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Using a computational pipeline based on similarity networks reconstruction we analysed the 1133 genes of the
Burkholderia vietnamiensis (Bv)G4 five plasmids, showing that gene and operon duplication played an important
role in shaping the plasmid architecture. Several single/multiple duplications occurring at intra- and/or
interplasmids level involving 253 paralogous genes (stand-alone, clustered or operons) were detected. An
extensive gene/operon exchange between plasmids and chromosomes was also disclosed. The larger the
plasmid, the higher the number and size of paralogous fragments. Many paralogs encoded mobile genetic
elements and duplicated very recently, suggesting that the rearrangement of the Bv plastic genome is ongoing.
Concerning the “molecular habitat” and the “taxonomical status” (the Preferential Organismal Sharing) of Bv
plasmid genes,most of themhave been exchangedwith other plasmids of bacteria belonging (or phylogenetically
very close) to Burkholderia, suggesting that taxonomical proximity of bacterial strains is a crucial issue in plasmid-
mediated gene exchange.

© 2014 Elsevier Inc. All rights reserved.
1. Introduction

In the last decade, the total number of completely sequenced
prokaryotic genomes has grown exponentially and, to date, more
than 12,000 publicly listed bacterial and Archaeal genome projects
(http://www.ncbi.nlm.nih.gov/genomes/lproks.cgi) at different stages
of progress are reported.

Currently, the in silico analysis of available genomic data has
provided significant advances in our understanding of a number of
important themes, including bacterial diversity and population
characteristics. These approaches can also help in gaining a deeper
understanding of the evolutionary forces that have shaped genomes
architecture, from the origin(s) and evolution of new genes to their
grouping into clusters and/or operons [34]. The reconstruction of the
main evolutionary steps of each gene or gene clusters is usually
achieved through phylogenomics [16]. It is worth noticing that both
phylogenomics and comparative genomics approaches have high-
lighted the importance of non-vertical transmission in shaping
genomes, that is the possibility that genes may not follow classical
vertical inheritance but, rather, may be horizontally transferred
between different cells. This process is usually referred to as horizontal
gene transfer (HGT) and, despite its extent is still under debate [14,15],
it has played a major role (at least) in the early stages of bacterial
evolution [40–42].

HGT is usually mediated by the mobile gene pool (the so-called
“mobilome”) that comprises plasmids, transposons and bacteriophages
(all of which usually referred to as mobile genetic elements, MGEs)
[7,28]. Plasmids and other MGEs can be transferred between micro-
organisms and within different DNA molecules inhabiting the same
cytoplasm, representing natural vectors for the gene transfer and
functions they code for [7]. Usually MGEs do not accommodate any of
the “core” genes required by the cell for basic growth and division, but
rather they carry traits that may be useful periodically to enable the
cell to exploit particular environmental conditions, such as the survival
in the presence of a potentially lethal antibiotic [4]. This flexibility is
mostly due to the abundance of transposable elements that may
facilitate intra- and intermolecular recombination by creating homo-
logy regions. In this way, a single DNA fragment (possibly embedding
one or more coding genes) can be exchanged between the MGE
harbouring it and other informational molecules (including chromo-
somes and/or other MGEs). In this context, it is particularly interesting
the finding that, in some cases, chromosomes and plasmids inhabiting
the same cell can share sequences possessing a very high degree of sim-
ilarity, probably as the result of recombination events [23]. As recently
shown, also chromosomes and plasmids belonging to different strains/
species share a number of homologous sequences, probably as the result
of one (ormore) HGT event(s). This has important biological drawbacks
since it may allow the transfer of previously plasmid-encoded functions
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to the chromosome(s) and, in turn, permit to the corresponding genes
to be spread in the bacterial community through vertical inheritance
[23].

Despite the key-role of plasmids in the prokaryotic biology and evo-
lution, their evolutionary dynamics has been poorly explored, mainly
because of the lack of extensive similarities between them, except for
genes involved in replication and transfer functions [8,21], which ham-
pers classical phylogenetic analyses based on gene genealogy and
syntheny [5]. Up to now, phylogenomics and comparative genomics ap-
proaches have been mostly applied to the analysis of large datasets of
genomes belonging to (more or less) distantly related microorganisms.
These studies, although providing fundamental advances in the under-
standing of the overall dynamics of microbial evolution, rarely tried to
provide a detailed census of the major evolutionary steps occurring in
single genomes. As a consequence, very little is known on themolecular
mechanisms involved in plasmid construction as well as the interrela-
tionships existing between DNA molecules inhabiting the same cyto-
plasm. Particularly interesting might be the understanding of the role
that gene duplication and the incorporation of exogenousDNA stretches
have had in the construction of plasmidmolecules, an issue that, at least
to our knowledge, has been poorly investigated. Gene duplication
has been recognized as one of the major mechanism allowing the in-
crease in genome size and the acquisition of new metabolic abilities
[18,24,25], thus driving the evolution of genes and genomes. Genes
originated via duplication of an ancestral one are called paralogs [22].
In general, paralogous genes perform different, although similar, func-
tions within the same (micro)organism. The terms paralogous and
orthologous genes were introduced to classify different types of homol-
ogous genes (genes that evolved from a single ancestral sequence).
However, gene duplication may generate many copies of genes with
the same function, thereby enabling the production of a large quantity
of rRNAs or proteins [19]. Therefore, the evolution of paralogs does
not reflect organismal evolution, which is accomplished by orthologous
genes, i.e. genes that evolved from the same feature in their last com-
mon ancestor, that do not necessarily retain the ancestral function
([18] and references therein). In case paralogs undergomultiple rounds
of duplication they give raise to paralogous gene families of different
sizes [18,33]. In spite of the large body of information available on the
role played by gene duplication in shaping the bacterial chromosome,
little is known about the role that gene duplication and other mecha-
nisms, such as the introgression of external genes might have played
in the evolution of bacterial plasmids (especially the largest ones,
which overall resembles bacterial chromosomes [31]). Useful hints on
these issues might be inferred by a deep analysis of intra- and intermo-
lecular relationships. To this purpose, a computational biology approach
(Blast2Network) based on similarity networks reconstruction and phy-
logenetic profiling has been proposed and applied to very different
study-cases, i.e. to depict the similarities among plasmids from Entero-
bacteriaceae [7],to analyse the Acinetobacter pan-plasmidome [23] and
the cross-talk between plasmids and chromosomes in the cyanobacteri-
um Synechococcus [35]. Moreover, it was recently implemented in a
more comprehensive computational pipeline in order to study the ex-
tent and the dynamics of HGT of antibiotic resistance determinants
within the whole bacterial community [26].

