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Abstract—The current phase of molecular phylogenetics can be named the 18SrRNA gene era, which is now
approaching the end. To date, almost all phyla of metazoans and many taxa of protists are represented in data-
bases of 18S rRNA gene sequences. The elements of the phylogenetic tree of Metazoainferred from 18SrRNA
genes are characterized by unequal validity: some of them seem to be well grounded; others are not adequately
supported, and probably will be revised later. The validity of phylogenetic reconstruction is influenced by two
main factors: (1) erroneous grouping of long branches that occur because of abnormally high evolution rate;
(2) deficit of phylogenetically informative characters. A method for overcoming these difficulties is suggested
in addition to known tools: using phylogenetic markers that are stable within individual taxa and evolve by
punctuated equilibrium. These markers are least influenced by the convergence caused by ahigh evolution rate
of the entire gene. The nature of these markers of ancient taxa, paradoxical from the perspective of neutral evo-
lution, is discussed, as well as their importance for establishing monophyly of both new large-scale taxonomic
groups of invertebrates (Bilateria + Rhombozoa + Orthonectida + Myxozoa + Cnidaria + Placozoa and Echin-
odermata + Hemichordata) and some major taxa of Nematoda.

BRIEF HISTORY
OF MOLECULAR PHYLOGENETICS

Molecular phylogenetics was born in the early 20th
century, when immunological experiments showed a
very close relationship between humans and apes [1].
Then, the history of molecular phylogenetics was dis-
continued until the emergence of methodsfor the deter-
mination of amino-acid sequences of proteins in the
mid-1950s [2, 3], improved immunological methods
[4], and methods for comparing DNA sequences based
on DNA-DNA hybridization [5-7]. The accumulation
of datathat were obtained by these methods have stim-
ulated the development of techniques for sequence
aignment [8-10] and phylogenetic reconstruction
[11-14], as well as extensive phylogenetic studies of
different groups of organisms[15-18].

The development of both methods for the determi-
nation of nucleotide sequences and the cloning tech-
niques for individual genes (especialy using poly-
merase chain reaction) have initiated rapid accumula-
tion of data on nucleotide sequences of various genes.
Molecular phylogenetics entered the phase that can be
named the era of 18S rRNA genes, because, by virtue
of anumber of reasons [19], exactly these genes prom-
ised to help in solving many phylogenetic problems.
Certainly, other genes have been also actively used for
this purpose [20, 21] but the scope of phylogenetic
studies using the 5S [22, 23] and 18S rRNA genes is
considerably larger than the scale of similar studies
based on other genes. The available sample of 18S
rRNA gene sequences currently covers all phyla of

metazoans except Loriciferaand Lobatocerebrida. The
European Small Subunit Ribosoma RNA database
(http://rrmawuiaac.be) contains 6000 complete aligned
sequences of the 18SrRNA genes of eukaryotes, of which
more than 1500 organisms belong to metazoans [24].

The phase of phylogenetic studies using ribosomal
RNA genes seems to approach its end. At present, we
are on the verge of a new era, that of comparison of a
multitude of various genes, and then complete
genomes. In view of this, there is a need to review the
past phase, estimate its advances, detect its weak
points, outline the ways for overcoming these weak
points, and determine the prospects of phylogenetic
studies in the new, genomic era.

Even now, comparative studies of rRNA genes have
significantly changed the views on the evolution of
eukaryotes, permitted to resolve some old disputes, and
introduced many new phylogenetic ideas [25-30].
Since the main advances of phylogenetic studies using
rRNA genes of protists [31] and plants [32] have
recently been reviewed, our review is devoted to analy-
sis of similar data obtained mostly for metazoans.

ADVANCES OF THE PHASE
OF TRADITIONAL PHYLOGENETICS

The metazoan phylogeny is characterized by apara-
doxical situation: while all main anima phyla have
been described as early as in the 19th century, the rela-
tionships between them are still debated. This situation
can largely be explained by the fact that the famous
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Fig. 1. Two main variants of the phylogeny of metazoans
based on the traditional triad of methods: (a) acoelomate—
coelomate hypothesi s suggesting the transition from acoelo-
mate ancestors through pseudocoel omates (Aschelminthes) to
higher coelomate animals; (b) archicoelomate hypothesis
suggesting the origin of Bilateriafrom a putative coelomate
ancestor.

triad of basic methods of traditional phylogenetics
(comparative anatomic, embryological, and paleonto-
logical methods) because of their specific limitations
cannot provide comprehensive information for reliable
phylogenetic reconstructions. Nevertheless, by the
mid-20th century, the prevailing views on animal phy-
logeny were the concepts based on the idea of a pro-
gressive evolution from lower to higher forms with a
gradual increase in the complexity of their organiza-
tion. These views are included in the best known
courses of invertebrate zoology [33] and reflected in
later publications [34, 35].

According to these views, which were implemented
in the so-called acoelomate-coelomate phylogenetic
tree (Fig. 1a), the sponges (which have a low level of
tissue organization, few types of differentiated cells,
and lack nervous cells) were the first taxon detached
from the main stem of animals. The next stage was the
division of the remaining animals into Diplablastica
and Triploblastica. In the embryogeny, the former pro-
duce only two blastophylla: the ectoderm, which gives
rise to the epidermis and nervous cells, and the ento-
derm, which forms the alimentary cavity. The latter
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produce one more blastophyllum during their embryo-
genetic development, the mesoderm, which is situated
between the ectoderm and the entoderm and produces
muscles and internal organs. As diploblastic animals
(hydroid and scyphoid medusas, hydropolyps, and
corals) are usually characterized by radial symmetry,
they are named Radiata. Triploblastic animals, by vir-
tue of their bilaterally symmetric structure, are named
Bilateria. The position of Ctenophora and Placozoa,
as well as Mesozoa (wormlike acoelomate animals
with alow number of cells), remained controversial.
Typically, they were placed in the basal part of phylo-
genetic tree.

All Bilateria (triploblastic animals) were divided
into acoel omates and coel omates according to the pres-
ence or absence of coelom, which was considered phy-
logenetically important. Acoelomates and coel omates
were considered lower and higher animals, respec-
tively. The latter werein turn divided into protostomes,
deuterostomes, and lophophorates, whose position
seemed to be intermediate between protostomes and
deuterostomes. The phylogeny of protostomes was
based on the sister relationship between Annelida and
Arthropoda, which were considered close relatives
within the group of articulate animals (Articulata). This
system did not provide for a definite position of anum-
ber of animal taxa (Nematoda, Rotifera, Nematomor-
pha, Priapulida, Kinorhyncha, and Gastrotricha), which
have an interna body cavity interpreted as residual
blastocoel rather than a true coelom. Therefore, they
were lumped together into a supraphylum of
pseudocoelomates or aschelminths (Aschelminthes)
and were placed between acoelomates and true coelo-
mates.

