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Abstract
Background: Increasingly, similarity networks are being used for evolutionary analyses of molecular datasets. These
networks are very useful, in particular for the analysis of gene sharing, lateral gene transfer and for the detection of
distant homologs. Currently, such analyses require some computer programming skills due to the limited availability
of user-friendly freely distributed software. Consequently, although appealing, the construction and analyses of
these networks remain less familiar to biologists than do phylogenetic approaches.
Results: In order to ease the use of similarity networks in the community of evolutionary biologists, we introduce a
software program, EGN, that runs under Linux or MacOSX. EGN automates the reconstruction of gene and genome
networks from nucleic and proteic sequences. EGN also implements statistics describing genetic diversity in these
samples, for various user-defined thresholds of similarities. In the interest of studying the complexity of evolutionary
processes affecting microbial evolution, we applied EGN to a dataset of 571,044 proteic sequences from the three
domains of life and from mobile elements. We observed that, in Borrelia, plasmids play a different role than in most
other eubacteria. Rather than being genetic couriers involved in lateral gene transfer, Borrelia’s plasmids and their
genes act as private genetic goods, that contribute to the creation of genetic diversity within their parasitic hosts.
Conclusion: EGN can be used for constructing, analyzing, and mining molecular datasets in evolutionary studies.
The program can help increase our knowledge of the processes through which genes from distinct sources and/or
from multiple genomes co-evolve in lineages of cellular organisms.
Keywords: Similarity network, Evolution, Borrelia, Plasmid, Genomics, Graph, Pathogen, Lateral gene transfer,
Introgressive descent

Background
Genomic and metagenomic projects provide an increasing amount of molecular data with a considerable genetic diversity. A portion of these nucleic and proteic
data is amenable to standard computationally expensive
phylogenetic analyses, through the use of multiple alignments and the construction of individual or concatenated
gene phylogenies [1-4]. However, evolutionary analyses
of many of these sequences can be carried out using
other, less time consuming and more inclusive, approaches [5-8]. Typically, phylogenetic reconstruction is
suited for analyzing subsets of homologous genes that
can be aligned with confidence. Distant homologs are
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thus generally absent from these analyses [2]. Moreover,
even though classic phylogenetic analyses only require
that sequences to be compared are alignable, they often
focus on the genealogical relationships between entities
from the same level of biological organization (e.g. viruses, plasmids or cellular organisms) resulting from the
process of vertical descent. However, gene trees affected
by processes of introgressive descent such as lateral gene
transfer (LGT) [9-12] pose significant challenges to the
reconstruction of a universal tree [13-15] or phylogenetic
network of life [16-19]. In particular, it is difficult to
study the incongruence between the histories of gene
families with uneven distribution among microbial genomes. In addition, it is difficult to represent the transfer
of DNA between donors and hosts, while including the
vectors responsible for these genetic exchanges on a single representation [8,9]. Viruses (and other mobile genetic elements) are indeed most often not considered to
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be related to cellular beings, and their evolution as well
as that of their genes is generally not described along the
organismal species tree [20-22]. Thus some evolutionary
information contained in genomic and metagenomic data
is not readily exploited in standard phylogenetic analyses.
Consistently, a new suite of methods is becoming increasingly popular, in order to handle more of the complexity of such data. Network-based approaches, that
display similarity in a wealth of molecular sequences,
have started to offer a valuable complement to improve
our evolutionary knowledge on the processes responsible
for LGT, as well as on the sources of genetic diversity.
They provide useful tools to analyze mosaic sequences
[23], genomes harbouring sequences from multiple origins
[24-27] and the migration of DNA across metagenomes
[28]. Network-based approaches also provide an additional
framework in which the genetic diversity of sequences,
genomes, or metagenomes can be compared and quantified using graph estimators, even for highly divergent
sequences [29]. In general terms, we describe an evolutionary (or similarity) network (to distinguish it from
phylogenetic networks) as any graph connecting nodes
representing individual sequences, individual genomes or
metagenomes, by edges, when these objects present
some similarity according to various combinations of
operational criteria (e.g. a significant level of similarity
between two sequences, as indicated by a BLAST score
and/or percentage of similarity; the presence of shared
gene families between two genomes; the presence of
identical sequences between metagenomes). For the moment, due to the lack of user-friendly freely distributed
dedicated software, the construction and analysis of sequence similarity networks requires a certain amount of
computer programming skills, and remain less accessible
(and therefore less familiar) to biologists than standard
phylogenetic approaches.
Here, we introduce a simple but powerful software
program, EGN (for Evolutionnary gene and genome network), for the reconstruction of similarity networks from
large molecular datasets that may expand the toolkit of
evolutionary biologists. EGN is programmed in Perl
v5.10.1, it is fast, portable, and runs on Linux and OSX
systems. EGN automates the construction of gene and
genome networks from nucleic and proteic sequences,
coupled to simple statistics describing genetic diversity
in these samples, for various user-defined thresholds of
similarities. We illustrate some of the options available
in EGN, and the novel type of data it exploits. Then, as
a proof of concept, we show how EGN can be used to
study the complexity of evolutionary processes affecting
microbial evolution. We tested whether plasmids were
always used as genetic couriers, moving DNA from one
lineage to another. Our null hypothesis was therefore
that plasmids should always connect to more than one
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lineage in a gene sharing network in our dataset of
571,044proteic sequences, sampled in genomes from
the three domains of life and mobile genetic elements.
Our network approaches were able to reject this null
hypothesis by identifying a set of plasmids in Borrelia
that is not being used as such couriers. In this case,
plasmids appear to have a different function – that of
“evolutionary sandbox”-that contributes to the creation
of genetic diversity within their bacterial host lineage.