Thus, the aim of this work was to analyse the interrelationships
existing between plasmids and chromosomes inhabiting the same
cytoplasm by applying the abovementioned workflow to the analysis
of the whole genome of Burkholderia vietnamiensis G4 genome, a β-
proteobacterium possessing a complex genome consisting of three
chromosomes and five plasmids (whose sequences are publicly avail-
able since 2007). This bacterium was isolated from wastewater in
Pensacola, USA, [36] and it is well-known because of its role in tri-
chloroethene co-oxidation [27]; moreover, this strain has been used in
a number of polluted sites to aid clean-up of ground water. The
B. vietnamiensis strains are also known for their rhizosphere colonizing
behaviour and their ability to fix atmospheric N2 [9]. Besides these
abilities, strains belonging to this species are well-known for their role
in the infection of immuno-compromised patients [9]. For its multi-
plicity of ability and characteristics it can be considered as an excellent
model microorganism to study the gene flow between different DNA
molecules inhabiting the same cytoplasm.

2. Results

2.1. Overall strategy

A total of 7617 protein sequences compose the B. vietnamiensis G4
genome (1133 from the five plasmids and 6484 from the three chromo-
somes) (Table S1). The protein sequence dataset was used for the
construction of networks using the software B2N [7] accounting for
the sequences identity at either intra- or intermolecular level, that is:

i) intra-molecular networks, i.e. connecting homologous (most
likely paralogous) genes within the same plasmid;

ii) inter-molecular networks showing homologous genes harboured
by different plasmids;

iii) “higher-level” inter-molecular identity networks, describing the
putative flux of genes between plasmid(s) and chromosome(s).

In each network nodes represent proteins and links the degree of se-
quence identity (expressed as percentage) between shared proteins.
The analysis of networks may allow the identification of paralogous
genes on the same plasmid or between different plasmid(s) and be-
tween plasmids and chromosomes inhabiting the same cytoplasm.
Moreover, the networks allow the identification of single/multiple du-
plication events involving stand-alone genes, cluster of genes and/or
operons or parts thereof. The identification of the function performed
by the duplicated genesmight reveal the existence of genes particularly
prone to duplication. Networks construction was reiterated at different
sequence identity thresholds, ranging from≥40% up to 100%. Assuming
that the higher the degree of amino acid sequence identity between two
proteins, the more recent the duplication event responsible for the ori-
gin of the two paralogous encoding genes, it should be possible to estab-
lish a sort of diachrony (a “temporal scan”) of the duplication events.
Similarly to Dagan et al. [13] and, later, to Halary et al. [30] and
Tamminen et al. [38], this allows the interpretation of the resulting net-
works under amolecular clock-based assumption, that is, under the hy-
pothesis that proteins with the highest percentages of identity were
likely to be more recently shared than the ones with less identity. In
the present context, proteins with 95% identity were considered more
recently shared than those with 70%.

Basing on these assumptions, each network (obtained at the differ-
ent threshold)was analysed in order to answer the following questions:

1. Which plasmids harbour paralogs and how many genes are
duplicated?

2. Is there any correlation between the number/type of paralogs and
plasmid size?

3. Which is the size of the paralogous gene families?
4. How are paralogous genes arranged (tandem or scattered) and orga-

nized (stand-alone, clustered or operonically) onto their plasmid
backbone?

5. Which is the function performed by paralogs?
6. Is it possible to establish the temporal scan of the duplications

events?