This phylogenetic hypothesis is an implementation
of the idea of a gradual progressin the level of organi-
zation from flatworms and roundworms forming the
basal part of the Bilateria tree to two main branches of
coelomates, arthropods and vertebrates. However,
aready studies of animal ultrastructure has shown that
the structure of coelom is more plastic and diverse than
it seemed at the level of light microscopy [36-39], so it
cannot be considered avery conservative trait.

Another variant of the traditional tree (Fig. 1b)
implies an early division of Bilateriainto Protostomia
and Deuterostomia. In this case, flatworms and round-
worms are presented as secondarily simplified pro-
tostomes that have lost the coelom. Finally, one more
variant implies an independent origin of the main
trunks of Bilateriafrom radiate ancestors [40, 41].

In spite of a remarkable distinction between these
hypothetical scenariosof animal evolution, it isdifficult
to make a choice between them, because they are based
on the same data set, interpret it differently, and do not
suggest any corollaries that could be tested using mor-
phological and embryological methods.

No. 8 2002



CONDITIONALLY NEUTRAL PHYLOGENETIC MARKERS OF MAJOR TAXA

CONSEQUENCES OF THE ERA OF 18S rRNA
IN MOLECULAR PHYLOGENETICS

A comparison of the 18SrRNA genes provided phy-
logenetic studies with numerous new (molecular) char-
acters that are completely independent from anatomic
and embryological characters. Many of old hypotheses
appeared to be incompatible with these new data. Thus,
formerly popular hypotheses on the primary primitive-
ness of Trichoplax (Placozoa) [42] and Mesozoa [43-45]
became a part of scientific history. The hypotheses
implying that Ctenophora represent the highest stagein
the evolution of Coelenterata and are the putative
ancestors of Bilateria or Deuterostomia have little
chance to survive, whereas the monophyly of Bilateria
is currently beyond question [42]. These data became
part of the 18S rRNA phylogenetics virtually at the
same time with the discovery of wide homology of
homeotic genes controlling the embryonic develop-
ment. As a result, comparative anatomy faced the task
of searching for remote homologies and revising the
main structural patterns of Bilateria. It is now thought
that cnidarians are the most probable sister group of
Bilateria[46, 47], and the new models of evolution [48]
do not repeat the old “ceriantarian” (archicoel omate)
hypothesis. Even the idea on the taxonomic scope of
Metazoa has drastically changed after it was found out
that myxosporidia, which were formerly described in
the courses of protistology, actually belong to triplo-
blastic [49-51] or diploblastic [52, 53] animals.

The phylogeny of Bilateria is seen in a new light
(Fig. 2). Instead of the former group Articulata (anne-
lids and arthropods), the central position among Pro-
tostomia is occupied by Annelida and Mollusca, i.e.,
the trochozoan phyla having the ontogenetic stage of
ciliary larva (trochophore). Many transitional taxa have
received valid positions as relatives of trochozoans.
This concernsthefollowing taxa: Lophophorata, which
seemed to be a connecting link between Protostomia
and Deuterostomia [54, 55]; the phylum Nemertini,
predatory sea worms having a circulatory system but
lacking a coelom (which seemed to be the highest-level
acoelomates, but at present are considered simplified
descendants of coelomate ancestors[56]); and Pogono-
phora[57], the pride of Russian zool ogical science. The
latter taxon has been interpreted by A.V. lvanov as a
new phylum of Deuterostomia [58] but was now
returned to the class Polychaetaas afamily of Siboglin-
idae or Lamellisabellidae Ushakov, 1933, in accor-
dance with their first description [59, 60].

The greatest impact, due to exceptional uniqueness,
was produced by the results of a comparison of 18S
rRNA genes that revealed a close relationship between
arthropods as higher (coelomate) animals and round-
worms as lower animals and introduced a new group,
molting animals (Ecdysozoa) [61]. Along with Arthro-
poda and Nematoda, Ecdysozoa include Onychophora,
Tardigrada, and some phyla of pseudocoelomate
worms. If the concept of Ecdysozoaistrue, Drosophila
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Fig. 2. A variant of the phylogeny of metazoans inferred
from 18S rRNA genes and data obtained by cladistic analy-
sisof morphological characters.

melanogaster and Caenorhabditis el egans (the subjects
of advanced genomic projects) represent closely related
branches of the large phylogenetic tree of metazoans. In
addition, the concept of Ecdysozoa is exemplary in
respect of the fact that anatomic and embryological
arguments against making annelids and arthropods
closely related [62, 63] were not generally recognized
until this concept was inferred from molecular charac-
ters (18S rRNA genes). After that, the concept of
Ecdysozoa was repeatedly supported by cladistic anal-
ysis of morphological characters [28-30].

However, several key taxa of invertebrates, includ-
ing Platyhelminthes, Acoela and Nemertodermatida
(acoelous turbellaria), Chaetognatha, Bryozoa, Ortho-
nectida, Rhombozoa, and Myxozoa, do not occupy a
constant position on the phylogenetic treeinferred from
18SrRNA genes. For example, depending on the set of
studied species and the algorithm of tree construction,
flatworms either cluster together with coelomate tro-
chozoans and lophophorates [61], or form a separate
branch of Protostomia [28] (Fig. 2), or split into inde-
pendent lines, of which some branch off the crown of
the phylogenetic tree of Bilateria and others (Catenu-
lidaor Acoela) seem to bethefirst basal branch of Bila-
teria [64, 65]. A choice between these phylogenetic
hypotheses entails radical changes in the concepts on
the organization of the nearest common ancestor of
bilaterians and on the pathways of their early evolution.

Ambiguous results on the position of the aforemen-
tioned taxa and an insufficient clarity of the relation-
ships between animal phyla (a comb-shaped structure
of the established branches in the phylogenetic tree
shown in Fig. 2) reflect both obvious and hidden prob-
lems of phylogenetic analysis of molecular data.
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PROBLEMS
OF MOLECULAR PHYLOGENETICS

In spite of relative clarity of the methods of phylo-
genetic reconstruction based on molecular data, they
are not devoid of serious and sometimes hidden prob-
lems.

One of these problems is related to the presence of
repetitive sequences and to the necessity of discriminat-
ing between orthologous and paralogous homologs
[66]. Because of concerted evolution, ribosomal genes
are little different from one another [67-70], and in
their casethis problem issignificant only in exceptional
cases[71, 72]. Therefore, we shall not discussiit.

The second problem, the ambiguity of alignment,
arisesin consequence of aconsiderable sequence diver-
gence, which is followed, along with multiple point
substitutions, by deletions and (or) insertions of single
nucleotides or relatively extended regions. In some
cases, it isdifficult to determine the boundary points of
insertions and to match each nucleotide in one
sequence with a homol ogous nucleotide in the other.

