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Abstract

Knowledge of the epidemiology of plasmids is essential for understanding the evolution and spread of antimicrobial resistance. 
PlasmidSPAdes attempts to reconstruct plasmids using short-read sequence data. Accurate detection of extended-spectrum 
beta-lactamase (ESBL) genes and plasmid replicon genes is a prerequisite for the use of plasmid assembly tools to investigate 
the role of plasmids in the spread and evolution of ESBL production in Enterobacteriaceae. This study evaluated the perfor-
mance of PlasmidSPAdes plasmid assembly for Enterobacteriaceae in terms of detection of ESBL-encoding genes, plasmid 
replicons and chromosomal wgMLST genes, and assessed the effect of k-mer size. Short-read sequence data for 59 ESBL-
producing Enterobacteriaceae were assembled with PlasmidSPAdes using different k-mer sizes (21, 33, 55, 77, 99 and 127). 
For every k-mer size, the presence of ESBL genes, plasmid replicons and a selection of chromosomal wgMLST genes in the 
plasmid assembly was determined. Out of 241 plasmid replicons and 66 ESBL genes detected by whole-genome assembly, 213 
plasmid replicons [88 %; 95 % confidence interval (CI): 83.9–91.9] and 43 ESBL genes (65 %; 95 % CI: 53.1–75.6) were detected 
in the plasmid assemblies obtained by PlasmidSPAdes. For most ESBL genes (83.3 %) and plasmid replicons (72.0 %), detec-
tion results did not differ between the k-mer sizes used in the plasmid assembly. No optimal k-mer size could be defined for 
the number of ESBL genes and plasmid replicons detected. For most isolates, the number of chromosomal wgMLST genes 
detected in the plasmid assemblies decreased with increasing k-mer size. Based on our findings, PlasmidSPAdes is not a suit-
able plasmid assembly tool for short-read sequence data for ESBL-encoding plasmids of Enterobacteriaceae.

Data Summary
Short-read sequence data for the clinical ESBL-producing 
Enterobacteriaceae isolates included in this study are available 
from the publicly available European Nucleotide Archive of 
the European Bioinformatics Institute under study accession 
number: PRJEB15226. The authors confirm that all supporting 
data have been provided within the article and through the 
supplementary data files. Supplementary Material for this 

article can be found on figshare at http://​doi.​org/​10.​6084/​
m9.​figshare.​12423875.​v1

Introduction
Plasmids are small DNA molecules that exist naturally 
within bacterial cells and replicate independently from the 
chromosome [1]. They can harbour genes involved in viru-
lence and antibiotic resistance and are important vectors 

