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Abstract

Whole genome analysis provides new perspectives to determine phylogenetic relationships
among microorganisms. The availability of whole nucleotide sequences allows different levels
of comparison among genomes by several approaches. In this work, self-attraction rates were
considered for each cluster of orthologous groups of proteins (COGs) class in order to analyse
gene aggregation levels in physical maps. Phylogenetic relationships among microorganisms
were obtained by comparing self-attraction coefficients. 18-dimensional vectors were computed
for a set of 168 completely sequenced microbial genomes (19 archea, 149 bacteria). The
components of the vector represent the aggregation rate of the genes belonging to each of 18
COGs classes. Genes involved in non-essential functions or related to environmental conditions
showed the highest aggregation rates. On the contrary genes involved in basic cellular tasks

showed a more uniform distribution along the genome, except for translation genes. Self-



attraction clustering approach allowed classification of Proteobacteria, Bacilli and other species
belonging to Firmicutes. Rearrangement and Lateral Gene Transfer events may influence
divergences from classical taxonomy. Each set of COG classes aggregation values represents an
intrinsic property of the microbial genome. This novel approach provides a new point of view

for whole genome analysis and bacterial characterization.

Keywords: Evolution; Phylogeny; Whole genome analysis; Gene order.



Introduction

To date a large amount of microbial organisms have been completely sequenced. Advances in
genomic research and bioinformatics allow the acquisition of new points of view to compare
different microorganisms and perform phylogenetic analysis. Traditionally bacterial
phylogenetic trees have been built on the basis of sequence similarity of small ribosomal
subunit, especially 16S rRNA (Woese, 1987; Woese, 1990). Whole genome analysis is now
able to compare microbial organisms not only focusing on individual gene families, but also
considering all the genes and their relative order. Gene order conservation is generally well
preserved at close phylogenetic distance and it could be partially lost during evolution (
Tamames et al.,1997; Huynen et al.,1998).

Lots of conserved clusters of genes can be found within microbial genomes and often
correspond to operons. This is the basic element in microbial gene order analysis and consists of
co-oriented and functionally related genes, that form a transcription unit with a unique
promoter, enabling simultaneous and equimolar expression. Operons appear to be conserved
during evolution because coordinated regulation may provide a selective benefit. It has also
been observed that highly conserved clusters of genes are composed of Open Reading Frames (
ORF) belonging to the same functional class. Moreover, genes responsible for related functions
are frequently located close together on genetic maps (Tamames, 2001).

The notion of functional class was described by Tatusov and colleagues introducing the system
of Clusters of Orthologous Groups of proteins (COGs) (Tatusov et al.,1997; Tatusov et
al.,2000, Tatusov et al., 2001).. Each set of clusters responsible for a common given cellular
task, such as translation, transcription, cell mobility and secretion, energy production and
conversion represents a functional category or a class. The analysis of COGs distribution may
provide taxonomic information and contribute new insights in gene regulation and function. The
presence of clusters of genes, conserved among species and belonging to the same functional
class, suggests new strategies also for phylogenetic tree analysis. In 2001 Tamames showed

how measuring gene order by comparative analysis of conserved “runs” can represent a valid



instrument to evaluate phylogenetic distances in prokaryotes (Tamames, 2001). Several other
strategies were proposed based on different approaches (Wolf et al., 2001a; Kunin ef al., 2005).
In this paper, self-attraction methods have been applied using aggregation coefficients of COG
classes to compare gene order conservation rate among prokaryotes. The general strategy was
previously applied for the identification of keywords in literary texts and is based on the
principle that words with a relevant meaning tend to attract themselves (Ortuno et al., 2002).
The computed self-attraction coefficients provide valuable information on the aggregation rate

of genes belonging to functional classes and can support phylogenetic genome analysis.

