Available online at www.sciencedirect.com

; )% S ScIENCE@DIRECT° g
" e 4EN e Sysheins
ELSEVIE BioSystems 81 (2005) 208—222 _——
www.elsevier.com/locate/biosystems
Large-scale genome clustering across life based on
a linguistic approach
Valery Kirzhne*, Alexander Bolsho§, Zeev VolkovictP,
Abraham KoroP, Eviatar Nevd
a |nstitute of Evolution, University of Haifa, Mount Carmel, Haifa 31905, Israel
b ORT Braude College, Software Engineering Department, Carmiel 20101, Israel
Received 10 April 2005; accepted 13 April 2005
Abstract

With the availability of genome sequences, the possibility of new phylogenetic reconstructions arises in order to reveal genomic
relationships among organisms. According to the compositional-spectra (CS) approach proposed in our previous studies, any
genomic sequence can be characterized by a distribution of frequencies of imperfect matching of words (oligonucleotides). In
the current application of CS-analysis, we attempted to analyze the cluster structure of genomes across life. It appeared tha
compositional spectra show a clear three-group clustering of the compared prokaryotic and eukaryotic genomes. Unexpectedly
this grouping seriously differs from the classical Universal Tree of Life structure represented by common kingdoms known as
Eubacteria, Archaebacteria, and Eukarya. The revealed CS-clustering displays high stability, putatively reflecting its objective
nature, and still enigmatic biological significance that may result from convergent evolution driven by ecological selection.
We believe that our approach provides a new and wider (compared to traditional methods) perspective of extracting genomic
information of high evolutionary relevance.
© 2005 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction problem, the total genome organization, has also at-
tracted attention and become important in recent years
Evolutionary, structural, and functional perspectives when long stretches of DNA and entire genomes were
comprise the major foci of current activity in molecu- sequenced for many species, largely prokaryotic, but
lar sequence analysis. The central problem of sequencealso eukaryotic organisms. Structural heterogeneity of
analysis is gene organization. Another fundamental DNA sequences at the supragenic level using the ever-
increasing amount of sequences in databases can be an-
"+ Corresponding author. Tel.: +972 4 8288040; alyzed opening new perspec_tlves for relat_mg structure
fax: +972 4 8246554, to function. This is an especially challenging problem
E-mail addressvalery@esti.haifa.ac.il (V. Kirzhner). in light of the fact that gene-coding material comprises
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a relatively small portion of the genome in eukaryotes. characterize genomic sequencdsirZhner et al.,
Clearly, the most straightforward approach to extract 2002, 2003 This attitude like the former linguistic
historical (evolutionary) information from sequence or- measures is based on the counting occurrences of fixed
ganization is to compare the coding part of the genome. words from a predefined sufficiently large set of words
This was the strategy of choice for the vast majority of a fixed predefined length. A measure based on
of molecular taxonomists. Woese attempted to system- this approach is called compositional spectrum (CS)
atize 16S rRNA data and to build the current “Univer- and actually means a histogram of imperfect word
sal Tree of Life” on that dataWfoese, 1987; Woese et  occurrences.
al., 1990 see alsd®oolittle, 1999. Many other efforts, According to the CS-approach, any genomic se-
mainly based on various protein sequences, failed to quence can be characterized by a distribution of fre-
generate a consistent phylogeny. More recently, joint quencies of imperfect matching of words from a8ét
analysis of multiple protein groups was employed (e.g., that is called compositional spectrukifzhner et al.,
Feng et al., 1997; Tekaia et al., 199Fhe availabil- 2002, 2003. In the current application of the com-
ity of genome sequences opened a new possibility of positional spectra, we have attempted to analyze the
phylogenetic reconstructions of the relationships be- widely accepted taxonomic scheme that clusters all
tween organisms in the most objective w&nél et al., genomes across life into three kingdoms: Eukarya, Eu-
1999. Another way to integrate the genomic informa- bacteria and Archaea. It appeared that the large-scale
tion is whole proteome analysi3dkaia et al., 1999;  clustering of genomes based on compositional spectra
Wolf et al., 2002; Lin and Gerstein, 200@lbeit the disagrees with the foregoing three-component system.
resulting dendrograms cannot be considered as phylo-The revealed CS-clustering displays high stability, pu-
genetic trees. tatively reflecting its objective nature, which may be
Phylogenetic reconstruction from sequence infor- affected by ecological stresses. In contrast, the “three-
mation using only similarity assessments of aligned kingdom scheme” does not pass the test of cluster sta-
homologous genes or regions was critically discussed bility when the CS-distance is employed for genome
by Karlin and Cardon (1994)Karlin et al. (1997) comparisons.
Brocchieri (2001)andGribaldo and Philippe (2002)
There are different methods based on counting
oligomers in nucleotide and amino acid sequences. 2. Methods and sequences
Such methods are analogous to the formal linguistic
analysis of human texts. Naturally, one of the main 2.1. Compositional spectrum of a DNA sequence
applications of the methods based on counting words
is the comparison of long genetic sequences, in  In our previous work Kirzhner et al., 2002, 2003
particular, complete genomes. Such comparisons dowe introduced the notion afompositional spectrum
not require any preliminary or posteriori alignments Below is the essence of the CS-method.
to reveal homologous fragments in both sequences. Consider some wora of lengthL in the alpha-
Therefore, the alternative name for the linguistic meth- bet {A, T, C, G} and sequenc&in the same alpha-
ods of genomic comparisons might be “alignment-free bet. Let sequenc8 contain a wordx, which differs
sequence comparisons”. A linguistic tool for sequence from wordw not more than i positions. Let us sup-
analysis assumes some form of statistical summa- pose that word is an imperfect occurrence af in
rization to facilitate numerical computations. An Sand this approximate matching can be denoted as
obvious motivation is in the simplicity of the DNA  “r-mismatching”.
word frequency-based approach as compared to other Let us consider now some Sét of n wordsw; of
computer intensive and operationally complex tech- lengthL. Let each wordw; hasm imperfect occur-
niques (e.g., sequence alignment and homology). Onerences in a sequenc® Now let M=Xm. The fre-
form of statistical summarization is based on various quency distributiofr(W, S) of fi = m/M will be referred
frequencies of DNA-words, which are-tuples over to as a “compositional spectrum” of the sequeBocel-
the DNA alphabefA, C, G, T} (herek> 1is a positive ative to the setV. According to Kirzhner et al., 2002,
integer). We proposed a novel natural approach to 2003, letL=10,n=200,r =2 and, also, let sequences
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S represent sufficiently long fragments of a genome included large stretches sampled from the data on 27
(=~103-105 bp). To produce a word ¥étwe employed full genomes, and summed-up contigs of 13 partly se-
arandom generator assuming equal probabilities of ap- quenced genomes served to produce for each species
pearance of each of the four nucleotides at any currenttwo different target sequences, each of 200-500 kb
position of any word. (referred to as A and B). In a few cases, the avail-
able material was only sufficient to build one such
2.2. Distance between DNA sequences based on target (A), so to maintain the same structure of the
compositional spectra algorithms the B sequence was taken equal to A
(seeAppendix A).

