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ABSTRACT The recently proposed composition vector (CVTree) approach to prokary-
otic phylogeny is whole-genome based, alignment-free and parameter-free. It supports the
16S rRNA analysis in many major and fine clusterings in Archaea and Bacteria branches
of the Tree of Life and provides additional information and independent verification to
the latter. It may become a practical and definitive tool in prokaryotic phylogeny and
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Figure 1: Mr. YAN Fu and the cover of the Chinese translation of Huxley’s Evolution and
Ethics from a later printing of the 1930s.

INTRODUCTION

The year 1859 was very distinctive in the history of human civilization. In this year Gustav
Kirchhoff discovered the first law of black body radiation which could not be explained in the
framework of classical physics and it eventually ushered in the new era of quantum physics.
Karl Marx published in the same year his book Critique of Political Economy which might
be considered the zeroth volume of Das Kapital. However, the most important event of long-
lasting influence was inarguable the publication of Charles Darwin’s classic with a rather long
title On The Origin of Species by Means of Natural Selection or The Preservation of Favoured
Races in the Struggle of Life, abbreviated hereafter as The Origin.

However, these events did not trigger any immediate response in the remote and then
suffering China. In 1860 the British and French allied army launched the second Opium War,
and, among other great damages to Beijing, burned down was the royal garden Yuan Ming
Yuan whose ruins still lie within walking distance from this conference hall. Knowledgeable
Chinese intellectuals, scarce in number and isolated from the outside world, were not in a mood
to be concerned with what was happening in the West. In 1895 Chinese Northern Sea Navy
was entirely destroyed right at her door by a less-equipped fleet of Japan. A year earlier, in
England appeared the book Evolution and Ethics by Thomas Huxley, the Darwin’s Bulldog.

A youngman named Yan Fu1 was sent to England by the Qing Dynasty government to study
ship-building and navy from 1877 to 1879. During these years Yan made first acquaintance
with Darwin’s theory of evolution. After return he was assigned a teaching job at Fuzhou
Shipyard College in the southern province Fujian and thus survived the 1895 Yellow Sea battle.
Pondering about the defeat of China and seeking for means to save the country, Yan undertook
the translation of Huxley’s book. In fact, he translated only a few selected chapters, but
appended the text with his own comments and thoughts. Yan’s version of Huxley’s book
appeared in 1897, see Figure 1. Nevertheless, the Chinese translation of Darwin’s original
classic had to await twenty more years to see the light.

1Yan Fu (1853 – 1921) helped to establish Fudan University in Shanghai in 1905, served as president of
Peking University for a short period in 1912.
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Figure 2: Left: The cover of the first edition (1920) of the Chinese translation of Darwin’s The
Origin by Ma Jun-wu with Ma’s autograph devoted to Dr. Sun Yet-sen. Right: The copyright
page of the 4th printing (1922) of the Chinese translation of The Origin; please note the red
Copyright Seal of Dr. Ma.

CHINESE TRANSLATION OF THE ORIGIN

In 1911 the revolutionaries led by Dr. Sun Yet-sen finally threw down the Qing Dynasty
and established Republic of China. In the first cabinet of ROC, appointed by President Sun,
the Vice-Minister of Industry was a 31-year old Ma Jun-wu2. A follower of Dr. Sun, Mr. Ma
translated and published a few chapters of The Origin while in exile in Japan in the early years
of 1900s. The full translation was first printed in 1920 by Zhonghua Book Publishing Co in
Shanghai in four parts. The 16 subsequent years saw 12 printings of this book, witnessing the
fact that embracement of Darwin’s idea in China went far beyond the scientific circle.

In 1925 Peking University established Department of Biology. The first undergraduate class
comprised only three students. In the possession of a student, who later became father of the
present author, there was a copy of the 4th edition (1922); Figure 2 shows the cover of the first
edition and the copyright page of the 4th edition. While a classic in its original language is an
unchangeable holy book, its translations into other languages are dynamic and adaptive. Since
the 1920’s there have been several new Chinese translations of The Origin, including a latest
that appeared in 2005.