Methods

A set of 168 (19 archea, 149 bacteria) completely sequenced organisms (additional data -
Organisms list), with a genome size greater than 1.5 Mb and with a unique chromosome was

retrieved from GeneBank database (http://www.ncbi.nlm.nih.gov). The maps of Clusters of

Orthologous Groups of proteins (COGs) classes were extracted for each of these genomes, to
the aim of studying the distribution of gene categories. The choice of single chromosome
organisms, even if representing a limitation, allowed the comparison of genomes by a unique
source data. The circular structure of bacterial chromosomes simplified the application of the
algorithm. Only for a few exceptions with linear chromosomes, an artificial closure at the 3” and
5’ ends was performed to circularize the sequence, such as in the literarature text analysis
(Borrelia burgdoferi B31, Streptomyces avermitilis MA-4680, Streptomyces coelicolor A3). A
set of Perl scripts were developed in order to parse and analyse the obtained data as reported
below. All genes of each genomes were numbered, assigning a label 1 to the first gene, 2 to the
second and so on untill the last one. For each COG class the distribution of the distances
between every two consecutive occurrences of genes belonging to the same category was
considered. Every class distribution was normalized with respect to its mean. The standard
deviation of the normalized distribution was computed for 18 COGs categories for each

bacterial genome. This value was defined as the coefficient of self-attraction oy(X) where X is



one of the considered COG class and i identifies the i-th organism in our list. Formally, the
algorithm can be defined as follows. All the genes of a given genome were considered; a
number was assigned progressively to each gene with respect to its position along the sequence.
Let n be the total number of genes of the i-th organism. Let {x,}; be the succession of gene
positions, where ; identifies a COG class belonging to the set Q= { C, D, E, F, G, H, , J, K, L,
M,N,0O,P,Q, T, U,V } and /<k<n(j) where n(j) is the total number of genes of class j in the
sequence. The distribution {sy}; of the distances ( that is to say how many genes between x e
xx+1 ) of all the couples of consecutive occurrences of genes of the given class j was computed:
Sk = X1 - Xk for 1<k<n(j) and sy = (n - X, ) T X; . In order to eliminate both the dependence
on frequency for different classes and the dependence on the length of the genome, {si}; was
normalized by dividing each element for the mean of the distribution, that is to say the ratio of
the total number of genes and the number of gene occurrences of the class. The self- attraction
coefficient o(X), with Xe Q, was defined as the standard deviation of the above distribution.
We used the notation o;(X) to refer to a specific microorganism in our set.

A 18-dimension vector o; = (0i(C), ai(D), ..., o;(V)) was obtained for each organism, each
scalar value representing the aggregation rate of the genes belonging to a COG class in that
genome. The mean and standard deviation inter- and intra-organism were considered. The mean
value and the corresponding standard deviation were computed for each function class in order
to evaluate the rate of aggregation of each cluster of genes in the considered pool of genomes
(inter-organism). On the other hand, the mean value and the corresponding standard deviation
were computed in order to evaluate the aggregation rate of the genes for each genome (intra-
organism). The 18-dimension space was considered with respect to Euclidean metric; the 168
points in this space, corresponding to the 168 bacterial organisms, were clustered with a Perl
implementation of a k-means algorithm (Jagota, 2000). Several tests were performed with
different number of clusters (k=5,6,7,..,40) randomly picking initial means. For each fixed

number of clusters 10000 simulations were performed selecting those having the best fit, that is



to say the smallest measure referring to the sum of distances of each point from the mean of its

cluster. The measure ¢ of a simulation is defined as follows:

9=(1/p) > d XHC XL

where fic) denotes the mean of the cluster to which datum x is assigned in the simulation, D is
the set of all considered organisms and d is the Euclidean distance in the 18-dimension space.
The best fit clustering simulations were analysed to retrieve similarity and identify the sets of
organisms falling in the same cluster. A phylogenetic tree was built considering the distances of
each couple of clusters as the distance between their means. Fitch-Margoliash and least-squares
distance methods from Phylip 3.65 package (Felsenstein, 1993; Felsenstein, 1989) were used to
obtain the tree data and Phylodendron to generate the tree drawing

(http://iubio.bio.indiana.edu/treeapp/ ).

Results

COGs maps belonging to a set of 168 microorganisms (19 archea, 149 bacteria) were extracted

from GenBank database (http://www.ncbi.nlm.nih.gov). The distribution profiles of the

COGs classes in the genomes were examined in order to assess the presence of cluster of genes
belonging to the same functional class. To this aim the aggregation rate of every class in the
microbial genomes was investigated by considering the self-attraction coefficients as parameters
of how genes of a class “attract” themselves. A system built on algorithms used for keywords
detection in literary text was implemented (Ortuno et al., 2002). The general principle is based
on the analysis of frequency fluctuations of word occurrences. It was adapted to provide self-

attraction rate for COGs classes in bacterial genomes. The standard deviation of the distances



between successive occurrences of genes belonging to the same functional class, resulted an
effective parameter to quantify self-attraction rates, as it works for keywords identification
within a text. The greater the coefficient of the standard deviation the stronger the class self-
attraction rate will be.