According toKirzhner et al. (2002, 2003)e de-
fine d between two sequenc&u S as the distance
between their specti&@W, S andF(W, S). Let us, in
turn, define this distance between spectrdad — p

(0=d<2), wherep is the Spearman rank correlation We tested the “three-kingdom” classification and

(Kendall, 197). Note that the proposed measure will - gqme other species’ subdivision that we found by using

be proportional to the number of pair-wise transposi- 4 CS-distancef{g. 1). According to this last struc-
tions of words that transform one order into another in ture, cluster | contains all the considered sequences

such away thatwords of the same rank occupy identical ¢.om human genome, mouskrabidopsis thalianani-

positions in the two spectra. tochondrial genome, and sequences from several Eu-
karya and thermophilic Archaea, whereas cluster Il
contains some number of Eukaryotes and Prokaryotes,
and cluster Ill contains prokaryotes (both Eubacteria
) and Archaea) and a free-living Eukarydteishma-
ative methods have been employ@dPGMA(Sneath 5 Therefore, in the obtained clustering, Eukarya se-

and Sokal, 197Bis the most common, weighted pair-  q,ences appeared in two out of three clusters, whereas
group method average. The average distance is calcu-prchaea are spread in all three clusters. Our aim is to
lated from the distance between each pointin a Cluster 4o monsrate that this major tripartite subdivision in-
and all other points in another cluster. The two clusters joeq displays the main features of clustering, if the
with the lowest average distance are joined together cg_gistance is employed, and vice versa: the traditional

to form a new clusterComplete-linkage clustering “three-kingdom” scheme does not fit the clustering cri-
(see, among other§neath and Sokal, 19y & also teria if the CS-distance employed.

known as the maximum or furthest-neighbor method.
The distance between two clusters is calculated as the3.1, General procedure
greatest distance between members of the relevant

3. Results: compositional-spectra distances and
major separation (classification) of organisms

2.3. Cluster analysis

In order to build the clusters two similar agglomer-

clusters. In order to conduct large-scale comparisons of
In order to verify the clustering results, we em- different species, we first generate 100 s&fqi=1,
ployed an additional method of clustering based on a ..., 100) of words using the method described in

different methodology, compared to the hierarchical Section2.1 For each seW; the spectra of all the
one used in our major analysis. Namely, the parti- DNA sequences under consideration have been calcu-
tioning method partition around matoid (PAM), or lated, resulting in a matri; of pair-wise distances
the k-medoids Kaufman and Rousseeuw, 1990as between these sequences. Furthermore, by applying
chosen. PAM procedure is known to find the best the described methods of clustering for each matrix

partition for a priory defined number of clusters. Di;, we have obtained the hierarchic structures of
embedded clusters. Such structures appear automat-
2.4. Sequences ically when the agglomerative technique is applied:

“start with the points as individual clusters and, at
Genomic sequences of 49 genomes of Eukaryota, each step, merge the most similar or closest pair of
Eubacteria, and Archaea were used in this study. Theseclusters”.
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Fig. 1. Mixed-structure resulting from compositional-spectra distances. Cluster | contains all the considered sequences from the human genome,
mouse A. thalianamitochondrial genome and sequences from several Eukarya and thermophilic Archaea, whereas cluster Il contains some
number of eukaryotes and prokaryotes, and cluster Ill contains prokaryotes (both Eubacteria and Archaea) and the freistiviagia

(Eukarya: bold, Archaea: underline).

Let us first mark a certain pre-selected group of state, each species is (by definition) considered an ele-
species, the proximity between which we are going mentary cluster. At each stage, the algorithm joins the
to test. Then, by applying th&/ PGMAmethod, letus  two nearest clusters (i.e., groups of species). This is
build step-by-step the system of clusters. At the initial a regular way of agglomerative algorithms’ function-
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& Swmoccon) 3.2. Large-scale clustering structures across life

3.2.1. Mixed-structure and its stability
P Using the foregoing method we tested the cluster
1 - N - structure of the considered species showfiin 1 (re-
(Aypnonponnessssess  (B) oosooccommmmsuan ferred to as “mixed-structure”, an-structure). Then,
Fig. 2. Schematic presentation Ofcluster building. Marked ele- thls result was compared with the standard “three-
ments are in black and non-marked in white. Marked elements are (A) kingdom-structure”. It appeared that-structure is
poorly clustered (many non-marked elements enteketlister); (B) highly stable with respect to the selected set of words
well clustered (only two non-marked elements entédezluster). In W;. We can demonstrate this by means of the following
both cases, _the process of cluster merging is shown Fhat is termi- tast. Let us mark all elements of the cluster | (except the
nated upon first appearancelishaded) cluster (harboring75% . . .
of marked elements). mouse genome ar_m tha!langmltochondnal genome)
that, in our analysis, mainly included humans and ther-
mophilic bacteria. For each set of wordé (i=1, .. .,
ing. However, we should not wait until the process is 100), theU-cluster was obtained, denoteds in or-
completed, i.e., when all species are united into one der to indicate its dependence on the Wgt Subse-
common cluster. Instead, we will stop the process on quently, the proportion of cases of participation of each
the stage when no less than 75% of the selected group ofspecies’ across allj-clusters was derived={g. 3A).
species can be united in the same cluster (let us denoteAccording to the results presentedhig. 3A, all hu-

it asU-cluster). man sequences proved to belong toltheslusters for
It should be noted that thd-cluster is the minimal ~ each seW;. The same can be stated about mouse, al-
(for its volume) set in thaVPGMA integration pro- though the 100% presence of this genome was a nice

cess that includes no less than 75% of elements of thesurprise, because it was not marked as a member of
selected group of species. Clearly, the cluster structurethe ‘selected group’. Similarlyj. thalianamitochon-
obviously showsthatifthe selected speciesjoindirectly drial genome was not marked, but proved to belong
during the clustering process, we might expect that to nearly 70% otJ-clusters. Remarkably, thermobac-
the U-cluster will contain: (i) more than the required terial sequences from cluster | appeared in more than
75% of the marked species; but (ii) comparatively few 80% ofU;-clusters. A certain number of ‘other’ species
species which do not belong to this group. Moreover, if (that did not belong to cluster | byrstructure) could
in the course of cluster merging the marked species arealso, in principle, joinJj-clusters. However, we were
going to join with the non-marked ones, tblecluster satisfied to find that the level of their “participation” in
will contain each of the marked species with some num- Uj-cluster did not exceed 20%. The same test was also
ber of the non-marked ones. Fig. 2we demonstrate  conducted for two other clusters, 1l and Ill, of oo
two such possible variants. Thus, the goal of the test is structure. As one can see frdfigs. 4A and 5Athe sta-
to evaluate in théJ-cluster, the number of such non- bility of these clusters manifested by-cluster pattern,
marked species that will be absorbed by theluster is similar to that found for cluster I. These results allow
during the merging process required for binding ‘al- us to assume that the proposesstructure indeed re-
most all' marked species. The described test has beenflects some robust (objective) relationships among the
applied for the evaluation of the tested clusters stability. compared species across life. If this is the case, one
Note that the chosen threshold level (75%) for stop- would expect that the foregoing stability reflected by
ping the clustering procedure was, to some extent, anthe U-clusters will disappear if instead of the genuine
arbitrary one. But it should be higher than 50% en- clusters |, II, or Ill, we will take for similar considera-
abling theU-cluster to absorb the majority of marked tions some mixtures of these clusters. That was exactly
elements; likewise, it should be less than 100% allow- our next test.
ing for filtering out the elements randomly associated =~ We also employed another hierarchical clustering
with the marked one. In all tests, the same threshold method, complete-linkage clustering. Within the
level (75%) was employed allowing for comparisons framework of our procedure this method resulted in
of the results across different experiments. the samem-structure. For verification of the result,
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Fig. 3. Frequencies of species entry to cluster |. Akienotes the percentage of species’ participation in clusters I. Value 100 apparently means
that the corresponding species belongs to each clusterhereas value 0 demonstrates that the species does not belong to any clusterXOn axis
there are species names. For the sake of convenience of analysis they are organized according to the participation in clusters percentage decreas
The upper curve corresponds to the participation percentage, while the lower curve indicates ‘selected species group’. For thegeel&ments,
for the resty =0. (A) Evaluating the stability of species entries to cluster |. The results of averaging on 100 realizations (@JustsSection