2.2. Analysis of networks

2.2.1. The flow of genes within and/or between plasmids (Questions 1–5)
We firstly analysed the presence of paralogous genes within each of

the B. vietnamiensis G4 plasmids. Thus, thirty-five networks were
obtained by reiterating the analysis using seven different identity
thresholds (≥40, ≥50, ≥60, ≥70, ≥80, ≥90, and 100%) for each
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plasmid. We adopted a minimum of 40% amino acid sequence identity
threshold, a value that is generally accepted to be shared by proteins
encoded by paralogous genes [29,39]. The networks constructed at a
threshold ≥40% are reported in Fig. 1, whereas the entire sets of net-
works are reported in Fig. S1. The analysis of these networks revealed
that:

i) In each plasmid, at least one paralogous gene pair was present.
ii) An increase in the total number of paralogs with the increase of

the plasmid size was detected (Fig. 2).
iii) The dimension of paralogous gene family increased with the

plasmid size (Table 1).
iv) Concerning the arrangement and organisation of paralogous

genes onto the plasmids backbone, we found both tandem
and scattered duplications. Moreover, we observed that dupli-
cation of larger gene arrays are more abundant in larger plas-
mids in respect to smaller ones; in the smallest plasmids,
pBVIE05

pBVIE02

pBVIE0

>40%

pBVIE01
pBV

pBVIE02

Fig. 1. Identity based networks at intra-plasmid (upper) and inter-plasmid (lower) levels. All th
the others according to their identity value. The resulting pictures for identity threshold corres
pBVIE05-pBVIE03, just stand-alone paralogous genes were
disclosed, whereas paralogous gene clusters/operons were
found in pBVIE02-pBVIE01 (Fig. 1 and Table 1).

v) Concerning the function of intra-plasmid paralogous genes
(Tables S2 and S3)most of them (73.3%) coded for proteins in-
volved in DNA transposition/mobilization (see also Table S4).

To check the evolutionary relationships existing among (all) the
B. vietnamiensis G4 plasmids, we constructed the relative inter-
molecular networks using all the 1133 plasmid-encoded proteins. The
networks obtained at ≥40% identity threshold is shown in Fig. 1 (the
entire set of networks constructed at ≥40, ≥50, ≥60, ≥70, ≥80, ≥90,
100% sequence identity thresholds is reported in Fig. S2). The analysis
of the networks revealed that:

i) Each of the five G4 plasmids is interconnected (although at dif-
ferent extent) at least to another plasmid and many genes
(about 41%of them) are shared by at least three plasmids (Fig. 1
pBVIE03

pBVIE01

4

IE03 pBVIE05

pBVIE04

e proteins encoded by the same plasmid (nodes) are circularly arranged and are linked to
pond to ≥40% are shown.



Fig. 2. Correlation between the plasmid/chromosome sizes and the no. of links interconnecting paralogous proteins (upper) or number of paralogous proteins. In each sectionwe consider
a different level of analysis, A: intra-plasmids, B: between plasmids, and C: between plasmids and chromosomes. Colours indicate the different threshold used.
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and Table 1), suggesting the existence of an intense gene flow
between different DNA replicons; this idea was also supported
by the analysis of plasmid–chromosome networks (see below).

ii) The number of links decreases with the increase of the identity
threshold (Figs. 2 and 3). At ≥40% of sequence identity, 104
(about 15%) out of the 1133 plasmid-encoded proteins are inter-
connected. However, at 100% identity threshold, the number
of interconnected nodes remained unexpectedly high (73),
suggesting a very recent and ongoing genetic exchange between
different plasmids (Table S5).

iii) About 34% of the 104proteins connected at a≥40% threshold are
involved in DNA transposition and some of themexhibited a very
high degree of sequence identity among themselves (100%)
(Tables S2 and S5), suggesting a recent gene exchange between
plasmids harbouring them.

iv) At 100% identity threshold, a cluster of genes, shared by pBVIE03
and pBVIE01, coding for proteins involved in different functions
including chromate transporter, transposase and othermetabolic
functions was identified.
Table 1
Summary of paralogous duplication events detected within each of the five plasmids (intra-m
(inter-molecular section) at the threshold identity of ≥40%.

Intra-molecular paralogous gene families pBVIE05
pBVIE04
pBVIE03
pBVIE02
pBVIE01

Inter-molecular paralogous gene families Between Plasmids
Between Plasmids and Chromosomes
Summarizing, the analysis of all the networks reported in this
paragraph revealed that:

1. Paralogous genes were found in each of the five B. vietnamiensis G4
plasmids (Question 1: Which plasmids harbour paralogs and how
many genes are duplicated?).

2. As shown in Fig. 2 the increase of the number of both links and
connected proteins was parallel to the increase of plasmid size
(Question 2: Is there any correlation between the number/type of
paralogs and plasmid size?).

3. Concerning Question 3 (Which is the size of the paralogous gene
families?), we found duplication of both stand-alone and cluster of
genes, some of which corresponding to or containing operons.
These genes or gene clusters underwent single or multiple duplica-
tions both at intra- and inter-plasmid level.

4. The paralogous copies were scattered or tandemly arranged (in the
case of stand-alone genes). No tandemly arranged cluster was
detected. The reason of this is unclear, however, it might be related
to the difficulty by which the in tandem-duplications of long DNA
olecular section), between different plasmids, and between plasmids and chromosomes

Stand-alone genes Gene Clusters/
Putative Operons

Total of
Genes

Tandem Scattered Scattered

Single Single Multiple Single Multiple

1 0 0 0 0 2 75
0 2 1 0 0 7
2 2 0 0 0 8
1 11 2 1 0 34
0 3 1 0 1 24
0 10 9 3 1 104
0 29 7 14 12 534



Chromosome 1 Chromosome 2 Chromosome 3

Chromosome 1 Chromosome 2 Chromosome 3

pBVIE01 pBVIE05

pBVIE01 pBVIE05

pBVIE02 pBVIE04pBVIE03

pBVIE02 pBVIE04pBVIE03

Fig. 3. Identity based networks showing the inter-molecular relationships existing
between the five Burkholderia vietnamiensis G4 plasmids and the three chromosomes.