Implementation
EGN is implemented in Perl. v5.10.1. The script and a
user guide are freely available under the GNU GPL license as Additional file 1 or at http://evol-net.fr. Network construction steps are presented in a simple
contextual menu. EGN handles massive datasets of nucleic and/or proteic sequences from FASTA files in
DEFLINE format. It automates the identification of
homologous sequences using user-defined homology
search software (BLAST [30] or BLAT [31]). In short,
the identification of similar sequences relies on parameters defining relevant hits (based on e-value, identity
thresholds in the aligned regions, minimal hit length),
and on parameters tagging the hit quality (such as bestreciprocal hit, minimal length coverage represented by
this hit over each of the compared sequences). In EGN,
these parameters can be defined by the user. After a step
of all against all comparison, clusters of sequences with
significant similarities are identified using the exhaustive
simple link algorithm [32,33], so that any sequence in a
cluster presents at least a significant similarity with another sequence of the cluster, and no similarity with any
sequence outside the cluster. Graph-wise, these clusters
are called connected components. EGN provides several
statistical information for each network as an output file:
the average percentage of sequences identity, size (in
number of sequences), number of connected components, and a global estimate of the clustering within each
component, called graph density, implemented as:
G¼

2  number of edges
number of nodes  ðnumber of nodes−1Þ

Graph density is comprised between 0 and 1 (i.e G
reaches 1 when nodes in the component are maximally
connected to one another, forming a clique).
The distribution of these connected components in each
species/samples is also compiled in a tabulated text outfile.
Moreover, EGN produces files that are importable in the
popular Cytoscape [34] and Gephi [35] network
visualization software programs, in which gene and genomes networks can be further analyzed. EGN also generates FASTA files of sequences in each connected
component. These files can be used to generate
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alignments and standard analyses of selection or phylogenetic analyses. For details, we refer to the User Guide.

Results and discussion
EGN analytical workflow

EGN is a script implemented in Perl. v5.10.1 on the Linux
and MacOSX platforms for generating evolutionary gene
and genome networks from molecular data (proteic and/or
nucleic sequences). A simple menu allows users to easily
manage the step by step procedure and set up relevant parameters for their analyses. However, BLASTall (v ≥ 2.2.26)
[30] or BLAT [35] must be installed on the computer
where EGN is executed, and their directory locations properly specified in the OS.
Once EGN is installed, it will take as input one or many
files of sequences (in FASTA format) located in a working
directory, chosen by the user (e.g. /myEGNanalysis/). The
extension of these files must be either .fna, for DNA and
RNA sequences, or .faa, for protein sequences. In the case
of unique sequence type, user can choose between BLAST
or BLAT homology searches to compare these sequences.
If the dataset is composed of both nucleic and proteic sequences, BLAST will be chosen and EGN will automatically run BLASTN for nucleic sequences comparison,
BLASTP for proteic sequences comparison, while comparisons between nucleic and proteic sequences will be
performed by BLASTX and TBLASTN. To this end, EGN
must simply be invoked using the command line ‘perl egn.
pl’. The software then proposes several analyses, organized
in a stepwise fashion (Figure 1).
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First, EGN parses the FASTA infiles present in the
working directory to i) check that their format is correct
(i.e. all sequences have a unique identifier, etc.), ii) to extract useful information about the sequences that will
figure in the nodes of the networks under reconstruction
(e.g. the sequences/samples/organisms names…), and iii)
to assign a local EGN identifier to each sequence in
order to speed up the next calculation steps. Once this
step of creation of properly formatted input files (option
1, in EGN Main Menu) is successfully achieved, the user
can perform two kinds of similarity searches between sequences in these files (option 2 in EGN Main Menu), either by selecting BLASTall [30], or BLAT [31], a faster
software program, that speeds up the analysis of very
large sequence infiles, but may be less accurate. The user
can edit the egn.config file to modify the search parameters of each of these programs or use the wizard
implemented in EGN. On multi-core computers, the
speed of the BLAST search can be enhanced by changing the number of processors (parameter –a, set to 2
by default). Likewise, we implemented the parallelization
of multiple BLAT processes in EGN (default value = 2 in
egn.config).
In order to reconstruct a comprehensive similarity network, all sequences can be compared against all. To this
end, a third step of EGN (option 3 in EGN Main Menu)
parses the results of the similarity search according to a
set of properties that any pair of sequences showing
similarity must satisfy to be included in a gene or genome network. This parsing step can be optimized since