3.1) are shown. It can be seen that the marked elements of cluster | enter in nearly all tlystensreas the remainder (no-marked) species
appear randomly in not more than 20% of clustdrs(B) Reduced stability of species entries to cluster |, after replacing a part of marked
species by species from other clusters (four marked thermophilic ArcRabarikoshij P. abyssiA. fulgidus andM. thermoautotrophicum

were replaced with three Archaea from clusters Il andAllpernix M. jannaschij S. solfataricusandT. thermophilug (C) Reduced stability

of species entries to cluster |, after reshuffling one of two sequences representing each genome (Aerflematespecies was reshuffled for

C andG lettersA without alteringGC-content andsC-positions; sequend® of each species remained unchanged).

the partition method (PAM) was applied that is spondence ton-structure was found for seven-cluster
more robust and efficient than the knowwrmeans partition Fig. 6A). In this case, Cramer correlation
algorithm. A series of partitions were obtained for coefficient betweetJ-clusters and PAM-clusters was
different number of clusters (3-9), and the best corre- 0.9537. Note, that only clusté7 overlaps with two
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Fig. 4. Frequencies of species entry to cluster Il. (A) Evaluating the stability of species entries to cluster I. The results of averaging on 100
realizations (clusters;, see Sectio.1) are shown. It can be seen that the marked elements of cluster | enter in nearly all tlystérsreas the
remainder (no-marked) species appear randomly in not more than 20% of clist@B¥Reduced stability of species entries to cluster Il, after
replacing a part of marked species by species from other clusters (five prokavgeemaschij S. solfataricusS. pyogenesB. burgdorferj

andE. faecaliswere replaced with five species from clustePl:horikoshij A. fulgidus A. aeolicus T. maritimg andA. thalianamit.). It is

visible, that the new cluster now includes practically all considered species. (C) Reduced stability of species entries to cluster |, afteg reshuffli
one of two sequences representing each genome (sequence A of each species was resliuéftetiGoettersA without alteringGC-content
andGC-positions; sequendg of each species remained unchanged).

U-clusters, whereas each one of the other cluf2érs  belong to this cluster. In other words, in addition to
..., P6 unequivocally correspond to only one of the human sequences, we “marked” these four new Ar-
U-clusters. For comparison, Fig. 6B the correspon-  chaea genomes that actually should not belong to clus-
dence between PAM partition on seven clusters and ter I. Application of the proposed test to this mixed
three-kingdom clustering is shown. Clearly, there is group gives a result shown iFig. 3B. In contrast to

no one-to-one correspondence between the two typesthe original clear clustering patterfi§. 3A), virtually

of clustering. no merging, leading to formation of a “non-trivialJ-
cluster, was possible in the second case unless nearly
3.2.2. Effect of miss-anchoring all 100% of species were united for each ¥ét As

Let us again consider cluster I, in which the four before, the same test was conducted for the remain-
thermophilic Archaea will be substituted with other ing two clusters of then-structure with similar results
four Archaea (from clusters Il and Ill) that did not (Figs. 4B and 5B
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Fig. 5. Frequencies of species entry to cluster Ill. (A) Evaluating the stability of species entries to cluster I. The results of averaging on 100
realizations (clusterd;, see Sectio3.1) are shown. (B) Reduced stability of species entries to cluster Il, after replacing a part of the marked
species by species from other clusters (two prokarybtésermophilusandA. pernixwere replaced with two species from clusters | andPll:
abyssiandT. pallidun). (C) Reduced stability of species entries to cluster |, after reshuffling one of two sequences representing each genome
(sequence of each species was reshuffled forand G letters without alteringsC-content andsC-positions; sequencB of each species
remained unchanged).

