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Abstract 

Background  Avian pathogenic Escherichia coli (APEC) are the causative agents of colibacillosis in chickens, a dis‑
ease which has significant economic impact on the poultry industry. Large plasmids detected in APEC are known 
to contribute to strain diversity for pathogenicity and antimicrobial resistance, but there could be other plasmids 
that are missed in standard analysis. In this study, we determined the impact of sequencing and assembly factors 
for the detection of plasmids in an E. coli whole genome sequencing project.

Results  Hybrid assembly (Illumina and Nanopore) combined with plasmid DNA extractions allowed for detec‑
tion of the greatest number of plasmids in E. coli, as detected by MOB-suite software. In total, 79 plasmids were 
identified in 19 E. coli isolates. Hybrid assemblies were robust and consistent in quality regardless of sequencing kit 
used or if long reads were filtered or not. In contrast, long read only assemblies were more variable and influenced 
by sequencing and assembly parameters. Plasmid DNA extractions allowed for the detection of physically smaller 
plasmids, but when averaged over 19 isolates did not significantly change the overall number of plasmids detected.

Conclusions  Hybrid assembly can be reliably used to detect plasmids in E. coli, especially if researchers are focused 
on large plasmids containing antimicrobial resistance genes and virulence factors. If the goal is comprehensive detec‑
tion of all plasmids, particularly if smaller sized vectors are desired for biotechnology applications, the addition of plas‑
mid DNA extractions to hybrid assemblies is prudent. Long read sequencing is sufficient to detect many plasmids in E. 
coli, however, it is more prone to errors when expanded to analyze a large number of isolates.

Keywords  Plasmids, Avian pathogenic escherichia coli, Nanopore sequencing, Illumina sequencing, Hybrid assembly, 
MOB-suite

Background
Escherichia coli is a Gram-negative bacillus that is a com-
mon inhabitant in the intestines of warm-blooded ani-
mals, and can cause a wide range of diseases in poultry 
that fall under the term colibacillosis [1]. This includes 
localized infections of the reproductive tract, yolk sac, 
and umbilical stump in chicks, as well as septicemia 
[1, 2]. Avian pathogenic E. coli (APEC) are thought to 
be poultry commensal strains that escape the intesti-
nal niche to cause disease in other parts of the body [3]. 
However, APEC are difficult to characterize due to the 
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great diversity of strains recovered from diseased broil-
ers [4]. The genetic plasticity and promiscuity of E. coli 
allows them to play an important role in the spread of 
antimicrobial resistant genes [5]. Multi-drug resistance 
is common among E. coli from avian sources, irrespec-
tive of host disease status [6]. Many large plasmids con-
tribute to the diversity of APEC as a whole, allowing for 
genes related to virulence and antimicrobial resistance to 
spread and allowing the organism to better adapt to envi-
ronmental conditions [7]. APEC plasmids are thought to 
play a role in the transition from commensal to patho-
genic isolate [7]. For instance, the curing or introduction 
of a plasmid can impact the lethality of APEC infections 
[7, 8]. In addition to APEC, plasmids have been shown to 
be important for other E. coli pathotypes [9].

Plasmids are an important aspect of the genome for 
the epidemiological study of pathogens and antimicro-
bial resistance. Plasmids typically include a “backbone” of 
core genes that are associated with plasmid-specific func-
tions, such as replication and mobility, and are generally 
conserved among broadly related plasmids of the same 
family [10]. Plasmids also carry accessory genes, which 
often confer clinical- or environmental-relevant traits 
such as virulence, heavy metal and antimicrobial resist-
ance [11]. These accessory genes are frequently spread 
due to their presence on transmissible plasmids, which 
can enable bacteria to evolve rapidly under environmen-
tal pressure [12, 13]. An example of this is the spread of 
genes encoding carbapenem and colistin resistance [14].

The most common technology used for pathogen and 
AMR surveillance is Illumina sequencing by synthesis, 
which can generate millions of low-error (0.1%) short 
(100-300  bp) paired-end reads [15]. However, it is dif-
ficult to reconstruct plasmids using only Illumina short 
reads, due to the presence of repetitive regions that can 
exceed the length of the short reads. The use of longer 
reads (8-10  kb or greater) add value when reconstruct-
ing plasmids and other mobile genetic elements. How-
ever, the higher error rate (5–15%) of Oxford Nanopore 
Technology (ONT) sequencing and high startup costs 
for PacBio Single Molecule sequencers remains a chal-
lenge in using long read sequencing for characterizing 
genomes, though these barriers continue to reduce over 
time [15, 16]. Hybrid assembly, combining short-read and 
long-read sequencing approaches, has been shown to be 
effective in reconstructing accurate, contiguous genomes, 
including plasmids. Long reads can provide the plasmid 
structure and span repetitive regions, while the short 
reads can be used to correct any sequencing errors [17].

With the increased accessibility and decreasing cost of 
sequencing technologies, the problem is no longer the 
availability of sequencing data but the ability to process 
and analyze that data [18]. There are many bioinformatic 

tools designed to assemble genomes that are sequenced 
using short and long read technologies. Many studies 
have tried to determine which technologies are best for 
both generating complete assemblies and for the detec-
tion of plasmids. Unicycler, a genome assembler, has been 
found to produce good quality assemblies from short 
read sequencing and has been found to recover plasmids 
also [19]. Nanopore and Illumina reads have been found 
to generate the best hybrid assemblies when using Unicy-
cler without filtering the reads for quality and length [15]. 
In terms of producing complete genomes from long read 
sequencing, Flye, a long read genome assembler, has been 
found to be the superior assembler due to reduced run 
times and producing high-quality assemblies [20].

In this study, we sought to determine the most effi-
cient and effective way to characterize the plasmidome 
of 19 avian-associated E. coli strains. We compared three 
methods for sequencing the plasmids, using six plas-
mid extraction kits, long read whole genome sequenc-
ing and combining long and short read (i.e., hybrid) 
DNA sequencing. The principles of what we found can 
be applied to any E. coli group or pathotype. The iden-
tification of plasmids within a genome assembly is the 
first step to characterize the potentially important role of 
these plasmids in AMR, virulence and niche adaptation 
for APEC and other E. coli pathotypes.