Figure 1 A schematic of EGN workflow. This graph represents the different steps achieved in a typical EGN analysis (in chronological order
from the top to the bottom of the figure). All options allowing some user-defined choices are indicated in red.
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the user can select between two algorithms, depending
on the amount of available memory on his/her computer. EGN offers a ‘quicker’ parsing step (option 1, in
the Prepare Edge File Menu), requiring a maximum
amount of memory, and a ‘slower’ parsing step (option
2, in the Prepare Edge File Menu), needing less memory,
but more free disc space.
Under both parsing options, the same large number of
desired conditions is available to select relevant sequences and similarity relationships in the Edges File
Creation Menu. Option 1 of this menu allows the user
to determine a maximal e-value threshold to discard sequences that show too little similarity to be further considered. This decision is facilitated by a simple text
interface (default value is also editable in egn.config).
Moreover, important additional levels of stringency
concerning features of the hit (e.g. the matching sequence segment between two similar sequences) can
likewise be specified. Option 2 can be used to impose a
minimal percentage of identity over the hit (by default
set to 20%). In addition, option 3 can be applied to filter
out edges between sequences, when the number of identical bases represents more than a minimal percentage
of the shortest sequence length (by default 20%). Option
4 can be used to perform a similar operation since it
eliminates edges in which the hit has a minimal absolute
length (set by default to 75 for nucleotides and 25 for
amino acids, respectively).
Finally, two other properties can also be used to label
pairs of similar sequences satisfying the above conditions, and build gene and genome networks. Option 5
evaluates the strength of the similarity between pairs of
sequences. In order to determine when two sequences a
and b are best-reciprocal hits, EGN computes the e-value
of the sequence b in the BLAST (or BLAT) search where
sequence a is used as a seed, with the e-value of sequence
a in the BLAST (or BLAT) search where sequence b is
used as a seed. Sequences a and b may not be each other
first best hits in these searches, but when their evalues
are no more than a certain used defined percentage away
from the top scoring hit in these searches, then sequences a and b are considered as best-reciprocal. By default, this percentage is set to 5. This distinction matters
to reconstruct networks based on “best-reciprocal” similarity edges vs networks based on any similarity edges, be
they “best reciprocal” or not. Option 6 provides a second
qualifier for pairs of similar sequences. It allows the user
to filter for the extent of the pairwise similarity, i.e.
whether a hit spans a great or a small portion of each of
the similar sequences. By default, pairs of sequences for
which the hit corresponds to ≥ 90% of each sequence
length are considered as “homology” edges. Such similarity is not limited to a fragment of any of these sequences, which could happen when significant similarity
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occurs only for a short region of the sequence, e.g. partial
similarity caused by the sharing of a domain.
After these criteria have been set, and the parsing has
been carried out, EGN can effectively generate outfiles
for two kinds of networks: gene and genome networks
(option 4 of EGN Main Menu). This step of network reconstruction also allows the user the option of setting
additional selection criteria concerning the edges that
will be retained. By default, edges corresponding to hits
with a maximal BLAST e-value of 1E-05, 20% identity,
and longer than 20% of the smallest similar sequence
will feature in gene networks, and be used to reconstruct
clusters of similar sequences (see Methods). If two samples/genomes contain sequences belonging to the same
cluster, EGN will produce an edge in the genome network between these samples/genomes. In this last construction step, EGN not only generates network outfiles
in Cytoscape [34] and/or Gephi format [35], it also optimizes the content of these outfiles. Typically, gene networks may contain hundreds of thousands of subgraphs,
corresponding to the cluster of similar sequences, or
connected components in graph terms (see next section). Thus, to ease the visualization of these connected
components in Cytoscape and Gephi, EGN distributes
them in files called (i) cc_#x_to_#y.txt, organizing these
subgraphs by decreasing number of edges, and (ii) att_
cc_#x_to_#y.txt, in which all important attributes describing these nodes and edges (e.g. their sample/genome of origin, the weight of edges indicated by the
homology searches, whether edges are “full or partial
homology” edges, etc.) have been automatically summarized. These attribute files provide useful information for
coloring the nodes and edges in the visualization network tools.
Finally, EGN also provides some statistics about the
sequences, and the connected components comprising
of similar sequences. These text outfiles are created in
subdirectories with explicit names, describing the exact
parameters retained to perform the network reconstruction (e.g. GENENET_1e-05.50.50.0.0, for the reconstruction of a gene network at 1E-05 e-value threshold, at
least 50% hit homology, 50% of homology on the smallest
sequence, no best-reciprocal condition, and no minimal
coverage condition). In particular, the gpcompo.txt
outfile indicates for each cluster of similar sequences
how many representative sequences it contains, and from
which sample/genome these sequences originate. The
gpstat.txt outfile provides further information about genetic divergence of these sequences: how much they
cluster with one another in the network, the mean and
standard deviation hit % identity between sequences in
the cluster, the mean and standard deviation of % identity
between the hit and the shortest sequence considered in
each pairwise comparison, and the mean and standard
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deviation of the e-value between sequences of the
cluster.
As the user is guided along the various steps of the intuitive EGN menus, this wizard provides a tool with
which users will be able to analyze their data under the
framework of similarity networks.
EGN automates the analysis of a significant data type