http://mgen.microbiologyresearch.org/content/journal/mgen/
https://creativecommons.org/licenses/by-nc/4.0/legalcode
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for horizontal gene transfer [2, 3]. Most plasmids contain 
specific regions, called replicons, that regulate their replica-
tion [4]. These replicons can be used to identify and clas-
sify bacterial plasmids into different incompatibility groups 
[2, 4]. Extended-spectrum beta-lactamases (ESBLs) are an 
example of an antimicrobial resistance mechanism for which 
the encoding genes are frequently located on plasmids in 
Enterobacteriaceae [2]. These enzymes confer resistance to 
the majority of beta-lactam antibiotics, limiting the options 
for antimicrobial therapy [5]. Knowledge of the epidemiology 
of plasmids is essential for understanding the evolution and 
spread of antimicrobial resistance. It remains challenging to 
study plasmids using short-read whole-genome sequencing 
(WGS) data [6]. Repeated sequences, often shared between 
plasmid and chromosomal DNA, hinder the assembly of 
the bacterial genome from short-read sequence data, often 
resulting in contigs for which the origin, either plasmid or 
chromosomal, cannot be resolved. In recent years, several 
tools to study plasmids using WGS data have been devel-
oped, including PLACNET, PlasmidFinder, cBar, HyAsP, 
MOB-suite, PlasmidTron, Recycler and PlasmidSPAdes 
[6–13]. Only Recycler and PlasmidSPAdes are fully auto-
mated computer programs that aim to de novo reconstruct 
whole plasmid sequences from short-read sequence data 
[9, 10]. Recent studies benchmarked the PlasmidSPAdes and 
Recycler algorithm for genomes of Gram-negative bacteria 
[14, 15]. These studies showed PlasmidSPAdes outperforming 
Recycler in terms of the plasmid and chromosomal fraction 
detected in the putative plasmids created by these algorithms 
[14]. However, data on the performance of PlasmidSPAdes in 
representative and well-defined clinical data sets for Entero-
bacteriaceae remain limited [13, 15]. PlasmidSPAdes uses the 
SPAdes De Bruijn graph assembler [10], in which k-mer size 
is an important parameter [16–18] that influences the size, 
entanglement and location of contigs in the assembly graph, 
and the accuracy and coverage of the assembly [13]. An algo-
rithm optimizing the k-mer size selection for whole-genome 
assemblies was previously published [18]. However, no data 
are available on how this key setting affects the performance 
of plasmid assemblies using PlasmidSPAdes. The objective of 
this study was to evaluate the performance of PlasmidSPAdes 
plasmid assembly of short-read sequence data of ESBL-
producing Enterobacteriaceae (ESBL-E) in terms of detection 
of ESBL-encoding genes, plasmid replicons and chromosomal 
whole-genome multilocus sequence typing (wgMLST) genes, 
and to assess the effect of k-mer size.

Methods
Selection of whole-genome sequencing data
Raw whole-genome sequencing reads for 59 ESBL-E 
isolates were selected from a well-defined WGS database 
of clinical ESBL-E isolates collected in the SoM study and 
deposited under study accession number PRJEB15226 in 
the publicly available European Nucleotide Archive (ENA) 
of the European Bioinformatics Institute (EBI) [19]. The 
selection of genomes was aimed at including genomes 
containing at least one plasmid belonging to the following 

plasmid families: A/C, F, L/M, I1, HI2, N. The selection 
included 21 Escherichia coli, 10 Klebsiella pneumoniae, 10 
Klebsiella oxytoca, 10 Enterobacter cloacae complex and 8 
Citrobacter spp. which harboured a variety of plasmid types 
(Table S1, available in the online version of this article). The 
sequence data in the database were generated on either an 
Illumina MiSeq sequencer (Illumina, San Diego, CA, USA) 
or a HiSeq 2500 sequencer (Illumina, San Diego, CA, USA).

De novo whole-genome assembly (WGA)
De novo WGA was performed using CLC Genomics Work-
bench 7.0.4 (Qiagen, Hilden, Germany) [19]. The k-mer size 
used in the assembly was based on the maximum N50 value 
(the largest scaffold length, N, such that 50 % of the genome 
size is made up of scaffolds with a length of at least N) [19].

De novo plasmid assembly
De novo plasmid assembly with raw read error correction 
was performed using PlasmidSPAdes version 3.9 with 
default settings. An extensive explanation of the Plasmid-
SPAdes assembly algorithm can be found in a publication 
by Antipov et al. [10]. Briefly, the PlasmidSPAdes assembly 
algorithm excludes long edges (>10 kb) from the assembly 
graph when k-mer coverage of the edge deviates from the 
median unless this edge belongs to a connected compo-
nent without ‘dead-end’ edges with a size smaller than the 
‘maxComponentSize’ (default: 150 kb). Moreover, following 