The third problem is a deficit of phylogenetically
informative characters. It is manifested as low resolu-
tion of branching in many phyletic lineages and a low
statistical support of groups, which raises doubts about
the validity and reliability of the results obtained.

The fourth problem was termed long-branch attrac-
tion (LBA). Itseffect is expressed as a distortion of tree
topology by moving the groups that have 18S rRNA
gene sequences characterized by an abnormally high
evolution rate (secernentean nematodes [61], acoelous
turbellaria [64], mesozoans, and myxozoans) into a
basal position.

Inwhat follows, we consider the latter two problems
in more detail.

DEFICIT OF PHYLOGENETICALLY
INFORMATIVE CHARACTERS

The most important reason for the difficulties con-
cerning the use of molecular methods of phylogenetic
reconstruction is related to the mere fact that, whatever
gene is selected, some clades do not have molecular
synapomorphieswithinit. A totality of 1800 nucleotide
positions of amedium-size 18SrRNA gene cannot con-
tain a million of outapomorphies for a million of taxa
existing on the Earth. In some clades, synapomorphies
could not occur because of ashort time of the existence
of the stem group beforeradiation; in other clades, prior
to radiation, synapomorphies had only occurred in vari-
able (rapidly changing) regions, and they have not been
conserved for the time of further evolution, having
undergone repeated substitutions. Apparently, in such
cases, calculation tricks are useless to establish the
monophyly of these groups, and the only hope of suc-
cessisrelated to the opportunity to find molecular syn-
apomorphies for these clades in other genes. Probably,
using any individual gene, it isonly possible to resolve
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branching in some parts of phylogenetic tree; the posi-
tion of the remaining branchesis either largely random
or depending on the LBA effect (seebelow). Thisisone
of the reasons for different results of phylogenetic
reconstruction inferred from different genes. Another
possible reason is related to evolution rate differences
between genes. The effect of thisfactor on the results of
phylogenetic reconstruction will be discussed below.

A discrimination between true and accidental
groups requires information on phylogenetic markers
fixed in different genes. And it is not that several genes
represent a genome more adequately, but the possible
absence of synapomorphies for many specific groups
within asingle gene. Two main approaches are possible
for phylogenetic reconstruction inferred from many
genes. The first is the simple combination of the
sequences of different genesinto asingle set for align-
ment, which isthen analyzed using conventional proce-
dures. The second approach is the construction of a
valid phylogenetic tree from tree fragments inferred
from individual genes and containing both true and
false elements of topology. This approach can be for-
malized, and it may be more fruitful than conventional
procedures of the joint alignment of all available infor-
mation, which is never complete.

Genomic projects show promise of a great advance
in the accumulation of phylogenetic data, especially the
information needed to establish the initial radiation in
major taxa. However, even in this case, an ensemble of
108 nucleotides (in the smallest eukaryotic genomes)
will be confronted with the ensemble of 10° taxa. Since
even in the smallest genomes, an overwhelming major-
ity of nucleotides is related to evolutionarily variable
regions (which are useless in a comparison of remote
taxa). Only asmall part of each genome can be used for
large-scal e reconstruction. Thus, a switch to a compar-
ison of many genes and even complete genomes will
not definitively solve the problem of scarcity of phylo-
genetically informative molecular markers. According
to the above estimate, a comparison of complete
genomes can hardly guarantee success in finding obvi-
ous outapomorphies for each clade. Hence, even in this
case, some taxa will be characterized based on
homoplasies or unique combinations of nonunique
characters.

THE LBA PROBLEM

Already the evidence on molecular DNA hybridiza-
tion has shown that, in different phyletic lineages, dif-
ferences in the rates of sequence evolution can reach
several times [73]. Later, the accumulation of data on
various genes (including the 18S rRNA genes) reveal ed
many instances of abnormally high evolution rate in
some phyletic lineages. The reasons for the accel erated
rate of molecular clock in some phyletic lineages are
nearly always unknown. One can only speculate which
selective factors required a quick reorganization of the
macromolecule or, conversely, made neutral and, con-
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sequently, allowable substitutions in the domains that
formerly were strictly controlled by stabilizing selec-
tion. In a phylogenetic reconstruction, the differences
in the evolution rate pose a serious obstacle, which is
very difficult to overcome [74].

In asimplistic form, the nature of this problem isas
follows. Similar genes that have been little evolution-
arily changed cluster together in a phylogenetic recon-
struction, whereas a considerably changed gene will
differ from homologous genes of other taxa and will
occupy an isolated position within its family in the
basal part of phylogenetic tree. In aphylogenetic recon-
struction, two or more genes that are dissimilar to al
other genes can group together as the remainder after
the clustering of other sequences that are more similar
to one another. The conditionsfor LBA and its effect on
unrooted and rooted trees are schematically shown
inFig. 3.

Another reason for LBA isrelated to alimited num-
ber of DNA monomer types. Some newly fixed substi-
tutions can coincide in individual positions of two phy-
logenetically distant but rapidly evolving genes by con-
vergence, and this “noise” can contribute to erroneous
grouping between long branches in the case of signifi-
cantly reduced similarity with the nearest relatives. If a
random, computer-generated sequence isincluded in a
phylogenetic analysis, the most pronounced long
branches can cluster together with this sequence in
some bootstrap replications [ 75].

| dentification of Long Branches and the Registration
of the Effect of Their Attraction

Solving the LBA problem includes two aspects:
first, it is necessary to identify long branches; second,
to elucidate their nature, i.e., to determineif they reflect
along-term evolution (in this case, their basal position
onthetreeisatruereflection of phylogeny) or they rep-
resent the product of abnormally rapid evolution in par-
ticular phyletic lineages (in this case, their basal posi-
tion on the tree of sequences represents an artifact
caused by LBA).

The identification of long branches is not as simple
asit may seem at first sight. The method for a compar-
ison of evolution ratesin different phyletic lineages, the
so-called relative test, was suggested as early as at the
dawn of molecular phylogenetics [76]. It consistsin a
pairwise determination of genetic distances between
two studied taxa with respect to a certain outgroup. If
several outgroups are used, it is possible to test the sta-
tistical significance of the between-distance differ-
ences, if any. However, if thisprocedureisused, thedis-
tance from the outgroup to a rapidly evolving taxon
may be underestimated because of saturation of
sequences with mutations [74]. The more distant the
outgroup from the studied species, the more pro-
nounced the underestimation of distance. A clear exam-
ple is a comparison of mitochondrial HSP70 proteins.
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Fig. 3. LBA effect: (a) Scheme illustrating the appearance
of wrong grouping in an unrooted tree [101]. If the proba-
bility of mutationisp and islower than g%, astablegroup is
formed of nonrelated long branches (1, 3) by the maximum-
parsimony method; (b) In the rooted tree, outgroup (1)
attracts the long branch (3), masking its length and hamper-
ing itsidentification.