EGN produces a useful network-based type of data for
evolutionary analyses. This data type is different from
the usual phylogenetic trees, for at least two reasons.
First, while trees are always acyclic graphs, networks are
generally cyclic graphs. Second, while phylogenetic trees
usually aim at inferring the relationships between homologous sequences and their hypothetical ancestors, sequence similarity networks instead display significant
resemblances between any sequences (in gene and protein networks) or any entities (in genome or sample networks), in a topologically less constrained, and in
practice much more inclusive, framework. The usual
data type used in phylogenetics is a tree (or a grouping
on a tree), while it is a connected component in a sequence similarity network. In these latter networks, no
explicit orthology relationship needs to be assumed.
It is important to establish the distinction between
these two data types, because it would be a logical mistake to evaluate connected components using the standards of phylogenetic trees, e.g. as if they were trees,
which they are not. Sequence similarity networks are
founded on a different theoretical background than
phylogenetic analyses, which implies that the splits and
edge lengths have different meanings than those observed in a phylogenetic tree or network. In fact,
connected components are better understood by reference to “family resemblances” (a concept brilliantly
heralded by Ludwig Wittgenstein, in his posthumously
published book Philosophical Investigations of 1953
[36]). Just like family members in humans present various overlapping and criss-crossing resemblances, i.e. in
their build, features, colours of eyes, organized in such
ways that it is eventually possible and useful to distinguish different families, connected components in sequence similarity networks group sets of sequences,
whose members show significant similarity according to
a criterion (or a set of criteria), so that these sequences
cannot be mistaken for other sequences, presenting a
different pattern of “family resemblance”. For instance,
sequences coding for translation initiation factors SUI1
and for restriction modification type 1 endonucleases fall
into distinct connected components in gene networks
[6]. In this regard, it is interesting to note that phylogenetic gene trees are a particular display of one very particular instance of ‘family resemblance’. Such trees
group sequences that are sufficiently similar to be
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aligned together, because they come from a single last
common ancestor. However, sequences can also (and
not only) display significant similarities that do not meet
the particular criteria retained in phylogenetics. For instance, sequences resulting from fusion or recombination events will show bona fide similarities introduced
by processes of introgressive descent [2]. Sequences
evolving by vertical descent from a single ancestor can
also become too divergent to be aligned with their homologs, and therefore to be included in a gene tree.
Such distant similarities, and resemblances originating
from processes of introgressive descent, however can be
analyzed through the definition of connected components, as automated by EGN. For example, when the parameters selected for the reconstruction of the gene
networks are very stringent, imposing that the hit between sequences covers a high percentage of their
length, and that the similar sequences show both a high
e-value and % identity, allows to include divergent homologs in connected components. Unlike conserved homologs that will be all connected together (forming a
pattern of maximal density known as a clique in the
connected component), divergent homologs will only
connect to some of the sequences within the component; i.e. divergent bacterial genes will only bond to
some of their bacterial homologs, while less divergent
bacterial genes will all be joined to one another.
Consistently, the data type that is obtained by structuring molecular data in connected components of sequences in sequence similarity networks (or in connected
components of genomes sharing similar sequences in genome networks), contributes in a different way than phylogenetics to extend the scope of evolutionary analyses.
Evolutionary biologists can take advantage of this additional data type to explore and explain the various causes
of their ‘family resemblances’. Processes of introgressive
descent (e.g. recombination, lateral gene transfer, gene or
domain sharing, etc.) and vertical descent can be investigated simultaneously through these graphs. Phylogenetic
relationships however will generally still require the reconstruction of a tree. Furthermore, this novel data type also
provides an original comparative framework, which must
not be confused with the phylogenetic framework. More
precisely, EGN networks make it possible to compare sequence similarities for sequences of interest in connected
components, i.e. by quantifying the distances and topological properties of sequences from two genomes in the
network. This comparison cannot be equated with the
phylogenetic resolution required to identify where a particular sequence (or organism) should be placed in a gene
(or organismal) tree, but it can be useful in other situations. Among the most recent examples, a comparative
analysis of the behavior of sequences in gene networks was
carried out by Bhattacharya et al. [29] to investigate the
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modular genomic structure of a novel marine cyanophage
in a protist single cell metagenome assembly. Sequences
from these novel mosaic viruses presented a pattern of
connection that was typical of that presented by sequences
from mosaic cyanophages in the gene network. The use of
a network proved particularly well-suited, offering much
more detail concerning the complex evolution of such mosaic objects than allowed by the proposition of a single
branching point in a viral tree for the novel virus.
One main interest of network studies is therefore that
they can employ an additional, very inclusive, relevant although non-phylogenetic - data structure for evolutionary analyses.
Application to real data