Results
How well do plasmid extraction kits work for detecting E. 
coli plasmids?
Two avian E. coli isolates were chosen to test the recovery 
of plasmids based on six commercial plasmid extraction 
kits (Table 1). Purified DNA samples from E. coli 4957-
3S1 and 4957-C3 were prepared for long-read sequencing 
using the Nanopore Ligation Sequencing Kit, hereafter 
referred to as “Ligation”. In the Ligation protocol, adapt-
ers are ligated to nicked or linearized DNA fragments. 
We hypothesized that during routine plasmid purifica-
tion some proportion of the circular plasmid DNA mol-
ecules would become ‘nicked’ and could have barcode 
primers ligated directly without performing additional 
fragmentation steps. In practice, fresh plasmid samples 
had fewer nicked DNA molecules than older samples 
(i.e., stored frozen for > 1 week), and library prepara-
tion resulted in a relatively low number (i.e., < 10,000) of 
Nanopore raw reads per sample. Going forward, to 
ensure that a uniform number of reads was generated, 
we incorporated a sonication step to intentionally nick or 
linearize the circular DNA fragments. We also sequenced 
plasmid extraction samples using the Nanopore Rapid 
Barcoding Kit, hereafter referred to as “Rapid”, which 
incorporates a transposon-based enzymatic fragmenta-
tion step, removing the need for sonication.
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Table 1  Detection of plasmids in two avian-associated E. coli isolates using commercial plasmid extraction kits

a Plasmid-containing samples were prepared from the two E. coli isolates using commercial plasmid extraction kits: A – GenElute plasmid miniprep kit (#PLN70; 
Millipore Sigma); B – NucleoSpin plasmid mini kit (#740588.50; Machery-Nagel); C – Presto mini plasmid kit (#PD100; Geneaid); D – Monarch plasmid miniprep kit 
(#T1010S; New England Biolabs); E – Plasmid midi kit (#12,143; Qiagen); and F – GeneJET plasmid miniprep kit (#K0502; ThermoFisher)
b Sequencing libraries from each plasmid sample were generated using the Nanopore Ligation or Rapid kits with sequencing performed on the Nanopore MinION 
Mk1C.
c Plasmid clusters were detected by MOB-suite software (v3.1.0) in each finished DNA assembly from each E. coli isolate. The metadata corresponding to each ID listed 
is in Table S2

E. coli isolate 4957-3S1 E. coli isolate 4957-C3

Plasmid Extraction Kita Sequencing Kitb AB241c AB690 AA175 AC044 AB690 AB241 AA176 AA378 AB526 AE638 AG799

A Ligation + + - - + - - - - - -

A Rapid + + - - + + - - - - -

B Ligation + + - - + + - - - - -

B Rapid + + - - + - - - - - -

C Ligation + + - - + - - - - - -

C Rapid + + - - + - - - - - -

D Ligation + - - - + - - - - + -

D Rapid + - - - + - - - - - -

E Ligation - - - - + - - - - - -

E Rapid + - - - + - - - - - -

F Ligation - - - - - - - - - - +

F Rapid + - - - + - - - - - -

Combinationsd

A/B Ligation + + - - + - - - - - -

A/B Rapid + + - - + + - - - - -

A/C Ligation + - - - + - - - - - -

A/C Rapid + + - - + - - - - - -

A/D Ligation + + - - + - - - - - -

A/D Rapid + - - - + - - - - - -

A/E Ligation + + - - + - - - - - -

A/E Rapid + - + - + + - - - - -

A/F Ligation + - - - + - - - - - -

A/F Rapid + + - - + + - - - - -

B/C Ligation + + - - + - - - - - -

B/C Rapid + + - - + - - - - - -

B/D Ligation + + - - + - - - - - -

B/D Rapid + - - - + - - - - - -

B/E Ligation + + - - + - - - - - -

B/E Rapid + - - - + - - - - - -

B/F Ligation - - - - + - - + - - -

B/F Rapid + + - - + - - - - - -

C/D Ligation - + - - + - - - - - -

C/D Rapid + - - - + - - - - - -

C/E Ligation + - - - + - - - - - -

C/E Rapid + - - - + - - - - - -

C/F Ligation + - - + + - - - - + -

C/F Rapid + - - - + - - - - - -

D/E Ligation + + - - + - + - - + -

D/E Rapid + - - - + - - - - - -

D/F Ligation - - - - - - - - - - -

D/F Rapid + - - - - - - - + - -

E/F Ligation + - - - - - + + - - -

E/F Rapid + - - - + - - - - - -
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The results from each plasmid extraction kit were ana-
lyzed individually, and in all pairwise combinations, rep-
resenting a total of 37 assemblies for each sequencing kit 
and E. coli strain. For 4957-3S1, plasmid cluster AB241 
was identified in 33 of 37 assemblies and AB690 was 
identified in 19 of 37 assemblies (Table 1). For 4957-C3, 
plasmid cluster AB690 was identified in 36 of 37 assem-
blies (Table 1). Combining the assemblies from the Liga-
tion and Rapid kits led to the detection of 2 additional 
plasmid clusters for 4957-3S1 and 6 additional plasmid 
clusters for 4957-C3 (Table  1). In general, detection of 
these additional plasmids was not consistent, and neither 
the Ligation nor Rapid kit were clearly superior to each 
other. The sequencing output and parameters from the 
Ligation and Rapid kits were also similar (Table S1). We 
chose to use the Ligation kit with sonication to sequence 
any additional plasmid extraction samples.

Detection of E. coli Plasmids as part of a whole genome 
sequencing project
We performed a standard WGS workflow on 19 E. coli 
isolates, including 4957-3S1 and 4957-C3, with plas-
mid identification using the MOB-suite program [21]. 
We tested the influence of three technical parameters: 
1)  assembly type: hybrid (Illumina + Nanopore) or long 
read (Nanopore); 2)  sequencing kit: Ligation or Rapid 
sequencing kits; and 3) filtering: if short DNA reads from 
Nanopore were filtered out or not prior to assembly. We 
also performed Nanopore sequencing of plasmid DNA 
samples, purified from each isolate using two commercial 
plasmid extraction kits.