3.2.3. GC-permutation test affects the distance significantly only when tke C)-
Animportant question is whether or notthe revealed values vary greatly. However, even upon large varia-
mestructure and the patterns manifesteditlusters tions inGC-content, the CS-distance remains sensitive
are derived from the similarity of the sequences with to the origin of the sequence, i.e., for two sequences
respect to theilGC-content. This is a relevant ques- with some difference between th&C-contents, CS-
tion when compositional spectra are used as a basis fordistance is much smaller if the sequences belong to the
sequence comparisons. Nevertheless, in our previoussame genome.
work (Kirzhner et al., 2002, 20Q03we have investi- In the current study, the role &C-content in for-
gated this problem and demonstrated B&content mation of the analyzed clusters was tested directly.
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Fig. 6. Correspondence between PAM-clustering and each-stfucture or three-kingdom structuf@l-P7 denotes the clusters of PAM-
partitioning. Each fragment is annotated by cluster number, its number of elements, and its proportion (%) in the cluster it belongs to. (A)
Correspondence betweenstructure and PAM; (B) correspondence between three-kingdom partition and PAM.

Namely, for almost all of the considered species, we transformed as follows. ConsideGC-positions’ in
employed two different sequencésandB. This al- sequencéd, where there are letteiS or C. Let the
lowed the use of a simple procedure: let us leave letters’ frequencies relatively to their total number
sequenceB as it is, whereas sequende can be (G+C) in sequenceéA equalpg andpc=1-pg, re-
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spectively. Now, let us interchange the lett&sand 4. Discussion
C as follows: into eaclsC-position we put letter&
or C with probabilitiespg andpc, respectively. Thus,  4.1. Major schemes of molecular phylogenetic

we randomly change the distribution &fand C let- classification

ters in sequencé without altering GC-content and

GC-positions. Similarly, let us interchange letteks Various sources of sequence information have been
and T in the same sequencd® leaving sequenc8 employed to analyze the phylogenetic relationships
without changes. (For human sequences, 6 out of 12 across life. The first phylogenetic trees based on DNA,
contigs were considered # and 6 asB.) Our pre- RNA, and protein data employed relatively small and

vious analysis was applied to the entire set of se- highly conserved sequenceSVdese, 1987; Woese
quencesA andB. As ‘selected group of species’ we et al., 1999 and have lead to the foundation of the
have marked the same elements of cluster |, as wasUniversal Tree of Lifeconcept. Despite its general
done before (se€ig. 3A). Remarkably,G <« C and attractiveness and biological tractability, this idea
A< T permutations totally destroyed the previously encountered various conceptual problems (putting

revealed clear pattern (compdtig. 3A and C). Anal- aside numerous technical obstacles). Therefore,
ogous results were obtained for clusters Il and IIl starting from comparisons of single genes (like rDNA)
(compareFig. 4A versus C, andrig. 5A versus C). or proteins, it was extended to groups of gendsif

Therefore, the revealedhrstructure and the respec- et al.,, 2002; Brown et al., 2001; Snel et al., 1899
tive patterns manifested ibJ-clusters, that presum-  the non-coding DNARogozin et al., 200 and even
ably reflect some important aspects of species-genomewhole-genome structured.i and Gerstein, 2000;
similarities, cannot be explained b{C-content Fitz-Gibbon and House, 1999; Snel et al., 1999; Wolf

alone. et al.,, 2002. Consequently, it becomes obvious that
different sets of reference genes (sequences) resultin a
3.3. Poor clustering structure of the wide variation of genomes clustering/6lf et al., 2002;
“three-kingdom” scheme Brocchieri, 2001; Lin and Gerstein, 2000; Brown and
Doolittle, 1997. In other words, the derived schemes
The aforementioned technique BEcluster com- based on different parts of the genome proved to

parisons was also applied for testing the clustering result in different phylogenies. These inconsistencies
quality of the “three-kingdom” scheme. The results became especially clear during the last few years when
are represented iRig. 7. Unlike them-structure that huge bulks of sequence information were generated
displayed a rather high robustness, each cluster of by genomic projects. It is noteworthy that these results
the three-kingdom scheme displayed a rather diffused justify, to some extent, the assumptions that horizontal
organization. Indeed, if one marks the elements of transfer of genetic material had a major effect on a
one of the kingdoms, application of the described large-scale evolutionary tim€ampbell, 2000; Wolf et
procedure generates correspondihgluster that in- al., 2003. In light of such possibilities, it is highly de-
cludes practically all elements of the three clusters. sirable to reach reasonable robustness of phylogenetic
Clearly, this indicates a much poorer organization of reconstructions based on relative positioning of genes
the “three-kingdom” scheme compared to that of the inthe compared genomes (review&dlf et al., 2003.
mestructure. We realize that this result derives from

