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Abstract—Different aspects of the presence of multiple copies of ribosomal operons in prokaryotic genomes
are reviewed. The structure of prokaryotic ribosomal operonsis briefly described. The available data are sum-
marized regarding the copy number of ribosomal genesin various prokaryotic genomes, the degree of polymor-
phism of their individual copies, and physiological and evolutional aspects of the presence of the multiple cop-
ies of ribosomal genes. The review also considers the influence of the presence of multiple copies of ribosomal
genes on the results of identification of prokaryotic isolates and of the studies of prokaryotic diversity in envi-
ronmental samples based on phylogenetic analysis of 16S rRNA gene sequences.
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Comparative analysis of ribosomal genes, or riboso-
mal phylogenetics, is currently widely used to infer
evolutionary relationships between species, especialy
prokaryotic. The underlying principle of ribosomal
phylogenetics postulates that ribosomal genes can
serve asamolecular clock ideally suited for reconstruc-
tions of evolutionary history and for building a univer-
sal tree of living organisms[1, 2]. The choice of riboso-
mal genes asamolecular clock was strongly influenced
by the fact that, their end products being RNAS, the
selection pressure targets the primary sequences of
these genes rather than those of the encoded proteins.
Additional advantages of using ribosomal genes as
phylogenetic markers are their universal distribution,
high sequence conservation, functional stability, easi-
ness of sequencing, and, finally, specific features of
their primary and secondary structures due to the pres-
ence of stretches of different variability in the
sequences.

Ribosomal phylogenetics provided microbiologists
with a very convenient, universally applicable method
of finding the place of any microorganismin a phyloge-
netic tree. It thus should come as no surprise that the
comparison of sequences of the 16S rRNA genesis so
widely applied to identifying and classifying prokary-
otesthat it has become arequired part of studiesin their
systematics [3]. Tens of thousands of prokaryotic 16S
rRNAs have been and continue to be sequenced and
pooled ininternational public domain databases, easily
accessible online. Asaresult, preliminary identification
of an unknown microorganism is how more often done
by automated sequencing of its 16S rRNA genes than
by traditional microbiological, physiological, and bio-
chemical diagnostic tools.

In addition, ribosomal phylogenetics has become a
staple tool of molecular ecology, greatly expanding our
knowledge of prokaryote diversity in avariety of natu-
ral ecosystems. Unlike traditional microbiological
techniques, the molecular ecology approach does not
require isolation of the species of an ecosystem as pure
cultures, relying instead on the estimates of the diver-
sity of 16S rRNA sequences in the total DNA pool of
the ecosystem under study.

It was postulated in the early applications of riboso-
mal phylogenetics in prokaryote systematics that each
pure strain (isolated in the laboratory) or each individ-
ual organism in an ecosystem (not isolated) is repre-
sented by a unique 16S rRNA sequence (a phylotype).
Further extensive studies produced a wealth of experi-
mental data suggesting that this principle is far from
universal. The reason for this deviation is the presence
of multiple copies of ribosomal genesin the genome of
a single organism, making possible polymorphism of
these genes within the genome. This constitutes not
only atechnical difficulty in carrying out phylogenetic
analysis but also provided some authors with a ground
to doubt the very possibility of the wide application of
ribosomal phylogenetic data in prokaryote systematics
[4]. Here we describe and discuss the major aspects of
this problem.

STRUCTURE OF PROKARYQOTIC
RIBOSOMAL OPERONS

Every cdl of aliving organism possesses ribosomes,
the protein-synthesizing structures whose numbers
vary from 20000 to 50000 depending on the intensity
of protein synthesis. Ribosomes are made of severa
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molecules of rRNA bound to a number of proteins.
Ribosomes of prokaryotes (termed 70S particles
according to their sedimentation properties) consist of
small (30S) and large (50S) subunits. Escherichia coli
has typical prokaryotic ribosomes, which, due to the
extensive available information on their structure and
functions, serve as agold standard for analysis of ribo-
somal genes from other organisms. Small 30S subunits
of bacterial (e.g., E. coli) ribosomes contain a single
16S rRNA molecule 1542 nuclectides (nt) long and 21
proteins of different molecular weight (S1-S21). Large
50S subunits contain two rRNAs: large 23S rRNA
(2904 nt long) and small 5S rRNA (120 nt long); these
two are bound to 34 protein molecules (L1-L34).

