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Abstract: Despite the key-role of plasmids in the horizontal spreading of genetic information within the prokaryotic
community, their evolutionary dynamics has been poorly explored. Recently, a computational pipeline (Blast2Network)
based on similarity networks reconstruction has been developed. Adopting this strategy we analyzed the genome of
Synechococcus sp. PCC 7002, a cyanobacterium that possesses six plasmids and one chromosome and that can be
considered as a model microorganism to analyze the interrelationships existing between different plasmids and between
plasmids and chromosome. The aims of our work were: i) the identification and the analysis of the possible evolutionary
relationships existing within and among the six Synechococcus sp. PCC 7002 plasmids at both intra- and intermolecular
level, ii) the analysis of the gene flow (if any) existing between chromosome and plasmids of different size inhabiting the
same cytoplasm. A deep analysis of the obtained networks suggested that i) intra-molecular rearrangements did not occur
very recently in evolution of plasmids; ii) evolutionary relationships exist between both plasmids and plasmids and
chromosome; iii) these exchanges may involve a single gene, operons or gene clusters. Besides, the overall degree of
sequence identity/similarity shared by interconnected proteins suggests that plasmids are more prone to recombine

between them rather than with chromosome.
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INTRODUCTION

In the last decade, the total number of completely
sequenced prokaryotic genomes has grown exponentially
and, at the time of this writing, there are 1083 publicly listed
bacterial and archaeal genome projects (http://www.ncbi.
nlm.nih.gov/genomes/Iproks.cgi) at different stages of
progress [1].

The arisal of next-generation sequencing technologies
(NGST) has immediately raised the question on how to store,
update, and (probably more interestingly) interpret the whole
amount of available data. Bioinformatics, that is the
interdisciplinary field that blends computer science and
biostatistics with biological and biomedical sciences, is
expected to fill these gaps. Indeed, bioinformatics has
affected a large number of biological fields and the in silico
analysis of genomic data currently available has provided
significant advances in our understanding of a number of
important themes, including bacterial diversity and
populations characteristics, also providing a number of
challenges in understanding the ecology of, as yet,
undiscovered bacterial worlds. These approaches can also
help in gaining a deeper understanding of the evolutionary
forces that have shaped genomes architecture, from the
origins of new genes to their clustering into operonic
structures [2]. These key advances are tightly coupled to
both NGST and bioinformatics packages for sequence data
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analysis and led to the arisal of the very intriguing challenge
of reconstructing the main evolutionary steps of (in
principle) each gene sequenced by sequencing machinery.
This task is usually achieved through phylogenomics, that is
the integration of both phylogenetic methods and genomics.
Interestingly, phylogenomics and comparative genomics
approaches based on the availability of a large number of
completely sequenced genomes have highlighted the
importance of non-vertical transmission in shaping genomes,
that is the possibility that (in some cases) genes may not
follow classical vertical inheritance but, rather, may be
directly transferred (horizontally) between different cells.
This process is usually referred to as horizontal gene transfer
(HGT) and, despite its extent is still under debate [3, 4], it is
thought to have played a major role (at least) in the early
stages of bacterial evolution [5-7].

From a molecular perspective, HGT is usually carried out
by different mechanisms and is mediated by a mobile gene
pool (the so called “mobilome”) that comprises plasmids,
transposons and bacteriophages (all of which usually
referred to as mobile genetic elements, MGEs) [8, 9], the
major players of this process. In fact, plasmids and other
MGEs can be transferred between micro-organisms,
representing natural vectors for the transfer of genes and
functions they code for [8]. Usually MGEs do not
accommodate any of the “core” genes required by the cell
for basic growth and division, but rather they carry genes
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 [10]. This
flexibility is mostly due to the abundance of transposable
elements they harbour and that facilitate intra- and
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intermolecular recombination by creating homology 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 chromosomes and/or other MGEs). In this
context, it is particularly interesting to find that, in some
cases, chromosomes and plasmids inhabiting the same cell
can share sequences possessing a very high degree of
similarity, probably as the result of recombination events
[11]. In some cases, also chromosomes and plasmids
belonging to different strains/species were found to share a
number of homologous sequences, probably as the result of
one (or more) HGT event(s) [11]. This latter event has
important biological drawbacks since it may allow the
transfer of previously plasmid-encoded functions to the
chromosome(s) and, in turn, permit to the corresponding
genes to be spread in the bacterial community through
vertical inheritance.
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Despite the key-role of plasmids in the prokaryotic
world, 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 [12, 13], which hampers classical
phylogenetic analyses based on gene genealogy and synteny
[14]. However, a computational biology approach
(Blast2Network) based on similarity networks reconstruction
and phylogenetic profiling (Fig. 1) has been recently
proposed and applied in a study-case to depict the
similarities among plasmids from FEnterobacteriaceae [8]
and further utilized to analyze the Acinetobacter pan-
plasmidome [11].