Intra-plasmid (75) Inter-plasmids (104)

Between plasmids and chromosomes (222) 

24
0

7
16

90

8135

Fig. 4. Schematic representation of core, accessory and unique set of intra- and inter-
molecular Burkholderia vietnamiensis G4 paralogous genes.
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stretches can be fixed in the genomes [3] (Question 4: How are
paralogous genes arranged (tandem or scattered) and organized
(stand-alone, clustered or operonically) onto their plasmid backbone?).

5. The analysis of the function performed by duplicated genes
(Tables S2, S4 and S5) revealed that most of them code for proteins
involved in DNA transposition/mobilization. It is worth noticing
that either all ormost of themost recent, multiple, and operon dupli-
cations concerned only transposition/mobilization related elements
at intra and inter-plasmid levels respectively (Question 5: Which is
the function performed by paralogs?). The main presence of trans-
position/mobilization elements in the paralogous gene families is
probably due to their structure with many homology regions that
could facilitate their recombination [28] and consequently their
duplication.

2.2.2. Genes flowing between plasmids and chromosomes
To check the existence of a gene flux between B. vietnamiensis G4

plasmids and chromosomes, we constructed the network using all the
1133 plasmid proteins and the 6484 chromosomal proteins. The
networks obtained at sequence identity threshold ≥40% and 100% are
shown in Fig. 3 (the entire set of networks obtained, i.e. at ≥40, ≥50,
≥60, ≥70, ≥80, ≥90, 100% thresholds, is reported in Fig. S3).
The analysis of Fig. 3 revealed that plasmids and chromosomes
shared a high number of genes, and all the five plasmids shared at
least one gene with one (or more) chromosomes. The total number of
links and connected proteins decreased with the increase of sequence
identity (Figs. 2 and 3), ranging from 853 links and 534 proteins
(threshold ≥ 40%) to 543 links and 212 proteins (threshold 100%) and
exhibited a positive correlation with plasmid size. Furthermore, at
≥40% sequences identity, 222 out of the 534 connected proteins belong
to plasmids and 312 belong to chromosomes. The percentage of
chromosome-encoded proteins connected with plasmids, were 3.7,
3.9, and 9.6% for chromosome 1, 2 and 3, respectively.

The DNA regions exchanged between plasmids and chromosomes
were in many cases large and in most cases embedded more than one
gene. The number of paralogous clusters and putative operons shared
by plasmid(s) and chromosome(s) is higher than that found within
and between plasmids (Table 1). Concerning the organisation of
paralogous genes (Table 1), the analysis of networks revealed a quite
complex scenario. Indeed, as for the other networks, single or multiple
duplications of stand-alone genes, gene clusters and operons were
found; however, a reshuffling of one or more single genes embedded
in operons was also detected.

Concerning the function of the connected proteins (Tables S2 and
S4), genes involved in DNA transposition/mobilization represented the
most frequent class; however, the number of genes coding for proteins
involved in other metabolic functions was higher than that disclosed
within or between plasmids. Interestingly, long DNA regions may flow
through plasmids and chromosomes. This is the case of the gene cluster
shared between plasmids pBVIE03 and pBVIE01 and chromosomes 1
and 3, which contained genes coding for proteins involved in different
functions including chromate transporter, transposases and other
metabolic activities.

Thewhole body of data revealed that the “genemovement” involved
253 genes identified as paralogs at a threshold≥40%. Besides, as shown
in Fig. 4 most of paralogous genes are shared by at least two different
DNA molecules. The core set of paralogous genes is represented by 16
genes. However, one of the most striking differences is the finding
that just 7 out of the 104 paralogous genes are exchanged only between
plasmids; this implies that when a gene is exchanged between different
plasmids, this is parallel to at least another duplication (intraplasmid or
between plasmids and chromosomes). The reason of such behaviour is
unclear.

Most of the 253 paralogs codes for transposition/mobilization
related elements (36%) or proteins with unknown function (40%).

image of Fig.�3
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Besides, most of the genes involved in generic metabolic function are
mainly found in paralogous gene families involving the chromosomes,
instead the presence of many transposition/mobilization related
elements were found in paralogous gene families including proteins
involved in more than one exchange at the same time, in particular all
the 16 members of the group 7 are transposition/mobilization related
elements. This finding supports the idea that these elements can
promote the “communication” between different DNA molecules.

2.3. Temporal scan of duplications events (Question 6: Is it possible to
establish the temporal scan of the duplications events?)

On the basis of the degree of sequence identity shared by each pro-
tein pair, it might be possible to infer the time-line of gene duplications.
To this purpose all the 105 networks constructed at the different thresh-
olds were analysed. Even though the number of nodes and links de-
creased with the increase of sequence identity threshold, several
proteins remained connected at very high degree of sequence identity
(i. e. 100%), supporting the idea that these links connect genes that
underwent very recent duplication events. In order to try to trace the di-
achrony of the duplication events we constructed new sets of networks
using three threshold intervals (≥40–60%; N60–95%; N95–100%) that
are shown in Fig. 5. The analysis of networks revealed that most of
duplications occurred (very) recently. Interestingly, all the proteins
jumping on the samemolecules and (most of) those that are connected
between plasmids and between plasmids and chromosomes at 100%
threshold identity belong to the class of MGE. These data suggest i)
that MGE very rarely remain located in the original site of transposition,
ii) that these elements play a major role in promoting recombination
Fig. 5. Temporal scan of the duplication events occurred in plasmids pBVIE01 and pBVIE02, (upp
the left section are connected by links the proteins that display an identity threshold b60% (in o
between 60% and b95% (to trace the events that took place not far back in time); on the righ
events).
event on and/or between different DNA molecules inhabiting the
same cytoplasm, and iii) that these events are still ongoing in the cyto-
plasm of B. vietnamiensis G4.