The genesfor rRNASs of both small (16S rRNA) and
large (23S and 5S rRNA) subunits are usually fused
into asingle operon within the genome of a prokaryotic
microorganism and are cotranscribed in the direction
16S—=23S—5S. A single primary transcript, which
later generates the three types of rRNA, ensures that
they are produced in equal amounts. In bacteria, the
rare instances of noncanonical arrangement of riboso-
mal genes are usually encountered within organisms
(often parasitic) with small genomes and low copy
numbers of rRNA genes (1-2 per genome). For exam-
ple, in the Mycoplasma hyopneumoniae genome, the
5SrRNA geneis separated from the fused 16S and 23S
genes [5], whereas in Mycoplasma gallisepticum [6]
and several Rickettsia species[7] the 16SrRNA geneis
separated from the fused 23S and 5S genes.

In some prokaryotic species ribosomal genes were
shown not only to be separated in the genome, but also
to be transcribed independently. The rRNA genes for
small (16S) and large (23S, 5S) ribosomal subunits of
the hyperthermophilic bacterium Thermus ther mophi-
lus[8, 9] or of the parasitic bacterium Wblbachia pipi-
entis [10] may serve as examples. The most unusual
arrangement of ribosomal genesisfound in the genome
of the thermophilic archaeon Termoplasma acidophi-
lum, where all rRNA genes—16S, 23S and 5S5—are
found in single separated copies and are independently
transcribed [11, 12].

In addition, when ribosomal operons are found in
several copies in the genome of an organism, some of
the copies may be truncated. For example, the genomes
of the actinomycetes Ther mobispora bispora and Ther-
momonospora chromogena carry operons lacking one
(5S) or even both (5S and 23S) rRNAs of the large ribo-
somal subunit [13, 14].

Aside from the three RNA-coding sequences, ribo-
somal operons contain intergenic spacers of varying
lengths and one or more copies of tRNA genes. The
spacersmay lie before, between, or after the rRNA cod-
ing sequences, whereas the tRNA genes are usually
found within the internal or 3'-terminal spacer. Tran-
scription of aribosomal operon produces an RNA mol-
ecule about 5000 nt long. Such transcript is to be pro-
cessed to become fully functional. Before or during the
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processing, certain residues in the sequences of spac-
ers, rRNA, and tRNA are specifically modified. Endo-
nucleolytic cleavage of the primary transcript releases
mature rRNA fragments, which then undergo addi-
tional modification, fold into a defined three-dimen-
siona structure, and bind the set of ribosomal proteins
to assembl e into mature ribosomal subunits.

COPY NUMBERS OF RIBOSOMAL OPERONS
IN PROKARYOTIC GENOMES

Unlike protein-coding genes, in which each tran-
script produces a number of molecules of the end prod-
uct in multiple rounds of translation, the transcription
of an rRNA gene produces only a single product mole-
cule, the RNA transcript. This may be the reason why
the high demand for rRNA synthesis must be met by
multiple copies of the rRNA-coding genes; their copy
numbers in eukaryotes may reach several thousand.
Prokaryotic ribosomal operons may also be present in
several copies, being an exception to the rule that most
of the genesin prokaryotes are unique, i.e., are present
asasingle copy in the genome. The copy humber of the
ribosomal genes in prokaryotes is much less than in
eukaryotes, averaging three or four per genome [15].

The copy numbers of ribosomal operonsin agenome
were experimentally determined for several groups of
prokaryotes [15]. At present, a constantly expanding
database containing data on the number and structure of
ribosomal operonsin prokaryotic genomesisavailable at
the web site http://rrndb.cme.msu.edu/rrndb/serviet/con-
troller. Nearly half of the prokaryotic species carry one
or two copies of the rRNA genes in their genomes.
Most of the organisms containing multiple ribosomal
operons carry three to eight copies. The species with
higher copy numbers are encountered much less fre-
quently: Clostridium perfringens and Streptomyces
nodosus have ten copies [16, 17], and Bacillus cereus
has 9-12 copies[18]. The highest known copy number of
16SrRNA genesis 15 in Clostridium paradoxum[19].