Briefly, the main workflow of the program (Fig. 1) starts
from a file containing protein or nucleic acid sequences in
standard NCBI fasta format. This is used as an input to
gather information on source sequences from the NCBI
website. Input sequences are then screened one against each
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Fig. (1). Workflow of the program Blast2Network (redrawn from [8]).
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other using Blast [15]. The resulting output is parsed in the form
of an adjacency matrix that describes the global sequence
similarities in the dataset where each entry wij reflects the
similarity existing between protein i and j (Fig. 1). B2N also
outputs the Blast post processing results as a network in Visone
format (http://visone.info/), a freely available software for
network visualization and analysis. By doing so, B2N
transforms the Blast output into a similarity network in which
the nodes represent proteins whereas the links indicate the
existence of a given degree of sequence similarity between them
(Fig. 1). Moreover, in the resulting network, all the nodes
belonging to the same plasmid source are circularly arranged
and filled with the same color.

Finally, the adjacency matrix obtained by parsing the Blast
output is the input for the phylogenetic profile method allowing
the analysis of co-occurrence patterns, metabolic reconstruction
and so on (see Materials and Methodology). The proposed
methodology is general enough to be used for comparative
genomic analyses of bacteria and was recently implemented in a
more comprehensive computational pipeline in order to study
the extent and the dynamics of HGT of antibiotic resistance
determinants within the whole bacterial community (Fondi and
Fani, unpublished results).

In this work, we have applied the above mentioned
workflow to the analysis of the whole genome of Synechoco-
ccus sp. PCC 7002 a cyanobacterium that possesses six
plasmids and one chromosome (whose sequences are
publically available) and that, for this reason, can be
considered as a model microorganism to analyze the
interrelationships existing between different plasmids and
between plasmids and chromosome. Remarkably, Synech-
ococcus genus has recently gained a well-recognized
importance from both physiology and molecular biology
viewpoints since representatives of this genus have a
ubiquitous distribution in oceanic waters [16], are estimated
to be responsible for around a quarter of the primary
production in some regions and possess a well-recognized
importance within the global carbon cycling [17].

MATERIALS AND METHODOLOGY
Sequence Data Source

The dataset used in this work is composed of all the
proteins encoded by the completely sequenced Synechoco-
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ccus sp. PCC 7002 genome (a single chromosome and six
plasmids) that were downloaded from the NCBI ftp websites
ftp://ftp.ncbi.nih.gov/genomes/Bacteria/ and ftp:/ftp.ncbi. nih.
gov/refseq/release/plasmid (Table 1).

Network Construction

Similarity, identity based, networks were constructed
using the tools implemented in the software B2N [8].
Networks, whereby the nodes represent the proteins and the
links connecting them represent the shared identity values,
were visualized and analyzed using the software Visone
(http://visone.info/).

Functional Assignment

The putative functional role of unassigned proteins was
automatically retrieved according to the first best hit (FBH)
in a similarity search (using Blast algorithm [15]) in the
PFAM database (http://pfam.sanger.ac.uk/). The standalone
version of the databases was used, and default parameters
were used during Blast probing.

RESULTS AND DISCUSSION
Overall Strategy

The overall strategy used in this work is reported in Fig.
(2) and starts with the retrieval of the aminoacid sequence of
all the proteins encoded by the chromosome and the six
plasmids of the cyanobacterium Synechococcus sp. PCC
7002. We have chosen this micro-organism as a model
system since its genome is composed of one chromosome
and six plasmids of different length (ranging from 4,809 to
186,459 nt and coding for a number of proteins comprised
between 3 and 165) (Table 1). In this way it should be
possible to analyze both the (eventual) cross-talk between
chromosomes and plasmid(s) and also between different
plasmids inhabiting the same cytoplasm.