A definitive phylogenetic tree was obtained based on this criteria (Figure 1).

Self-attraction rate for organisms and classes.

Eighteen self-attraction COGs class coefficients were computed for each bacterial genome
(additional data - Complete table of self-attraction values). The mean and the standard deviation
between all the 168 organisms for each COGs class were analysed (table 1). The mean values
ranged between 1.01 and 1.55. The computation provided the greatest mean values for the
following gene clusters: translation (mean = 1.55), cell motility (mean = 1.52), energy
production and conversion (mean = 1.43). The lowest values were found for posttranslational
modification, protein turnover and chaperones (mean = 1.20), cell cycle control, mitosis (mean
= 1.13) and transcription (mean = 1.01). The analysis of standard deviation showed a dispersion
around the mean that ranged from 0.08 for transcription and 0.47 for cell mobility, supporting a
specific aggregation rate for each functional category. The observed values showed that genes
involved in a certain task are distributed more or less homogenously, along the genome,
depending on the class they belong to. The genes of the translation class appear to be the most
grouped in all organisms with a standard deviation of 0.27. Genes involved in cell mobility have
a high rate of aggregation in the motile organisms, while the fewer genes present in not-motile
ones show a uniform distribution. This is also revealed by the standard deviation for cell
mobility (0.47), the highest between all the function classes. For example, Zymomonas mobilis
subs. Mobilis ZM4 has a very high value (3.04); while Methanothermobacter
thermautotrophicus str. Delta H and Picrophilus torridus DSM 9790 have the lowest values

(0.66 and 0.40, respectively). The genes of the transcription class appear to be homogenously



distributed with respect to the others (1.01) and constantly in all the organisms because of a very
low standard deviation (0.08).

The mean value and the standard deviation among all classes were also computed for each
organism (additional data - Organisms means values). The mean values of all organisms ranged
from a minimum around 1 in Ehrlichia ruminantium str. Welgevonden (mean = 1.00) and
Gloeobacter violaceus PCC 7421 (mean = 1.03), up to more than 1.40 in Yersinia
pseudotuberculosis 1P 32953 (mean = 1.40), Escherichia coli CFT073 (mean = 1.42) and
Geobacillus kaustophilus HTA426 (mean = 1.45). In general those microorganisms, close in
classical taxonomy, showed similar aggregation values. This can be due to conservation in gene
order or operon regions, supporting the feasibility of the approach in inferring phylogenetic
classification.

Description of the clusters.

In order to group microbes with respect to self-attraction parameters, an iterative k-means
algorithm was implemented considering the distance between each couple of genomes as
Euclidean distances between their components. Every organism was attributed to a group
considering the distances with respect to the means of the clusters. A number of ten thousand
simulations seemed to be appropriate in providing a suitable performance for each number of
clusters (figure 2). When considering different number of clusters (from 5 up to 40), a best
performance at 26 (s = 0.5051) was identified with a reasonable range between 22 and 30
clusters (figure 3 and additional data). Simulations with a lower or higher number of clusters
did not change the general distribution of the microbial genomes, but reduced the accuracy due
to excess in aggregation or overspreading, respectively. Comparison of different simulations
revealed that cluster distributions do not change for most homogeneous groups such as strains
of Streptococcus pyogenes, Staphylococcus spp., Bacillus spp., but also members of the
Euryarchaeota, or Gammaproteobacteria including Salmonella spp., E. coli and Shigella spp.

In order to estimate the evolutionary relationship between clusters, a phylogenetic tree was built

considering the distance between clusters as the distance between their means (figure 1).