the method of sequence comparisons based on compo4.2. Compositional spectra

sitional spectra. However, the very fact that the pair-

wise CS-distances proved robust with respect to the  Our study is based on compositional-spectra anal-
sampled parts of the compared genomes, the selectedssis that can be considered an alternative to the class
set of words, words length, and other parameters, al- of more prevalent methods based on sequence align-
lows us to hypothesize that the-structure does re-  ment (see discussion Brocchieri, 200} The method
flect some important relationships among species notand its possible applications were described earlier
represented by the more conventional “three-kingdom” (Kirzhner etal., 2002, 20Q3lt is noteworthy that given
scheme. the chosen parameters of our algorithm (word length
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L, word numbem in the setW, and the level of al- gent and divergent) adaptations, horizontal transfer,
lowed mismatching), the total length of the tested etc.
sequence covered by the ¥&{taking into account the This consideration clarifies, to some extent, the

frequency of words occurrence) covers, as a rule, much foregoingm-structure obtained in our species cluster-
less than 1% of the sequence. Usually, we employ 200 ing based on CS. Our results undoubtedly demonstrate
suchW sets to ensure statistical stability of the results, that the classical “three-kingdom” scheme is not re-
but in fact, these sets give a very good correspondenceflected in the information based on word occurrences.
inthe pair-wise distances between compared sequence®©n the contrary, then-structure proved to be robust
(Kirzhner et al., 2002, 20Q3Clearly, CS accumulates  with respect to the arbitrary chosen “vocabularigg”
some information from both the coding and non-coding indicating the existence of some objective information
parts of the genome. absorbed by CS that normally remains unexploited by
The contribution of the coding part of the genome more standard taxonomic methodologies that result in
to the “cladistic information” in the CS is presumably the “three-kingdom” structure.
close to the one obtained by more standard approaches
of species clustering based on sequence comparisont.3. M-structure: bridging to other classifications
of all genes. However, the interconnection between CS
(i.e., oligonucleotide abundances) and the genome se- The concept of the Universal Tree of Life suggests
guence can be discussed also in the following formal that life is divided into three primary groupings,
sense. Various methods are now being proposed forcommonly known as Eubacteria, Archaebacteria, and
recovering a total DNA sequence by measuring the oc- Eukaryotes. This simple and clear message underwent
currences of all words of some length (shy; 10-15) some erosion due to subsequent studies based on wider
in the sequence (e.cPevzner, 1989; Preparata et al., molecular-genetic material (e.gBrocchieri, 200
1999; Reinert et al., 2000; Shamir and Tsur, 2002 Thus, using whole proteome comparisorekaia et
From such a formal point of view, the CS-approach al. (1999)derived phenograms where Archaebacteria
can be represented as a three-step treatment: (i) usshared one cluster with Eubacteria, but not with
ing Hamming distance, we define the neighborhoods Eukaryotes. A tree built on the overall occurrence of
of each word of lengtl, (ii) select an arbitrary sub-  orthologs also proved different from the traditional
setW of words, and (iii) for each worey; € W calcu- ribosomal phylogeny, although a traditional tree could
late the combined frequency of occurrencenpfand be derived based on a certain group of protelria (
all words of its neighborhood in the target sequence. and Gerstein, 2000 It is interesting that different
Clearly, it would be impossible to restore the target se- phenograms may be obtained by using slow-evolving
guence based on CS using ¥¢0of a small size (e.g., and fast-evolving molecular position8rinkmann
200). It is also clear that the set of all sequences of and Philippe, 1999 The dependence of phenogram
a given length sharing the same CS should be rela- variability on the chosen sets of targeted sequences
tively small. Nevertheless, in the limiting case of us- was observed in other studies as weHo{ding and
ing the frequencies of all possible words all of length Gupta, 1995; Brown and Doolittle, 199'Brown et al.
L together with their neighborhoods is equivalent to (2001)also showed that a “proper” choice of molecular
the basic situation when the frequency of occurrence data may result in the three-kingdom scheme, but in
is known for each word separately. The latter allows fact, Archaebacteria and Eukaryotes showed a higher
one to restore the target sequence effectivievgner, proximity to each other than to Eubacteria cluster.
1989; Preparata et al., 1999 other words, CS con-  In discussing the taxonomical relationships between
tains in a holographic-like (nutshell) form the infor- these major groups of organisms, Mayr indicates “that
mation about the structure of the targeted sequence.the transcription, translation, and splicing machineries
We can conclude that, by accumulating various kinds of the Archaebacteria resemble those of the Eukary-
of signals, CS characterizes the sequence (genome) “inotes, while the majority of the functional genes, coding
general”, allowing quantifying differences and similar- primarily for metabolic enzymes, transport systems
ities between species. The latter may derive from ajoint and enzymes of cell wall biogenesis resemble the
effect of phylogenetic divergence, ecological (conver- Eubacterial ones™layr, 1998.
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Let us compare oum-structure with the phenogram  tests, the first cluster was very robusig(. 3A). Besides
from Brown et al. (2001}hat fits the three-kingdom  mammalia, it includes some thermophilic bacteria that
scheme. Three major featuresrofstructure deserve  proved, with no exceptions, to be also anaerobic. Ac-
attention here: (1Methanococcus jannaschielongs cording toForterre et al. (200Zhe archaeal ancestor
to another cluster other than Archaea; (2) Eubacteria was probably a hyperthermophilic anaerobe. Replac-