The second step of the strategy is the construction of
networks showing the correlations existing at intra- or
intermolecular level, i.e. within the same DNA molecule
(plasmids) or between one or more DNA molecules
[plasmid-plasmid(s) or plasmid(s)-chromosome] (Fig. 2).
The analysis of the networks will allow the identification of
events of duplication and/or recombination involving one

Table 1. List of Synechococcus sp. PCC 7002 DNA Molecules Analyzed in this Work
Plasmid
Strain
Name Accession Number Length (nt) N° of Genes N° of Proteins
pAQI1 NC 010476 4,809 3 3
pAQ3 NC 010477 16,103 17 17
pAQ4 NC 010478 31,972 30 30
pAQ5 NC 010479 38,515 39 39
Synechococcus sp. PCC 7002
pAQ6 NC_010480 124,030 109 109
pAQ7 NC 010474 186,459 165 165
Chromosome
Chromosome 1 NC_010475 3,008,047 2,875 2,824
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Fig. (2). Overall strategy used in this work.

gene, cluster of genes and/or entire operons as well as
transposition events.

Plasmids Networks

The first aim of the work was the identification and the
analysis of the possible evolutionary relationships existing
among the six Synechococcus sp. PCC 7002 plasmids at both
intra- and intermolecular level.

Intramolecular Analysis

During this stage of the analysis, we aimed at identifying
the interrelationships existing between proteins coded for by
genes harbored by the same plasmid molecule. In other
words, we checked the existence of single/multiple internal
duplications involving a stand-alone gene, one (or more)
operon(s) or cluster(s) of genes. In this way we may shed
some light also on the role that paralogous gene duplication
[18, 19] might have had on the construction of plasmids. To
this purpose, all the protein sequences encoded by each
Synechococcus sp. PCC 7002 plasmid were used as input for
the B2N software (see Materials and Methodology) and, as a
result, a set of networks showing all the sequence identities
existing among these proteins was obtained (Fig. 3). In these
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networks nodes represent proteins, whereas links indicate the
existence of sequence identity among them. The degree of
sequence identity threshold is a priori selected. In principle,
the higher the threshold used, the lower the number of links
existing between proteins encoded by different plasmids. In
addition, it can be assumed that the higher the degree of
amino acid identity between two proteins, the more recent
would be the event (recombination/transposition/duplication/
vertical transmission) responsible for the presence of the two
orthologous/paralogous coding genes in different plasmids.
We selected a minimum of 40% identity threshold since this
degree of sequence identity is sufficiently high to guarantee
that in most cases the interconnected proteins perform the
same function (i.e., they are encoded by orthologous genes)
[20,21].

The networks obtained by reiterating the analysis using
different identity thresholds are shown in Fig. (3), whose
analysis revealed that no trace of paralogy was found in each
of the four shortest Synechococcus sp. PCC 7002 plasmids
(pAQ1, pAQ3, pAQ4, and pAQS). Paralogous genes were
found only in the larger plasmids (pAQ6 and pAQ7). The
analysis of paralogous genes within the same molecule
revealed that:
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1. At 40% identity threshold, two events of paralogous

duplication were disclosed in plasmid pAQ6 (Fig. 4).
The first one involves two genes (GI code:
170079618 and 170079625) coding for TPR-repeat
containing proteins. The two proteins share a degree
of sequence identity/similarity of 33.0% and 48.8 %,
respectively (Table 2). This finding might suggest
that the duplication event of the ancestral gene cannot
be traced in recent times. However, the two proteins
strongly differ in their length with protein coded for
by gene with GI code 170079618 being 1,402
residues, whereas the other one (GI 170079625)
1,106 residues long. The ClustalW [22] alignment of
the two amino acid sequences revealed that they
mainly differ at the N-terminus (data not shown).

The second duplication exhibited by plasmid pAQ6
did not involve a single gene, but a cluster of three
genes (GI codes 170079610-611-612 and 170079590-
591-592, respectively). A further analysis of these
sequences revealed that they code for hypothetical
proteins with unknown function (Table 2). Since they
are organized in the same relative order, we suggest
that the two clusters are the outcome of a duplication
event involving (at least) the three cistrons. We

cannot a priori exclude the alternative possibility, i.e.
that each of the three ancestral genes underwent
single independent duplication events, placing the
three copies in the same relative order. However, in
our opinion, this possibility is much less probable
than the previous one. Besides, even though no
transcriptional data is available for these plasmids, it
is quite possible that the two triads are the outcome of
an operon duplication event. This relies on the finding
that the three genes of each triad are very close to
each other and separated by short intergenic regions.
Moreover, two genes (GI 17007590-591) of one triad
overlap at a considerable extent. This per se implies a
translational coupling, strongly suggesting that they
belong to the same transcriptional unit, i.e. an operon
(Fig. 5a).

