (ligation run 1, rapid run 1, ligation 
run 2 and rapid run 2) to each sequence in the merged refer-
ence assemblies using minimap2 v2.17 (using the map-ont 
preset) and the ​align_​reads.​py script, which enabled align-
ment over the start-end junction of circular replicons. These 
alignments were processed with the ​assign_​reads.​py script, 
which assigned each read to a reference sequence by labelling 
each position of the read with the reference to which it best 
aligned (using the following filters: alignment identity ≥75 %, 
alignment length ≥100 bp, mean read identity ≥80 %, mean 
read coverage ≥50 %). This script also gave a demultiplexing 

status to each read: correct (Guppy demultiplexing agreed 
with reference alignment), incorrect (Guppy demultiplexing 
disagreed with reference alignment), unclassified (the read 
was not demultiplexed by Guppy), unaligned (the read did 
not align to the reference sequences) or chimaera (the read 
aligned to multiple different reference sequences). The ​get_​
depths.​py script was used to calculate per-replicon ONT 
read depths by taking the mean depth across each replicon, 
excluding repetitive regions common to multiple replicons 
(identified by cross-replicon minimap2 alignments) as 
such repeats could make for unreliable alignments. Finally, 
we aligned each Illumina read set (after QC and trimming 
with fastp) to its respective reference genome using Bowtie2 
v2.3.4.1 and used the ​get_​depths.​py script to calculate per-
replicon Illumina read depths, again excluding repetitive 
regions common to multiple replicons.

Plasmid read depths were normalised to their corresponding 
chromosomal read depth (e.g. a plasmid with a depth twice 
that of the chromosomal depth had a normalised read depth 
of two), providing a quantification of plasmid abundance 
that could be compared between read sets. Read depths 
were calculated separately for the two technical replicates, 
as plasmid copy number could differ between DNA extrac-
tions. This resulted in three normalised read depths for each 
plasmid in each technical replicate: ONT ligation, ONT rapid 
and Illumina (Table S1).

The on-bead tagmentation process in the Illumina DNA Prep 
produces libraries with a fragment size of ~300–400 bp, which 
is considerably smaller than the smallest replicon in our 
genomes. Therefore, we assumed that unlike long-read ONT 
sequencing, Illumina sequencing is not significantly biased 
by replicon size. Since Illumina sequencing is known to have 
biases regarding GC content [53], we examined this effect in 
our data by calculating read depth and GC content for each 
one kbp sequence window in the chromosomes of the seven 
study genomes (using the ​depth_​and_​gc.​py script). By plot-
ting the read depth (normalised to the mean depth for 50 % 
GC windows) vs GC content, we estimated that fluctuations in 
GC content resulted in <10 % variation of Illumina read depth 
(Fig. S3). We therefore assume that our normalised Illumina 
read depth values are a good approximation of the true copy 
number of each replicon, without adjusting for GC content.

RESULTS AND DISCUSSION
Sequencing data characteristics
The four ONT sequencing runs (ligation run 1, rapid run 1, 
ligation run 2 and rapid run 2) yielded a total of 15.2 Gbp, 
4.3 Gbp, 8.0 Gbp and 9.6 Gbp data, respectively. Per-barcode 
ONT yields ranged from 64 Mbp to 2.8 Gbp, equating to mean 
read depths of 10× to 1214× (Table S1). Per-barcode ONT N50 
read lengths ranged from 1.9 kbp to 25.8 kbp. Per-barcode 
Illumina yields ranged from 313 Mbp to 1.06 Gbp (40× to 
232× depth) (Table S1). Since we used pooled ONT read sets 
(both ligation and rapid) to perform assemblies, all isolates 
had sufficient data to produce reliable reference genomes. The 

Table 1. Bacterial isolates used in this study. Each genome contained 
at least one large (≥20 kbp) and one small (<20 kbp) plasmid. Seven 
plasmids (indicated with *) contained one or more antimicrobial 
resistance determinants, and two plasmids (indicated with †) contained 
one or more virulence determinants.