We used EGN to illustrate how its various options
areuseful for devising and testing evolutionary hypotheses, while taking into account a large amount of data
structured according to this data type. We tested
whether plasmids were always used as genetic couriers,
moving DNA from one lineage to another in a dataset of
571,044 protein sequences (see Implementation). We
first used EGN (e-value ≤ 1E-20, hit identity ≥ 30% ) to
reconstruct a genome network of 131 cellular organisms,
2,211 plasmids and 3,477 viral genomes, harboring either
cellular chromosomes or genomes of mobile genetic elements at its nodes, connected when they shared sequences from the same similarity cluster, as in Halary
et al. [25].
In the genome network, some plasmids displayed
markedly distinct behaviors and patterns of connections,
identifying two extreme sorts of plasmids. On the one
hand, many plasmids had a broad range of connections
with a diversity of distantly related genetic partners.
These plasmids act as genetic couriers [37], contributing
to exchanges of DNA material. On the other hand, some
other plasmids were very isolated in the network, showing a very limited and sometimes even no genetic partnerships outside a limited gene sharing with the
plasmids or the chromosomes of their host lineage. Plasmids of this second type typically use a closed DNA
pool, and seem to rarely transit between different hosts
cells and lineages, and even to rarely exchange genetic
material with the chromosome of their hosts. Rather
than being mobile vessels of genetic exchange, our network suggests that these non-promiscuous plasmids
may fulfill a functional role of evolutionary significance
distinct from that of the plasmids that are key players
for lateral gene transfer. The best examples are offered
by the plasmids of the bacterial genus Borrelia, which
display a very low conductance (C = 0.015). Indeed, the
corresponding/respective nodes are extremely isolated in
the genome network, and are linked to it just by edges
with nodes of the Borrelia chromosomes (Figure 1).
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Borrelia’s plasmids do not share a single gene family
with any other plasmids outside these hosts (Figure 2a),
and only harbor six genes (oligopeptide ABC transporter,
vlp protein alpha and gamma subfamily, arginineornithine antiporter, putative lipoprotein and type I restriction enzyme R protein), that are also found on
Borrelia’s main chromosome (Figure 2b), consistently
with the literature [38]. In agreement with Tamminen
et al.[39], our genome network identifies that the flow of
DNA material in and out of Borrelia plasmids is lower
than for many other plasmids.
This remarkable genetic isolation may be explained by
biological considerations, prompted by the detection of
this network structure. Borrelia is an obligate pathogen
[40]. This lifestyle entails that these bacteria have fewer
opportunities to meet a diversity of genetic partners (be
they mobile elements or other bacteria) than the majority of the bacteria growing in biofilms [41]. Borrelia genetic diversity must come from within the lineage, rather
than from adaptative gene transfer from other microbes,
even though Borrelia’s plasmids are able to transfer
42,43]. Moreover, Borrelia’s lifestyle imposes a strong selective pressure on these parasitic cells that must constantly evolve to escape their host immune system.
Plasmids within Borrelia play a role in this evasion
process [44-47], and we hypothesize that it is because
they provide a genetic compartmentalization inside the
cells that allows Borrelia to partition DNA on two distinct kinds of molecules with distinct evolutionary regimes [48,49]. Most of the genes are located on a slow
evolving linear chromosome, heavily constrained in its
structure, while other genes are stored on the more flexible, fast evolving, and heavily recombining plasmids
[43,49,50]. We propose that this partition helps Borrelia
cells to survive in a hostile environment. The chromosomes are highly streamlined and optimized to support
Borrelia’s parasitic life, while the plasmids would be the
locus of substantial rearrangements, recombination and
gene conversion, producing necessary variations on
genes coding for outer surface proteins (osp), genes that
repress the cytolitic activity of host’s serum (Erp and
CRASP), and genes coding for antigenic variation (vlp,
vsp, vlsE) to escape Borrelia’s host immune system
[40,44-47].
To further this hypothesis - that some plasmids act as
compartments of DNA material and intracellular organs
of genetic innovation rather than vectors of mobile DNA
- we used the hit coverage option of EGN’s gene network reconstruction, that we set to > 90%. This option
allowed us to distinguish two types of edges in sequences network. We used EGN to detect and quantify
“full homology” edge links between Borrelia’s sequences.
Sequences connected by “full homology” edges have
probably progressively diverged by the combined effects
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b

Archeal chromosome

c

Bacterial chromosome
Borrelia’s chromosome
Plasmid
Borrelia’s plasmid
Virus

Figure 2 Networks reconstructed using EGN. a. Principal connected component of the genome network (e-value ≤ 1E-05, identities ≥ 30%,
with “best reciprocity” option). Node colors are reported below the component. Borrelia’s plasmids (pink) are tightly packed together and
relatively isolated from the rest of the network. b. Detail of the genome network showing only nodes linked with Borrelia’s plasmids. Borrelia’s
plasmids are directly only connected to Borrelia’s chromosomes. c. Schematic connected components, same color code as above. “Full
homology” edges are indicated by solid lines, other similarity edges are indicated by dashes. Components with a majority of nodes
corresponding to genes on chromosomes were significantly richer in “full homology” edges than connected components with a majority of
nodes corresponding to genes on plasmids.

of small mutations, natural selection and drift, because
their sequences greatly overlap, and can be aligned all
along their length. By contrast, when sequences are not
only evolving in a tree-like fashion, i.e. when segments
of divergent sequences fuse to form a single a gene, or
when segments within genes recombine through illegitimate recombination, sequences are connected by edges
that are not necessarily “full homology” edges [23].
These sequences do not come entirely from a single ancestral gene copy, but various segments of these sequences have a diversity of sources. Such sequences,
produced by more complex processes than vertical descent alone, do not neatly align all along their sequences,
but are at best only connected through local regions of
similarity. Such similar segments, as opposed to similarity overall their DNA, are also detected in EGN analyses: they constitute a second type of edge in gene
networks (Figure 2c). Interestingly, we observed that
connected components of Borrelia’s chromosomes were
largely connected by “full homology” edges (thus likely
evolving by vertical descent), but that connected components on Borrelia’s plasmids were largely connected by
“partly similar edges”, and therefore seemed to be
subjected to more complex evolutionary processes.
These processes result in a large amount of genetic diversity in the plasmids.
This result, based on a gene network, (Figure 2b)
strengthens our hypothesis that a structural partition of

DNA within Borrelia’s cells (observed in the genome
network) is coupled with a “partition” of the processes
affecting this DNA, in that case contributing to the recruitment of Borrelia’s plasmids as “organs of genetic
innovation”. In other words, Borrelia’s plasmids and
their genes can be seen as private goods of the Borrelia
lineage [7]: they benefit to this lineage but are not shared
with others. Of course, quite a few other prokaryotic
genera contain plasmids with low conductances, such
Sodalis(C = 0.16), Coxiella (C = 0.17), and Buchnera (C =
0.23) (Additional file 2: Table S1 & Additional file 3:
Figure S2, see Implementation). We do not wish to
elaborate here on whether the lifestyle of these bacteria may explain this relative genetic isolation. Sodalis
are intra and intercellular symbionts, Buchnera are obligate intracellular symbionts and Coxiella are obligate
intracellular pathogens. However, we want to underscore the fact that sequence similarity network can be
a great tool to foster this type of hypothesis.