THE TREE OF LIFE

Curiously enough, in this classic of Darwin there was only a single figure. Figure 3 was
reproduced from the above mentioned 1922 printing of the Chinese translation. In this figure a
few tree branches were drawn to show the divergence of species in a big genus. In fact, Darwin
referred to this figure several times in The Origin. At the same time Darwin was very cautious
not to draw a single trunk from where these branches would grow out. Nonetheless, Darwin’s
belief that there should be a single Tree of Life (ToL) was evident from the celebrated passage

2Ma Jun-wu (1880-1940), alumni of a pre-Fudan College, got a doctor degree in engineering in Berlin in
1913, founded Guangxi University in 1928.
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Figure 3: The only figure in Darwin’s The Origin, reproduced from the 4th printing of the
Chinese translation.

near the end of The Origin: “· · · probably all the organic beings which have ever lived on this
earth have descended from some one primordial form, into which life was first breathed.”

Ever since Charles Darwin conceived the idea of using a Tree of Life to depict evolutionary
history, many scientists have tried to infer this tree from morphological, embryological, bio-
chemical as well as fossil data. With the discovery of the double helix structure of DNA in
1953 and the decipherment of the genetic code in early 1960s biological macromolecules have
become indispensable source for the inference of evolutionary history and the reconstruction of
the Tree of Life.

Since the beginning of the new Millennium the National Science Foundation of USA launched
an ambitious initiative Assembling the Tree of Life (AToL). Later on, the Natural Science Foun-
dation of China also called a meeting on ToL in 2007. The assembling of various branches of
ToL has been making progress as evidenced by many presentations on this conference. How-
ever, when it comes to consider the prokaryotic branches of ToL the situation becomes more
controversial.

BACTERIAL BRANCHES OF TOL

Being a naturalist, Charles Darwin did not mention bacteria or microbes at all in The Origin.
Nonetheless, we know nowadays that half of the biomass on the earth, if not more, comprises
unicellular Bacteria and Archaea, known collectively as prokaryotes. In what follows we will
frequently use the colloquial term “bacteria” instead of the more pedantic name prokaryotes
to address both Bacteria and Archaea together.

Bacteria are the most successful species on earth. They have been thriving for more than
3 billion years. They have shaped the environment for all other organisms to live in. Together
with fungi, bacteria do the recycling of almost all organic as well as a substantial part of
inorganic matter on earth. It was estimated that there are 1030 living bacterial cells on earth
(Whitman et al., 1998). To give an idea on this figure we note that the earth’s weight is 1028

grams, i.e., on average each gram of earth matter, inhabitable or not, would bear 100 bacteria.
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Therefore, in assembling the tree of life one can by no means ignore the huge Bacteria and
Archaea branches representing the unseen majority of prokaryotes. Nonetheless, the inference
of bacterial phylogeny encounters great difficulties. There are too few morphological features,
not to mention the problem of how to demarcate bacteria species. There exist bacteria-related
fossils, but they are almost of no use for phylogenetic reconstruction. It is extremely hard
to identify orthologous proteins common to all bacterial species and, in addition, there have
been wide-spread lateral gene transfers among bacterial genomes. No wonder it was not long
ago when Carl Woese called microbiology “the science without a past”, meaning lacking of
evolutionary foundation (Woese, 2000).

SUCCESS AND LIMITATIONS OF 16S rRNA ANALYSIS

Carl Woese and coworkers suggested to use the small subunit ribosomal RNA (SSU or 16S
rRNA) as molecular chronometer for the reconstruction of bacterial phylogeny (Woese and
Fox, 1977). This approach has been so successful that at present both the Bergey’s Manual
of Systematic Bacteriology (Bergey’s Manual Trust, 2001-2009) and the close related Taxo-
nomic Outline of Bacteria and Archaea (TOBA 7.7, Garrity et al., 2007) are based on 16S
rRNA phylogeny complemented by morphological features and multi-alignment of orthologous
proteins.