Thermotoga maritimand Aquifex aeolicudie in the ing a part of these Archaea by aerobic Archaea results
same cluster as mammalia and Archaeig.(1l); and in trivialization of cluster | Fig. 3B). Concerning fea-
Eukarya appeared in two different clusteFsg( 1, | ture (2), we believe that the proximity of the mentioned

and I1). In connection with the features (1), it is worth thermophilic Eubacteria to Archaea is more adequate
mentioning that 44% of th&l. jannaschii(Archaea) than their assignment to Eubacteria (as donBimyvn
gene products showed significantly higher similarity et al., 200). Note that based on genome-wise com-
to bacteria than to eukaryotic proteins as their closest parisons, these two Eubacteria are closer to Archaea
homologues Koonin et al., 199Y. According to our (Nelson et al., 1999
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Fig. 7. Instability of species entries to the clusters of the three-kingdom scheme. The results of averaging on 100 realizationd;(desters
Section3.1) are shown. It can be seen that nearly all species (independent on “marked” or “non-marked” identifier) appear in nearly all clusters
U;: (A) Eukarya; (B) Archeabacteria; and (C) Eubacteria.
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Concerning the feature (3) ofstructure, we would structure. In particular, we are interested to test whether
like to recall a statement bgolding and Gupta (1995)  ecological determinants play a role in these patterns,
that “the eukaryotic cell nucleus formed is from the e.g., in the form of convergent ecological selection.
fusion of an archaebacteria and a gram-negative bac-
teria.” If so, the appearance of eukaryotic species in
a shared cluster with Eubacterfaig. 111) may derive Appendix A. List of depicted genomic
from their some “relatedness” to gram-negative bacte- sequences
ria. Note that gram-negative bacteria also showed up
in the third cluster free of eukaryotes, but all gram- Notation of fragments in all figures mentioned cor-
negatives from cluster Il are anaerobic whereas from responds to indexes in the appendix. Every record in
cluster Il they are all aerobic. As a contrast to the the list consists of the name of species, an accession
foregoing stability of then-structure, we would liketo  number for some fragments is mentioned to avoid a
again discuss our results of the application of the pro- wrong identification, and some data about a fragment
posed approach to the known “three-kingdom scheme”. in brackets. For a fragment of a complete genome we
The results showed a very poor clusterifg( 7). In- specify a starting point and a length of the fragment,
deed, in order to include no less than 75% of “marked” for a fragment having an accession number we specify
(anchored) species for any of the three kingdoms, we its length only. A real number with a value between 0
also had to include nearly all (>90%) of the remainder and 1 is related to th& + C content of the fragment.
(“non-marked”) species from the other two kingdoms. For example, the recordMycobacterium tuberculo-
sis(A: 1199341 (358717), 0.65; B: 2579341 (358913),
0.65)” means thaltl. tuberculosids presented by two

5. Conclusions and prospects fragments, A and B, from the complete genome, while
the first segment starts at position 1199341 and has a