On a strain-by-strain basis, more plasmids were 
detected in the hybrid assemblies than the long read 
assemblies, although the difference in mean plasmid 
number between 19 E. coli strains was not statistically 
significant (Fig. 1A). When sequence assemblies from the 
plasmid extraction kits were included, the mean number 
of detected plasmids was increased for both hybrid and 
long read assemblies, although the increase was only sig-
nificant when added to the long read assemblies (Fig. 1A). 
This result indicated that the plasmids identified from the 
extraction kits were unique to those detected by WGS 
assembly. Consistent with this, the plasmids identified by 
plasmid extraction were significantly smaller in size than 
the plasmids identified by hybrid or long read assemblies 
(Fig.  1B). The DNA fragments corresponding to these 
smaller plasmids were not present in the WGS proce-
dure, since performing assemblies with unfiltered reads 
(i.e., including all small fragments) did not significantly 
change the number of detected plasmids (Fig.  1C). The 
mean number of identified plasmids also did not vary 
significantly between use of the Ligation or Rapid kits 
(Fig. 1D).

We compared hybrid and long read assemblies using 
Quast [22] to determine if the assemblies differed in 
quality. All four hybrid assemblies (HLF, hybrid ligation 
filtered; HLUF, hybrid ligation unfiltered; HRF, hybrid 
rapid filtered; HRUF, hybrid rapid unfiltered) were suc-
cessful with no significant differences in quality param-
eters including N50 (Figure S1A), number of contigs 
(Figure S1B), largest contig (Figure S1C), total length of 
assembly (Figure S1D) and GC content (Figure S1E). The 
quality of the long read assemblies was more variable 
and influenced by the type of sequencing kit used, with 
significant differences in the N50 (Figure S2A), the num-
ber of contigs (Figure S2B), the size of the largest contig 
(Figure S2C), and the GC content (Figure S2E). Filtering 
(i.e., removal of < 1000  bp fragments) prior to assembly 
impacted the number of contigs (Figure S2B) and the GC 
content (Figure S2E). The last parameter tested for long 
read assembly was the polishing step. There was no sig-
nificant difference in the number of plasmids identified 
if the assemblies were left unpolished, polished with long 
reads or polished with long-reads and short reads, a form 
of hybrid assembly where the long reads were assem-
bled first (Figure S3). Our overall conclusion was that 
hybrid assemblies were less prone to variation based on 
sequencing and assembly factors.

Hybrid genome assembly will identify the majority 
of plasmids in E. coli
The data from all DNA sequencing and assembly 
approaches were combined, and a total of 79 individual 
plasmids were detected in 19 E. coli isolates. The num-
bers ranged from 9 plasmids in isolate 9226-2S1 to a sin-
gle plasmid in isolates 9314-C4, 7578-1L2 and 0012-1L2 
(Fig.  2). Fifty-three of the 79 plasmids (i.e., 67%) were 
detected using the standard WGS hybrid-filtered assem-
bly (Fig.  2; black bars). In contrast, hybrid-unfiltered 
(blue bars) and hybrid-rapid (yellow bars) assemblies 
had relatively minor contributions to the total (Fig.  2). 
Long-read only assemblies detected 14 unique plasmids 
overall from 7 different isolates (Fig.  2). Sequencing of 
purified plasmid samples (i.e., plasmid prep) identified 
a total of 8 plasmids, detected in 7 isolates (Fig. 2). This 
analysis indicated that a variety of sequencing and assem-
bly approaches is helpful for the detection of all plasmids 
that may be present in an E. coli isolate.

Distribution of MOB‑suite plasmid clusters within E. 
coli isolates
Each plasmid cluster identified by MOB-suite represents 
a group of similar plasmids that contain key sequence fea-
tures and can be analyzed together, as determined based 
on mash distance from reference plasmid sequences [21]. 
In total, within the group of 19 E. coli isolates, 34 different 
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plasmid clusters were identified (see Table S2 for detailed 
information). Eighteen plasmid clusters were detected in 
two or more isolates, representing 63 of the 79 total plas-
mids identified, whereas sixteen plasmid clusters were 
detected only once (Table  2). Ten of the 18 ‘common’ 
plasmid clusters were larger, ranging in size from 40,000 
to 230,000  bp and containing > 250 ORFs, whereas the 
eight remaining ‘common’ plasmid clusters were smaller 
than 20,000 bp and had fewer than 200 ORFs (Table S2). 
The most common plasmid cluster was AA176 with an 
average size of 155,753  bp and an average GC content 
of 50.2%. Plasmids in this cluster had up to 4 incompat-
ibility groups, with IncF1B being the most common, and 

were classified as conjugative, because of the presence of 
a mate-pair formation marker and a relaxase (Table S2). 
In general, each plasmid cluster was genetically similar 
to plasmids that had been identified before in E. coli and 
closely related species such as Salmonella enterica, Kleb-
siella pneumoniae, and Shigella sonnei (Table 2).

Hierarchical clustering reveals potential biological 
connection between E. coli isolates and plasmid clusters
Hierarchical clustering was used to elucidate possible 
relationships between plasmids, E. coli strains and coliba-
cillosis outbreaks. The 19 strains analyzed here consisted 
of 12 “disease” isolates obtained from internal organs of 