However, one can always question whether the relationship inferred from a single or a
few RNA or protein-coding genes reflects the evolution of species. Although lateral transfer
of ribosomal RNAs has not been proven to exist in nature, ribosomal operons of one bacteria
species have been replaced by that from another species in laboratory (Asai et al., 1999). Lateral
gene transfers always remain a concern to the faithfulness of phylogeny inferred from a few genes.
Furthermore, it is generally recognized that the 16S rRNA analysis yields satisfactory results at
delineating prokaryotic taxa down to family and genus level, but a severe limitation occurs in its
incapability to provide sharp resolution at the species level and lower (Staley, 2006; Yarga et al.,
2008). For ecological and metagenomic research it is often needed to distinguish microorganism
entities with resolution well below that of species. Indeed, people use notions such as subspecies,
ecotypes, biovars, etc., mostly in an operational way without precise delineations.

As conventional prokaryotic taxonomy and phylogeny rely more and more on 16S rRNA
analysis, becoming two faces of one and the same coin, a question of principle also arises: they
urgently need independent verifications, independent both in data used and in methodology
employed.

WHOLE-GENOME BASED COMPOSITION VECTOR APPROACH

In view of the limitations of the 16S rRNA analysis and the need for independent verification
of the 16S rRNA based taxonomy/phylogeny we have developed a new whole-genome based,
alignment-free, and parameter-free composition vector approach to bacterial phylogeny and
taxonomy (Qi et al., 2004a). A web server called CVTree was first published in 2004 (Qi et al.,
2004b). Since then we have been using the mnemonic “CVTree” for the method and for the
tree generated by it, where CV stands for Composition Vector.

The CVTree approach differs from the traditional, 16S rRNA or few-protein based phylogeny
in many aspects. The main distinctions are the following:
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1. It takes all the protein products in a genome as input data and thus circumvents the
problem of identification of orthologous proteins and diminishes the influence of lateral
gene transfer. Anyway, all genomes are orthologs and lateral gene transfer is only a
mechanism of genome evolution.

2. Bacterial genomes are so diverse in their size and gene content that it is almost impossible
to align all protein products from two or more bacteria genomes. We use instead compo-
sition vectors of dimension 20K made by counting the number of overlapping K-peptides
in all protein products of a genome. A crucial improvement of CVTree method consists
in the subtraction of a background from the raw counts in order to suppress the effect of
neutral mutations and to highlight the shaping role of natural selection (Qi et al., 2004a;
Hao and Qi, 2004).

3. Alignment of amino acid sequences involves many parameters such as scoring matrices
and gap penalties. By using composition vectors the CVTree method turns out to be
entirely parameter-free. The peptide length K may look like a parameter but it is actually
not, as all CVTrees from K = 3 to 7 are calculated and there is no adjustment of K
whatsoever (the lower bound K = 3 is imposed by the (K − 2)-th order Markovian
prediction used in the subtraction procedure and there is no need to go beyond K = 7).
In fact, the inspection of CVTrees obtained at different K provides a new angle to look
at the improvement of CVTree quality with varying K.

4. As regards checking the quality of trees the traditional phylogeny mainly relies on sta-
bility and self-consistency arguments by performing statistical re-sampling. In a sense,
the bootstrapping or jackknife tests lack objectivity as they compare trees within the
context of trees. The CVTree results are justified by direct comparison of phylogeny with
taxonomy. Indeed, in the ideal case, a faithful phylogeny and a rational taxonomy should
be highly consistent. This comparison was not doable ten years ago as whole-genome
phylogeny could “not resolve the major branchings of the Bacteria” (Hyunen et al., 1999)
and “it may not be possible to reconstruct the eubacterial phylogeny reliably by standard
methods” (Teichmann and Mitchison, 1999). It has become feasible as CVTree branch-
ings show a high degree of agreement with taxonomy at all taxonomic ranks from phyla
down to genera and species.