The microbial genomes belonging to each cluster are shown in table 2. Cluster 1 was very
conserved in the simulations and comprises ten organisms all belonging to Firmicutes phylum:
Staphylococci (Staphylococcus aureus, Staphylococcus haemoliticus, Staphylococcus
epidermidis) and Clostridium perfringens. Cluster 2 comprises two different Crenarchaeota,
belonging to the genus Sulfolobus, with a considerable distance from the mean (D=0.60).
Cluster 3 comprises four Firmicutes Streptococci and two Bacteroides fragilis at higher distance
(D>0.60). Cluster 4 contains the V583 strain of Enterococcus faecalis, a Firmicutes. Cluster 5
comprises Actinobacteria (n=7, including four Corynebacteria), Firmicutes (n=3, Lactobacilli),
Bacteroides (n=1), Deinococcus-Thermus (n=1) and Fusobacterium (n=1). Cluster 6 comprises
Actinobacteria (n=4, including Mycobacterium tuberculosis CDC1551) and Firmicutes (n=2,
Streptococcus thermophilus). Cluster 7 comprises Archeobacteria (n=3, including two
Crenarchaeota and one Euryarchaeota), Alphaproteobacteria (n=1, Thermotoga maritima strain
MSBS); the closest element to the mean is Haemophilus influenzae 86-028NP belonging to
Gammaproteobacteria; it is remarkable that strain Rd KW20 of Haemophilus influenzae is
located in cluster 22, supporting the hypothesis of a different genomic structure with respect to
strain 86-028NP (Harrison et al. 2005). Cluster 8 comprises two Bacteroidetes, one
Epsilonproteobacteria and one Euryarchaeota. Cluster 9 comprises seven strains of
Streptococcus pyogenes and Sulfolobus tokodaii that belongs to Crenarchaeota but is distant
from Sulfolobus acidocaldarius and solfataricus located in cluster 2. Interestingly,
Streptococcus pyogenes SSlis far from the other Streptococci (D=0.67 vs 0.20<D<0.47) and in
several simulations it fell into different clusters. Cluster 10 is the most heterogeneous
comprising Planctomycetes (n=1), Cyanobacteria (n=3), Chlamydiae (n=1),
'Epsilonproteobacteria (n=3), Deinococcus-Thermus (n=1) and Betaproteobacteria (n=1).
Cluster 10 interrupts the predominance of Firmicutes and begins that of Proteobacteria, with the
exception of cluster 18 and 19 containing Bacilli and Listeria. Cluster 11, 12 and 13 comprise
Alpha, Beta, Gamma, Delta and Epsilon Proteobacteria. Cluster 12 is a singleton: Idiomarina

loihiensis L2TR ,a Gammaproteobacteria. Cluster 14 is heterogeneous with the prevalence of
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Proteobacteria and Euryarchaeota, it also includes one Actinobacteria and one Spirochaetes
(Borrelia bugdoferi). Cluster 15 is composed by three Legionellae very close to each other
(0.19<D<0.25). Cluster 16 and 17 comprise Gammaproteobacteria (n=14, including
enterobacteriaceae Salmonella spp., Shigella spp., Escherichia coli strain K12 and CFT073,
Yersinia spp.), Betaproteobacteria (n=3, Bordetella spp.), Alphaproteobacteria (n=1,
Zymomonas mobilis). Cluster 16 is one of the most conserved with all the organisms close to the
mean (0.29<D<0.54). Cluster 18 and 19 harbor the majority of Bacillus spp. and Listeria spp.,
belonging to the Firmicutes phylum, and several Proteobacteria including Escherichia coli
O157. Cluster 20 comprises five Pseudomonas, other Alpha, Beta and Gamma Proteobacteria
and Firmicutes Bacillus licheniformis that often clustered with Proteobacteria and not with other
Bacillaceae. Cluster 21 is composed by one Euryarchaeota and one Spirochaetes. Cluster 22
comprises Alpha (n=2), Beta (n=2, Neisseria meningitidis), Gamma (n=2, Haemophilus
influenzae Rd KW20) and Delta (n=1) Proteobacteria. Cluster 23 is composed by seven
Euryarchacota. Cluster 24 comprises Acquificae, Gamma and Epsilon Proteobacteria. Cluster
25 comprises one Gammaproteobacteria (Haemophilus ducreyi) and one Euryarchaeota. Cluster
26 is a singleton: Ehrlichia ruminantium str. Welgevonden Alphaproteobacteria, the organism
having the smallest mean aggregation value (mean=1.00).

A general representation of the distribution of the different clusters is reported in figure 1,
showing also the distribution of Gram-positive, Gram-negative, bacilli and extremophiles
species. It evidences the distance among different clusters and the closure of taxonomically

related microbial genomes, with some exceptions.