Fig. 1  Hybrid (Illumina + Nanopore) and long read (Nanopore) sequencing to detect E. coli plasmids.  DNA sequence assemblies were prepared 
from 19 different E. coli isolates and screened for plasmids using MOB-suite software. Strip plots are shown for the total number of unique 
plasmids detected in: (A) Hybrid and long read assemblies (filtered and unfiltered; Nanopore Ligation and Rapid kits) with or without plasmid prep 
assemblies; (C) Hybrid and long read assemblies, generated using Nanopore Ligation and Rapid kits, where raw reads were filtered (i.e., > 1000 bp 
cut-off ) or unfiltered prior to assembly; and (D) Hybrid and long read assemblies (filtered + unfiltered) generated using Nanopore Ligation or Rapid 
kits. (B) The sizes of plasmids detected in all hybrid, long read and plasmid prep assemblies. Bars in (A, B, C, D) represent the mean values. The 
significance of relationships was determined using t-tests ( P  > 0.05, ns; P  < 0.05, *; P  < 0.001, ***; P  < 0.0001, ****)
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broilers that died of colibacillosis and 7 “healthy” iso-
lates obtained from the cecal contents of healthy broil-
ers from the same flocks. There was not a lot of overlap 
in plasmid content between disease-causing and cecal 
isolates. Disease-causing E. coli isolates 9226-2S1 and 
9226-3H1, which came from different birds in the same 
outbreak, clustered together and shared six plasmid clus-
ters (Fig.  3). Cecal isolate 9226-C5, which came from 
another bird within the same flock, had no plasmids in 
common with these two disease isolates. The same trend 
was observed for disease-causing isolates 6245-1H1 and 
6245-2L1, which had three plasmid clusters in common, 
but none that were shared with isolate 6245-C4 (Fig. 3). 
In three other instances where disease and cecal iso-
lates from the same flocks were analyzed, only one out 
of 8 plasmid clusters were shared between 4957-3S1 
and 4957-C3, one out of 9 plasmid clusters were shared 
between 0205-3S1 and 0205-C5, and no clusters were 
shared between 0012-2L1 and 0012-C5 (Fig.  3). In con-
trast, cecal isolates 0012-C5 and 0205-C9 shared three 
out of 5 plasmid clusters. There were also plasmid pairs 
that clustered together across multiple farms, such as 
AA474 and AB685, AB313 and AB714, and AB443 and 
AC748 (Fig. 3; Table 2). We concluded from this analysis 
that there are likely to be biological relationships between 
strains, strain sources and plasmid clusters that will be 

more apparent when compared over a larger group of 
strains [23].

Discussion
Hybrid genome assemblies, based on a combination of 
long-read and short-read DNA sequencing, were the 
most efficient at detecting plasmids carried by E. coli. 
Hybrid assemblies were consistent in quality despite 
changes to sequencing methods or assembly parameters. 
Long read only assemblies produced similar results, but 
the assemblies had more variation based on changes to 
the sequencing kits used or whether the raw reads were 
filtered or not prior to assembly. Therefore, the use of 
long read assemblies would not be as consistent as hybrid 
assemblies for the detection of plasmids, when analyzing 
a larger number of isolates. These same principles can 
likely be applied to any E. coli genome sequencing pro-
ject, including strains from different habitats or repre-
senting different pathotypes [24]. For APEC, many large 
plasmids have been associated with virulence and anti-
microbial resistance [25–28], and these are the group of 
plasmids that were routinely detected within the WGS 
workflow. We concluded that hybrid WGS is the best 
option for screening large numbers of genomes and 
defining the plasmidome of E. coli.

Fig. 2  Total numbers of plasmids detected in 19 avian-associated E. coli. Bars represent the number of unique plasmid clusters detected in each 
isolate by MOB-suite software, based on six different combinations of DNA sequencing and assembly: 1) hybrid-filtered, Illumina + Nanopore 
Ligation with filtering (black); 2) hybrid-unfiltered, Illumina + Nanopore Ligation without filtering (blue); 3) hybrid-rapid, Illumina + Nanopore Rapid 
with or without filtering (yellow); 4) long read only, Nanopore Ligation with or without filtering (green); 5) long read only – rapid, Nanopore Rapid 
with or without filtering (grey); or 6) plasmid prep, Nanopore Ligation with or without filtering (red)
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Table 2  Characteristics of different plasmid clusters identified in avian-associated E. coli by MOB-suite software

Plasmid 
Cluster 
IDa

% G + C E. coli Pathotype / 
Potential Sourceb

E. coli Isolatesc Nearest Neighbourd Average Size (bp) # ORFse

AA176 50.2 APEC, UPEC 4957-C3, 6245-C4, 4957-
3S1, 9226-2S1, 9226-3H1, 
2402-1H1, 3862-S2, 0205-
3S1

CP033091, CP012113, 
CP001122, CP031107, 
KU578032, CP012636, 
CU928146, CP018994

155,753 941–2165 (1157)

AA474 49.7 UPEC, APEC, Salmonella 
enterica

9413-C4, 23,315-C5, 6245-
1H1, 6245-2L1, 9226-2S1, 
9226-3H1, 9619-3S1

HE654725, NC_019131, 
CP024093, KT779550, 
CP039714, CP032264, 
CP044183, CP016522, 
CP019996

104,545 513–2359 (893)

AA175 49.2 APEC 6245-1H1, 6245-2L1, 4957-
3S1, 9226-2S1, 9226-3H1, 
0012-2L1

CP022732, LC484363 123,558 260–1505 (1240)

AC509 48.5 UPEC, Salmonella enterica 23,315-C5, 4957-3S1, 9226-
2S1, 2402-1H1, 0205-3S1

CP010175, CP019025, 
CP032941, CP016519, 
LT985237

7,917 41–105 (55)

AA378 47.9 UPEC 0205-C9, 4957-C3, 2402-
1H1, 0205-3S1

CP012494, CP020522, 
MH844525, CP022733

95,605 698–827 (751)

AB241 55.6 Salmonella enterica 6245-1H1, 6245-2L1, 4957-
3S1, 4957-C3

CP038600 2,189 13–46 (17)

AB685 51.7 UPEC, Klebsiella pneumoniae 23,315-C5, 9226-2S1, 9226-
3H1, 9619-3S1

CP023858, CP026493, 
CP006785, CP024465

1,914 13–35 (20)

AA281 52.6 APEC 4957-3S1, 9226-2S1, 9226-
3H1

CP033633, KR905386, 
CP018772, KR905389, 
KR905384

136,115 317–1507 (1245)

AA329 52.1 EHEC 0012-C5, 0205-C9, 9226-C5 NC_013362, CP024284 79,383 398–878 (720)

AB233 41.5 Salmonella enterica 23,315-C5, 2402-1H1, 
0205-3S1

CP024290, EU219533 40,792 185–516 (253)

AB690 42.3 APEC 4957-C3, 2402-1H1, 0205-
3S1

CP005932 6,259 15–92 (53)

AA162 50.4 APEC, Salmonella enterica 9226-2S1, 9226-3H1 CP039570, CP011433, 
CP010318, CP030004, 
CP012684

7,126 36–115 (52)

AA179 49.4 Unknown Pathotype 9619-2L1, 7578-1L2 CP021198, CP019018 155,108 878–1677 (900)

AA313 50.7 Unknown Pathotype 2402-1H1, 3862-S2 CP024287 53,144 388–529 (444)