Impact Statement

It remains challenging to study plasmids using short-
read whole-genome sequencing data. PlasmidSPAdes 
is a fully automated computer program that aims to de 
novo reconstruct whole plasmid sequences from short-
read sequence data. However, data on the performance 
of PlasmidSPAdes remains limited. Accurately detecting 
extended-spectrum beta-lactamase (ESBL) genes and 
plasmid replicon genes is a prerequisite for the use of 
plasmid assembly tools to investigate the role of plasmids 
in the spread and evolution of ESBL production in Entero-
bacteriaceae. This study evaluated the performance of 
PlasmidSPAdes in terms of detection of ESBL-encoding 
genes, plasmid replicons and chromosomal whole-
genome multilocus sequence typing genes in a large 
set of genomes of ESBL-producing Enterobacteriaceae. 
Only a limited number of the ESBL-encoding genes and 
plasmid replicons detected in the whole-genome assem-
blies were retrieved in the PlasmidSPAdes-derived 
plasmid assemblies. Based on our findings, PlasmidS-
PAdes does not seem to be a suitable plasmid assembly 
tool for short-read sequence data for ESBL-encoding 
plasmids of Enterobacteriaceae. Future studies should 
be performed to further improve automated short-read 
plasmid assembly tools.
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long edge removal, the PlasmidSPAdes algorithm excludes 
short dead-end edges (<10 kb) and all ‘non-plasmidic’ 
connected components from the assembly graph. Incre-
mental plasmid assemblies were performed at different 
k-mer sizes. Both MiSeq- and HiSeq 2500-derived reads 
were assembled at k-mer sizes of 21, 33, 55 and 77. The 
increased read length for MiSeq-derived reads enabled 
additional assembly of MiSeq-derived reads at k-mer sizes 
of 99 and 127. The k-mer sizes used were based on the k-mer 
size options of the automatic k-mer size selection algorithm 
used by default SPAdes assemblies. For each k-mer size, 
the plasmid assembly and the assembled genome before 
chromosomal removal were retained. Quality control statis-
tics were generated for all plasmid assemblies using Quast 
v.5.0.2 [20]. The median k-mer coverage of all long edges 
(>10 kb) in the assembly as defined by Antipov et al. [10] 
was calculated for each PlasmidSPAdes assembly using a 
custom script.

Detection of ESBL genes and plasmid replicons
The CLC-derived WGAs and the PlasmidSPAdes plasmid 
assemblies and SPAdes-assembled genomes before chro-
mosomal removal were uploaded onto the online bioin-
formatics tools ResFinder v2.1 and PlasmidFinder v.1.3.1 
(Center for Genomic Epidemiology, DTU, Denmark) 
[7, 21]. ESBL genes were called when at least 60 % of the 
sequence length of the gene in the ResFinder database was 
covered with a sequence identity of at least 90 %. Plasmid 
replicon genes were called when at least 60 % of the 
sequence length of the replicon gene in the PlasmidFinder 
database was covered with a sequence identity of at least 
80 %. ESBL genes and plasmid replicons that were called 
for the plasmid assemblies were compared with those called 
for the corresponding WGAs. If genes were detected more 
than once within the plasmid assembly, only one of the 
called genes was used for the comparison. ESBL genes and 
plasmid replicons that were called for the plasmid assembly 
but not for the WGA were classified as additionally found 
ESBL genes or plasmid replicons unless the ESBL gene or 
plasmid replicon was from the same resistance class (e.g. 
blaCTX-M, blaSHV or blaTEM) or plasmid incompatibility group, 
but with a lower ambiguity score. The ambiguity score is 
defined as the percentage of the sequence length that is 
aligned with the called gene multiplied by the sequence 
identity of this alignment [22].

Detection of chromosomal DNA
Chromosomal wgMLST genes were blasted against the 
plasmid assemblies using ABRicate version 0.8.2 (https://​
github.​com/​tseemann/​abricate) to assess non-specific 
incorporation of chromosomal DNA in the plasmid assem-
blies. Chromosomal wgMLST genes were derived from 
recently developed species-specific wgMLST schemes that 
excluded plasmid sequences [19]. Similar to the settings 
used for creating the wgMLST schemes, chromosomal 
wgMLST genes were called when 100 % of the sequence 
length was covered with an identity of at least 90 % [19].