In plasmid pAQ7, at 40% identity threshold, five
events of paralogous duplication involving five pairs
of genes were disclosed (Figs. 3, 4). Four of these
gene pairs encode proteins involved in iron
metabolism. The degree of sequence identity between
the proteins of each pair is very close (Table 2), a
finding that might suggest that the four duplication
events could have occurred in a short timescale. One
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of this duplication event is an in tandem

rearrangement.

The fifth paralogous gene pair codes for hypothetical
proteins sharing a very high degree of sequence
identity/similarity (84.6-91.2%, respectively) rising
the possibility that the duplication event of the
ancestor gene occurred in recent times (and that this
event is more recent than the duplication involving
the other four gene pairs).

No multiple duplications were found in the two
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The whole body of data reported in this section
revealed that some plasmid-borne genes underwent
paralogous duplications in different evolutionary
stages. The finding that none of the genes involved in
paralogous duplications is connected neither to
chromosomal or other plasmids genes (see below)
strongly suggests that the duplications are the
outcome of a recombination event occurring within
the same molecule rather than a recombination
between plasmids and chromosome or between two
different plasmids.

plasmids.

== 67.9%
40.0%
79.0%

pAQ6

Fig. (4). Paralogous genes in Synechococcus sp. PCC 7002 pAQ6 and pAQ?7 plasmids. Percentages represent the degree of sequence identity
shared by each paralogous gene pair. Paralogous gene are in the same colour.
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plasmid pAQ6, b) homologous operons in pAQS5 and pAQ6. Dotted lines connect homologous genes. Numbers in red represent the length of
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Table 2. List of Paralogous Genes Encoded by Synechoccoccus sp. PCC 7002 Plasmids pAQ6 and pAQ7
Gene Paralogous Genes
Plasmid
gi Putative Function Pair % Identity | % Similarity
170079612 Hypothetical Protein
170079612-170079592 67.9 79.1
170079592 Hypothetical Protein
170079611 Hypothetical Protein
170079611-170079591 40.4 53.8
170079591 Hypothetical Protein
PAQ6
170079610 Pentapeptide repeat-containing Protein
170079610-170079590 79.1 89.1
170079590 Hypothetical Protein
170079618 TPR repeat-containing Protein
170079618-170079625 33.0 48.8
170079625 TPR repeat-containing Protein
170076550 ATP-binding protein of ABC transporter for iron 44.0 61.1
170076550-170076556
170076556 ATP-binding protein of ABC transporter for iron
170076557 Iron ABC transporter 38.4 57.9
170076557-170076558
170076558 Iron ABC transporter
170076572 Periplasmic binding protein; iron siderophor
pAQ7 170076572-170076475 374 55.6
170076475 Periplasmic binding protein
170076608 TonB dependent siderophore receptor
170076608-170076476 40.8 58.9
170076476 TonB dependent siderophore receptor
170076579 Hypothetical Protein
170076579-170076595 84.6 91.2
170076595 Hypothetical Protein

Intermolecular Analysis

The intermolecular analysis, i.e. the analysis of the
evolutionary relationships existing among the six
Synechococcus sp. PCC 7002 plasmids, was carried out in
order to identify those genes (if any) shared by two or more
plasmids. To this purpose, all the 363 retrieved sequences of
Synechococcus sp. PCC 7002 plasmid-encoded proteins
were used as input for the B2N software (see Material and
Methodology), generating a set of networks showing all the
sequence identity relationships existing among these
proteins. The networks obtained at >40% and 100% identity
thresholds are shown in Fig. (6) (the entire set of networks
constructed at >40, >50, >60, >70, >80, >90, 100% identity
threshold is reported in Supplementary file 1).