AA738 45.6 Salmonella enterica 4957-3S1, 9619-3S1 MK169211, CP045449 251,326 1660–2080 (1877)

AB443 46.8 UPEC 0012-C5, 0205-C9 CP035351 7,633 35–132 (44)

AB714 49.0 Salmonella enterica 2402-1H1, 3862-S2 CP022453 21,326 157–205 (181)

AC748 47.2 NMEC 0012-C5, 0205-C9 CP030115, CP034961 2,235 10–22 (15)

AA178 49.6 APEC 23,315-C5 CP043952 189,407 1481–1601 (1493)

AA315 48.2 UPEC 9226-C5 KU254579 89,815 711–789 (731)

AA372 42.2 Salmonella enterica 9226-2S1 CP028155 60,009 247–508 (450)

AA374 47.4 Unknown Pathotype 6245-C4 CP042894, CP029181 152,238 1125–1228 (1152)

AA476 57.0 STEC 9619-3S1 CP031897 11,442 113 (113)

AA551 51.8 Unknown Pathotype 9226-C5 HE613857 46,517 307–402 (327)

AA664 53.7 Arthrobacter 3862-S2 CP011006 4,354 42–43 (42)

AA736 54.6 Unknown Pathotype 9226-3H1 CP018771 17,590 160 (160)

AB229 42.5 Unknown Pathotype 23,315-C5 CP023379 38,502 271–288 (280)

AB238 57.3 Salmonella enterica 9619-2L1 AY178821 3,389 12–32 (21)

AC026 52.2 Unknown Pathotype 6245-2L1 CP040923 22,046 221–228 (224)

AC028 46.3 UPEC 9226-2S1 KU043116 14,509 134–137 (136)

AC662 49.1 Shigella sonnei 6245-1H1 CP019691 43,325 429 (429)

AD482 48.8 Unknown Pathotype 0205-C9 CP033763 3,343 21–26 (24)

AD669 53.7 ETEC 9619-3S1 CP002733 45,498 363–423 (400)
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Commercial plasmid DNA extraction kits were gen-
erally poor in capturing the E. coli plasmidome. All six 
extraction kits that we tested purified smaller sized plas-
mids, but the different kits did not consistently detect the 

same group of plasmids. This result was unexpected, and 
we took the approach to combine two different plasmid 
extraction kits to perform any further sequencing. Many 
of the small plasmids detected in the plasmid extraction 
samples were missed by routine whole genome sequenc-
ing. The most likely explanation for this difference in 
plasmid recovery was due to the size selection step 

during genomic DNA purification as well as part of the 
processing and sequencing steps for Nanopore sequenc-
ing [29]. The addition of plasmid DNA extractions to the 
hybrid assemblies did increase the number of plasmids 

detected within individual strains but did not signifi-
cantly increase the average number of plasmids detected 
across the group of 19 strains. However, it did allow for 
detection of a broader size range of plasmids in each iso-
late. It should be noted that small plasmids detected by 
plasmid DNA extractions (i.e., < 20kbp), can be useful for 
cloning and other biotechnology applications [30–32]. 

Table 2  (continued)

Plasmid 
Cluster 
IDa

% G + C E. coli Pathotype / 
Potential Sourceb

E. coli Isolatesc Nearest Neighbourd Average Size (bp) # ORFse

AF267 47.3 Salmonella enterica 9226-3H1 CP022065 21,883 190 (190)
a The plasmid cluster ID names were generated by MOB-suite software; each represents a group of related plasmids
b The E. coli pathotypes: APEC, avian-pathogenic; UPEC, urinary-pathogenic; EHEC, enterohemorrhagic; NMEC, neonatal meningitis-causing; STEC, shiga toxin-
producing; ETEC, enterotoxigenic, and Unknown, and other bacterial species listed were associated with “Nearest Neighbour” plasmids and could represent a 
potential source of the plasmid
c Names of the E. coli strains in this study where this plasmid cluster ID was detected
d Plasmids that were genetically similar to the plasmid cluster IDs are listed by accession numbers to the NCBI nucleotide database
e The range in the number of open reading frames (ORFs) in each plasmid cluster (taking into account 8-12 different DNA sequence assemblies for each isolate) is 
shown with the average number of ORFs in parentheses

Fig. 3  Hierarchical clustering and association of different plasmid clusters with 19 avian-associated E. coli strains.  Hierarchical clustering was used 
to determine the relationship between E. coli isolates (tree shown on left) and plasmid clusters (tree shown on top). Plasmid clusters were identified 
by MOB-suite software and the names are listed at the bottom. The origin of the E. coli is color coded and shown on the left, and the names 
of the isolates are shown on the right. Within each row or column, dark blue depicts the presence of the plasmid cluster, whereas light blue depicts 
its absence
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We concluded that plasmid DNA extractions represent 
a complementary approach to WGS but may not be 
necessary depending on the goals of the E. coli genome 
sequencing project.

Combining all sequencing approaches (i.e., hybrid, long 
read, plasmid prep) and assembly parameters (i.e., fil-
tering, polishing) yielded an overall total of 79 plasmids 
from the group of 19 E. coli isolates analyzed. Greater 
than 60% of plasmids were identified by hybrid WGS 
only, but this technique did not capture many plasmids 
under 30 kbp in size. Wick et al. [33] previously reported 
that the Nanopore Rapid kit was more favorable when 
trying to detect smaller plasmids, but we did not observe 
this relationship in our study. When looking at the plas-
mid clusters detected by each assembly method, dif-
ferences between the methods became more apparent. 
Different assembly parameters (i.e., filtering, sequencing 
kit, assemblers) can allow MOB-Suite to detect specific 
plasmid clusters in some assemblies and not in oth-
ers. The program Flye, which is used for long read only 
assemblies, and Canu, which we used for plasmid DNA 
extraction assemblies, can sometimes create multiple 
concatemers of a contig that can influence the assign-
ment of plasmid clusters by MOB-Suite. In our study, fil-
tering the long reads did not impact the overall quality 
of hybrid assemblies; however, it can impact the assign-
ment of plasmid clusters by MOB-Suite. When combin-
ing the results from multiple sequencing and assembly 
approaches, additional plasmid clusters may represent 
true plasmids but could also be the result of subtle differ-
ences in assembly. Bioinformatic detection of plasmids, 
using MOB-suite or similar programs, is always a predic-
tion that needs to be verified through laboratory experi-
ments. However, we can conclude from our analysis that 
filtering to remove short and poor quality long reads for 
hybrid assemblies yields the best representation of the 
genome and its plasmid content.