Conclusions
The use of similarity networks appears as a compelling
complement to standard phylogenetic analyses in order
to perform comparative analyses of an increasing
amount of molecular sequences from genomic and
metagenomic projects. Several publications have already
benefited from this analytical framework [2,6,25,29,51,52].
However, such network analyses still require more
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programming skills than is usually necessary to carry out
phylogenetic analyses, for which users can rely on a diversity of user-friendly software. By contrast, few (if any) user
friendly software programs, running on desktop computers, explicitly designed to reconstruct distinct kinds of
similarity networks from nucleic and/or proteic data have
yet been made available to the biology community. We
introduce EGN in the hope that it might constitute a
timely opportunity to provide network construction tools
to a broader audience. We are confident that software like
EGN will enhance the exploitation of the evolutionary
signal of genomic and metagenomic projects.
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was also estimated by shuffling node labels on the same
network topology for 1,000 replicates.

Availability and requirements
 Project name:EGN
 Project home page: http://www.evol-net.fr/index.

php/fr/downloads
 Operating system(s): Linux Platform and OSX
 Programming language: Perl. v5.10.1
 Other requirements: BLAST + versions ≥ v2.2.25 or

BLAST all versions ≥ v2.2.26 or BLAT

 License: GNU GPL
 Any restrictions to use by non-academics: none

Genomic datasets and analysis parameters

We sampled 571,044 protein sequences from the chromosomes of 70 eubacterial complete genomes, 54
archaebacterial complete genomes, and 7 eukaryotic genomes, covering the diversity of cellular life, as well as
from the genomes of two types of mobile genetic elements: 228,040 protein sequences from all the available
plasmids and phages at the time of this analysis from the
NCBI (see Additional files). We first used EGN (e-value
cutoff 1E-05, identity thresholds 30%) to construct a
genome network, harboring either cellular chromosomes
or genomes of mobile genetic elements at its nodes,
connected when they shared sequences belonging to the
same cluster of similar sequences, as in Halary et al.
[25]. To test whether plasmids hosted in a bacterial
lineage were connected to genomes in multiple other
lineages, we estimated the conductance of their nodes
(C) in the genome network. For instance, for plasmids of
Borrelia, we estimated C as the number of edges
connecting Borrelia’s nodes to non-Borrelia’s nodes /
number of edges connecting Borrelia’s nodes to any
node [53]. We assessed whether the observed value for
C was significantly different and lower than the conductance obtained by chance for the same number of nodes
in the genome network by shuffling node labels on the
same network topology for 1,000 replicates, which estimates the various conductances expected by chance
alone in a network of same size and with the same
topology.
In order to test whether genes within Borrelia chromosomes and plasmids had been affected by different
evolutionary processes, we then reconstructed the similarity network of Borrelia genes using the same parameters, but setting up the hit coverage condition at > 90%
(e.g. edges were tagged as positive when the hit was longer than 90% of each gene’s length, else negative). Number of ‘positive’ and ‘negative’ edges linking plasmidic
gene to plasmidic gene, plasmidic gene to chromosomal
gene, and chromosomal gene to chromosomal gene were
quantified. Over- or under- representation of such edges

Availability of supporting data

The dataset supporting the results of this article is available in the repository of http://www.evol-net.fr/index.
php/fr/downloads. The EGN script and a user guide are
also available at this address and as Additional file 1.

Additional files
Additional file 1: A zip archive containing the EGN script and a user
guide.
Additional file 2: Table S1. An xls table including the summary of the
conductance analyses for all plasmids and plasmids of all the prokaryotic
genera present in our analyses.
Additional file 3: Figure S1. A tif file with the graphical representation
of the conductance analyses for all plasmids and plasmids of all the
genera present in our analyses. Y-axis corresponds to the conductance
value (C) of these plasmids. Each dot corresponds to a class of plasmids.
Dots colored in red, black, green and purple correspond to plasmids
hosted in Borrelia, Sodalis, Coxiella and Buchnera, respectively.

Abbreviations
EGN: Evolutionary gene and genome network; C: Conductance.
Competing interests
The authors declare that they have no competing interest.
Authors’ contributions
EB, PL and SH designed the software. SH implemented the software. EB, PL
and JMI designed the experiment. EB, PL, JOM and SH analyzed the results.
EB, JOM, and SH wrote the paper. All authors read and approved the final
manuscript.
Acknowledgments
SH was supported by the Genome Canada/Genome Quebec research grant
Genorem granted to F. Lang (Project leader) and among other co-applicants,
M. St-Arnaud and M. Hijri. EB, PL and JOM were supported by a PHC
ULYSSES 2012 grant (grant number #27689SG).
Author details
Département de sciences biologiques, Institut de recherche en biologie
végétale (IRBV), Université de Montréal, Montréal, QC H1X 2B2, Canada.
2
Molecular Evolution and Bioinformatics Unit, Department of Biology,
National University of Ireland Maynooth, Co. Kildare, Ireland. 3Unité Mixte de
Recherche Centre National de la Recherche Scientifique7138, Systématique,
Adaptation, Evolution, Université Pierre et Marie Curie, 75005, Paris, France.
1

Halary et al. BMC Evolutionary Biology 2013, 13:146
http://www.biomedcentral.com/1471-2148/13/146