Links analysis. The analysis of links revealed that:

a. Four of the six plasmids (the largest ones, i.e. pAQ4,
pAQ5, pAQ6 and pAQ7) are interconnected
(although at different extent), suggesting that they
shared at least some common steps in their
evolutionary pathway. The other (and shorter) two
plasmids (pAQ1 and pAQ3) harbor genes encoding
proteins that do not share any link neither between
them nor with other proteins in the network,
suggesting that they are not related to the other
plasmids inhabiting the same cytoplasm.

b. As expected, the number of links and interconnected
nodes decreased with the increasing of the identity
threshold (Table 3). At 40% of sequence identity, 32
(about 10%) out of the 363 plasmid-encoded proteins

were linked together. The other 331 proteins
remained isolated because each of them did not share
any link with the others and they were excluded from
further analyses. The number of linked proteins
decreased to 8 at 100% sequence identity threshold.
The finding that the number of links connecting the
32 proteins is 19 suggests that some proteins are
connected to more than one other protein. Indeed, a
deeper analysis of networks shown in Fig. (6)
revealed that two proteins are encoded by genes
shared by three plasmids (pAQ4, pAQ6 and pAQ7).
The two genes are adjacent in the three plasmids and
very likely belong to an operon (data not shown).

Quite interestingly, four gene pairs (Fig. 6, lower part
and Table 4) code for proteins sharing the very same
amino acid sequence (100% identity). This might
indicate that the plasmids sharing at least one of these
genes underwent recombination events very recently
in time.

Plasmid pAQS5 is connected only to pAQG6 via three
cistrons coding for proteins sharing a very high
degree of sequence identity (see Table 4), which in
turn suggests that the molecular rearrangements
involving (the ancestors of) plasmids pAQS5 and
pAQ6 is recent. The three cistrons are contiguous and
likely organized in an operon (Fig. S5b). It is
noteworthy that the three cistrons of plasmids pAQ6,
homologous to the triads of pAQS5, are adjacent to one
of the two triads of plasmid pAQ6 involved in the
paralogous operon duplication described above.
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Fig. (6). Identity based networks of the 363 Synchecococcus sp. PCC 7002 plasmid encoded proteins. All the proteins belonging to the same
plasmid (nodes) are circularly arranged and are linked to the others according to their identity value. The resulting pictures for two different
identity thresholds (>40% and 100%) are shown.
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Table3. Number of Links Interconnecting Plasmid-Encoded Proteins at Different Threshold of Sequence Identity. The Number of
Proteins Interconnected is Also Shown. Data are Retrieved from Fig. (6)

% of Sequence Identity
Plasmid
40 50 60 70 80 90 100
Number of proteins interconnected 8 8 7 6 5 4 1
PAQ4
Number of links interconnecting proteins 10 8 7 6 5 4 1
Number of proteins interconnected 3 3 3 3 2 2 0
PAQS
Number of links interconnecting proteins 3 3 3 3 2 2 0
Number of proteins interconnected 10 8 8 7 6 6 3
PAQ6
Number of links interconnecting proteins 12 8 8 7 6 6 3
Number of proteins interconnected 11 11 10 10 9 8 4
pAQ7
Number of links interconnecting proteins 13 11 10 10 9 4
Total number of proteins interconnected 32 30 28 26 22 20 8
Total number of links interconnecting proteins 19 15 14 13 11 10 4
e. The most interconnected plasmid is pAQ6, which chromosome and in a plasmid (pAQ6) (Table 5), that is GI
shares genes with all the other three connected 17007937 and -7938 and 170079636 and 9637, respectively.
plasmids. Since the two genes share the same orientation, the relative

Nodes analysis. The analysis of data shown in Table 4
revealed that the 32 connected proteins can be subdivided
into fifteen groups, most of which (13) constituted by two
members; the remaining two comprises three proteins
(groups 14, 15). Concerning the function of the
interconnected proteins, half of the groups (2, 6, 8, 10, 12,
14, and 15) include hypothetical proteins with unknown
function. Three groups (1, 3, 11) are composed by proteins
involved in DNA transposition, that in turn, exhibit a very
high degree of sequence identity (99.4-100%) suggesting
also a recent interaction between plasmids pAQ4, pAQ6 and
pAQ7.

Chromosome—Plasmids Networks

In order to check for the existence of genes shared between
plasmids and the chromosome of Synechococcus sp. PCC 7002
and to look for possible indications of past and/or recent
rearrangements between them, we compared the 363 plasmid
proteins at different identity thresholds with all the 2,824
proteins of the chromosome. The identity networks obtained at a
sequence identity threshold >40% and 100% are shown in Fig.
(7) (whereas those obtained at >50, >60, >70, >80, >90, and
100%) are reported in supplementary file 2.

Links analysis. As expected, the number of links
decreased with the increase of identity threshold (ranging
from 22 links at 40% to 3 links at 100% of threshold
identity). Three of the plasmids (pAQ3, pAQ4 and pAQS5)
did not share any link with the chromosome. Plasmids pAQ1
and pAQ4 share one and four genes with the chromosome,
respectively. The highest number of connections (29) with
the chromosome was exhibited by the largest plasmid
(PAQY).