If a-proteobacteria are used as outgroup, the HSP70
protein of microsporidiaseemsto evolve at avery high
rate (long branch); whereas, if an eukaryotic cytosol
HSP70 protein serves as outgroup, the evolution rate of
this gene in microsporidia appears to be normal,
because not only the HSP70 proteins of microsporidia,
but also the HSP70 proteins of all studied organisms,
are positioned very distantly from the an outgroup [77,
78]. Thus, a wrong choice of outgroup can hide long
branches, and they are best detected in an unrooted tree.

The molecular markers that most commonly used
for reconstruction of phylogeny of phyla and classes
are usually saturated with mutations, so the estimation
of the variation in the rate of evolution requires other
approaches. One of these is a comparison of evolution-
ary distances within the studied group, because the
underestimation is less pronounced in the case of low
distances[79].

Several indications were proposed to find out
whether the early branches of sequence trees have a
basal position because of high evolution rate rather than
long-term evolution [80, 81]: (1) the branches leading
to mutually attracting taxa are very long; (2) these
branches can be grouped with random sequences,
(3) some methods of reconstruction that are less sensi-
tive to the LBA effect must discriminate mutually
attracting branches; (4) the studied sequences have
many unique substitutions; (5) the studied sequences
significantly deviate from the consensus sequence for
the studied sample; (6) compared to the typical length
of 18S rRNA, the studied sequences are abnormally
long or short; (7) a high relative apparent synapomor-
phy (RAS) taxon variance [82].

A critical analysis of these criteriarevealed that they
arefar from being of equal value and can be questioned
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in certain cases [83]. For example, the method of rela-
tive apparent synapomorphy analysis (RASA) was spe-
cialy developed to identify long branches [82]; how-
ever, it cannot discriminate between the long branches
deriving from abnormally rapid evolution and the long
branches that are the product of long-term evolution at
anormal rate [74].

Thus, the LBA problem is difficult to solve. This
fact is reflected in a long-term discussion between the
advocates of the origin of Acoelafrom the evolutionary
root of Bilateria[30, 65] and their opponents, who con-
sider their basal position on the phylogenetic tree of
18SrRNA asan artifact of the high evolution rate of the
18S rRNA gene [28, 64, 84]. Another unsettled ques-
tion that is directly related to the LBA problem is the
affiliation of Myxozoa with Bilateria [49-51] or Cni-
daria[52, 53, 83]. Grouping Myxozoa with cnidarians
is observed only if a parasitic hydroid Polypodium
hydriforme (which is the only coelenterate species
comparable to Myxozoans by the abnormally high evo-
lution rate for the 18S rRNA gene) is included in the
studied species sample. Although this results in a very
high probability of grouping Myxozoa and P. hydri-
forme together because of the LBA effect, this problem
cannot be solved by the mere elimination of P. hydri-
forme from the analysis, because Myxozoa and
P. hydriforme are characterized by unique cytological
features that could be explained by their relationship
[85]. Another example of discussion underlain by dif-
ferencesin the evolution rate of 18S rRNA genesisthe
putative sister relationship between two insect orders
Dipteraand Strepsiptera[83, 86], whichisrelated to the
LBA effect by the opponents of this hypothesis [81, 87].
Solving these problems by methods of molecular phy-
logenetics requires data on other genes or the devel op-
ment of more advanced tools for the analysis of the
available 18S rRNA sequences.

Reasons for the Occurrence of Long Branches

Thereason for the occurrence of long branchesisan
abnormally high evolution rate of all or some particular
genes representing some phyletic lineages. The evolu-
tion rate of single genes or complete genomes is gov-
erned by two main factors: (1) mutation rate and (2) fix-
ation probability of mutations [88]. The mutation rate
of complete genomes is influenced by (1) generation
time [89]; (2) efficiency of DNA repair systems [73];
(3) metabolism rate[90], which determines the concen-
tration of free radicals and other mutagenic products.
The mutation rate of single genes may be affected by
the gene background [91] and some specific features of
their structure, such asthe presence of repetitive motifs,
which are the targets of general genetic recombination
and DNA polymerase dippage [92]. The fixation prob-
ability of mutations depends on initial mutation rate,
selective value, effective population size, and genera-
tion time.
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The primary structure of rRNA isunder strong pres-
sure of functional limitations, because it apparently
preserves its functions invariable since the moment of
its origin in primitive living organisms to the present
time. Two nonalternative possibilities of fixation of an
excessive number of mutationsin along branch can be
proposed: (1) an increase only in the fixation rate of
presumably neutral mutations within variable regions
of molecule; (2) aqualitative change (diversification) in
the types of permissible mutations. In the latter case, in
certain species the changes are fixed in the regions that
are prohibited from mutation in other species and are
therefore considered functionally important.

The first possibility must be determined by general
factorsinfluencing therate of neutral mutations, such as
effective population size [93]. Apparently, this factor
increases the rate of neutral molecular evolution in al
genes rather than in a single gene. For example, an
increased evolution rate of Caenorhabditis elegans
genes not only represents awell-known source of LBA
artifacts in phylogenetic trees inferred from 18S rRNA
[61, 74], but also poses a serious problem in the case of
using data on many genes [94]. In a study of early
divergence in Metazoa [46], the same four species out
of 23 studied appeared to be included in long branches
in the phylogenetic trees inferred from 18S and 28S
rRNA, though one cannot completely exclude some
coordinated changes of large and small subunit riboso-
mal RNA in this case.

General factors are responsible for the increased
evolution rate of genes encoded by mitochondrial
genomes (Fig. 4), which is expressed in many phyletic
lineages and is typical of all mitochondrial genes (the
substitution rate in the genes of evolutionarily con-
served proteins can be judged from the rate of synony-
mous substitutionsin closely related species). A special
three-times rule was formulated for the increased evo-
lution rate of mitochondria genes by contrast with
nuclear genes [95]. The reason for the increase can
hardly be a lower effective number of organelles than
their host cells [95], because the egg cell usualy has
many mitochondria.

Another opportunity of arapid accumulation of sub-
gtitutions, which isrelated to an expansion of the range
of permissible mutations into the areas of conserved
regions, occursin agene-to-pseudogenetransition or in
the case of loss of functionality in a domain of multi-
functional protein. For example, the presumed loss of
the function of actin binding by the elongation factor
la (EF-1a) genesin Ciliophoraresulted in the fixation
of mutations and the destruction of some conserved
motifs[96]. These changes did not apparently affect the
trandlation mechanism. At least the remaining genes
that participate in transation, such as the 18S rRNA
gene, evolve at anormal ratein most of Ciliophora. On
the other hand, the increased variability of domainsthat
control actin binding caused an increased variation of
other EF-1a regionsin Ciliophora[96].
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Fig. 4. Phylogenetic tree constructed based on genetic distances inferred from eukaryotic nuclear and mitochondrial small rRNA
genes studied in the same sample of taxa. Taxa of metazoans are shaded. For mitochondrial genes, the length of branchesis approx-
imately three times longer than for nuclear 18S rRNA, which indicates a higher evolution rate of mitochondrial genes. GenBank

accession numbers are given after species names.