In some cases, e.g., in B. cereus, variations in the
number of ribosomal operons (9 or 12) in different
strains have been directly related to their genome size
[18]. In general, however, the genome size and the ribo-
somal genes copy number correlate only dightly [15,
20]. Both these parameters, however, were shown to be
stable for large phylogenetic groups [15]. For example,
genome sizes of most of the Archaea are similar, and
they all possess one or two copies of the ribosomal
genes, although exceptions are known (Methanococcus
vannieli carries four copies of the rRNA genes in its
genome [21]).

Comparison of closely related organisms reveas
that they usually have similar numbers of ribosomal
genes [15], making it possible to extrapolate the data
from one species to a related species for which the
number of copies of the rRNA genes is not known.
Such an extrapolation is often helpful, for example,
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when estimating the number of organisms in environ-
mental samples using competitive PCR. Thisruleisnot
without exception either: the genome of Aquifex pyro-
philus contains six copies of 16S rRNA [22], whereas
all closdly related species have no more than two. A sim-
ilar dtuation is observed with different species of
extremely halophilic archaea, in which the copy number
of the ribosomal genes varies between one and four [23].

Finally, in the genomes of some species, the number
of multiple copies of the ribosomal operons is not
invariable. Intrachromosomal recombination in Bacil-
lus subtilis may lead to spontaneous deletions and the
disappearance of one of its ten copies of the rRNA
operon [24]. A deletion of the same nature was shown
to affect one of the several ribosomal operonsin E. cali
[25, 26]. Such deletions may account for strain variabil-
ity in the number of ribosomal operons in the genome,
which was detected in several species, including B. sub-
tilis[27], B. cereus [18], Paenibacillus polymyxa [28],
and Streptococcus dysgalactiae [29].

PHYSIOLOGICAL ROLE OF MULTIPLE COPY
NUMBER OF RIBOSOMAL OPERONS

It is widely believed that the existence of multiple
copies or ribosomal genes in prokaryotes is needed to
maintain the high rate of rRNA synthesis and thus the
large number of ribosomes required for fast cell growth
and division [30]. In particular, direct estimates of the
transcription rate of the rRNA operon show that one
operon is insufficient to produce the number of ribo-
somes required for the highest growth rate observed in
E. coli [31]. Thisview is supported by the existence of
a genera correlation between the growth rate of
prokaryotic species and the number of ribosomal oper-
ons in their genomes [15]. For example, slowly divid-
ing bacteria, both free-living (such asa strain of marine
oligotrophic bacterium Sphingomonas [32]) and para-
sitic (such asthe obligate intracellular parasite Rickett-
sia prowazekii [33]) possess only oneribosomal operon
intheir genomes. Most of the slowly growing species of
the genus Mycobacterium al so have only one ribosomal
operon [15], whereas M. fortuitum and related species
grow faster and have two operons[34]. It has been sug-
gested that slowly growing species branched off the
main line of evolution of mycobacteria with a deletion
of one of their two ribosomal operons [35]. The ten-
dency to lose one of the two ribosomal operons may be
connected with the mechanism of drug resistance found
in some mycobacterial species and based on amutation
in the single 16S rRNA gene [36].