The analysis presented in this paper indicated that length of 358717 bp, and the fragment B starts at po-
the classical “three-kingdom scheme” does not pass sition 2579341 and has a length of 358913 bp; both
the test of cluster stability when the CS-distance is em- fragments have 65% + C composition.
ployed for genome comparisons. This result is not sur-
prising because different characteristics of the genome A.1. Eukaryota
(e.g., specific genes, rRNA, intergenic spacers, and
even gene number in the genome) taken as a reference  Homo sapienshr. X (NT 011528) (539188, 0.40);
fortaxonomic reconstruction, have resulted in quite dif- Homo sapienschr. Y (NT011864) (539595, 0.40);
ferent phenograms3plding and Gupta, 1995; Tekaia Homo sapienschr. 1 (NT 004302) (539495, 0.36);
et al., 1999; Brinkmann and Philippe, 1999; Lin and Homo sapienshr. 3 (NT 002444) (543554, 0.46);
Gerstein, 2000; Brocchieri, 2001; Wolf et al., 2002 Homo sapienschr. 4 (NT 006051) (535847, 0.44);
becomes evident that using any one genomic parameterHomo sapienschr. 6 (NT 007122) (599072, 0.43);
for such reconstructions may be questioned. Moreover, Homo sapienschr. 7 (NT 007643) (447791, 0.36);
it was suggested that more objective synthetic classi- Homo sapienshr. 11 (NT 008933) (506578, 0.37);
fications are possible only if genomic sequences are Homo sapienshr. 13 (NT 009796) (537882, 0.38);
complemented by other evolutionarily valuable infor- Homo sapienshr. 20 (NT 011328) (540270, 0.44);
mation Mayr, 1998; Gupta, 1998; Karlinetal., 2002  Homo sapienshr. 22 (NT 001454) (701877, 0.50);
Our results also suggest that there are diverse inter-Mus musculugA: chr7, AC012382, 276523, 0.44; B:
relationships between genomes that only partially can chr.11, AL603707, 234182, 0.49Faenorhabditis el-
be accounted for by the “three-kingdom scheme”. In egans(A: chrl, 1-438825, 0.36; B: chr2, 1-350000,
this sense, the CS-analysis can be considered as oné.36); Drosophila melanogastdiA: chr.2 AE003641,
more step toward the synthetic classification. Of ma- 299556, 0.42; B: chr. X, AE003506, 300000, 0.43);
jor interest for future analysis, would be employing the Arabidopsis thaliangA: chr.1, NC 003071.1 100000-
discriminating ability of CS-analysis to unravel the bio- 531319, 0.36; B: chr.1, NC 003075.1, 400000-727859,
logical meaning of the detected robust patterns,ike ~ 0.36); A. thaliana mitochondrial genome (A: NC
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001284.1, 366923, 0.45%accharomyces cerevisiae
(A: chrii, 1-800000, 0.38; B: chrxv, 1-800000, 0.39);
Leishmania majofA: AE001274, 1-171770, 0.62).

A.2. Eubacteria

Bacillus subtilis(A: 1199941 (579647), 0.43; B:
2219941 (399002), 0.41Btreptococcus pyogenes:
239941 (690238), 0.38; B: 1079941 (696345), 0.39);
Mycoplasma genitalium(A: 1 (287593), 0.33; B:
278581 (288000), 0.30Mycoplasma pneumonida.
239941 (199523), 0.40; B: 539941 (199523), 0.40);
Mycobacterium tuberculosiéA: 1199341 (358717),
0.65; B: 2579341 (358913), 0.65%ynechocystisp.
(A: 719941 (349960), 0.48; B: 2699941 (350000),
0.47); Helicobacter pylori (A: 599941 (320335),
0.39; B: 1439941 (320387), 0.39%scherichia coli
(A:599941 (519942), 0.51; B: 2999941 (542976),
0.51);Deinococcus radioduran®: 599941 (399971),
0.67; B: 1799941 (399983), 0.66)hermotoga mar-
itima (A:59941 (370054), 0.46; B:1259941 (366191),
0.46); Aquifex aeolicugA: 599941 (399976), 0.43; B:
1199941 (400002), 0.44Neisseria meningitidegA:
599941 (361259), 0.51; B: 1199941 (373905), 0.52);
Neisseria gonorrhoeafA: 350020, 0.53; B: 355192,
0.54); Campylobacter jejuni(A: 59341 (399984),
0.31; B: 1079341 (400002), 0.30Haemophilus in-
fluenzae(A: 119941 (399863), 0.38; B: 1139941
(399981), 0.38); Clostridium acetobutylicum(A:
315781 (347567), 0.32; B: 3000001 (340105), 0.31);
Treponema pallidun(A: 59941 (275933), 0.52; B:
719941 (275984), 0.53Pseudomonas aeruginoga:
720001 (345206), 0.65; B: 1920001 (355163), 0.67);
Actinobacillus actinomycetemcomitastsain HK1651
(A: 6000 (338681), 0.45; B: 800000 (344947), 0.45);
Rickettsia prowazekii(A: 239941 (276000), 0.29;
B:719941 (276000), 0.29%Borrelia burgdorferi(A: (1)
399967, 0.29; B: 400000 (399979), 0.29).

A.3. Archaea

Halobacteriumsp. NRC-1 (A: 240001 (191652),
0.62; B: 64001 (211652), 0.643yrococcus horikoshii
(A:240001 (399992), 0.42; B: 840001 (400002), 0.42);
Pyrococcus abyss{A: 360000 (360000), 0.45; B:
1200001 (360000), 0.45%rchaeoglobus fulgidu@A:
12061 (399986), 0.48; B: 1200061 (400002), 0.48);
Methanococcus jannaschi{A: 120001 (399868),
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0.32; B: 840001 (399977), 0.31)Methanobac-
terium thermoautotrophicum(A:599941 (344374),
0.49; B: 1199941 (344455), 0.50rropyrum pernix
(A: 360061 (400002), 0.58; B: 960061 (400002),
0.57); Sulfolobus solfataricudE006641 (A: 400001
(584947), 0.36; B: 1220002 (308779), 0.36).
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