With the progress of new techniques both in sequencing and in automatic annotation,
the number of sequenced bacterial genomes has been rapidly accumulating. On one hand,
construction of whole-genome based trees becomes a time-consuming job when the number
of genomes gets into hundreds and thousands. On the other hand, a detailed comparison
of all branchings in a tree with the whole taxonomic hierarchy also brings about a tedious
task. Recently, the CVTree web server has been significantly improved in order to meet these
challenges (Xu and Hao, 2009). Among the improvements the notion of “collapsed” trees
deserves special explanation.

When scrutinizing a tree our guiding principle is monophyleticity of a branch. If all terminal
leaves in a branch come from one and the same taxonomic unit and no species from that unit
falls outside the branch, we “collapse” the whole branch into a single leave and label it by the
taxon name followed by the total number of organisms present in that branch. For example,
when all 36 genomes from the phylum Cyanobacteria form a monophyletic branch in CVTrees,
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Alphaproteobacteria(105)

Beta(66) within Gamma(212)

Deltaproteobacteria(20/27)

Magnetococcus

Actinobacteria(63/64)

Deinococcus-Thermus(5) B4

Thermomicrobia B7

Chloroflexi(6)

Cyanobacteria(36) B10

Bacteroidetes(13/14)

Chlorobi(11) B11

Planctomycetes/Verrucomicrobia(2) B15/B22

Acidobacteria(3)/Gemmatimonadetes B19/B24

Delta(6/27)

Leptospiraceae(6)

Brachyspiraceae

Fusobacteria B21

Clostridia(43/44)/Bacilli(121)

Thermotoga(9)/Dictyoglomi(2) B2/B23

Aquificae(5)/Nitrospira B1/B8

Epsilonproteobacteria(24) B12(24/435)

candidatus phylum TG-1(2) B?

Spirochaetaceae(11) B17(11/18)

Chlamydia(13) B16

Mollicutes(23) B13(23/188)

Archaea(62) Domain Archaea

Eukarya(8) Doamin Eukarya

B12(404/435)

B14

B6

B20

B12(7/435)

B17(7/18)

B13(165/188)

Rubrobacter

Dehalococcoides(3)

Salinibacter

Bdellovibrio

Coprothermobacter

Figure 4: A highest rank “collapsed” CVtree calculated at K = 6. The bacterial phylum codes
in the Bergey’s Manual or TOBA 7.7 are indicated in the right column. Figures in parentheses
give the number of genomes contained in the corresponding monophyletic branch or taxon. The
red dot marks the trifurcation point of the three main domains of life. “Outliers” are shown in
thin blue font.
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we replace the branch by a single leave with a label Cyanobacteria{36}. A tree may be collapsed
at any taxonomic rank from kingdom and phylum down to genus and species. Collapsing at the
species level applies to cases when there are many strains of a species. For example, one could
see a leave labeled as Escherichia-coli{22} in a species-collapsed tree. In this way the number
of effective leaves in a tree is greatly reduced and it becomes much easier to comprehend the
overall structure of a tree.

SUCCESS OF THE CVTREE METHOD

Figure 4 shows a 892-genome CVTree, calculated at K = 6 and collapsed to the highest
possible taxonomic ranks. It was based on 62 Archaea and 822 Bacteria genomes, available
at the National Center for Biotechnological Information FTP site (NCBI, 2009) as of 31 May
2009. Eight eukaryotic genomes were added as outgroups, making the total number of genomes
892. Instead of 892 leaves we see only 37 terminals in the collapsed tree (some bifurcating
branches were shown in one line, e.g., Planctomycetes/Verrucomicrobia{2}).

In the collection of bacterial genomes we have excluded two highly reduced genomes of
bacterial endosymbionts, Candidatus Carsonella ruddii (Nakabachi et al., 2007) and Candidatus
Sulcia muelleri (McCutcheon et al., 2006). Their genome size and gene number are much lower
than that of any known free-living bacteria, see Coffeau (1995) and the follow-up discussion
in subsequent years. These degenerated genomes tend to get mixed up with deep branches in
ToL.

In order to demonstrate the success of CVTrees we say a few more words on Figure 4. A
more detailed analysis of the 892-genome CVTrees is given in a separate publication (Li et al.,
2010).

