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Abstract: The global clustering of gene families through network analysis has been
demonstrated in whole genome, plasmid, and microbiome analyses. In this study, we
carried out a plasmidome network analysis of all available complete bacterial plasmids to
determine plasmid associations. A blastp clustering search at 100% aa identity cut-off and
sharing at least one gene between plasmids, followed by a multilevel community network
analysis revealed that a surprisingly large number of the plasmids were connected by one
largest connected component (LCC), with dozens of community sub-groupings. The LCC
consisted mainly of Bacilli and Gammaproteobacteria plasmids. Intriguingly, horizontal
gene transfer (HGT) was noted between different phyla (i.e., Staphylococcus and
Pasteurellaceae), suggesting that Pasteurellaceae can acquire antimicrobial resistance
(AMR) genes from closely contacting Staphylococcus spp., which produce the external
supplement of V-factor (NAD). Such community network analysis facilitate displaying
possible recent HGTs like a class 1 integron, str and fer resistance markers between
communities. Furthermore, the distribution of the Inc replicon type and AMR genes, such
as the extended-spectrum B-lactamase (ESBL) CTX-M or the carbapenémases KPC NDM-1,
implies that such genes generally circulate within limited communities belonging to typical
bacterial genera. Thus, plasmidome network analysis provides a remarkable discriminatory
power for plasmid-related HGT and evolution.

Keywords: plasmidome; network analysis; horizontal gene transfer; Inc replicon;
antimicrobial resistance; ESBL; carbapenemase
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1. Introduction

Bacterial plasmids are self-replicating, extrachromosomal replicons that are key agents of change in
microbial populations [1]. It is well known that plasmid vectors are frequently transmitted from one
bacterium to another [2-5]. Plasmids, as well as conjugative transposons, are crucial mediators of horizontal
gene transfer (HGT), a process that significantly influences bacterial activity and evolution. Most
antimicrobial resistance (AMR) genes can be acquired through plasmid-mediated HGT [2]. The increased
number of AMR genes acquired by pathogenic bacteria threatens to return us to the pre-antibiotics era.
‘The misuse of antimicrobial medications accelerates this natural phenomenon. Moreover, poor infection
control practices have encouraged the spread of AMR. Thus far, it has been challenging to reveal the
global dissemination of AMR plasmids by molecular genotyping. Molecular genotyping techniques,
such as MLST, MLVA, and IS-typing, are available to hospitals, communities, and global organisations
for tracing clonal bacteria dissemination. Furthermore, next-generation sequencing (NGS) can identify
bacterial strain-specific genetic markers including single nucleotide polymorphisms, facilitating the
identification of disseminated pathogenic bacteria clones, such as Staphylococcus aureus [6],
Clostridium difficile | 7], Acinetobacter baumannii 8], and Mycobacterium tuberculosis [9].

AMR can be widely transferred among different strains and species from closely related taxonomic
classes [2,3,10]. Indeed, the extended-spectrum B-lactamase (ESBL) CTX-M and several carbapenemases
have been widely identified in many species of Enterobacteriaceae [11], indicating that a molecular
characterisation of plasmid sequences would be more beneficial for tracing the transmission of AMR -
than would characterising whole genome sequences, because most AMR genes can be acquired
through plasmid-mediated HGT [2]. As whole genome sequencing of a strain harbouring multiple
plasmids is not able to characterize single source of plasmid genetic feature, sequencing only plasmid
is rather simple and cost effective.

Previous research has investigated global clustering of gene families using network analysis, as well
as global network analysis of DNA families shared among cellular, plasmid, and phage genomes [12].
Similar studies focusing on plasmids showed frequent HGT over geographical habitat or taxonomical
barrier [13,14]. The evolutionary dynamics of plasmids in Acinetobacter spp. (pan-plasmidome analysis)
have also been examined [14]. Furthermore, both microbiome and plasmidome analyses have been
performed for the bovine rumen [15]. Plasmidome analysis in particular has been carried out for ESBL
in Escherichia coli [16] and various plasmids in Enterococcus faecalis [17]. Module-based phage
network analysis has been demonstrated to suggest a reticulate representation of evolutionary and
functional relationships between phage genomes [18].

These intensive studies focused on comprehensive network analysis using relatively lower gene
similarity (~95%), thus, we performed a network analysis at 100% aa identity cut-off and sharing at
least one gene between plasmids, leading to characterize the most recently occurred HGT or plasmid
transfer. Such strict parameters will facilitate a better understanding of the current and future prospects
of AMR dissemination based on the plasmid transfer.

2. Results and Discussion

In total, 3793 complete plasmid sequences were selected from the NCBI database. Accordingly,
275,954 protein sequences were extracted (downloaded on 10 June, 2013).
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2.1. Number of Edges and Nodes between Each Plasmid

Plasmids that share at least one homologous sequence were extracted as connected nodes based on
either a blastp or uclust homology search of coding sequences in each plasmid. As shown in Table 1,
the number of connected-nodes decreases as the identity cut-off value increases, indicating that lower
thresholds generate more connected nodes. The single connected components (CCs) are composed of
all of the plasmids (nodes) with at least a single connection to others. The number of CCs is always
slightly larger for uclust than it is for blastp, suggesting that blastp is a more rigorous clustering search
method for finding the homologous lineages of ORFs following CC assignment. Thus, we performed
blastp searches for the subsequent plasmidome network analysis. We obtained an image of the
plasmidome network using a 100% identity cut-off value (Figure 1A).

Table 1. Number of connected component and community according to identity cutoff values.