2.4. Putative origin of B. vietnamiensis G4 plasmid genes

On the basis of the presence of paralogs in the B. vietnamiensisG4 ge-
nome, the 1133 plasmid genes were split into two clusters: i) the first
one includes 253 paralogous (connected) genes, and ii) the second em-
bedding the 880 not connected (isolated) genes, that is genes that do
not have a homolog in the B. vietnamiensis G4 genome.

Regarding the “origin” of plasmid genes, this question can be split in
two sub-questions: 1) which is their preferential “molecular habitat”?
and 2) from a cellular viewpoint, which is the “preferential organismal
sharing” (POS)? We define POS as the strongest evolutionary related-
ness (based on sequence similarity) of each gene in the replicons with
taxonomically and/or ecologically correlated organisms.

2.4.1. Identification of the “molecular habitat” of B. vietnamiensis G4
plasmid genes

In order to check the (putative) molecular habitat of the 1133 plas-
mid genes, we adopted an ad hoc developed computational pipeline
(see Materials and methods). This approach allows the discrimination
of the four different scenarios that can be depicted for genes “molecular
habitat”: plasmid (P), chromosomal (C), viral (V), and no preference
(NP) (i. e. genes that do not have a significant percentage, or an equally
shared, of match in any group). Data obtained are shown in Table 2,
whose analysis revealed that in both groups (connected and isolated)
themajority of genes has a likely plasmid molecular habitat, suggesting
er part), between plasmids (middle part) and plasmids and chromosomes (lower part). In
rder to trace the oldest events); in themiddle part those that display an identity threshold
t, those exhibiting an identity threshold between 95% and 100% (to trace the very recent



Table 2
“Molecular habitat” of Burkholderia vietnamiensis G4 plasmid genes.

Genes Molecular habitat Plasmid

Total number P C V NP

Connected 93 56 25 0 12 pBVIE01
90 70 8 3 9 pBVIE02
42 30 6 1 5 pBVIE03
25 18 3 1 3 pBVIE04
3 3 0 0 0 pBVIE05
253 179 42 5 27
% 70.8 16.6 1.9 10.7

Isolated 310 192 73 43 2 pBVIE01
173 134 24 13 2 pBVIE02
207 132 44 29 2 pBVIE03
82 68 6 4 4 pBVIE04
108 54 24 27 3 pBVIE05
880 580 171 116 13
% 65.9 19.4 13.2 1.5

Abbreviations: P, plasmid; C, chromosomal; V, viral; and NP, no preference.
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that plasmid genes preferentially undergo rearrangements with other
plasmids rather than with other different DNA molecules. Similar per-
centages (16.6–19.4%) of genes having a putative chromosomal origin
were detected in both sets of genes. The major difference in the two
gene sets concerned genes with a hypothetical viral origin; indeed,
paralogous genes with a putative viral origin are much less represented
(1.9%) in respect to isolated genes (13.2%). This finding might suggest
that viral genes introgressing in plasmid molecules are less prone to
duplicate in respect to genes having another origin, although the reason
of this is still unclear.

2.4.2. Identification of the “Preferential Organismal Sharing” (POS) of
plasmid genes

By assuming that genes can be shared by different plasmids, which,
in turn, can flowbetween (micro)organisms belonging to the sameor to
different species/genus, and by other DNAmolecules that can exchange
DNA stretches with plasmids, the “cellular” origin of plasmid genes can-
not be easily identified. In other words, the presence of paralogous
genes shared by different DNAmolecules harboured by the same or dif-
ferent (micro)organisms cannot give any indication about the direction
of gene exchange, that is which (micro)organism is the “donor” or the
“recipient”. However, it should be possible to identify the “Preferential
Organismal Sharing” (hereinafter POS), that is the group of organisms
that, on the basis of evolutionary relatedness (vertical transmission)
and/or physical proximity (ecological niche sharing, HGT) were and/or
are exchanging DNA stretches.

To identify POS, the following analysis was carried out: the amino
acid sequence of each of the 1133 plasmid-encoded protein was used
as seed to probe the database containing completely sequenced ge-
nomes. Once discarded the sequence retrieved from B. vietnamiensis
G4 genome (and corresponding to the query sequence), the first
BLAST hit was recovered. The (micro)organism having the first BLAST
hit sequencewas considered as the possible preferential organism shar-
ing the plasmid genes analysed. Data obtained revealed that:

1. No Archaeal sequence was retrieved using the parameters described
above, suggesting that no gene from Archaea has been recently ex-
changed with B. vietnamiensis G4 plasmids.