Isolate species and 
name

Large plasmids (bp) Small plasmids (bp)

Acinetobacter 
baumannii J9

145059* 6078*

Citrobacter koseri 
MINF_9D

64962* 9294

Enterobacter kobei 
MSB1_1B

136 482, 108 411 4665, 3715, 2369

Haemophilus 
M1C132_1

39 398 10 719, 9975*, 7392, 5675

Klebsiella oxytoca 
MSB1_2C

118 161†, 58 472 4574

Klebsiella variicola 
INF345

250 980, 243 620*, 31 780 5783, 3514

Serratia marcescens 
17-147-1671

184 477*†, 161 385* 17406, 1934
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variation in ONT read depth across each replicon was low and 
did not depend on the library preparation: the mean within-
replicon read depth coefficient of variation was 0.10 for both 
ONT rapid and ONT ligation read sets (0.18 for Illumina 
read sets) (Table S1). The densities of read-start sites across 
each replicon were largely compatible with Poisson distribu-
tions, showing that most read positions are random (Fig. S4). 
However, ligation read sets contained more regions where 
read-start densities deviated from Poisson distributions, 
suggesting that some sequence regions can be more prone to 
fragmentation than others during the ligation preparation. 
This was particularly evident for the Haemophilus M1C132_1 
and S. marcescens 17-147-1671 genomes.

While previous studies have shown that ligation preparations 
favour read count and rapid preparations favour read length 
[54], we observed no clear trends (Table S1, Fig. S5). Many 
factors influence these metrics, including the quality and 
quantity of extracted DNA, the number of available pores on 
the flow cell, and the incubation times during library prepara-
tion steps. Our results show that for multiplexed bacterial 
whole-genome sequencing, good yields and read lengths 
(>100× depth and >15 kbp N50) are possible from either type 
of library preparation.

Library preparation type also did not seem to affect the 
sequence accuracy of reads. All runs had a maximum read 
identity of ~98 %, but two of the runs (ligation run 1 and rapid 
run 2) had a larger proportion of low-identity reads (22 and 
23 % of reads at <90 % identity vs 15 and 16 % for ligation run 
2 and rapid run 1, respectively) (Fig. S6). These runs suffered 
from degradation in translocation speed (the rate at which 
DNA moves through the nanopore) over the course of the run 

(Fig. S7), which may partly explain their lower accuracy [55]. 
When this problem occurs, it can be mitigated by refuelling 
an in-progress run using ONT’s EXP-FLP002 kit, as we did 
for both ligation run 1 and rapid run 1. The beneficial effect 
of refuelling on read accuracy was particularly notable for 
ligation run 1 but was negligible for rapid run 1 (Fig. S8).

Demultiplexing accuracy was also inconsistent between prep-
aration types, with both the best (0.39 %) and worst (3.87 %) 
demultiplexing error rates occurring in rapid runs, compared 
to error rates of 2.22 and 2.92 % for the ligation runs (Table 
S1). During ligation preparations, barcode sequences are 
attached on both ends of the reads, while rapid preparations 
result in barcode attachment to the start of the reads only. 
This gives users of ligation preparations the option of running 
Guppy with the --require_barcodes_both_ends option (not 
used in this study) to increase demultiplexing accuracy when 
needed but with a larger proportion of unclassified reads [56].

Chimaeric read rates
The rate of chimaeras (reads originating from two or more 
discontiguous pieces of DNA) was notably different between 
the two preparations: 1.41 and 0.88% chimaeric reads for 
the two ligation runs vs 0.03 and 0.14 % for the two rapid 
runs (Table S1). There are two broad categories of chimaeric 
reads: in silico chimaeras and ligated chimaeras [57]. In silico 
chimaeras occur when two separate pieces of DNA pass 
through a pore in quick succession such that the sequencing 
software mistakes them as a single read. Thus in silico 
chimaeras can potentially happen for either type of prepara-
tion. Ligated chimaeras occur when two separate pieces of 

Fig. 2. Plasmid abundance resulting from (a) ligation and (b) rapid ONT library preparation methods. Each point in the plots represents 
one plasmid, with circles for plasmids in the first technical replicate and triangles for plasmids in the second technical replicate. 
The read depth ratio is the normalised ONT read depth divided by the normalised Illumina read depth. The dashed lines at ratio=1 
indicate perfect agreement of plasmid depths between ONT and Illumina data. Points above the dashed lines indicate plasmids that are 
overrepresented in ONT reads, while points below the dashed lines indicate plasmids that are underrepresented in ONT reads. For ONT 
ligation reads (a), small plasmids are systematically underrepresented relative to Illumina reads. For ONT rapid reads (b), plasmid size 
has no clear effect, and depths for both small (<20 kbp) and large plasmids (≥20 kbp) are in good agreement with Illumina reads.
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DNA are physically joined before sequencing. Since only 
the ligation preparation involves ligase, ligated chimaeras 
should be comparatively rare in rapid preparations, which 
may explain our observation that rapid preparations have 
fewer chimaeric reads overall. Our results suggest that rapid 
preparations are preferable when chimaeric reads need to be 
minimised, but we note that this conclusion is derived from 
small sample sizes (n=2 for each preparation). Additionally, 
in the context of bacterial whole-genome assembly, we have 
previously shown that chimaeric read rates of up to ~5 % 
(i.e. exceeding those of our sequencing runs) do not impact 
assembly quality [24].