It is evident that similar factors contribute to the
cases of a reduced conservation of ribosomal genes.
The ribosome represents a giant multidomain
ribozyme. In spite of the advances of structural analysis
[97], the functional importance of many domains
remain unknown. Such domains include the V4 region
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that is distinguished for an exceptionally high level of
variation. It is exemplified by extended insertions that
are typica of the V4 region of Cicindellidae, Cla-
docera, and many other taxa; even closely related spe-
cies significantly differ from one another in the length
and nucleotide composition of theseinsertions[92, 98].
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In these cases, the increased evolution rate of the V4
regionisobvioudly related to the specific primary struc-
ture of thisregion, whichis saturated with short repeats,
and is caused by DNA polymerase dlippage. However,
if the V4 region is excluded from the alignment, the
branches that lead to Cicindellidae on the phylogenetic
tree of 18SrRNA remain still longer than in the case of
species belonging to other families [92]. In other
words, the conserved 18S rRNA gene regions of Cicin-
dellidae are also allowed to have an increased variabil-
ity that does not directly depends on DNA polymerase
slippage and is probably correlated with substitutions
intheV4 region.

The initial changes in the V4 region of the 18S
rRNA gene of Cicindellidae and Cladocera, which
cause alocal increase in the mutability owing to DNA
polymerase slippage, sometimes are developed to a
hypertrophied stage. Simple (high-entropy) sequences
deriving from DNA polymerase slippage can hardly be
functionally important and controlled by directional
selection. Apparently, the evolution of theV4 regionis
caused by nothing more than molecular mechanisms
underlying a slippage-induced increase in the rate of
certain mutations [92]. An analogy can be suggested
with hypertrophied organs in paleontological series,
which were explained by vital force or by orthoselec-
tion. The only difference isthat hypertrophy character-
izing a phylogenetic series of macromolecules is open
to experimental study.

Approaches to Solving the LBA Problem

Grouping sequences by the* negative” trait of differ-
ences from all other sequences in the studied sample
poses serious methodological problems in the area of
molecular phylogenetics, because the modern para-
digm of phylogenetics is based on identification of
clades by synapomorphies. Some authors try to solve
this troublesome problem by reecting any distance-
based methods of tree construction in favor of cladistic
approaches, for example, the maximum-parsimony
method [99]. However, this method can aso produce
the LBA-related clustering artifacts [100, 101]. There-
fore, various artificial tricks were suggested to reduce
the contribution of the LBA effect: (1) markedly differ-
ing sequences should not be included in the analysis
[61]; (2) sequences with abnormal evolution rate
should be “diluted” by sequences with normal evolu-
tion rate [102]; (3) hypervariable gene regions should
not be taken into consideration (either excluded from
alignment or assigned a lower weight in the analysis);
and (4) thetree construction algorithms and sequence evo-
[ution models should be less dependent on evolution rate,
which more accurately match the real process[103].

The first strategy was implemented in the studies
devoted to the establishment of the Ecdysozoa group
[27, 61], inthe study that substantiated independence of
Acoela[65], and in other works. Another variant of this
strategy is the choice of a gene within the studied

RUSSIAN JOURNAL OF GENETICS Vol. 38

PETROV, ALESHIN

group, which evolves with minimum deviations from
the molecular clock hypothesis [76]. For example, the
phylogeny of some protist taxa, which areinferred from
mitochondrial proteins HSP70 [77, 78] and cpn60
[104], are apparently not affected by LBA, if a-proteo-
bacteria are used as outgroup.

It is evident that the trick of selective use of datais
very vulnerable to criticism, because the mere indica-
tion of the fact that some sequences are related to long
branches (sources of artifacts) is definitely not suffi-
cient to substantiate the exclusion of some scientific
data (nucleotide sequences) from analysis. Moreover,
this trick must not be used, if the task is exactly the
determination of position on the tree for the studied
sequence, to which along branch leads. The aforemen-
tioned example of P. hydriforme 18S rRNA gene
sequence is very appropriate. In this case, another trick
may be helpful, which is aso related to the choice of
taxa Its strategy consists in a “dilution” of long
branches by adding new taxa to the studied sample.
Thisstrategy was used in astudy of the taxonomic posi-
tion of Arthropoda[27] and supported the hypothesis of
monophyly of molting animals, Ecdysozoa [61]. This
trick isefficient even if the added sequences also evolve
at ahigh rate [105]. For example, according to the first
fragmentary data on the ribosomal genes of amoebas,
no common characters were found in their sequences,
and all amoebas seemed to be a polyphyletic set of non-
related protists originated from different unknown
ancestors [106]. However, adding increasingly more
sequences outlined a trend of classifying all amoeboid
protists into two or three monophyletic groups [107].

The third trick, which consists in excluding hyper-
variable nuclectide positions saturated with substitu-
tions from alignment, makes possible to reduce the
noise. In so doing, artificial data weighing also takes
place, as well as the underestimation of distances
between species. The necessity of considering the het-
erogeneity of evolution rate among individual positions
along the strand of DNA molecule was pointed out rel-
atively long ago [108]. However, the first study, in
which the heterogeneity of positions by evolution rate
was actually taken into consideration, appeared almost
adecade later [109]. Depending on whether the hetero-
geneity by positionsis considered or not, different pro-
tist taxa appear as the earliest branch on the trees
inferred from eukaryotic 18S rRNA [110]. Thus,
microsporidiawere moved from abasal position, which
they were given in an earlier reconstruction [111, 112],
to the crown of eukaryotic tree and were placed in the
immediate vicinity of fungi, if using the correction for
heterogeneity of individual rRNA sites by evolution
rate [107]. This phylogenetic result is in complete
agreement with the data on other genes[113-116].