Identity Nodes Number of
Clustering Connected Connected ] LCC % communities in the
cutoff Edges in . K .
program nodes components in total LCC using multilevel
(%) LCC
method
BLASTP 50 251,961 3529 57 3265 86.1% : 19
BLASTP 60 177,932 3444 70 2793 73.6% 25
BLASTP 70 129,545 3358 " 90 2613 68.9% ’ 31
BLASTP 80 104,815 3229 127 2265 59.7% 26
BLASTP 90 81,752 3060 162 1995 52.6% 34
BLASTP 99 52,029 2633 236 1389 36.6% 36
BLASTP 100 41,956 2496 259 1241 32.7% 26
UCLUST 50 188,844 3524 71 3233 85.2% ND
UCLUST 60 147,899 3435 75 2762 72.8% ND
UCLUST 70 121,841 3349 98 2558 67.4% ND
UCLUST 80 101,902 ~ 3213 133 2241 59.1% ND
UCLUST 90 82,046 3057 174 1949 51.4% ND
UCLUST 99 52,578 2626 240 1369 36.1% ND
UCLUST 100 43,275 2501 263 1232 32.5% ND

CC: connected component; LCC: largest connected component; ND: not determined.
2.2. Connected Components (CCs)

The largest CC (LCC) contains 32.7% of all the investigated plasmids, even after increasing the
identity cut-off value to 100% (Figure 1A, Table 1). Although this network may contain identical
plasmid pairs by means of vertical inheritance or plasmid transfer, the existence of such a large LCC
from vast variety of hosts (will be discussed in the next section) clearly indicates that most of the
plasmids share genes by HGT or plasmid transfer, suggesting that a frequent and ongoing dissemination
of genes occurs between plasmids. To detect most recently occurred HGTs (not just phylogenetic
relationships) we selected a threshold with identity cut-off value of 100% for further analysis. Under
this condition 1297 plasmids from many kinds of bacterial species remain unconnected. As well as the
previous study, the LCC showed power law distribution of the degree measures of nodes, which comes
from the —scaldree” network feature [19,20]. Accordingly, the LCC mostly is composed of
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Enterobacteriaceae, such as Escherichia, Klebsiella, and Salmonella, corresponding to the result in

Tamminen ef al. [13].

Figure 1. Plasmidome network analysis. (A) The filled circles (nodes) represent the
respective plasmids. The grey lines (edges) represent the connections among the plasmids.
The thickness of the edges represents the number of genes shared among the plasmids. The
edges denoting large numbers of shared genes appear as grey ellipses. The colours of the
nodes are automatically set according to the plasmid communities inferred from the
multilevel method using the R igraph package. The nodes within the dotted circle represent
the largest connected component (LCC). (B) Close-up of the connecting points between

Gammaproteobacteria and Bacilli.

(A)

Identity cutoff value: 100%,
blastp search / multilevel

’ﬁ%&
Gy
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2.3. Community Network Analysis

The obtained LCC contains large number of nodes for further representing the characteristic
network structure, thus, we subdivided the LCC into several —cmmunities”, using available clustering
methods in the R igraph package [21] including the fastgreedy, multilevel, edge betweenness,
walktrap, label propagation, and infomap methods. To estimate the best method for community
analysis, we employed the Shannon index [22], which estimates the diversity index of the host
bacterial lincage. We selected the method that provided the set of communities with the lowest
Shannon index.

As shown in Figure 2, the fastgreedy, multilevel and betweenness methods generated relatively
better results, with lower diversity index values at every identity cut-off level for distinct taxonomic
levels (Figure 2A: phylum, 2B: class, 2C: order). Accordingly, the fastgreedy and multilevel methods
generated significantly fewer communities in the LCC (Figure 2D). The multilevel method, however,
was considered a better choice at every identity cut-off. Thus, we decided to employ the multilevel
method in the subsequent analysis because it obtained the fewest communities. Based on the multilevel
method, a total of 291 communities (e.g., co68 ...) were extracted from all CCs at an identity cut-off of
100%, while the LCC can be well subdivided into 26 communities (Table 1 and Figure 3).

Figure 2. Evaluation of community connections using several methods. The Shannon
index values for the LCC using different identity cut-off values and community estimation
methods at the phylum (A), class (B), and order (C) levels. (D) The numbers of communities
in the LCC using different identity cut-off values.
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Figure 3. A schematic representation of the communities from the whole image shown in
Figure 1. The communities mainly included Alphaproteobacteria, Betaproteobacteria,
Gammaproteobacteria, Bacilli, and Borrelia, which are indicated by purple, green, pink,
grey, and black circles, respectively. The other communities are indicated by blue circles.
The number of the top three species in the community is shown beside the circle. The
circle with the light-blue rim represents the communities without AMR genes. The red
lines represent the AMR gene related connections among the communities.
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Most of the communities in the LCC consisted of plasmids from the Gammaproteobacteria,
Alphaproteobacteria, Betaproteobacteria and Bacilli classes (Figure 4A) or Enterobacteriales and
Bacillales orders (Figure 4B). For instance, co68 was mostly composed of Enterobacteriales, such as
Klebsiella, Escherichia, and Salmonella spp. (Figures 3 and 4B). In addition, co22 and co29 were
composed of Enterobacteriales such as Escherichia, Salmonella and Haemophilus spp. (Figures 3 and 4B).
Some specific bacterial plasmids were predominant in smaller communities (e.g., Yersinia in co63,
Acinetobacter in co82, Staphylococcus in co8 and c0258, and Xanthomonas in co53).

Figure 4. The host bacterial components of the communities. The upper and lower graphs
show the numbers and ratios of the host bacterial components, respectively, for the class

(A) and order (B) levels.
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