Discussion

Insight in bacterial genome organization today is one of the major challenges in computational
sequence analysis. Recombination events and Lateral Gene Transfer (LGT) may deeply
influence the evolution of bacterial genomes, so that relationships between species could be

depicted as a network rather than a tree. Comparison of whole genome sequences shows a loss
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of gene order conservation beyond the level of operons, even among relatively close species
(Tamames et al., 1997; Huynen et al., 1998). Analysis of conserved clusters of genes, often
involved in operons, may represent a strategy to investigate evolution and predict possible
functional associations (Wolf et al., 2001b). Maps of Clusters of Orthologous Groups of
proteins (COGs) provide a tool for estimating genomic regions considering a functional point of
view (Ling et al., 2002).

When computing the self-attraction COGs class values in all 168 microbial genomes, lowest
aggregation rates were observed for those genes responsible for essential functions such as
transcription, cell cycle control, mitosis, post-translational modifications, and highest values for
non-essential functions related to specific environmental conditions, such as motility, transport
and catabolism (Table 1). Even if belonging to essential functional class, translation represents
an exception, since it is highly clustering in all microorganisms, with the highest aggregation
value (Mean=1.55). In according to the selfish model for operon formation described by
Lawrence and Roth, weakly-selected genes responsible for not-essential functions are
clustered; on the contrary, genes for essential processes are not clustered, with several
exceptions including the ribosomal genes involved in translation (Lawrence and Roth 1996).
However, recent reports using genome wide analysis found essential genes in operons,
suggesting a more complex scenario (Pal, 2004).

Based on the self-attraction rates computed for each bacterial genome, a k-means algorithm was
implemented to obtain clusters of phylogenetically related species. Analysis of the aggregation
rate allowed us to cluster different microbial genomes including Proteobacteria, Bacilli, and
other species belonging to Firmicutes (Figure 1).

Self-attraction rate, LGT and genomic rearrangement.

Interestingly, LGT or major rearrangements were found in strains that diverge in clusterization,
but are close in traditional taxonomic classification. For example, three Euryarchaeota
belonging to hyperthermophilic Pyrococcus genus are located in different clusters: Pyrococcus

horikoshii in cluster 14, Pyrococcus abyssi in cluster 21 and Pyrococcus furiosus in cluster 23.
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There are evidences of insertion of mobile genetic elements in P. horikoshii and P. abyssi; GC
content and codon usage analysis of diversity of several homologous genes support a possible
recent acquisition by horizontal transfer (Chinen et al., 2000; Zivanovic et al., 2002). Also other
three Crenarchaeota belonging to the genus Sulfolobus do not group together: Sulfolobus
tokodaii str. 7 in cluster 9, Sulfolobus acidocaldarius DSM 639 and Sulfolobus solfataricus P2
in cluster 2, even if cluster 2 contains only two elements in opposite location at high distance
from the mean (D=0.60). Indeed, Sulfolobus genomes contain large numbers of putatively
mobile elements, both IS elements (Insertion Sequence elements) and MITEs (Miniature
Inverted-repeat Transposable Elements), suggesting major structural rearrangements occurred
since the three organisms diverged (Brugger et al., 2004).

Microbial genomes belonging to the species of Haemophilus influenzae have been included in
our set: RD KW20 and 86-028NP, a non pathogenic and a nontypeable pathogenic strain
respectively. The former belongs to cluster 22, close to other Proteobacteria, the latter is in
cluster 7, far from other proteobacteria and closer to Firmicutes and Actinobacteria. Despite
large regions of similarity, strain 86-028NP’s contains major rearrangements in the genome
architecture and expresses 208 genes absent in strain RD (Harrison et al., 2005).

Streptococcus pyogenes strain SSI-1 belongs to cluster 9 together with other members of the
same species. However, the SSI-1 strain shows a higher distance from the mean and in several
simulations fall in separated clusters. The SSI-1 genome is highly conserved with respect to
other strains, but a large genomic rearrangement has been described to occur in specific regions
involving genes encoding superantigens and mitogenic factors (Nakagawa et al., 2003).

Four strain belonging to the species Escherichia coli have been included in our set. The non
pathogenic ones, K12 and CFT073 fall in cluster 16, the pathogenic strains, O157:H7 and
O157:H7 EDL933, fall in cluster 19. Comparative analysis between E. coli K12 and E. coli
O157:H7 revealed a surprising level of diversity

between the two genomes. Most differences in overall gene content are attributable to horizontal
transfer, that may indicate candidate genes involved in pathogenesis (Perna et al, 2001).