Assessment of coverage deviation
For all ESBL gene- or plasmid replicon-containing contigs in 
the SPAdes-derived assembly before chromosome removal, 
the k-mer coverage was compared with the median k-mer 
coverage of all long edges (>10 kb) in the assembly. Only 
contigs containing an ESBL gene and/or plasmid replicon 
that was also detected in the corresponding CLC-derived 
WGA were included in the analysis. A contig k-mer coverage 
below 0.7 or above 1.3 times the median k-mer coverage of 
all long edges (>10 kb) in the assembly was defined as devi-
ating. Subsequently, all contigs containing an ESBL gene or 
plasmid replicon with and without a deviating coverage were 
checked for their presence in the plasmid assemblies. For 
each assembly that included a contig with a non-deviating 
k-mer coverage, the assembly graph before chromosomal 
removal was inspected using BANDAGE [23]. As a sensi-
tivity analysis, the total number of long contigs and the ESBL 
gene- and plasmid replicon-containing contigs with a k-mer 
coverage below 0.8 or above 1.2 the median k-mer coverage 
was calculated to assess the effect of reducing the maxDevia-
tion parameter from 0.3 to 0.2.

Results
PlasmidSPAdes assembly characteristics before and after 
chromosome removal were dependent on k-mer size (Table 
S2). An increasing k-mer size was associated with a decrease 
in the median k-mer coverage and the number of contigs, but 
with an increase in the N50 and the maximum contig size. 
The size of the plasmid assemblies was largest for the smallest 
k-mer size, and decreased with increasing k-mer size, but did 
not further decrease at k-mer sizes higher than 55. For every 
k-mer size used, the median size of the plasmid assembly was 
larger than the maxComponentSize parameter of 150 kb.

For 59 isolates, 241 plasmid replicons and 66 ESBL genes were 
detected in the WGA. Of those, 213 plasmid replicons [88 %; 
95 % confidence interval (CI): 83.7–91.9] and 43 ESBL genes 
(65 %; 95 % CI: 53.1–75.6) were detected in at least 1 of the 
plasmid assemblies (Table 1). Eight plasmid replicons and 
one ESBL gene that were detected in the plasmid assembly 
were not identified in the WGA, despite their presence in the 
raw reads (Table S3).

The detection of ESBL-genes and plasmid replicons was 
not dependent on k-mer size. Concordant results for all 
k-mer size plasmid assemblies were found for 173 (72 %) of 
241 plasmid replicons and 55 (83 %) of 66 ESBL genes. For 
individual k-mer sizes, the percentage of plasmid replicons 
detected ranged from 72 % (k-mer size 55) up to 81 % (k-mer 
size 127) and the percentage of ESBL genes detected ranged 
from 53 % (k-mer size 21) up to 61 % (k-mer sizes 55 and 77), 
with no statistically significant differences (Table S4). Thirteen 
plasmid replicons and two ESBL genes were detected at one 
k-mer size only, although at varying k-mer sizes.

The retrieval of plasmid replicons and ESBL genes differed 
between bacterial species. For plasmid replicons, retrieval 
ranged from 67 % (14/21) in Citrobacter spp. to 96 % (44/46) in 

https://github.com/tseemann/abricate
https://github.com/tseemann/abricate
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Table 1. Detection of ESBL genes and plasmid replicons in the plasmid 
assembly as compared to the WGA