The analysis of Fig. (7) also revealed that each connected
chromosomal gene was linked to a single plasmid.
Concerning the organization of the genes coding for
connected proteins, only two genes are adjacent in the

order (coding for proteins with unknown function) and are
separated by a 3 nt long intergenic region, it can be surmised
that they might form an operon (data not shown). Since the
two pairs exhibit very similar degree of sequence identity, it
is also quite possible that they are the result of an operon
duplication, rather than two independent duplication events.

Nodes analysis. Data reported in Table 5 revealed that
most of the groups of proteins are composed by two nodes,
one of which belonging to a plasmid molecule and the other
one to the chromosome, the only exception being
represented by groups 16 and 17. In these two latter cases
two proteins of the plasmid pAQ7 (with GI code 170076547
and 170076628, respectively) are connected to three and four
chromosomal proteins, respectively. Concerning the function
of the protein shared between plasmids and chromosome
most of them are involved in different metabolic functions:
three groups comprise proteins involved in membrane
transport (group 6, 9 and 14) whereas groups 1 and 5 consist
of proteins with unknown function.

The degree of sequences identity of the proteins
embedded in this groups is not very high, with the exception
of group 16 that includes proteins involved in DNA
transposition that are 100% identical.

CONCLUSIONS

The aim of this work was to analyze the possible gene
flow existing between different DNA molecules (one
chromosome and six plasmids of different size) inhabiting
the same cytoplasm using the cyanobacterium
Synechococcus sp. PCC 7002 as a model system. The whole
body of data reported in this work revealed that different
molecular mechanisms have played an important role in
shaping the plasmid(s) structure and that there is a “cross-
talk” between genes belonging to: i) the same plasmid, ii)
different plasmids, and iii) plasmid(s) and chromosome. In
particular:
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Table4. Percentage Identity/Similarity and Function of Proteins Interconnected Between Different Syrnechococcus sp. PCC 7002

Plasmids
gi Plasmid % Identity % Similarity Group Function

6502 pAQ7 99.4 100.0 | Is4 fan?ily transposase
9486 pAQ4 Tn10 like transposase
6518 pAQ7

53.0 60.5 2 Hypothetical Protein
9484 pAQ4
6521 pAQ7

100.0 100.0 3 Integrase/recombinase
9512 pAQ4
6519 pAQ7

97.9 100.0 4 ParA partitioning protein
9483 pAQ4
6523 pAQ7 PilT domain containing protein

99.2 99.2 5 . . .
9510 pAQ4 PilT protein. N-terminal
9496 pAQ4

60.3 76.5 6 Hypothetical Protein
9658 pPAQ6
9595 pPAQ6

75.3 86.7 7 Chromatin associated protein KTI12
9541 PAQ5
9594 pPAQ6

92.4 95.2 8 Hypothetical Protein
9542 PAQ5

17007

9593 pPAQ6

92.1 97.5 9 Fe II oxygenase family oxidoreductase
9543 PAQ5
6603 pAQ7

90.1 93.2 10 Hypothetical Protein
9626 pPAQ6
6509 pAQ7

100.0 100.0 11 Resolvase
9569 pPAQ6
6511 pAQ7

100.0 100.0 12 Hypothetical Protein
9567 pPAQ6
6510 pAQ7

100.0 100.0 13 Plasmid pRiA4b ORF-3-like
9568 pPAQ6
9494 PAQ4 9494-9660= 47.0 9494-9660=70.5
9660 pPAQ6 9494-6514=74.0 9494-6514=83.0 14 Hypothetical Protein
6514 PAQ7 9660-6514=43.1 9660-6514=65.8
9495 PAQ4 9495-9659=41.6 9495-9659=53.0
9659 pAQ6 9495-6513=81.0 9495-6513=86.3 15 Hypothetical Protein
6513 pAQ7 9659-6513=45.1 9659-6513=57.2

1. Some genes of the largest plasmids (pAQ6 and 2.

pAQ7) underwent intra-molecular rearrangements
(i.e. paralogous duplication events) of different size
and complexity. The duplication events involved
either single genes or (in one case) an entire operon.
Some of these duplicatios are likely (very) old even
though it is not possible to give an exact timing to
these events. Other ones occurred later on. However,
these internal rearrangements did not occur very
recently in evolution as shown by the degree of
sequence identity between each pair (Table 2).