Received: 10 May 2013 Accepted: 5 July 2013
Published: 11 July 2013
References
1. Altenhoff AM, Dessimoz C: Phylogenetic and functional assessment of orthologs
inference projects and methods. PLoS Comput Biol 2009, 5(1):e1000262.
2. Bapteste E, Lopez P, Bouchard F, Baquero F, McInerney JO, Burian RM:
Evolutionary analyses of non-genealogical bonds produced by
introgressive descent. Proc Natl Acad Sci U S A 2012, 109(45):18266–18272.
3. Penel S, Arigon AM, Dufayard JF, Sertier AS, Daubin V, Duret L, Gouy M,
Perriere G: Databases of homologous gene families for comparative
genomics. BMC Bioinformatics 2009, 10(Suppl 6):S3.
4. Powell S, Szklarczyk D, Trachana K, Roth A, Kuhn M, Muller J, Arnold R, Rattei T,
Letunic I, Doerks T, et al: eggNOG v3.0: orthologous groups covering 1133
organisms at 41 different taxonomic ranges. Nucleic Acids Res 2012,
40(Database issue):D284–D289.
5. Bapteste E, Burian RM: On the Need for Integrative Phylogenomics, and
Some Steps Toward its Creation. Biology and Philosophy 2010, 25:711–736.
6. Beauregard-Racine J, Bicep C, Schliep K, Lopez P, Lapointe FJ, Bapteste E: Of
woods and webs: possible alternatives to the tree of life for studying
genomic fluidity in E. coli. Biol Direct 2011, 6(1):39.
7. McInerney JO, Pisani D, Bapteste E, O’Connell MJ: The public goods
hypothesis for the evolution of life on Earth. Biol Direct 2011, 6:41.
8. O’Malley MA: When integration fails: Prokaryote phylogeny and the tree
of life. Stud Hist Philos Biol Biomed Sci 2012: . forthcoming.
9. Popa O, Hazkani-Covo E, Landan G, Martin W, Dagan T: Directed networks
reveal genomic barriers and DNA repair bypasses to lateral gene transfer
among prokaryotes. Genome Res 2011, 21(4):599–609.
10. Puigbo P, Wolf YI, Koonin EV: The tree and net components of prokaryote
evolution. Genome Biol Evol 2010, 2:745–756.
11. Smillie CS, Smith MB, Friedman J, Cordero OX, David LA, Alm EJ: Ecology
drives a global network of gene exchange connecting the human
microbiome. Nature 2011, 480:241–244.
12. Skippington E, Ragan MA: Lateral genetic transfer and the construction of
genetic exchange communities. FEMS Microbiol Rev 2011, 35(5):707–735.
13. Bapteste E, O’Malley MA, Beiko RG, Ereshefsky M, Gogarten JP, Franklin-Hall
L, Lapointe FJ, Dupre J, Dagan T, Boucher Y, et al: Prokaryotic evolution
and the tree of life are two different things. Biol Direct 2009, 4:34.
14. Doolittle WF: Phylogenetic classification and the universal tree. Science
1999, 284(5423):2124–2129.
15. Doolittle WF, Bapteste E: Pattern pluralism and the Tree of Life
hypothesis. Proc Natl Acad Sci U S A 2007, 104(7):2043–2049.
16. Beiko RG, Harlow TJ, Ragan MA: Highways of gene sharing in prokaryotes.
Proc Natl Acad Sci U S A 2005, 102(40):14332–14337.
17. Dagan T, Artzy-Randrup Y, Martin W: Modular networks and cumulative
impact of lateral transfer in prokaryote genome evolution. Proc Natl Acad
Sci U S A 2008, 105(29):10039–10044.
18. Ragan MA, Beiko RG: Lateral genetic transfer: open issues. Philos Trans R
Soc Lond B Biol Sci 2009, 364(1527):2241–2251.
19. Williams D, Fournier GP, Lapierre P, Swithers KS, Green AG, Andam CP,
Gogarten JP: A rooted net of life. Biol Direct 2011, 6:45.
20. Brüssow H: The not so universal tree of life or the place of viruses in the
living world. Philos Trans R Soc Lond B Biol Sci 2009, 364(1527):2263–2274.
21. Moreira D, López-García P: Ten reasons to exclude viruses from the tree
of life. Nat Rev Microbiol 2009, 7(4):306–311.
22. Raoult D: There is no such thing as a tree of life (and of course viruses
are out!). Nat Rev Microbiol 2009, 7:615.
23. Adai AT, Date SV, Wieland S, Marcotte EM: LGL: creating a map of protein
function with an algorithm for visualizing very large biological networks.
J Mol Biol 2004, 340(1):179–190.
24. Fondi M, Fani R: The horizontal flow of the plasmid resistome: clues from
inter-generic similarity networks. Environ Microbiol 2010, 12(12):3228–3242.
25. Halary S, Leigh JW, Cheaib B, Lopez P, Bapteste E: Network analyses
structure genetic diversity in independent genetic worlds. Proc Natl Acad
Sci U S A 2010, 107(1):127–132.
26. Kloesges T, Popa O, Martin W, Dagan T: Networks of gene sharing among 329
proteobacterial genomes reveal differences in lateral gene transfer frequency
at different phylogenetic depths. Mol Biol Evol 2011, 28(2):1057–1074.
27. Lima-Mendez G, Van Helden J, Toussaint A, Leplae R: Reticulate
representation of evolutionary and functional relationships between
phage genomes. Mol Biol Evol 2008, 25(4):762–777.