One goal in trying to comprehensively identify E. coli 
plasmids is to determine if biological connections exist 
between specific plasmids and different sources of E. 
coli isolates. Hierarchical clustering performed on the 
small subset of 19 strains analyzed here revealed that 
disease-associated strains from different birds from the 
same colibacillosis outbreak shared a majority of plasmid 
clusters. For example, plasmid clusters AA175, AA474, 
AB685, AA162, and AA281 were detected in E. coli 
9226-2S1 and 9226-3H1. This could simply reflect a close 
genetic relationship between the two disease strains, but 
it could also reflect disease-causing E. coli within the 
same broiler farm sharing the same plasmidome, an idea 
first proposed by Olsen et al. [27]. In addition, there were 
also several plasmid clusters that were detected together 
in cecal and disease-causing isolates from different 

broiler farms, perhaps due to a genetic link between the 
individual plasmids. We consider any of these poten-
tial plasmid or E. coli strain connections as preliminary 
because we have not yet catalogued the gene content 
on the plasmids. Any trends identified here should also 
become more obvious when the analysis is applied across 
a larger group of isolates. Although it is well established 
that plasmid DNA contributes substantially to the diver-
sity of avian-associated E. coli [24, 27, 34], we detected 34 
unique plasmid clusters and an average of 4 plasmids per 
isolate, which was a higher number than we expected.

Plasmid carriage has been related to the emergence 
of different E. coli pathotypes [34] and could potentially 
explain how pathogenic strains (such as APEC) can 
emerge from divergent genetic backgrounds [3]. Fur-
thermore, whole genome sequencing is becoming the 
standard technique for strain tracking [35] and AMR 
surveillance [36]. From our study, it is clear that com-
prehensive plasmid identification requires a significant 
investment of time, energy and money. For instance, it 
may be necessary to include plasmid DNA extraction 
with hybrid WGS assemblies for the analysis of the plas-
midome if the goal of the analysis is to analyze all plas-
mids (or as many as possible) in an isolate. Our results 
also emphasized the importance of generating multiple 
assemblies to get closer to comprehensive recovery of 
plasmids. Similar to other bacterial species (i.e., Entero-
coccus faecium [37]), the best characterized examples of 
plasmids driving adaption and evolution are with AMR, 
such as APEC strains in China harboring plasmids that 
carry genes for resistance to colistin and other antibiot-
ics increasing the likelihood that these strains will sur-
vive antimicrobial treatments [38, 39]. Plasmids have also 
been shown to contain important virulence genes [24, 26] 
as well as genes with roles in biofilm formation and the 
interaction of E. coli with intestinal epithelial cells [27]. 
More work with mobile genetic elements is needed to 
understand their role E. coli biology and evolution.

Conclusions
We determined that comprehensive plasmid identifica-
tion in E. coli required hybrid genome assembly com-
bined with plasmid extraction kits. In some cases, long 
read only assemblies may provide similar results, but it is 
more dependent on methodological choices for its cov-
erage of plasmids and overall genome quality. The inclu-
sion of plasmid DNA extractions in addition to hybrid 
assemblies is required only if small plasmids (less than 
50kbp) are of interest. For avian-associated E. coli, plas-
mids associated with antimicrobial resistance and viru-
lence will likely be detected using hybrid assembly alone 
because these plasmids are usually larger in size.
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Methods
Sample collection and isolation of E. Coli from diseased 
and healthy broilers
There is an existing program in Saskatchewan where 
producers bring dead broilers to have them analyzed by 
the Poultry Extension Service (PEX) at the University 
of Saskatchewan. Four- to six-week-old broiler chick-
ens that had died on farms within a 4 h driving distance 
from Saskatoon were submitted to the PEX and nec-
ropsy was performed. Organ specimens were submit-
ted for microbiological isolation and identification by 
MALDI-TOF mass spectrometry at Prairie Diagnostic 
Services (www.​pdsinc.​ca); a portion of the organs were 
stored at 4ºC until analysis was complete. If specimens 
were E. coli positive, PEX requested the submission of 
3–4 healthy broilers from the same producer farms.

E. coli strains were isolated in the White lab from 
internal organs of diseased birds (liver, heart, spleen) 
that had been stored at 4ºC or from the cecal con-
tents of healthy birds that were brought to the PEX. 
Equal sized pieces of each organ or cecal contents 
were placed in 2 mL SafeLock Eppendorf tubes with 
1 mL of phosphate buffered saline (PBS) and a 5-mm 
steel bead (#69,989; Qiagen) and homogenized for 
5  min at 30  Hz using a mixer mill (#MM400; Retsch). 
The homogenized solutions were serially diluted in 
PBS, plated on MacConkey Agar (BD Diagnostics) and 
grown overnight at 37ºC. Suspected E. coli colonies 
were confirmed using a positive indole and negative 
Simmons-citrate biochemical test [40]. Single colo-
nies of confirmed E. coli were inoculated in 5ml of LB 
broth and incubated at 37ºC for 18 h with shaking; all 
isolates were stored in 50% glycerol at -80ºC for long-
term preservation. We selected 12 ‘disease’ E. coli iso-
lates and 7 ‘healthy’ isolates collected from 12 different 
boiler farms for plasmid analysis. These E. coli strains 
were part of larger cohort of 245 E. coli strains [22].

Extraction of genomic DNA
E. coli isolates were streaked on Tryptic soy agar (TSA) 
from freezer stocks and grown at 37ºC for 18 h. A single 
colony was inoculated into 5 mL of LB broth and grown at 
37ºC with shaking for 18 h. Genomic DNA was extracted 
from each E. coli isolate using the GenElute Bacte-
rial Genomic DNA Extraction Kit (#NA2120; Millipore 
Sigma), as per manufacturer’s instructions. Purity of the 
DNA was assessed and quantified using a DeNovix spec-
trophotometer / fluorometer (#DS-11 FX; FroggaBio Inc.).