The analysis of plasmids inter-molecular
rearrangements revealed that four plasmids (pAQ4,
pAQS5, pAQ6 and pAQ7) exchanged, at variable
extent, some of their genes. Again, the largest ones
(pAQ6 and pAQ7) apperead to be more prone to
interconnection than the others. In one case the same
DNA region containing two gene has been exchanged
between (the ancestors of) three plasmids (pAQ4,
pAQ6 and pAQ7) (not shown). The exchange may
involve a single gene, operons or gene clusters. It is
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TableS. Percentage Identity/Similarity and Function of Proteins Interconnected between Synechococcus sp. PCC 7002
Chromosome and Plasmids
gi DNA Molecule % 1d % Sim Group Function
9461 pAQI . .
373 53.9 1 Hypothetical Protein
6845 Chromosome
9636 pPAQ6
453 61.7 2 HEPN domain
7938 Chromosome
9637 PAQ6
41.1 63.5 3 Nucleotydiltransferase
7937 Chromosome
9581 pPAQ6
40.1 57.0 4 pilT-domain containing protein
8423 Chromosome
9606 pPAQ6
59.0 67.4 5 Hypothetical Protein
8633 Chromosome
6534 pAQ7
36.8 53.6 6 ATP binding protein of ABC transporter
9425 Chromosome
6621 pAQ7
46.6 64.7 7 FOF1 ATP synthase subunit o
7357 Chromosome
6614 pAQ7
494 65.2 8 FOF1 ATP synthase subunit 8
7372 Chromosome
6486 pAQ7
43.1 62.1 9 Sulfonate/nitrate transport system permease
7483 Chromosome
6484 pAQ7
43.7 61.6 10 Sulfonate/nitrate transport system ATP binding
17007 | 7484 Chromosome
6597 pAQ7
52.8 66.0 11 A-aminolevulinic acid dehydratase
8360 Chromosome
6483 pAQ7
393 57.3 12 Exopolysaccaride synthesis protein
8506 Chromosome
6546 pAQ7
41.6 52.7 13 Cytochrome b6-f complex iron-sulfur subunit
8514 Chromosome
6593 pAQ7 Bumetanide-sensitive Na-K-Cl cotransporter
60.2 74.0 14
8568 Chromosome Amino acid permease superfamily protein
6598 pAQ7
55.6 69.0 15 GTP cyclohydrolase I
9039 Chromosome
6547 pAQ7
9449
100.0 100.0 16 Transposase
8739 Chromosome
8721
6628 pAQ7
6771 6628-6771=42.6 6628-6771=59.5
6628-6849=41.5 6628-6849=55.5
6849 17 Two component response regulator
Chromosome 6628-7473=36.6 6628-7473=53.3
7473

8061

6628-8061=42.1

6628-8061=61.8
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quite interesting the finding that, in four cases (see
groups 3, 11, 12, and 13 in Table 4) the
intermolecular rearrangements are very likely
extremely recent, since the encoded proteins exhibit
the same amino acid sequence (100% identity). The
gene flow between these plasmids might be facilitated
by the presence of genes coding for proteins involved
in DNA transposition such as resolvase and integrase
(see groups 1, 3, and 11 in Table 4). Concerning the
evolutionary pathway leading to the extant patterns of
sequence similarity relationships, different and more
or less complex scenarios can be depicted. On the
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basis of the available data it is not possible to trace
the exact evolutionary steps for each plasmid.
However, at least in the case of plasmids pAQ4,
pAQG6 and pAQ7 we suggest that they might have met
each others different times in the past, since the
degree of sequence identity between proteins coded
for by shared genes are strongly variable (in the range
of 43.1 and 100.0 %). Indeed, it can be assumed that
if two DNA undergo a single (unique) recombination
event, all the proteins coded for by the exchanged
genes should exhibit the same (or very similar) degree
of sequence identity.

Table 6. Number of Connections/Plasmid Encoded Genes Shared by Plasmids or Plasmids and Chromosome at 40% Identity
Threshold
Number of Genes Shared with
Plasmid Genes
pAQ1 pAQ3 pPAQ4 pPAQS PAQ6 pAQ7 Chromosome

pAQ1 3 - 0 0 0 0 0 1
pAQ3 17 0 0 0 0 0 0
pAQ4 30 0 0 - 0 3 7 0
pPAQS 39 0 0 0 - 3 0 0
PAQ6 109 0 0 3 3 - 6 4
pAQ7 165 0 0 7 0 6 - 17/29*

*The number of genes connected is lower than 34 since two plasmid encoded genes (gil 70076547 and gil70076628) are linked to three or four chromosomal genes, respectively.