Gene/replicon 
detected in 

WGA *

Gene/replicon detected in at least 
one of the plasmid assemblies

n n %

ESBL gene

 � blaCTX-M-1 4 4 100

 � blaCTX-M-3 1 1 100

 � blaCTX-M-9 16 4 25

 � blaCTX-M-14 4 4 100

 � blaCTX-M-14b 1 1 100

 � blaCTX-M-15 17 14 82

 � blaCTX-M-27 1 1 100

 � blaCTX-M-30 2 2 100

 � blaCTX-M-55 1 1 100

 � blaGES-1 1 0 0

 � blaSHV-12 13 8 62

 � blaSHV-28 1 0 0

 � blaTEM-15† 1 0 0

 � blaTEM-52B 3 3 100

 � Total 66 43 65

Plasmid replicon 
family

 � Col 61 56 92

 � IncA/C2 2 2 100

 � IncB/O/K/Z 4 4 100

 � IncFIA 12 9 75

 � IncFIB 42 38 90

 � IncFII 45 37 82

 � IncHI2 34 27 79

 � IncI1 10 10 100

 � IncI2 1 1 100

 � IncL/M 1 1 100

 � IncN 2 2 100

 � IncN3 2 2 100

 � IncP1† 1 0 0

 � IncQ1 2 2 100

 � IncQ2 1 1 100

 � IncR 5 5 100

 � IncX1 8 7 88

Continued

Gene/replicon 
detected in 

WGA *

Gene/replicon detected in at least 
one of the plasmid assemblies

 � IncX3 4 3 75

 � IncX4 3 3 100

 � IncY 4 3 75

 � Total 241 213 88

*Based on WGAs constructed using CLC Genomics Workbench.
†Not detected in SPAdes WGA (all other genes were also detected 
in the SPAdes WGA).

Table 1.  Continued

K. oxytoca, and for ESBL genes from 17 % (2/12) in E. cloacae 
to 91 % (10/11) in K. pneumoniae) (Table S4). The retrieval of 
ESBL genes differed between plasmid families. For isolates 
with an IncHI2 replicon, for example, only 5 of 22 (23 %) 
WGA-detected ESBL genes were detected in at least 1 of the 
plasmid assemblies as compared to 32 of 42 (76 %) WGA-
detected ESBL genes in isolates with an IncFIB replicon. Only 
the isolate containing an IncQ2 plasmid replicon had a lower 
retrieval rate for ESBL genes (Table S5).

In general, the percentage of chromosomal wgMLST genes 
detected in the plasmid assemblies decreased with increasing 
k-mer size (Fig. 1). In several K. oxytoca isolates and one 
E. coli isolate, however, the percentage of chromosomal 
wgMLST genes detected increased when assembling with a 
larger k-mer size.

A total number of 312 ESBL-gene-containing contigs and 
989 plasmid-replicon-containing contigs were present in 
any of the SPAdes assembly graphs before removal of the 
bacterial chromosome. Of these, 128 (41 %) of the ESBL gene-
containing contigs and 192 (19 %) the plasmid-containing 
contigs were not present in the plasmid assemblies. The 
main reason for exclusion from the assembly graph was 
non-deviating k-mer coverage in 119 (38 %) of the ESBL-E-
containing contigs and 113 (11 %) of the plasmid replicon-
containing contigs. A contig size smaller than 10 kb explained 
the exclusion of 8 (3 %) ESBL-containing contigs and 76 (8 %) 
plasmid-containing contigs with deviating k-mer coverage, 
which probably resulted in the removal of a ‘dead-end edge’ 
or ‘non-plasmidic component’. Four contigs containing an 
ESBL gene or plasmid replicon were not included in the 
plasmid assembly despite being longer than 10 kb and having 
a coverage that deviated from the median k-mer coverage of 
the assembly.

Five ESBL genes and 16 plasmid replicon contigs that were 
included in the plasmid assembly but not located on a contig 
with a coverage that deviated from the median were part of a 
component with no dead-end edges smaller than MaxCom-
ponentSize (<150 kb) (Table 2, Fig. S2).

The percentage of contigs encoding an ESBL gene or plasmid 
replicon that were excluded from the assembly despite having 
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Fig. 1. The percentage of chromosomal wgMLST genes that were detected in the plasmid assemblies per species. Every line represents 
a plasmid assembly of an isolate at different k-mer sizes.

Table 2. The effect of deviating k-mer coverage on the presence of 
WGA-detected ESBL gene-containing contigs and plasmid replicon-
containing contigs in the plasmid assembly

Deviating 
coverage*

ESBL gene detected in WGA Plasmid replicon detected 
in WGA

Detected 
in plasmid 
assembly

Not detected 
in plasmid 
assembly

Detected 
in plasmid 
assembly

Not detected 
in plasmid 
assembly

n (%) n (%) n (%) n (%)

Yes 179 (95) 9 (5) 780 (91) 79 (9)

No 5 (4) 119 (96) 17 (13) 113 (87)

*Deviating coverage k-mer coverage of contig/median coverage of 
all long edges (>10 kb)>1.3 or k-mer coverage of contig/ median 
coverage of all long edges (>10 kb)<0.7.