Nanopore sequencing of the E. Coli isolates
Ligation procedure
All E. coli isolates were sequenced on a Nanopore 
MinION according to the protocol  developed by Nick 

Lohman, Matt Loose, and Mick Watson for Porecamp 
Vancouver 2018  (http://​porec​amp.​github.​io). Prior to 
library preparation, DNA fragments > 500 bp were puri-
fied by addition of 0.4x (vol./vol.) NucleoMag NGS 
magnetic beads (#MN-744970.50; Macherey-Nagel). 
DNA was stored at -20ºC for up to one week before 
sequencing and stored at -80ºC for long term storage. 
Up to 200 fmol of purified and size-selected DNA (in a 
maximum of 24 µL) was added to an Eppendorf DNA 
Lobind microcentrifuge tube (#13-698-791; Fisher Sci-
entific). Deionized water was added to a total volume of 
30 µL. Nicks and gaps in the DNA were repaired using 
FFPE DNA Repair Mix (#M6630; NEB) and A-tails were 
added using the Ultra II End Repair/dA-Tailing Module 
(#E7645; NEB). Nanopore barcodes (#EXP-NBD104; 
ONT) were ligated to DNA fragments using the Blunt/
TA Master Mix (#M0367; NEB). Multiplexed sam-
ples were pooled into a single Eppendorf tube and the 
pooled samples were adjusted to 1 M NaCl. DNA repair 
enzymes and excess DNA barcodes were removed using 
a 0.2X magnetic bead clean-up, which binds larger 
fragments of DNA. Sequencing adapters were ligated 
(#SQK-LSK110; ONT) to the ends of DNA fragments 
using the NEBnext quick ligation module (#E6056; NEB) 
before a final bead clean-up (1:1 ratio of beads to sam-
ple) was performed to generate the final purified DNA 
library. Beads were washed by incubating two times in 
long chain fragment buffer (LFB) and resuspended by 
flicking. DNA was eluted in 1mM Tris buffer, pH 8.0. 
Sequencing was performed using R9.4.1 MinION flow 
cells on the MinION Mk1C instrument. Sequencing 
runs were terminated after approximately 24 h.

Rapid barcoding procedure
Libraries were also prepared according to the rapid bar-
coding protocol (#SQK-RBK004; ONT). For each E. coli 
isolate, 500ng of purified DNA was transferred into a 
0.2mL thin-walled PCR tube with the volume adjusted to 
7.5uL using nuclease-free water. To each tube, 2.5uL of 
the fragmentation mix (#RB01-12) was added and incu-
bated at 30ºC for 1 min; the transposase present cleaves 
the template DNA molecules and attaches the barcoded 
tags to the cleaved ends. The transposase was inactivated 
by incubating at 80ºC for 1  min. Multiplexed samples 
were pooled into a single Eppendorf tube and the pooled 
samples were adjusted to 1 M NaCl. Excess enzymes and 
DNA barcodes were removed using a 0.2X magnetic 
bead clean-up. 10uL of the barcoded DNA and 1uL of 
Rapid Sequencing Adapters (RAP) were added together 
in a new Lobind tube and incubated at room temperature 
for 5 min. Samples were sequenced using R9.4.1 MinION 
flow cells on the MinION Mk1C instrument. Sequencing 
runs were terminated after approximately 24 h.

http://www.pdsinc.ca
http://porecamp.github.io
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Illumina sequencing of the E. coli Isolates
Purified genomic DNA was used for Illumina library 
preparation, following steps according to the NEBNext 
Ultra II DNA Library Prep Kit protocol (#E7103; NEB). 
Approximately 100ng of genomic DNA was sheared 
by incubating the DNA with the NEBNext Ultra II FS 
Enzyme Mix (#E7805L; NEB) in a thermocycler for 
12 min at 37  °C, followed by 30 min at 65  °C. NEBNext 
Adaptors were ligated to the fragmented DNA using 
NEBNext Ultra II Ligation Mix (#E7595L; NEB) by incu-
bating at 20ºC for 15 min. To purify the DNA and remove 
excess enzymes, 25 µL aliquots of NGS magnetic beads 
were added to the samples. Finally, DNA was enriched 
via PCR using NEBNext Multiplex Oligos for Illumina 
(NEB, #E6609) using the following thermocycler condi-
tions: denature for 30  s at 98  °C, 4 cycles of denaturing 
at 98 °C for 10 s followed by annealing and extension at 
65 °C for 75 s, and a final extension at 65 °C for five min-
utes. Sequencing was performed by Novogene Corpora-
tion Inc. (Sacramento, CA) using an Illumina HiSeq 400 
or NovaSeq, with 150  bp paired-end sequencing (300 
cycles).

Preparation of samples from plasmid extraction kits 
for DNA sequencing
Escherichia coli isolates 4957-3S1 and 4957-C3 were 
streaked on LB agar from freezer stocks and a single 
colony was incubated overnight at 37ºC in LB broth with 
shaking for 16  h. Plasmid DNA was isolated according 
to the manufacturer’s instructions from six commercial 
plasmid extraction kits: (A) GenElute plasmid Miniprep 
kit (#PLN70; Millipore Sigma), (B) NucleoSpin mini kit 
(#740588.50; Machery-Nagel), (C) Presto mini plasmid 
kit (#PD100; Geneaid), (D) Monarch plasmid miniprep 
kit ((#T1010S; New England Biolabs), (E) Plasmid midi 
kit (#12,143; Qiagen) and (F) GeneJet plasmid miniprep 
kit (#K0502; Fisher Scientific). The DNA samples gener-
ated from the plasmid extraction kits were fragmented by 
Cup and Horn sonication with a high-intensity ultrasonic 
processor (Vibra-Cell, Danbury, CT) for one 30-sec-
ond pulse, followed by 2 min on ice. DNA samples were 
assessed for quality, purity, and integrity using a DeNo-
vix spectrophotometer /fluorometer and an Agilent 2100 
Bioanalyzer with a High Sensitivity DNA chip (#5067–
4626; Agilent Technologies). DNA libraries generated 
with the Ligation sequencing kit or Rapid Barcoding kit 
were sequenced using R9.4.1 MinION flow cells on the 
MinION Mk1C instrument; runs were terminated after 
24 h. For the other 17 E. coli isolates, plasmid DNA was 
extracted using kits D and F (above), sonication was per-
formed and the ONT Ligation Sequencing Kit was used 
to prepare libraries for sequencing.