First of all, the three main domains of life, Archaea, Bacteria, and Eukarya, is separated
clearly and the trifurcation point is indicated by a red dot. If one is interested in, say, the inner
structure of the branch Archaea{62} one should go to trees collapsed at lower taxa.

At the phylum level there are 21 bacterial phyla, represented by the 822 sequenced genomes.
Out of these 21 phyla 15 do form monophyletic clusters in CVTrees, including 5 simple cases
when a phylum is represented only by a single genome. In the following Table 1 we show
how the 10 phyla, which contain two or more genomes, converge to monophyletic clusters at
different K.

Only six phyla do not come out as monophyletic branches. We examine them one by one.

The phylum Proteobacteria (B12) is the largest group in the data collection, represented
by 435 genomes. Taxonomically this phylum is subdivided into 5 classes/groups. In CVTrees
three classes form monophyletic groups: Alphaproteobacteria{105}, Betaproteobacteria{66},
and Epsilonproteobacteria{24}. The Beta group gets inserted into the Gamma group, violat-
ing the monophyleticity of the latter. However, the two groups, taken together, do make a
greater monophyletic cluster of 278 organisms. This phenomenon has been observed in 16S
rRNA analysis as well (Woese et al., 2000). The major part of the non-monophyletic Deltapro-
teobacteria{20/27} and the not yet fully characterized genus Magnetococcus join the above
three major classes to make a large monophyletic branch which encompasses 404 out of 435
Proteobacteria genomes.

9



Phylum K = 3 4 5 6 7
Acidobacteria{3} √

–
√ √ √

Aquificae{5} √ √ √ √ √

Chlamydia{13} √ √ √ √ √

Chlorobi{11} √ √ √ √ √

Cyanobacteria{36} –
√ √ √

–
Deinococcus-Thermus{5} √ √ √ √ √

Dictyoglomi{2} √ √ √ √ √

Termite Group 1{2} – –
√ √ √

Thermotogae{9} √ √ √ √ √

Verrumicrobia{3} √ √ √ √ √

Table 1: List of phyla represented by two or more genomes. When a phylum comes out as a
monophyletic branch at a given K there is a check mark.

The next largest represented phylum is Firmicutes (B13) which is subdivided into three
classes. The two classes “Clostridia” and “Bacilli” join together to form a monophyletic cluster
with only one near-by “outlier” Coprothermobacter which was assigned to the family Ther-
moanaerobacteriaceae in class Clostridia in TOBA 7.7. However, this taxon was given a status
of “established phylum” in Schloss and Handelsman (2004). The class Mollicutes never joins
the main cluster of Firmicutes in all CVTrees. In the NCBI taxonomy it comes under own
phylum name Terenicutes. Finally, in the newly published volume 3 of the Bergey’s Manual of
Systematic Bacteriology the class Mollicutes has been moved out of Firmicutes (Ludwig et al.,
2009). In brief, we may admit that the CVTree phylogeny of Firmicutes now well agrees with
taxonomy.

According to TOBA 7.7 there are only three separated families in the phylum Spirochaetes
(B17). In CVTrees these 3 families do not join each other to form a monophyletic branch.
Anyway, these organisms have been grouped together mainly due to morphological features,
but they share some common characteristics in 16S rRNA sequences (Woese et al., 1985). This
phylum may become a test case for the distinction between the CVTree and 16S rRNA analysis.
One must await more genomic data to draw further conclusions.

The monophyleticity of the three remaining phyla, Chloroflexi (B6), Actinobacteria (B14),
and Bacteroidetes (B20), is violated by one outlier each, namely, Dehalococcoides, Rubrobacter,
and Salinibacter, respectively. In view of the overall agreement of CVTree placement with
taxonomy these cases should rather be considered hints on taxonomic revisions than merely
outliers.

We skip the analysis at intermediate taxonomic ranks and go straight to the genus level.
The 884 prokaryotic genomes comprise 290 genera, among which 121 contain two or more
species/strains so it makes sense to check them against bacterial taxonomy. It is a remarkable
fact that 95 out of these 121 genera do form monophyletic clusters in full agreement with
taxonomy. We list a few “big” such genera in Table 2.