2. Interestingly, one eucaryotic sequence was retrieved at significant e-
values. It belongs to the “isolated” set of plasmid protein and is a
protein from Populus trichocarpa (GI:222874892) sharing a 99% se-
quence identity with protein GI 134287726 from plasmid pBVIE02.
This protein belongs to the TniQ trasposon-like protein family,
which has orthologs in a limited number of other bacteria,mainly be-
longing toβ-proteobacteria. Themolecular habitat of this sequence is
plasmid, and it is quite possible that it might have been very recently
exchanged between the plant P. trichocarpa and one of the β-
proteobacteria harbouring this gene.

3. Concerning the isolated proteins, about one third of them (32%)
shared the highest degree of sequence identity with proteins belong-
ing to other Burkholderia strains. Interestingly, 6% of them shared the
highest degree of sequence similarity with Methylibium, 4% with
Ralstonia, 4% with Pseudomonas and 4% with Cupriavidus. The
remaining 21% had the highest degree of sequence identity with dif-
ferent microorganisms affiliated to almost thirty different genera
most of which belonging to β-proteobacteria.

4. A similar scenario was also disclosed for plasmid proteins having
paralogs. Indeed, most of them (54%) shared the highest degree of
sequence identity with proteins belonging to other Burkholderia
strains, followed by proteins from Ralstonia (11%), Cupriavidus (8%),
and Alcaligenes (4%). The remaining 23% shared the highest
degree of sequence identity with proteins belonging to other micro-
organisms, most of which affiliated to β-proteobacteria.

This finding strongly suggested that B. vietnamiensis G4 plasmid
genes can be preferentially exchanged between bacteria belonging to
phylogenetically close taxa.

In order to check whether genes from the five plasmids exhibited
the same distribution of molecular habitat and/or POS and to map
them on the plasmid backbone, the five plasmids were analysed sepa-
rately, considering also the GC content of each of them, which was
analysed using a 350 bp window. Data obtained are shown in Fig. 6,
where the outermost circle represents the POS, followed by the molec-
ular habitat of isolated genes and themolecular habitat of paralogs; last-
ly, the inner circle represents the GC content.

The analysis of Fig. 6 revealed that the five plasmids can be split into
two groups, the first one including pBVIE01, pBVIE03, and pBVIE05, and
the second one comprising pBVIE02 and pBVIE04 exhibiting a different
POS, with plasmids pBVIE02 and pBVIE04 being more homogeneous
than the other three. Indeed, a very high percentage of their genes are
shared preferentially with other Burkholderia strains belonging to the
same or to different species; interestingly, these genes are not randomly
distributed on the plasmid backbone, and they cover an almost contin-
uous region of the plasmid itself. On the other side, the other three plas-
mids (pBVIE01, pBVIE03, and pBVI05) have amosaic-like distribution of
their genes (regarding their POS), with genes shared with other
Burkholderia strains/species representing a small amount. Besides, the
latter genes are scattered on the plasmid backbone. In spite of this dif-
ference, it is quite interesting that in all five plasmids genes that are
not shared with other Burkholderia strains, are preferentially shared
with bacteria belonging to phylogenetically close taxa, such as
Cupriviadus, or Ralstonia, and overall belonging to β-proteobacteria.
This suggests that genes from each of the five B. vietnamiensis G4 plas-
mids are preferentially exchanged between phylogenetically close gen-
era and/or species. This per se does not imply that these plasmids cannot
be transferred also between bacteria belonging to phylogenetically dis-
tant taxa; indeed, the existence of broad-host range plasmids able to
flow between microorganisms belonging to phylogenetically distant
taxa supports this possibility. However, data obtained in this work,
strongly suggests that the exchange of genes between plasmids and
other DNA molecules is more probable if they are likely exchanged be-
tween bacteria belonging to phylogenetically close taxa [2].

The major heterogeneity of plasmids pBVIE01, pBVIE03, and
pBVIE05 in respect to plasmids pBVIE02 and pBVIE04 is parallel to a
more heterogeneous “molecular habitat” of their genes. Indeed, the
three plasmids showed a percentage of genes with a chromosomal or
viral origin much higher than that found in plasmids pBVIE02 and
pBVIE04 (see also Table 2), which are intermixed with genes with a
plasmid origin with no apparent rule.

Concerning the duplication events, there is no apparent relationship
between paralogs and their localization on the plasmid backbone.



Fig. 6. Schematic representation of Burkholderia vietnamiensis G4 plasmids obtained using the software Circos, in each circle there are represented from the outside inwards: the cellular
origin, the molecular isolated origin, the molecular paralogs origin and in the inner part it is represented the GC content. For what concern the cellular/molecular origins each colour
corresponds to different cellular/molecular origin as it is reported.
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Lastly, we detected the exchange of entire gene clusters between
B. vietnamiensis G4 plasmids and other bacteria; this is particularly evi-
dent in the case of plasmid pBVIE01 embedding a gene cluster (involved
in the biogenesis of the sex pilus assembly) shared with plasmid
RPME01 from the bacteriumMethylibium petroleiphilum PM1.