Indeed, 1,387 new genes encoded in strain-specific regions were found in O157:H7, including
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alternative metabolic capacities. This is in agreement with the observed self-attraction values,
mainly divergent within the COG classes E, H, I, P involved in metabolic cellular activities.
Microorganisms belonging to the phylum Actinobacteria are located in cluster 5 (n=7) and 6
(n=4), with the exception of Leifsonia xyli subsp. xyli str. CTCBO7 in cluster 14 and
Symbiobacterium thermophilum 1AM 14863 in cluster 18. Despite Symbiobacterium
thermophilum is attributed in the classical taxonomy to the phylum of Actinobacteria, the
analysis of its proteome demonstrated a greater similarity with Firmicutes, including Bacilli and
Clostridia (Ueda et al., 2004). Most of S. thermophilum proteins (47%) showed top match
similarity with proteins from Firmicutes, in particular with Thermoanaerobacter tengcongensis.
In addition, S. thermophilum genome contains several transposons and insertion sequences, and
a variety of respiratory systems including Nap nitrate reductase, which were found only in
Gram-negative bacteria. (Ueda er al., 2004). The ability of S.thermophilum leading to
tryptophanase and tyrosinase production, typical of enterobacteria, further suggests that this
bacterium may be considered a Gram negative (Hirahara et al., 1992; Hirahara et al., 1993).
However, S.thermophilum lacks the major Gram-negative membrane biosynthesis proteins, in
agreement with 16S rDNA phylogeny data, that assign S.thermophilum to the Gram-positive
bacterial group. Otherwise, S.thermophilum produces endospores, a property found only in two
classes of firmicutes: Bacilli and Clostridia, where Gram-variability has been described
(Beveridge, 1990; Ueda et al., 2004). All these similarities between S.thermophilum, Bacilli,
Clostridia and the close genomic relationships with Thermoanaerobacter tengcongensis are
consistent with the observed self-attraction clusterization reported in table 2, supporting the
effectiveness of self-attraction analysis in discriminating microbial organisms with respect to
their genome architecture and functional features.

Divergence from classical taxonomy.

However, some microorganisms, closely related in classical taxonomy and belonging to the
same species or genus, appear to be distant in the phylogenetic tree without any apparent clear

reason. This can infer the presence of divergent patterns of gene clusters. For example
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Clostridium perfringens st. 13 is located in cluster 1 with several species of Staphylococci while
other species of Clostridium, C. tetani E88 and C. acetobutylicum ATCC 824 belongs to cluster
18 with several Bacilli and gammaproteobacteria. Even if Coxiella burnetii genome was
reported to be very closely related to Legionella pneumophila, it is included in cluster 11, while
all the three fully sequenced strains of L. pneumophila are located in cluster 15 (Chien et al.
2004). Other microbial genomes locates distantly from all the others, such as Picrophilus
torridus DSM 9790 or Bartonella henselae str. Houston-1 in cluster 7, Bradyrhizobium
Jjaponicum USDA 110 in cluster 14, showing a very high distance from the mean (0.95, 0.98,
1.13, respectively), Enterococcus faecalis V583, Idiomarina loihiensis L2TR and Ehrlichia
ruminantium str. Welgevonden, even segregated in single-element clusters (n. 4, 12, 26,
respectively) (Figure 1).

This could be a starting point to investigate this exception in order to better understand their

evolution and their rearrangement in their gene order.

These and other observations, suggest that each set of COGs aggregation values represents an
intrinsic property of the bacterium. Microbial self-attraction rates seem to represent a relevant
feature suitable in enlightening evolutionary properties and can support genome comparison of

microbial species.
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Tables

Table 1: COGs classes mean self-attraction value and standard deviation.

COGs Function class description Mean value Stal.ldz.lrd
class deviation
J Translation 1.55 0.27
N Cell motility 1.52 0.47
C Energy production and conversion 1.43 0.17
H Coenzyme transport and metabolism 1.36 0.19
P Inorganic ion transport and metabolism 1.34 0.14
G Carbohydrate transport and metabolism 1.34 0.21
E Amino acid transport and metabolism 1.33 0.12
U Intracellular trafficking and secretion 1.32 0.24
M Cell wall/membrane biogenesis 1.28 0.12
F Nucleotide transport and metabolism 1.28 0.22
1 Lipid transport and metabolism 1.27 0.18
\Y Defense mechanisms 1.27 0.23
L Replication, recombination and repair 1.24 0.16
T Signal transduction mechanisms 1.22 0.16
Q Secondary metabolites biosynthesis, transport and catabolism 1.21 0.19
0} Posttranslational modification, protein turnover, chaperones 1.20 0.11
D Cell cycle control, mitosis 1.13 0.20
K Transcription 1.01 0.08
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Table 2: 26 cluster composition with associated the Phylum/Class and the distance from the

mean for each organism.