It is more instructive to look at some of the 26 “non-converging” genera, i.e., those whose
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Genus K = 3 4 5 6 7
Streptococcus{39} √ √ √ √ √

Burkholderia{24} √ √ √ √ √

Mycobacterium{20} –
√ √ √ √

Shewanella{19} √ √ √ √ √

Staphylococcus{19} √ √ √ √ √

Pseudomonas{17} –
√ √ √ √

Salmonella{16} √ √ √ √ √

Yersinia{12} √ √ √ √ √

Rickettsia{11} √ √ √ √ √

Campylobacter{10} √ √ √ √ √

Brucella{9} √ √ √ √ √

Corynebacterium{9} √ √ √ √ √

Francisella{9} √ √ √ √ √

Sulfolobus{9} – –
√ √ √

Vibrio{9} –
√ √ √ √

Table 2: A partial list of the 95 convergent genera.

monophyleticity was violated somehow.

A classical example is the genus Escherichia. There are 22 strains of E. coli forming a
monophyletic cluster from K = 3 to 7 and a single species E. fergusonii. The monophyleticity
of the genus branch, however, was violated by the intrusion of Shigella species. The genetic
relation of the Shigella and Escherichia strains has been a long-debated problem. Some authors
even called Shigella an E. coli clone (Pupo et al., 2000). It seems reasonable to keep them as
separate genera in taxonomy for their distinctive clinic expression in spite of the genomic
closeness.

Another example is the genus Bacillus. Although all staying nicely within the class Bacilli,
the 25 Bacillus genomes do not form a monophyletic branch in CVTrees. However, there is
a monophyletic cluster made of 18 genomes, consisting of 10 B. cereus strains, 5 B. antracis
strains, 2 B. thuringiensis strains, and one B. weihenstephanensis strain. They belong exclu-
sively to so-called Bacillus cereus group. Much research has been done on phenotyping and
genotyping of this group. Debates are still going on whether B. cereus, B. antracis, and B.
thuringiensis are actually different strains of one and the same species, see. e.g., a recent review
by Vilas-Bôas et al. (2007).

There are cases when CVTree phylogeny agrees with 16S rRNA analysis, but both con-
tradict the taxonomic assignment. For example, the 14 Mycoplasma species would form a
monophyletic cluster if there was no Mesoplasma and Ureaplasma{3} getting in. Similarly, the
monophyleticity of the 15 Lactobacillus strains was violated by the insertion of Pediococcus, an
old genus introduced in 1903. The unanimity of CVTrees and 16S rRNA analysis hints on the
necessity of taxonomic revisions.

The Cyanobacteria provide another kind of problem for further study. Although the 36
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corresponding genomes do lead to a monophyletic branch Cyanobacteria{36} in all CVTrees
from K = 3 to 7, witnessing the correctness of introducing a phylum for these photosynthetic
bacteria, the taxonomy within this phylum is quite controversial. Suffice it to point out that
the NCBI taxonomy and TOBA 7.7 use different taxonomic hierarchy for this phylum. In
the All-Living Species tree, based on more than 7000 16S rRNA sequences, there were only 6
representatives from Cyanobacteria (Yarga et al., 2008). In fact, 26 out of the 36 Cyanobacteria
genomes, including 12 Prochlorococcus, 11 Synechococcus, and 5 Cyanthece genomes, do not
show monophyletic clustering in CVTrees. All this indicates that the phylogeny and taxonomy
of Cyanobacteria is a long due job.

FOUNDATION AND PROSPECTIVE OF THE CVTREE APPROACH

As an entirely new approach to prokaryotic phylogeny and taxonomy many aspects of the
CVTree method need in theoretical justification. We have been working on the foundations of
CVTree since the idea was first conceived. In what follows we list briefly a few partially solved
problems and some on-going work.