Small plasmid abundance
For each assembled plasmid, we calculated a normalised 
depth ratio: its normalised ONT read depth (i.e. ONT 
plasmid depth relative to the chromosome) divided by its 
normalised Illumina read depth (i.e. Illumina plasmid depth 
relative to the chromosome). Ratios greater than one indicate 
the plasmid was overrepresented in ONT reads relative to 
Illumina reads, and ratios less than one indicate the plasmid 
was underrepresented. Fig. 2 shows the relationship between 
normalised depth ratios and plasmid size for ligation and 
rapid ONT preparations.

For ONT ligation reads, there was a clear relationship between 
the normalised depth ratio and plasmid size (P=1.1×10−10, 
τ=0.64, from a Kendall rank correlation test) (Fig. 2a). ONT 
rapid read depths showed no such relationship (P=0.98, 
τ=0.0025) (Fig. 2b). Specifically, ONT ligation reads tended to 
underrepresent small plasmids (<20 kbp), for which the mean 
normalised depth ratio was 25 % (i.e. small plasmids produced 
~4× fewer ONT ligation reads than one would expect based 
on Illumina read depths). The most extreme case was for the 
2.4 kbp plasmid in the second technical replicate of E. kobei 
MSB1_1B, which had a normalised depth ratio of <1 %, i.e. it 
was underrepresented by a factor of more than 100. Very large 
plasmids (>100 kbp) did not suffer from underrepresentation 
in ONT ligation read sets, presumably because they were 
likely to be linearised via fragmentation.

The effect of plasmid size on normalised depth ratio in the 
ligation reads was stronger for the second technical repli-
cate, i.e. plasmids in the second technical replicate were 
especially underrepresented in ONT ligation read sets. This 
is concordant with the fact that the read N50 was shorter in 
ligation run 1 and longer in ligation run 2 (8.2 kbp vs 20.9 
kbp) (Table S1, Fig. S5), as shorter reads imply more DNA 
fragmentation, thus increasing the chance that a circular 
plasmid will be linearised and sequenced.

These results suggest that both ONT ligation and ONT rapid 
preparations provide an accurate representation of abundance 
for very large plasmids (>100 kbp), but only the ONT rapid 
preparation accurately represents abundance across the full 
spectrum of plasmid sizes. While these conclusions assume 
that Illumina reads accurately represent plasmid abundance, 
this is supported by the fact that Illumina and ONT rapid 

plasmid read depths are in good agreement. As our main goal 
was to understand the effect of library preparation on plasmid 
results, we kept the DNA extraction method constant for all 
experiments (Beckman Coulter’s GenFind V3). However, it is 
possible that different DNA extraction methods could affect 
the capture of small plasmids also, which could be explored 
in future studies.

The bias against small plasmids during ligation-based library 
preparations could result in the exclusion of small plasmids 
from genome assemblies, particularly when performing 
long-read-only assembly (as opposed to hybrid assembly 
where Illumina reads are also available) and assembling read 
sets of modest depth. For example, if a genome containing 
a four-copies-per-cell small plasmid was sequenced with a 
chromosomal read depth of 25×, the plasmid sequence should 
be present at ~100× depth. However, if that small plasmid 
was underrepresented by a factor of 30 (a realistic possibility 
based on our data, see Fig. 2a), it might only be sequenced at 
~3× depth, making it unlikely to appear in an assembly for 
that genome.

Conclusions
When faced with the choice of ligation or rapid ONT prepa-
rations, researchers must weigh their respective advantages. 
Ligation kits are versatile and can give greater yields. Rapid 
kits are faster, require fewer additional resources and can 
provide longer read lengths (if optimised for in DNA prepa-
ration) [54]. Our study reveals two more advantages of the 
rapid kits: lower chimaeric read rates and better recovery of 
small plasmids. Rapid preparations are therefore more likely 
to produce long-read-only assemblies which include all repli-
cons, small plasmids included.
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