Page 9 of 9

28. Hooper SD, Mavromatis K, Kyrpides NC: Microbial co-habitation and lateral
gene transfer: what transposases can tell us. Genome Biol 2009, 10(4):R45.
29. Bhattacharya D, Price DC, Bicep C, Bapteste E, Sarwade M, Rajah V, Yoon HS:
Identification of a marine cyanophage in a protist single cell
metagenome assembly. J Phycology 2012. forthcoming.
30. Altschul SF, Madden TL, Schaffer AA, Zhang J, Zhang Z, Miller W, Lipman DJ:
Gapped BLAST and PSI-BLAST: a new generation of protein database
search programs. Nucleic Acids Res 1997, 25(17):3389–3402.
31. Kent WJ: BLAT–the BLAST-like alignment tool. Genome Res 2002,
12(4):656–664.
32. Florek L, Lukaszewicz J, Perkal J, Steinhaus H, Zubrizycki S: Sur la liaison et la
division des points d’un ensemble fini. In Colloquium Math. 1951:282–285.
33. McQuitty LL: Elementary linkage analysis for isolating orthogonal and
oblique types and typal relevancies. Educ Psychol Measmt 1957, 17:207–222.
34. Smoot ME, Ono K, Ruscheinski J, Wang PL, Ideker T: Cytoscape 2.8: new
features for data integration and network visualization. Bioinformatics
2011, 27(3):431–432.
35. Bastian M, Heymann S, Jacomy M: Gephi: An Open Source Software for
Exploring and Manipulating Networks. California: San Jose: International AAAI
Conference on Weblogs and Social Media; 2009.
36. Wittgenstein L: Philosophical Investigations. Oxford: Blackwell; 1953.
37. Norman A, Hansen LH, Sorensen SJ: Conjugative plasmids: vessels of the
communal gene pool. Philos Trans R Soc Lond B Biol Sci 2009, 364(1527):2275–2289.
38. Huang WM, Robertson M, Aron J, Casjens S: Telomere exchange between
linear replicons of Borrelia burgdorferi. J Bacteriol 2004, 186(13):4134–4141.
39. Tamminen M, Virta M, Fani R, Fondi M: Large-scale analysis of plasmid
relationships through gene-sharing networks. Mol Biol Evol 2012, 29(4):1225–1240.
40. Skotarczak B: Adaptation factors of Borrelia for host and vector. Ann Agric
Environ Med 2009, 16:1–8.
41. Hall-Stoodley L, Costerton JW, Stoodley P: Bacterial biofilms: from the
natural environment to infectious diseases. Nat Rev Microbiol 2004,
2(2):95–108.
42. Eggers CH, Kimmel BJ, Bono JL, Elias AF, Rosa P, Samuels DS: Transduction
by phiBB-1, a bacteriophage of Borrelia burgdorferi. J Bacteriol 2001,
183(16):4771–4778.
43. Smillie C, Garcillan-Barcia MP, Francia MV, Rocha EP, de la Cruz F: Mobility
of plasmids. Microbiol Mol Biol Rev 2010, 74(3):434–452.
44. Barbour AG, Dai Q, Restrepo BI, Stoenner HG, Frank SA: Pathogen escape
from host immunity by a genome program for antigenic variation. Proc
Natl Acad Sci U S A 2006, 103(48):18290–18295.
45. Chaconas G, Kobryn K: Structure, function, and evolution of linear
replicons in Borrelia. Annu Rev Microbiol 2010, 64:185–202.
46. Dai Q, Restrepo BI, Porcella SF, Raffel SJ, Schwan TG, Barbour AG: Antigenic
variation by Borrelia hermsii occurs through recombination between
extragenic repetitive elements on linear plasmids. Mol Microbiol 2006,
60(6):1329–1343.
47. Norris SJ: Antigenic variation with a twist–the Borrelia story. Mol Microbiol
2006, 60(6):1319–1322.
48. Qiu WG, Schutzer SE, Bruno JF, Attie O, Xu Y, Dunn JJ, Fraser CM, Casjens
SR, Luft BJ: Genetic exchange and plasmid transfers in Borrelia
burgdorferi sensu stricto revealed by three-way genome comparisons
and multilocus sequence typing. Proc Natl Acad Sci U S A 2004,
101(39):14150–14155.
49. Schutzer SE, Fraser-Liggett CM, Casjens SR, Qiu WG, Dunn JJ, Mongodin EF,
Luft BJ: Whole-genome sequences of thirteen isolates of Borrelia
burgdorferi. J Bacteriol 2010, 193(4):1018–1020.
50. McInerney JO: Replicational and transcriptional selection on codon usage
in Borrelia burgdorferi. Proc Natl Acad Sci U S A 1998, 95(18):10698–10703.
51. Bapteste E, Bicep C, Lopez P: Evolution of genetic diversity using
networks: the human gut microbiome as a case study. Clin Microbiol
Infect 2012, 18(Suppl 4):40–43.
52. Bittner L, Halary S, Payri C, Cruaud C, de Reviers B, Lopez P, Bapteste E:
Some considerations for analyzing biodiversity using integrative
metagenomics and gene networks. Biol Direct 2010, 5:47.
53. Leskovec J, Lang KJ, Dasgupta A, Mahoney MW: Statistical properties of
community structure in large social and information networks. New York:
WWW ’08; 2008:695–704.
doi:10.1186/1471-2148-13-146
Cite this article as: Halary et al.: EGN: a wizard for construction of gene
and genome similarity networks. BMC Evolutionary Biology 2013 13:146.