1. The relation between a primary protein sequence and its constituent K-peptides. This
has led to the problem of uniqueness of reconstruction of amino acid sequences from
the same set of K-peptides. This problem has been solved by using graph theory and
formal language approaches (Li and Xie, 2008; Li, 2009). It turns out that most naturally
occuring proteins do have unique reconstruction at moderate K values (Xia and Zhou,
2007).

2. The CVTrees manifest good topology in the sense of agreement with taxonomy. However,
calibration of the branch lengths has been a problem. Recently, we have made progress in
connecting the correlation distance used in CVTree algorithm with p-distance from which
relation to other genetic distances may be established (Li, 2009).

3. Distance versus dissimilarity. The correlation distance implemented in the CVTree algo-
rithm does not guarantee the fulfillment of all triangular inequalities. For example, for
a total of 892 genomes there are 892 × 891 × 890/6 = 117 891 180 trianglar relations.
At K = 3, 4 and 7, when the results are not the best, there are a tiny share of triples
that do not satisfy the triangular inequalities. However, at K = 5 and 6 when the results
agree best with taxonomy all the triangular inequalities do hold. No correlation between
triangular inequality violations and misplacements of entities in the CVTree has been
revealed. On the other hand, distance definitions that fulfill the triangular inequalities
from the outset do not yield good trees. We must admit that this problem has not been
fully understood yet.

4. An instructive way to use the CVTree web server consists in building trees for all K
from 3 to 7 at once and then inspecting the “convergence” with varying K at different
taxonomic ranks as we did in Table 1 and Table 2. We do have reasons to argue that
CVTree at K = 5 or 6 alone yields the best result for bacteria.

5. An evolution model underlying the CVTree approach is an urgent task on the agenda.
In principle, one can imagine a “K-peptide picture of evolution” (Hao and Qi, 2004).
Suppose we did not know the coding, transcription, and translation machinery involving
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nucleotides and could only observe proteins. Using K-peptides to describe proteins simply
extends the K = 1 amino acid alphabet to a larger alphabet of 20K letters. It automat-
ically takes into account short-range amino acid correlations. From the initial limited
assortment of proteins in the primordial soup of bacterial ancestors, their constituent K-
peptides multiply and diversify by mutation, growth, fission, fusion, and rearrangement.
A computer simulation of this evolution process my help to put CVTree method on a
more secure footing.

In addition to bacteria, the CVTree method has been applied to viruses (Gao et al, 2003;
Gao and Qi, 2007), chloroplasts (Chu et al., 2004), and fungi (Wang et al., 2009). There is good
hope to use CVTree to other unicellular eukaryotes. In multicellular eukaryotic organisms their
speciation invokes more and more gene regulation and expression processes. The applicability of
CVTree method must be checked on real genomic data. With the completion of the more than
one thousand on-going eukaryotic genome sequencing projects (see, e.g., the GOLD database),
the clarification of this point will soon become feasible.

All in all, the main arena of action for CVTree is prokaryotic phylogeny and taxonomy.
Given the diversity and variability of bacterial communities the prokaryote systematics may
never penetrate levels lower than species, but there is an urgent need in ecological genomics and
metagenomics to distinguish subspecies, ecotypes, biovars, etc., a task beyond the reach of 16S
rRNA analysis. Indeed, a potential application of CVTree consists in exploring the separation
and evolution of stains within a species.

As CVTree supports the 16S rRNA phylogeny in an overwhelming majority of branchings
in the Tree of Life and there is no choice of genes and fine-adjustment of parameters, as the cost
of sequencing a bacterial genome may drop drastically in the too-too-distant future, we hope
CVTree may become a practical and definitive tool in bacterial taxonomy and phylogeny. A
bacteriologist may first sequence a genome, do quick automatic annotation, submit it to CVTree
to see where it goes, and then undertake to design more specific phenotyping experiments.

Not long ago there was voice on “uprooting the tree of life” (Pennisi, 1999; Doolittle, 2000).
Now one can say that the Tree of Life is saved! By combined effort of 16S rRNA analysis and
whole-genome approach such as CVTree there is good hope to assemble and refine the Archaea
and Bacteria branches of the Tree of Life.
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