It is well known that the rate of substitutions is
unequal for different positions along a functional mol-
ecule sequence. For example, five classes of positions
were distinguished in the 18S rRNA gene [117], in
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which variability estimated in relation to the mean vari-
ability for the entire molecule is 0.0918, 0.324, 0.977,
2.38, and 5.74, and approximately one-third of this
gene positions are invariant. These variability levels
indicate that rRNA regions differ in the degree of con-
servation, and the rate of differences reaches many
times. It is thought that the variability of positions by
evolution rate along the entire rRNA sequence is best
described by ay distribution [118]. Different variants of
this model for the estimation of variability of gene
regions are realized in a number of computer proce-
dures, eg., TREECON [119], TREE-PUZZLE 5.0
[120], etc. Based on the results of calculations, each
position can be assighed aweight (category) whichisin
inverse proportion with the evolution rate. This weight
is used at the next stage of tree construction. Conven-
tional phylogenetic software packages (fastDNAmI
[121], PHYLIP[122], and PAUP[123]) provide for the
possibility of reading initial data (alignment) together
with the categories for each position. A good choice of
categories improves the resultant tree, but the proce-
dure of trait weighing, albeit formalized, allows agreat
degree of subjectivity, for example, in the choice of the
number of categories. And, most importantly, the cate-
gories imply a constant probability of fixation for sub-
gtitutions in a certain site, whereasiits changeintimeis
actually characterized by discrete steps in accordance
with the model of punctuated equilibrium [124].

Finally, the fourth trick consists in using both meth-
ods of phylogenetic reconstruction that are less sensi-
tiveto the LBA effect and more realistic models of evo-
lution of nucleotide sequences in the estimation of
genetic distances between species. For example, amax-
imum likelihood (ML) approach was specialy devel-
oped to avoid this effect [125]; however, this expecta
tion comestrueinthe only case, if the applied model of
evolution perfectly matchestheinput data, which isnot
fulfilled in most cases, because the actual parameters of
the fixation of mutations in the course of evolution are
mostly unknown [118].

ANALY SIS OF SECONDARY-STRUCTURE
ELEMENTS OF 18S rRNA: ANOTHER METHOD
FOR OVERCOMING THE DIFFICULTIES

A less obvious approach for overcoming the afore-
mentioned difficultiesis a cladistic analysis of specific
evolutionary changes of both primary and the predicted
secondary structure of macromolecule. The presence of
specific changes (synapomorphies or outapomorphies
in terms of cladistics) in the analyzed sequence indi-
cates that it belongs to a certain clade, even if multiple
substitutionsin variable regions do not allow its definite
position on the tree because of LBA-caused artifacts.
These macromolecular characters can be used as input
datafor computer procedures of molecular morphome-
try [126]. Although formalization of their choiceis dif-
ficult, using these particularly indicative charactersin a
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phylogenetic study, in essence, represents an extreme
case of conventiona weighing of macromolecule regions.

The procedure of verification of tree topology by
single markers may be criticized, but it is justified for
two reasons. First, higher-rank taxa can preserve avery
small number of synapomorphies. For example, in the
order Enoplida (marine nematodes), only two specific
nucleotides were preserved in the 18S rRNA gene (one
in each of the loops of hairpins 35 and 48), if random
coincidencesin hypervariableregionsare not taken into
consideration [127]. Second, such markersarevery sta-
ble within groups having different taxonomic rank.
Thus, analyzing the secondary structure of eukaryotic
rRNA, we found discrete states for individual second-
ary-structure elements of rRNA that are markers of dif-
ferent eukaryotic taxa, whose rank ranges from super-
taxa uniting phyla to orders and species groups within
an individua phylum. A characteristic evolutionary
feature of these markersistheir stability, which isnoted
even in phyletic lineages with an abnormally high evo-
[ution rate of the 18S rRNA gene. For example, anem-
atode-specific symmetric helix structureinhairpin 17is
preserved in a rhabditid nematode Pelodera strongy-
loides, which is characterized by a record high evolu-
tion rate of the 18SrRNA gene [128]. Thus, individual
elements of secondary structure can be good phyloge-
netic markers, which are particularly reliable in the
determination of the position of rapidly evolving phyl-
etic lineages. The examples of these markers will be
presented in a special section.

THE MARKERS OF MAJOR TAXA
DO NOT COMPLY WITH SIMPLE LAWS
OF NEUTRAL EVOLUTION

The basis of modern paradigm of molecular evolu-
tion is formed by two closely related concepts: the
hypothesis of significant neutral component in the evo-
lution of macromolecules [93, 129] and the concept of
molecular clock [130]. Actualy, even in coding
sequences, many nucleotide substitutions do not result
in changes in the encoded protein because of degener-
ate amino-acid code, and, in the protein, many of sub-
stitutions of amino acid residues with chemically simi-
lar amino acid residues do not significantly affect its
properties. The evolution of variable regions of macro-
molecules conforms with predictions of the neutral
evolution and molecular clock theories. Permanent
mutation and random propagation of individuals carry-
ing different allele variants provide a permanent and
rapid change of genes not related to directional selec-
tion. In species and populationswith any degree of rela-
tionship, the results of this process are found in the
regions of mitochondrial genomes, in spacers and vari-
able regions of ribosomal operons, and in fractions of
repetitive sequences. These genomic regions are used
to discriminate taxonomic units of lower rank, i.e., pop-
ulations and species [131-135].
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Which would be specific features of the markers of
major ancient taxa, whose subtaxa exist, for example,
since the Cambrian period? Apparently, their common
features must not be destroyed by neutral mutations, as
in spacer and intron sequences. Can such evolutionary
conservation be accompanied by neutrality of these
markers, at least at the time of their origin? Does not
this indicate that the patterns of evolution are different
in the markers of major (phyla and classes) and minor
taxa and that using the methods of molecular biology
would help to draw the notorious distinction between
micro- and macroevolution? Are the markers of major
taxa neverthel ess adaptive? However, in this case, it is
difficult to imagine what can be an adaptive change in
macromolecules fulfilling permanent functions in the
cell. If the changes are adaptive, a new question arises
that concerns the probability of convergence by these
marker characters.

VARIABLE rRNA REGIONS
AS A DEPOSITARY OF MARKER CHARACTERS

A paradoxical nature of the markers of major taxais
expressed in the situation that at least some of them are
localized in evolutionarily variable regions of macro-
molecule. It is not easy to find out these markers,
because the procedure of sequence alignment of hyper-
variable regionsis difficult. The computer-aided search
of them is particularly complicated because of their
high variability. First, there isthe possibility of random
gap placement in the computer procedures of sequence
alignment, which causes these markers to be excluded
fromtheanalysis; second, evenif the alignment is accu-
rate, these markerswill according to their evolution rate
be considered variable, and, consequently, of low value
for phylogenetic analysis. In addition, the contribution
of individual amino-acid residues to the support of the
corresponding clades is low against the background of
the great noise of extended regions with multiple sub-
stitutions in particular positions, especialy in the case
of using the distance-based methods of tree construc-
tion.

The examples of the markers of taxa of different
rank, which were found using the analysis of second-
ary-structure elements in the 18S rRNA molecule, are
presented below. The order of their presentation corre-
sponds to the localization of these markers in the vari-
able regions of the 18S rRNA molecule, which have a
standard numeration from 1 to 9 [24].