Phylum/Class Organism D C Phylum/Class Organism D
1 Firmicutes aureus subsp. aureus COL 0,16 14 japonicum USDA 110 1,13
1 Firmicutes Staphylococcus aureus subsp. aureus MSSA476 025 15 Gammaproteobacteria Legionella pneumophila str. Lens 0,19

rmicutes ‘aureus subsp. aureus MW2 27 egionella Subsp.- str_ Philadelphia |
rmicutes ‘aureus subsp. aureus MRSA252 . egionella str_Paris ¥

Firmicutes ‘aureus subsp. aureus Mus0 . G almonella enterica subsp. enterica serovar Typhi str. CTIS ¥

Firmicutes ‘aureus subsp. aureus N315 . G almonella enterica subsp. enterica serovar Typhi Ty2 ¥

Firmicutes ICSC1435 . [§ scherichia coli K12 X

Firmicutes cpidermidis RP62A ¥ G higella flexneri 2a str. 24571 ¥

Firmicutes epidermidis ATCC 12228 X G almonella 12 ¥

Firmicutes Tostridium perfringens str. 13 X G higella flexneri 2a str. 301 .5

ulfolobus DSM 639 . G scherichia coli CFT073 .5
ulfolobus solfataricus P2 X [§ almonella enterica subsp. enterica serovar Choleracsuis str. SC-B67 E

Firmicutes TIGRY 2 [§ ersinia pestis CO92 X

Firmicutes agalactiac NEM3 16 X 7 G ersinia pestis biovar Medievalis str. 91001 X

Firmicutes R6 X 7 G almonella enterica subsp. enterica serovar Paratyphi A str. ATCC 9150 X

Firmicutes agalactiac 2603V-R X 7 G ersinia 53 X

“hiorobi acteroides fragilis NCTC 9343 64 7 ordetella 12822 X

“hlorobi acteroides fragilis YCHA6 71 7 ordetella RB50 X

Firmicutes Taccalis V583 .00 7 G oryzae pv. oryzae KACCI0331 X

coclicolor A3(2) 39 7 G subsp. laumondii TTOT X

diphtheriae NCTC 13129 44 7 ordetella pertussis Tohama | N

C lutamicum ATCC 13032 49 7 ‘mobilis subsp. Mobilis ZM4 X

D Thermus Thermus 52 Firmicutes acillus anthracis str. Sterne X

jeikeium K411 .57 Firmicutes acillus anthracis str_ Ames .

Firmicutes Lactobacillus johnsonii NCC 533 X G putida KT2440

“hlorobi Bacteroides VPI-5482 X Firmicutes acillus anthracis str. ‘Ames Ancestor’ 37

C efficiens Y5314 X rmicutes acillus cereus ATCC 10987, X

Fusobacteria F nucleatum subsp. nucleatum ATCC 25586 X micutes acillus thuringiensis serovar konkukian str. 97-27 .

T fida fusca YX .64 rmicutes Clostridium tetani ESS X

Firmicutes Lactobacillus acidophilus NCFM rmicutes Bacillus cereus E33L ¥

Firmicutes Lactobacillus plantarum WCFSI X Geobacter PCA X

Bifi longum NCC2705 X axonopodis pv. citri str. 306 X
iberculosis CDC1551 E europaca ATCC 19718 ).
avermitilis MA-4680 X C violaceum ATCC 12472 )