3. Discussion

The aim of this work was to analyse the gene flow existing between
different DNA molecules (three chromosomes and five plasmids of
different sizes) inhabiting the same cytoplasm and the molecular
mechanisms responsible for the construction of plasmid molecules
using the β-proteobacterium B. vietnamiensis G4 as a model system.
Data obtained suggested that very likely the five plasmids experienced
different and complex evolutionary pathways. However, the whole
body of data reported in this work revealed that the plasmid(s)
structure has been shaped through at least two different mechanisms:
i) the acquisition of genes from different sources (exogenous plasmids,
chromosomes, viruses) and ii) duplication of DNA regions of different
lengths. In addition to this, an ongoing “cross-talk” between genes be-
longing to i) the same plasmid, ii) different plasmids, and iii) plasmid(s)
and chromosome(s) of the same cell, was disclosed. In particular:

1. Intra-molecular paralogous DNA regions of different sizes and
complexities in the five B. vietnamiensis G4 plasmids analysed in
this work were found. The duplication events involved either single
genes or entire operons and in some cases it may be possible to
give the timing to all these duplication events.

2. Inter-plasmid paralogous genes. The five plasmids exchanged, at
variable extent, 9.1% (104) of their whole gene set. The exchange
may involve a single gene, operons or gene clusters. The gene flow
between these plasmids might have been facilitated by the presence
of genes coding for proteins involved in DNA transposition/
mobilization.

image of Fig.�6
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3. A gene flux between plasmids and chromosomes was also detected;
however, the percentage of genes exchanged was different for the
three chromosomes (a total of 312 chromosomal proteins connected
with the plasmids that correspond to 3.7, 3.9 and 9.6% for chromo-
some 1, 2 and 3, respectively). This is in agreement with the idea
that secondary chromosomes are more plasmid-like than primary
ones [12,31]. The gene flow mainly involved genes belonging to the
largest plasmids (pBVIE01, pBVIE02, pBVIE03) and was greater
than that occurring between plasmids. This situation is different
from that found, for example, in the cyanobacterium Synechococcus
sp. PCC 7002 [35], in which the plasmid genes were most prone to
recombine between plasmids than with chromosomes and some
plasmids harboured genes encoding proteins that do not share any
link neither between them nor with other plasmid proteins in the
networks. This finding suggests that different forces might drive
the assembly and the gene flux between DNA molecules inhabiting
the same cytoplasm in different microorganisms.

4. Several intra- or inter-molecular duplications occurred recently, at
least on the basis of sequence identity values and it can be argued
that the “cross-talk” in this cytoplasm is a process still ongoing, in
agreement with the idea that the microorganisms belonging to the
genus Burkholderia possess a highly flexible genome [11,32]. On the
basis of these data, this flexibility might be due to the high “recombi-
nation rate” between genes harboured by different molecules and to
the introgression of foreign genes from viruses, plasmids, and/or
chromosomes (possibly) from different sources.

5. The finding that the majority of plasmid-borne genes (880) do not
have any paralog on the other molecules sharing the same cyto-
plasm,might suggest that they have exchangedwith external foreign
DNA molecules through recombination/rearrangement event. In-
deed, the most likely source molecule of most of the 1133 plasmid
genes is a plasmid, suggesting that they might preferentially be ex-
changed between plasmids. Finally, most of the genes involved (at
different extent) in duplications are related to integration or transpo-
sition. This finding suggests that mobile genetics elements are
playing (and might have played) a central role in shaping the archi-
tecture of the B. vietnamiensis G4 genome. Accordingly, these ele-
ments promote not only HGT, but also the gene flux between
different molecules inhabiting the same cytoplasm.

6. The analysis of the POS of B. vietnamiensis G4 plasmid-encoded pro-
teins revealed that most of them are shared with other Burkholderias
and/or β-proteobacteria, suggesting that next to the proximity in the
environment also the phylogenetic proximity might play a central
role in the HGT.

Data obtained here revealed that gene duplication has played and is
still playing a role in the construction and rearrangement of plasmid
molecules. However, the percentage of plasmid genes belonging to
paralogous pair or family is much lower (about 10%) than that reported
for bacterial chromosomes (about 50%). This finding raises the intrigu-
ing question of the biological significance of this relatively small fraction
of paralogs in plasmid molecules. Two different scenarios can be
depicted to explain this finding: a) it reflects a different (and unknown)
evolutionary pathway in the construction of plasmids and chromo-
somes, or b) it is due to the size of DNA molecules, indeed the percent-
age of paralogous genes increases with the increase of DNA molecule
size. A possible evolutionary pathway predicts that in the very first
stage of plasmid construction, these molecules might acquire genes
from different DNAmolecules inhabiting the same or differentmicroor-
ganisms (even though preferentially phylogenetically close); the intro-
gression of new genes into the initial plasmid backbone might result in
an increase of plasmid size. This, in turn, might also increase the proba-
bility of interaction (and possibly of gene exchange) between plasmids
and also larger DNAmolecules (chromids and/or chromosomes), giving
rise to mosaic-like structure of plasmids. The interaction between plas-
mids and other DNAmoleculesmight have facilitated by the presence of
MGE, such as transposons. The increase of plasmid size would also in-
crease the rate of intra-molecular duplication events, in addition to
inter-molecular paralogs formation. The finding that the five G4 plas-
mids share the highest percentage of paralogs with the secondary chro-
mosome (chromosome 3) might support the idea that secondary
chromosomes might have been originated from the acquisition of plas-
mid genes [17]. The increase of plasmid size might be also due to (and/
ormight be facilitated by) the introgression of larger DNA segments em-
bedding entire gene clusters and/or operons. This is in agreement with
data shown in Table 2 and in Supplementary Figs. 4–6, where the num-
ber and the type ofmost paralogous gene clusters/operons are reported.
The analysis of B. vietnamiensis plasmid paralogous operons revealed
that most of intra- and interplasmids paralogous operons included
genes related to DNA transposition/mobilization (29%). However, clus-
ters/operons shared by plasmids and/or by plasmids and chromosomes
include also genes involved in general metabolic functions, transport
andDNAbinding (39%) and genes coding for proteinswith an unknown
function (32%). Particularly interesting is the finding of a cluster of 15
genes (Supplementary Fig. S6), which has been detected in four copies
in plasmids pBVIE01, pBVIE03, chromosome 1 and chromosome 3 con-
taining genes involved in resistance to chromate. The genes belonging
to these paralogous family are connected also at a threshold of 100%,
suggesting very recent duplication events. It is also evident that clus-
ter/operon duplication events can occur not only between different
molecules inhabiting the same cytoplasm, but also between (at least)
plasmids harboured by different strains belonging to different species.
The introgression of entire cluster/operonsmight be particularly impor-
tant for the spreading of entire metabolic pathways. The importance of
operon duplication in the origin and evolution of metabolic pathways
has been already recognized ([19,20,25] and references therein). In-
deed, since most, if not all, of operons embed the entire set of genes in-
volved in a metabolic route, their duplication and spreading through
horizontal gene transfer events (mostly mediated by MGE) may facili-
tate their dissemination in the microbial world and the gaining of new
and diverse metabolic abilities.