PETROV, ALESHIN

Hypervariable Region V1

In this region, a set of six nucleotide substitutions
was found in hairpin 6 and the adjacent hairpins 7 and
8 (Fig. 5a). This set is synapomorphic for secernentean
nematodes that constitute the Rhabditia group of nem-
atode orders, which is the nematode subtaxon charac-
terized by the largest number of species included and
the greatest importance for humans. The origin of the
Rhabditia group has long been controversial, because
its nearest ancestors that are assumed from the totality
of morphological characters, the orders Teratocephal-
ida and Plectida, fall within this group on the phyloge-
netic trees inferred from 18S rRNA genes and join to
the spirurid—ascaridid orders, whose 18S rRNA genes
appeared to be the least changed among Rhabditia. By
contrast, morphologically primitive free-living Rhab-
ditidaoccupy abasal position in relation to Teratoceph-
alida and Plectida because of a marked divergence of
the 18S rRNA genes and the consequent LBA effect.

Thisartifact iseliminated in view of the discovery of
the af orementi oned synapomorphies of Rhabditiain the
hypervariable region V1 (Fig. 5a), which definitely
indicate the monophyly of Rhabditia in relation to Te-
ratocephalida and Plectida.

Hypervariable Region V2

The sequence of this region produces an eukaryote-
specific hairpin E10_1. In the stem of this hairpin, an
additional nucleotide pair (Fig. 5b) represents a unique
synapomorphy of Hemichordata and Echinodermata
that confirms the most important recent phylogenetic
discovery on the relationship between the phylaof Deu-
terostomia, which was made based on a comparison of
18S rRNA genes. The scheme prevailing in textbooks,
which consider Hemichordata (Balanoglossus, Ptero-
branchia) the nearest relatives of Chordata, appeared to
bewrong in thelight of molecular data. In phylogenetic
treesinferred from 18SrRNA, Hemichordata and Echi-
nodermata represent a single clade [136, 137], which
confirms the monophyly of the unusua taxon Ambu-
lacralia that was long ago proposed by Mechnikov on
the basis of embryological observations[138]. The syn-
apomorphy that represents an additional nucleotide pair
in the helix of hairpin E10_1 in the hypervariable
region V2 is a good marker of clade Ambulacralia.
Chordata preserve a plesiomorphic (ancestral) state or
this region.

Fig. 5. Secondary structure of some parts of hypervariable regionsV1, V2, and V3. (a) Hairpin 6 and the adjacent hairpin 7 and 8
in Teratocephalus lirellus (Teratocephalida) and Ascaris suum (Rhabditia). The ancestral (plesiomorphic) state of these positions
(Teratocephalida) and the derivative (apomorphic) state (Rhabditia) are designated by arrows and rectangles, respectively. (b) Hair-
pin E10_1in Ambulacralia (Hemichordata + Echinodermata) and the remaining animal species. Additional nucleotidesin theinter-
nal loop of the hairpin of Ambulacralia are boxed. (c) Hairpin 17 of variable region V3. (A) Ancestral state (symmetric upper part
of hairpin) in al eukaryotes except Bilateria. (B) Derivative state (asymmetric upper part of hairpin) caused by insertion of addi-
tional nucleotide (G or A; designated as 17a). G.m., Glycine max X02623; S.ce., Saccharomyces cerevisiae J01353; S.c. Scypha
ciliata L10827; A.su., Anemonia sulcata X53498; G.s., Gyrodactylus salaris Z26942; G.a., Gordius albopunctatus U88337;
D.m., Drosophila melanogaster M21017; M.e., Mytilus edulis L24489; H.s., Homo sapiens K03432.
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Hypervariable Region V3

Two main states of hairpin 17 (Fig. 5¢) are observed
in the secondary structure of the V3 region of 18S
rRNA, of which one (symmetric helix 17) is ancestral
(plesiomorphic), becauseit isfound in most eukaryotes
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except Bilateria. The other state (asymmetric helix 17
due to the occurrence of an unpaired purine nucleotide)
is derivative (apomorphic), becauseit istypical of most
Bilateria [124]. In turn, several minor states are found
within Bilateria, which can be specific of either individ-
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ual phylaor subtaxawithin phyla. For example, arever-
sion to the state resembling the ancestral symmetric
helix 17 istypical of nematodes, and further modifica-
tion of this state indicates the monophyly of some
Rhabditida and Strongylida [128].

Hypervariable Region V4

Region V4 is the most variable region of the 18S
rRNA molecule. This region attracts particular atten-
tion, because it contains supplementary hairpins that
are eukaryote-specific secondary-structure elements.
Some of these hairpins may be lost in some taxa
whereas new supplementary hairpins may occur in
other taxa. In a recent revision of the secondary struc-
ture of this region based on data on 3000 eukaryotic
species, 11 major taxa were revealed, in which devia-
tions from canonical helix shapes were found in al or
some species [139]. For example, a supplementary
helix was found in crustaceans belonging to the order
Cladocera [98]. The same helix was found in Cycles-
theria representing another group of crustaceans (Con-
chostraca), which indicates the monophyly of Cla-
docera and Cyclestheria. Unique supplementary hair-
pinsthat are found in the terminal part of thisregion are
also typical of taxa having a higher rank, for example,
Kinetoplastida and Euglenida [139].

Hypervariable Region V7

A specific two-nucleotide deletion and the corre-
sponding changes in the predicted secondary structure
of 18S rRNA in the region of hairpins 42 and 44 were
found in bilaterians, coelenterates, and Trichoplax (Pla-
cozoad), whereas an ancestral state of these characters
was found in unicellular eukaryotes, sponges, and
Ctenophora[47]. This supports the closest relationship
of Bilateria with Cnidaria rather than Ctenophora
A characteristic feature is that such animal taxa as
Myxozoa and Mesozoa (whose phylogenetic position
represents a complicated problem) also have a deriva
tive state of these characters, which supports the mono-
phyly of the Placozoa + Cnidaria + Myxozoa + Meso-
zoa + Bilateria group.