Firmicutes LMG 18311 X Firmicutes is MB4 ),

Firmicutes (henn_(\phllus CNRZ1066 X G: Xylella fastidiosa 9aSc ),

ocardia farcinica IFM 10152 X De Desulfotalea LSvs54 ,58
P1 il acnes KPA171202 X G: i inici MBELSSE .77
i influenzac 86-028NP X Firmicutes Clostridium acetobutylicum ATCC 824 ), 7¢
7 C Pyrobaculum aerophilum str. IM2 . / S ilum IAM 14863 X
C "Acropyrum pernix K1 Firmicutes acillus subtilis subsp. subtilis str. 168 ¥
hermotoga Thermotoga maritima MSBS Firmicutes acillus cereus ATCC 14579
Euryarchacota Picrophilus torridus DSM 9790 iheyensis HTER3 T
[ 7 | Alphaproteobacteria Bartonella henselae str. Houston-1 9 Escherichia coli O157:H7 .5
hlorobi ‘Chlorobium tepidum TL: G Escherichia coli O157:H7 EDLO33 X
Chlorobi P ingivalis W83 acillus halodurans C-125
Wolinella SM 1740 Listeria str_4b F2365
thermautotrophicus str. Delta H Listeria monocytogenes EGD—
micutes pyogenes MGAS3005 acillus clausii KSMK16
rmicutes pyogenes MGAS8232 Listeria innocua Clip 11262
micutes pyogenes MGAS315 ¥ rmicutes eobacillus HTA426
rmicutes pyogenes M1 GAS syringac pv. T448A
rmicutes pyogenes MGAS10394 G fluorescens PF- 7
micutes pyogenes MGASG180 Y Firmicutes acillus licheni ATCC 14580
micutes pyogenes SSI-1 X syringae pv. tomato str. DC3000
ulfolobus tokodaii str. 7 syringa pv. syringac B728a 2
baltica SH | 3 acruginosa PAOT
C ‘marinus str. MIT 9313 rwinia carotovora subsp. atroseptica SCRIT043 o
Deinococcus-Thermus hermus HB2T i Dechloromonas aromatica. 3
pylori 199 7
C Jejuni RM1221 11000 4
Chlamydiae- ‘Candidatus Protochlamydia UWE25 meliloti 102 4
pylori 26695 uryarchacota Pyrococcus abyssi GES 9
Neisseria gonorrhocae FA 1090 9 Treponema denticola ATCC 35405 .39
C sp. WH 8102 leisseria MC58
C Glocobacter violaceus PCC 7421 cisseria 72491 4
Bdellovibrio bacteriovorus HDT00 influenzac Rd KW20
Coxiella burnetii RSA 493 X D Desulfovibrio vulgaris subsp. vulgaris str. Hil
arcticus 2734 A G capsulatus str. Bath
hepaticus ATCC 51449 X Caulobacter crescentus CBI3 .59
Idiomarina loihiensis L2TR Bartonella quintana str. Toulouse Z
Sp_ ADPI barkeri str. fusaro
olwellia psychrerythraca 34H acetivorans C2A
zoareus sp. EDNI kodakarensis KOD1
“Alphaproteobacteria palustris CGA0DY H Pyrococeus furiosus DSM 3638
hewanella oneidensis MR-1 ‘mazei Gol
Campestris pv. campestris str. ATCC 33913 z stadtmanae DSM 3091
cifsonia xyli subsp. xyli str. CTCBOT ¥ Y volcanium GSS1 X
Campestris pv. campestris str. 8004 C jejuni subsp.jejuni NCTC 11168 44
Euryarchacota ‘maripaludis 52 X Pasteurella multocida subsp. multocida str. Pm70 X
Euryarchacota yrococeus horikoshii OT3 ‘Aquificae ‘Aquifex acolicus VFS X
orrelia burgdorferi B3I G ducreyi 35000HP .
‘Alphaproteobacteria oxydans 621H 5 Euryarchacota kandleri AV19
Euryarchacota fulgidus DSM 4304 6 Ehrlichia st vonden
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Figure Legend

Figure 1: Phylogenetic tree of the 26 clusters reported in table 2. Each cluster is
identified with its mean and the distances are computed wit respect to Euclidean metric.
Clusters are renamed clockwise. The diagram shows the distribution of Gram positive,
Gram negative, extremophiles (thermophiles and psycrophiles). In Gram positive group,
species belonging to Bacilli, are divided from the other. For each cluster the mean
distance of the organisms from the corresponding seed is shown.

Figure 2: Number of simulations with respect to the best score. For each considered
number of clusters (k=15,26,30) the best score (Y-axis) is picked out of a set with a
given number of simulations (X-axis). The plots indicate how the trends of the best
score decrease until reaching a plateau around 10.000 simulations.

Figure 3: Number of clusters against best score. For each number of clusters (k=5-40 X-

axis) the best score (Y-axis) is plotted out of ten thousand simulations.
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