Recombination

No rearrangements

b)

Rearrangements with .
other DNA molecules

v
000,
®eo0®

Fig. (8). Two hypothetical evolutionary pathways for the origin of genes shared by two (or more) DNA molecules.
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3.

A cross-talk between the cyanobacterial plasmids and
the chromosome was also disclosed. The gene flow
mainly occurred with the largest plasmid (pAQ7) and
involved 29 genes coding for a plethora of different
functions. Indeed, apparently, there was not a
preferential flow of a given functional group of genes.

It is quite interesting that one of the six plasmids
(pAQ3) did not exhibit the traces (either old or
recent) of rearrangement events, at neither intra- nor
inter-molecular level (Table 6). This might suggest
that this plasmid introgressed Synechococcus sp. PCC
7002 cells very recently.

Concerning the origin of genes shared by two (or
more) DNA molecules, two different pathways can be
proposed: i) the first one predicts (Fig. 8a) that two
different plasmids might have (transiently) inhabited
the same cell; if a recombination occurred between
them, this might have led to the gene sharing; ii)
according to the alternative idea (Fig. 8b), it is
plausible that in the same cells multiple copies of the
same plasmids might have inhabited; if one of them
underwent a rearrangement with other DNA
molecules (another plasmid or the chromosome), it
might have acquired new genes in such a way that the
structure of the originally identical copies (strongly)
diverged. On the basis of the available data, it is not
possible in the study case of this work to discern
between the two possibilities.

It is also worth of noticing that most of the plasmid-
borne genes (284, almost 80%) are not involved in

Intra-plasmid
connected genes

NOT connected genes

Total number of plasmid genes (363)
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any rearrangement and are not linked to any other
chromosomal or plasmid gene (Fig. 9). This opens the
question of the origin of these genes. It is quite
possible that they might have been recruited through
recombination with other plasmids or chromosomes
hosted by cells belonging to a different bacterial
strain of the same or different species. This, in turn,
highlights how the horizontal gene transfer may
permit the flow and the exchange of genetic
information between prokaryotic cells.

Concerning the mechanisms responsible for shaping
the plasmid architecture, in addition to transposition
and recombination events, it appears that gene
duplication has played an important role. The
importance of gene duplication for the development
of metabolic innovations and shaping the genomes
was firstly discussed by Lewis [23] and later by Ohno
[24]. Indeed, duplication and divergence of DNA
sequences of different size represents one of the most
important forces driving the evolution of genes and
genomes during the early evolution of life, since this
process may allow the formation of new genes from
pre-existing ones [19]. The idea that gene duplication
may have played a major role in the shaping and in
the assembly of genomes has been recently confirmed
by the comparative analysis of complete sequences of
archaeal, bacterial and eukaryal ones, showing that all
of extant organisms harbor a remarkable proportion
of paralogous genes and that many of them group into
numerous families of different sizes [25-27]. DNA
duplications may also concern entire operons or part

Inter-plasmids
connected genes

Plasmids-chromosome
connected genes

Fig. (9). Schematic representation of Synechococcus sp. PCC 7002 gene pool, showing the absence of shared genes by each sub-pool.
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Table 7.

thereof, and several examples of single or multiple
operon duplications have been recently reported [28].
This, in turn, can lead to the appearance of paralogous
operon families, increasing the overall number of
operons within a genome. The relative high number
of paraologus genes (that is genes that are the
outcome of an event of gene duplication) found
during the analysis of Synechococcus sp. PCC 7002
plasmids networks (Fig. 6) may suggest that the
molecular mechanisms involved in the shaping of
chromosome molecules across time might also act in
plasmids evolution.

It is also worth of noticing that the overall degree of
sequence identity/similarity is much higher between
proteins shared by different plasmids than the other
two possibilities (Table 7). This strongly suggests that
plasmid molecules are more prone to recombine
between them rather than with chromosome or within
them. The biological significance of this finding is
still obscure.

Mean Degree
between Nodes

of Sequence Identity/Similarity

Protein Shared % Identity % Similarity

Intra-Plasmids 51.7 66.2

Inter-Plasmids 78.5 85.5

Plasmid-Crhomosome 47.7 62.9
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