A plesiomorphic state of another secondary-struc-
ture element of 18SrRNA, hairpin 43, isrepresented by
short helices (4 to 6 nucleotides) alternating with short
unpaired regions that form bulges. The changes of hair-
pin 43 are related to more or less extended insertions
into these bulges. These changes are mainly observed
in taxonomic groups having a greater size of the 18S
rRNA gene. Thus, the occurrence of extended inser-
tionsisfollowed by the formation of new specific heli-
ces, which resultsin an increase of thetotal hairpin size
and in the corresponding change of its configuration.
Such changes of hairpin 43 that are markers of taxa
having an order rank were registered in Crustacea [98]
and Strepsiptera[140].
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Hypervariable Region V9

ThehypervariableregionVV9ispacked into helix 49,
which adjoins the decoding center of ribosomes. This
region is characterized by asharp gradient of evolution-
ary conservation from the positions of the basal part of
helix that are virtually similar in al eukaryotes to the
positions of the apical part of helix that are different
even in closely related species. Nematode orders Eno-
plidaand Dorylaimidapreserved all evolutionarily con-
served positionsin thisregion, whereas 35 point substi-
tutions, which form a specific secernentean stem of
hairpin 49, were fixed in a large group of nematode
orders (Rhabditida, Strongylida, Tylenchida, Ascari-
dida, Spirurida, Oxyurida, Teratocephalida, Plectida,
Araeolaimida, and Monhysterida). Although the
changes this region do not cause any predicted changes
in the configuration and size of hairpin 49, they affect
the most conserved sites, which discriminates these
nematodes not only from other animals, but also from
other eukaryotes. Thus, the secernentean stem supports
the monophyly of Chromadoria and helps to determine
the order of separation of major nematode taxafrom the
main trunk on their phylogenetic tree [141].

Nature and the Phyl ogenetic Importance
of Conditionally Neutral Markers

The aforementioned exampl es show the existence of
discrete states for the individual elements of the pri-
mary and secondary structure of eukaryotic rRNA,
which are nonrandomly distributed throughout the phy-
logenetic tree. The aternative states of these elements
are markers of different taxa, whose rank ranges from
supertaxa that unite phylato orders and species groups
within an individual phylum. A characteristic feature of
their evolution consists in the fact that, after a short-
term transition from one state to another, they enter a
phase of long-term stability, which is noted even in
phyletic lineages with an abnormally high rate of evolu-
tion of the 18S rRNA gene. In essence, this group of
molecular characters, which is chosen from their totality
by their value as phylogenetic markersfor ancient phyletic
lineages, evolves by punctuated equilibrium[124]. Earlier,
the punctuated equilibrium was described for morpholog-
ical charactersin paleontological series[142].

How we can explain the occurrence of punctuated
equilibrium in the evolution of macromolecules? Phys-
iological function of the stable but not absolutely
invariant el ementsis mostly unknown. By analogy with
the amino-acid residues that interact in a native ribo-
some and consequently undergo coordinated changes
(for example, in the complementary strands of helices)
[143], we can suppose that the amino-acid residues that
are characterized by variable evolution rate are
involved in the interaction with aligand (RNA or pro-
tein). A mutation change of such a residue requires a
coordinated compensation in the structure of ligand. If
this compensation is realized, further reversion is ham-
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pered, because a concurrent elimination of structural
compensation of ligand isalso required to preserve nor-
mal functioning. For this reason, such changes occur
very rarely, and the changes that occur in the stem
group are capable of clearly marking monophyletic lin-
eages. Aswe see in the cases of the formation of secer-
nentean stem [141] or the accumulation of additional
changes outside the V4 region of Cicindellidae rRNA
[92], the fixation of key mutations in a macromolecule
promotes the fixation of a whole bunch of mutations,
which therefore became allowed in evolutionarily con-
served sitesaswell. They arerealized in the subsequent
evolution of this taxonomic group and are not found
beyond its limits [141].

Thus, these markers must not be considered neutral .
Their occurrence cannot be predicted judging from the
time of existence of clade by calibration of molecular
clock. However, they must not aso be considered adap-
tive, because it is beyond reason to interpret the changes
as adaptation to any new, particular functions. We sug-
gest to name these markers conditionally neutral.

CONCLUSION

The current state of phylogenetics gives grounds to
believe that this field, which is traditionally related to
zoology and botany, will be fully supplied with tools
that have been ascribed to molecular biology, whiletra-
ditional methods based on morphological characters
will progressively assume lesser and lesser importance,
at least for recent forms. For example, in the field of
microbiology, data on the 16S rRNA structure (which
sometimes represent the only available information on
noncultivated microorganisms found in natural habi-
tats) are now required for characterization of any
prokaryotic species [144]. In the near future, the com-
plete genome sequenceswill be determined in all major
taxa of bacteria. More than 50 complete genomes have
already been included in public databases [145], and
severa times more genomes are classified as secret by
research firms. Modern molecular methods provide the
possibility of isolating and sequencing of the required
gene in numerous species, including the cases of gene
isolation from tissue fragments of rare museum speci-
mens, subfossil remnants, or even individual protist
cells extracted from the substrate using a micromanip-
ulator.

A great number of efficient and sometimes very
elaborate algorithms have been developed for molecu-
lar data analysis, and these algorithms are permanently
being improved. Based on these algorithms, freely dis-
tributed user-friendly computer programs of tree con-
struction have been designed, which are either particu-
larized or included in program packages of general pur-
pose. This gives the impression that the phylogenetic
reconstruction actually becomes a purely technical
task, which can be readily accomplished by methods
that are immune from subjectivism. This view gains
strength from the fact that the hypotheses on phyloge-
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netic relationship between remote taxa by morphologi-
cal or embryological characters appear to be vague and
controversial, especialy if they are limited to tradi-
tional arguments and do not involve genetic data on
morphogenes.

However, a the current stage of development
(which can be named the era of the 18S rRNA gene),
molecular phylogenetics faces a number of problems.
These problems are difficult to solve and are likely to
pass to the next devel opmental stage of molecular phy-
logenetics. We are currently on the verge of this new
stage, which can be named the genomic era of molecu-
lar phylogenetics. Actually, both LBA effect (which is
related to the irregular evolution rate of single genes or
complete genomes in different phyletic lineages) and
the deficit of phylogenetically informative characters
can hardly be overcome by the mere transition to a
comparison of complete genomes. It can be supposed
that, for example, the use of many genes or even com-
plete genomes can enhance the LBA effect in some
cases, inwhich not only individual genes, but also com-
plete genomes, evolve at a high rate in some phyletic
lineages. Due to LBA, multigenic comparisons of
genes differing in evolution rate can be an additional
source of the lack of coincidence of tree topology and
can therefore reduce the potential of phylogenetically
informative characters of complete genomes. Theirreg-
ularity of distribution of phylogenetic signals by taxa
can aso be of negative value, for example, in view of
actual differences between the trunk groups by thetime
of existence.

The modern theory of molecular evolution is based
on the concepts of neutrality and molecular clock. They
perfectly describe a wide range of genetic events that
occur in reproductively isolated populations, but they
are of little use for the description of a large class of
adaptive or conditionally neutral characterswith avari-
able evolution rate, which are under pressure of func-
tional limitations. However, as discussed above, these
characters are of supreme importance for solving phy-
logenetic problems concerned ancient phyletic lineages
(phyla and classes). Thus, further advances of the new
stage of molecular phylogenetics will be related to the
development of novel ideas and new approaches to
known phylogenetic problems and to further generali-
zation of our knowledge about molecular evolution
rather than to the progress of sequencing of complete
genomes.
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