Table 3. The effect of deviating k-mer coverage cut-off alteration on 
the number of long contigs (>10 kb), ESBL gene- and plasmid replicon-
containing contigs with a k-mer coverage that deviated from the 
median k-mer coverage of all long contigs (>10 kb)

Deviating 
coverage 
cutoff

Deviating 
coverage*

Long contigs 
(>10 kb)

WGA-
detected 
plasmid 

replicon-
containing 

contigs

WGA-
detected 

ESBL gene-
containing 

contigs

n (%) n (%) n (%)

0.3 Yes 2439 (7) 859 (87) 188 (60)

No 30 270 (93) 130 (13) 124 (40)

0.2 Yes 4785 (15) 905 (92) 213 (68)

No 27 924 (85) 84 (8) 99 (32)

*Deviating coverage, k-mer coverage of contig/median coverage of all long 
edges (>10 kb)>median coverage×(1+deviation cutoff) or k-mer coverage of 
contig/ median coverage of all long edges (>10 kb)<median coverage×(1-
deviation cutoff).

deviating coverage differed per k-mer size used in the plasmid 
assembly (Table S6).

The percentage of ESBL gene- and plasmid replicon-
containing contigs with a deviating k-mer coverage increased 
when the maxDeviation parameter was reduced from 0.3 to 
0.2 (Table 3). At the same time, the total number of long 
contigs (>10 kb) with deviating k-mer coverage also increased, 
which may reduce the specificity of the plasmidome.

Discussion
PlasmidSPAdes assembly was not useful to reliably detect the 
presence of ESBL genes and plasmid replicons in short-read 
sequence data of ESBL-E, independent of k-mer size. Non-
deviating k-mer coverage was the main reason for the exclu-
sion of ESBL gene- or plasmid replicon-containing contigs 
from the plasmid assembly. The presence of chromosomal 
wgMLST genes in the plasmid assembly varied between 

bacterial species and was not consistently related to k-mer 
size.

The retrieval rates for ESBL genes and plasmid replicons are 
similar to the retrieval rate for plasmid DNA by plasmidS-
PAdes in earlier studies [12–14], in which long-read sequence 
data were used as a reference for plasmid DNA detection. 
However, these studies included Enterobacteriaceae sequences 
belonging to different undefined datasets, used only the 
default setting of the plasmidSPAdes algorithm, and did not 
evaluate which steps in the plasmidSPAdes algorithm were 
critical in the plasmid assembly.

Although for most isolates the presence of chromosomal 
wgMLST genes decreased with increasing k-mer size, in four 
K. oxytoca isolates and one E. coli isolate, several chromo-
somal contigs were not excluded from the plasmid assemblies 
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at large k-mer sizes. Large chromosomal contigs with a non-
deviating k-mer coverage were formed at these large k-mer 
sizes, resulting in the erroneous assignment of these contigs 
as plasmidic.

The low detection rate for both plasmid replicons and 
ESBL genes in Enterobacter and Citrobacter isolates when 
compared to the other genera investigated coincides with 
a low detection rate of the IncHI2a and blaCTX-M-9 gene 
when compared to the other plasmid replicons and ESBL 
genes. This may be because, in contrast to the isolates of 
the other investigated genera, half or more than half of the 
Citrobacter and Enterobacter isolates contained a blaCTX-M-9 
and IncHI2a replicon in our selection. The co-existence 
of these IncHI2 plasmid replicons and blaCTX-M-9 genes in  
E. cloacae complex and Citrobacter spp. was also seen in other 
studies [2, 24–26].