DNA sequence assemblies
For each E. coli isolate, we generated hybrid assemblies, 
long read assemblies and plasmid assemblies. For Illu-
mina, raw sequence reads were obtained directly from 
Novogene and were trimmed to remove the adapter 
sequences, using fastp (v0.20.1) [41]. The quality of Illu-
mina reads was analyzed by FastQC (v0.11.9) [42] and 
contamination was determined using Confindr (v0.7.4) 
[43]. For Nanopore, raw sequence reads were obtained 
in-house with base calling performed using MinKNOW 
v2.0 [44] and Guppy v2.1.1 [45]. The quality of reads was 
analyzed by NanoStat (v1.5.0) [46]. Adapter sequences 
were trimmed from the Nanopore reads using Porechop 
(v0.2.4) and filtered with a minimum length of 1000 bp 
using filtlong (v0.2.1) or were left unfiltered.

Long read assemblies were generated from the Nano-
pore sequences using the Flye program (v2.9) [47]. The 
standard protocol was to polish these assemblies with 
long reads by Medaka (v1.7.2). For E. coli isolates where 
Unicycler failed to generate a closed hybrid assembly, 
Flye software was used to generate long read assemblies, 
which were polished up to 30 times with short reads 
using Pilon (v1.4) [48] and with long reads using Medaka. 
These long read first hybrid assemblies were compared to 
hybrid assemblies generated by Unicycler in a variety of 
tests.

For standard hybrid assemblies, the Unicycler (v0.5.0) 
[18] program compiled the Illumina and Nanopore reads 
to generate whole genome sequence assemblies using the 
long read assemblies as trusted contigs. Hybrid assem-
blies were polished by mapping the reads to the assembly 
and taking the consensus of the reads using Pilon (v1.24) 
(with MUMmer (v4.0.0) and SAMtools (v1.13)). Assem-
blies that still possessed SNPs (differences between the 
assembly and reads) were further polished using Snippy 
(v4.6.0) (with VCFtools ( v0.1.16) and Tabix (v0.2.6)), 
followed by another 15 rounds of polishing using Pilon. 
Hybrid and long read assemblies were confirmed to be 
from the same isolates using MLST (v2.22.1) and EZCler-
mont (v0.7.0) [49]. The quality of assemblies was deter-
mined using Quast (v5.0.2) [22].

For plasmid DNA assemblies, the adapter sequences 
were trimmed from the Nanopore raw reads using Pore-
chop and the trimmed reads were assembled using Canu 
(v2.2) [50]. The plasmid Nanopore reads were not filtered 
because this would exclude small plasmids, which could 
be represented by shorter reads.

Plasmid identification using MOB‑suite
The hybrid, long read and plasmid DNA assemblies were 
analyzed using MOB-suite [20]. The MOB-suite pipeline 
(v3.1.0) scans input assemblies for contigs containing 
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plasmid-related genes (e.g., relaxases and replicases) 
and repetitive regions, thereby identifying putative plas-
mid scaffolds. These scaffolds are compared against a 
database of mobility clusters (MOB-clusters) compris-
ing pre-clustered reference plasmids. The putative plas-
mids were assigned to MOB-clusters by identifying the 
minimum Mash distance to a reference plasmid in the 
database. The output consists of the contig sequences 
belonging to the MOB-clusters and an annotation of 
their host-range predictions, mobility predictions, and 
assignment to a replicase (rep) gene cluster. The results 
from MOB-suite from all the assemblies were amalga-
mated, processed, and analyzed in Python using packages 
including pandas (v1.0.3) to generate a presence/absence 
table and summary tables. All strip plots, bar plots and 
cluster maps were created in python using Pandas and 
Seaborn (v0.11.2) then retouched in Prism (v8.4.2) or 
Adobe Elements 2020. To determine the number of ORFs 
in each plasmid cluster detected in each isolate, we used 
ORFfinder v1.8 [51].

Statistical analysis
Using the statannotations (v0.4.3) Python package, the 
relationships between different assembly types were ana-
lyzed using two-way ANOVAs with type three sum of 
squares and using a posthoc t-test with bonferroni cor-
rection. Comparisons of the assemblies were represented 
as strip plots and differences between assembly types 
were determined using independent t-tests. The scripts 
that were used to do the statistical analysis are found on 
our research group’s GitHub (https://​github.​com/​Aaron-​
White-​Lab/​2022_​Plasm​ids_​Detec​tion_​Metho​ds/).
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3) HRF, Illumina + Nanopore Rapid + filtered; and 4) HRUF, Illumina + 
Nanopore Rapid + unfiltered. There were no significant differences in 
quality parameters between each assembly type as determined by t-test 
(P > 0.05). Figure S2. Quality control parameters determined for different 
types of long-read genome assembly.Box and whisker plots show param‑
eter values for N50 (A), number of contigs (B), largest contig (C), total 
length (D) and GC content (E), for long read WGS assemblies from 19 E. coli 
isolates, as determined by Quast. The line in each box represents the mean 
parameter value corresponding to each type of long-read (L) assembly: 1) 
LLF, Nanopore Ligation+ filtered; 2) LLUF, Nanopore Ligation + unfiltered; 
3) LRF, Nanopore Rapid + filtered; and 4) LRUF, Nanopore Rapid + unfil‑
tered. Statistical significance in any pairwise comparison was determined 
using ttests (P < 0.05, *; P < 0.01,**). All other pairwise comparisons were 
not significant (P > 0.05). Figure S3. The effect of polishing long read 
sequence assemblies on plasmid detection by MOB-suite.The total num‑
bers of detected plasmids are shown for long-read DNA sequence assem‑
blies (Nanopore Ligation or Rapid kits, filtered or unfiltered) prepared from 
19 E. coli isolates. The assemblies were either unpolished, polished with 
raw Nanopore reads, or the long-read assemblies were polished with Illu‑
mina reads to generate a hybrid assembly, prior to analysis by MOB-suite 
software. The values were compared between groups using t-tests and 
determined not to be significantly different (P > 0.05, ns). Table S1. DNA 
sequencing parameters for plasmid extraction kit samples prepared from 
two avian-associated E. coli isolates.
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