Lastly, data obtained in this work are in agreement with a recently
proposed model for operon formation and propagation [37]. According
to this idea (the so-called Scribbling Pad hypothesis), plasmids have
been used by bacteria for “genetic experimentation and, in particular, for
the construction of operons”. In our opinion, the finding that entire
gene clusters and/or operons are frequently re-shuffled within the
same plasmid and/or between different plasmids, between plasmids
and chromosomes, and between B. vietnamiensis G4 plasmids and
DNAmolecules of other bacteria, aswell as thefinding that gene clusters
located in one (or more) B. vietnamiensis G4 plasmid(s) embedded
genes that are scattered on other DNA molecules (data not shown),
strongly support this hypothesis.

4. Materials and methods

4.1. Sequence data source

The dataset used in this work embeds all the proteins encoded by
the completely sequenced B. vietnamiensis G4 genome (three chromo-
somes and five plasmids) that were retrieved from the NCBI ftp
websites ftp://ftp.ncbi.nih.gov/genomes/Bacteria/ and ftp://ftp.ncbi.
nih.gov/refseq/release/plasmid (Table S1).

4.2. Networks construction

Similarity, identity based, networkswere constructed using the tools
implemented in the Blast2Network (B2N) software as described else-
where [7]. Briefly, a file containing protein sequences in standard NCBI
fasta format was used as an input to gather information on source se-
quences from the NCBI website. Input sequences identity was then
analysed one against each other using BLAST [1]. B2N transforms a

ftp://ftp.ncbi.nih.gov/genomes/Bacteria/
ftp://ftp.ncbi.nih.gov/refseq/release/plasmid
ftp://ftp.ncbi.nih.gov/refseq/release/plasmid
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BLAST output file into a (sequence similarity) network in a Visone read-
able format (http://visone.info/), a freely available software for network
visualization and analysis. In this similarity network the nodes repre-
sent proteins whereas the links indicate the existence of a given degree
of sequence similarity between them. Moreover, in the resulting net-
work, all the nodes belonging to the same plasmid source are circularly
arranged and filled with the same colour.

4.3. Analysis of plasmid genes origin

In order to identify the most likely source molecule (either chromo-
somal, plasmid or viral) of B. vietnamiensis G4 genes we adopted a
similarity-oriented computational pipeline developed by Bosi et al. [6].
Briefly, each of the ORFs was used as a query for a BLAST search against
three different databases, each of which embedding 100,000 sequences
retrieved from NCBI plasmids, phages and chromosomes, respectively.
For each BLAST search, only the Best BLAST Hit (BBH) was considered,
in order to reduce any possible bias due to the presence of closely relat-
ed sequences in the database that would falsely increase the number of
homologs for a given ORF. This strategywas repeated 100 times for each
sequence and, for each of the 100 runs, new plasmid, chromosome and
viral databaseswere assembled, randomly sampling 100,000 sequences
from the NCBI database. Finally, the putative sourcemolecule was iden-
tified according to the database (chromosome, plasmid or phage) that
produced the highest number of best hits after the 100 BLAST probing.

4.4. Functional assignment

The software Blast2GO (version 2.3.4) [10] was used, with default
parameters, to obtain the functional annotation of the plasmid genes
as well as the related gene ontology (GO) terms. Blast2GO was also
used for GO functional enrichment analysis of genes, by performing
Fisher's exact test with robust false discovery rate (FDR) correction to
obtain an adjusted p-value between certain test gene groups and the
whole annotation.

4.5. Circos software

This software allows the visualization of the data information in a
circular layout consisting of a set of concentric circles. It was used for
the construction of Fig. 6, in order to show graphicallymolecular habitat
and putative origin of B. vietnamiensisG4 plasmid genes. Furthermore it
was used to map them on the plasmid backbone, considering also the
GC content of each of the plasmids, which was analysed using a
350 bpwindow. The software is available at (http://circos.ca/software/).

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.ygeno.2014.02.004.
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