The poor retrieval rates for ESBL genes and plasmid 
replicons in plasmidSPAdes-derived plasmid assemblies 
confirms that ESBL-carrying plasmids in Enterobacte-
riaceae frequently belong to plasmid families with copy 
numbers that resemble the chromosome (1, 2, 27). The 
higher retrieval rate for plasmid replicons compared to 
ESBL genes may be explained by the presence of other 
(non-ESBL gene-containing) plasmids with a higher copy 
number or a higher copy number of the plasmid replicon 
itself, increasing the k-mer coverage of the contig on which 
the plasmid replicon is located.

Our findings suggest that lowering of the maxDeviation 
parameter may increase the retrieval rate for plasmid 
replicon- and ESBL gene-containing contigs, but may, 
on the other hand, reduce the specificity of the plasmid 
assembly. Since the maxDeviation parameter could not be 
adjusted in the command line of the PlasmidSPAdes version 
used in this study, the actual effect of the alteration of this 
parameter on the plasmid assemblies in our dataset remains 
unknown. A study by Page et al. also reported that read 
coverage can be a major determinant in PlasmidSPAdes 
performance [11]. However, this study only included one 
genome, and read coverage alterations were manipulated in 
silico [11]. Despite coverage information being the primary 
determinant for inclusion in the plasmid assemblies, several 
genes encoded on a contig with deviating k-mer coverage 
were not incorporated. Most of these genes were located 
on contigs smaller than 10 kb, suggesting that either the 
short dead-end edge removal step or the non-plasmidic 
component removal step might falsely exclude these contigs 
with deviating k-mer coverage from the plasmid assembly. 
Only a limited number of ESBL genes and plasmid repli-
cons were incorporated in the plasmid assemblies when 
not present on a contig with deviating k-mer coverage, as 
defined by PlasmidSPAdes. Given that the median plasmid 
assembly size in our isolates was larger than 150 kb for all 
the k-mer sizes used, and given the possible entanglement 
of the various plasmids in one component, as observed 
in previous studies [14], increasing the maxComponent-
Size could include more genes through this ‘escape route’ 

without incorporating more chromosomal DNA in the 
plasmid assemblies.

A strength of our study is that we studied a broad spectrum 
of ESBL-producing Enterobacteriaceae isolates, including 5 
different genera of various sequence types, harbouring 21 
different plasmid families. All isolates belonged to a well-
defined collection of ESBL-producing isolates that were 
collected, cultured and whole-genome sequenced using 
the same methods.

On the other hand, the use of plasmid replicon, ESBL gene 
and wgMLST gene detection instead of a complete genome 
as a reference to evaluate the plasmid assembly algorithm 
may have limited the resolution at which the algorithm 
could be evaluated. However, accurately detecting ESBL 
genes and plasmid replicon genes is a prerequisite for 
the use of plasmid assembly tools to investigate the role 
of plasmids in the spread and evolution of ESBL produc-
tion in Enterobacteriaceae. Moreover, the ESBL genes and 
plasmid replicons detected in assemblies of short-read 
sequence data using SPAdes corresponded with the ESBL 
genes and plasmid replicons identified in assemblies of 
long-read or long- and short-read sequence data [28, 29]. 
Some studies have revealed that additional loci of the same 
ESBL gene or plasmid replicon can be detected at different 
locations in the bacterial genome when combining short- 
and long-read sequence data rather than using short-read 
data only [28, 30]. However, in the current study, a quali-
tative comparison, i.e. gene present or absent, was made 
between plasmidSPAdes and CLC assemblies. A quantita-
tive comparison, i.e. the number of loci present, was not 
performed. Although the vast majority of ESBL genes 
are still believed to be located on plasmids, some studies 
have revealed that ESBL genes can also be found on the 
chromosome of Enterobacteriaceae [30], possibly leading 
to an overestimation of falsely undetected ESBL genes by 
plasmidSPAdes in the current study.

In conclusion, based on our data, plasmidSPAdes is not a suit-
able plasmid assembly tool for short-read sequence data for 
ESBL-encoding plasmids of Enterobacteriaceae.
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