Nevertheless, there exist organisms, such as many
archaea, in which a single ribosomal operon provides
for ahigh growth rate [37]. In addition, a spontaneous
deletion or inactivation of one of several ribosomal
operons hardly affects the growth rate of many micro-
organisms [24—26]. In a series of E. coli strains specif-
ically designed to have ribosomal operons inactivated,
even the strain with only one of the seven operons
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remaining functional produced nearly half the amount
of rRNA as compared with the wild type strain [38].
Thus, the functional role of the multiple copies of ribo-
somal operonsislikely not limited to a mere support of
high cell growth rates but may be an adaptive mecha
nism. Support for this idea comes from the observation
that the genomes of symbiotic or parasitic species exist-
ing in very stable environments contain asmall number
of ribosomal operons [39-41]. The predominant occur-
rence of single-copy ribosomal operonsin archaea can
also be explained by their highly specialized nature
allowing themto exist in very narrow ecological niches.
Additional evidence for the adaptive role of multiple
rRNA operons was provided by the experiments with
E. coli that showed that only five of its seven ribosomal
operons are sufficient to support the optimal growth
rate in rich media, but al seven are required for quick
adaptation to new nutrient sources and temperature
conditions [42]. At the same time, individual copies of
ribosomal genes in the common laboratory strains of
Paenibacillus polymyxa may be expressed differently
depending on the growth conditions and the age of the
culture[28]. A recent study of soil bacteriarepresenting
different phylogenetic groups has shown that the num-
ber of ribosomal operons in the genomes of speciesin
a bacterial community correlates with the rate of their
adaptation to achange in the nutrient source [20]. After
a new nutritional substrate had been introduced into
soil, the community composition changed, as was evi-
denced by an increase in the average number of copies
of ribosomal operonsin theisolated strainsfrom oneto
four to five to seven. It has been suggested that such a
mechanism is common for the ecological strategies of
environmental bacterial populations, responding to a
change in the nutrient supply by changesin the compo-
sition of the population.

SEQUENCE CONSERVATION BETWEEN
MULTIPLE COPIES OF RIBOSOMAL GENES

The discovery of the wide occurrence of multiple-
copy ribosomal operonsin the genomes of prokaryotic
organisms inevitably raised the question of how highly
conserved the different copies are. The putative differ-
ences between them may be found at different scales of
organization: (i) the sequences of the 16S, 23S, and 5S
rRNA genes and the spacer regions; (ii) the structure of
the operons; (iii) the location of the operons in the
genome map; and (iv) the functioning of the operons.
The phylogenetic analysis is primarily concerned with
thefirst level of organization, sincethereliability of this
technique may be influenced by the heterogeneity of
the sequences of the most widely used molecular
marker, the 16S rRNA gene, and, to alesser extent, of
the 5S and 23S rRNA genes and the spacers.

The comparison of sequences of the 16S rRNA
genes in the GenBank database revealed a significant
amount of intraspecies and intrastrain divergencethat is
not only attributable to experimental errors[43]. Asone
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of the possible reasons for this divergence, the authors
proposed the heterogeneity of several copies of the 16S
rRNA gene sequences within the genome of an individ-
ual organism. The reported cases of a reliably estab-
lished difference between individual copies of these
genes may be rather arbitrarily pooled into two classes:
(i) microheterogeneity, when the differences are mini-
mal (less than 2%), and (ii) macroheterogeneity, when
the differences are quite significant (more than 2%).

According to this classification, most prokaryotic
species from different phylogenetic groups fall into the
former class. The 16S rRNA gene copieswere found to
be identical in several streptococca strains [44], a
strain of Renibacterium salmoninarum [45], a strain of
Bifidobacterium bifidum [46], several strains of Myco-
plasma hominis [47], and a strain of Rhodobacter
sphaeroides [48]. Little difference was found between
several copies of the 16SrRNA genein astrain of Pre-
votella bryantii [49], several cultured strains and envi-
ronmental isolates of the genus Vibrio [50], a strain of
E. coli [51], several strains of the genus Mycobacterium
[52, 53], astrain of Phytoplasma [54], severa strains of
Mycoplasma [55, 56], a strain of Streptomyces coeli-
color [57], astrain of Bacillus subtilis [58], a strain of
Sreptomyces nodosus [17], and a strain of Clostridium
perfringens[59].

Even the microheterogeneity of the 16S rRNA gene
copies, however, may make direct sequencing of PCR
products impossible. Such a situation occurred in a
strain of Mycobacterium celatum during the sequenc-
ing of this gene, two copies of which only differed in
having an insertion of a single nucleotide in one posi-
tion and a few more nucleotide substitutions [53]. In
another slowly growing strain of Mycobacterium, two
copies of the gene diverged by substitutionsin 18 posi-
tions [52]. The microheterogeneity of multiple copies
of the 16S rRNA gene in genomes of several strepto-
mycete strains was directly evident from the sequenc-
ing gels, with more than one nucleotide found at certain
positions [60].

The microheterogeneity of copies of the 16S rRNA
gene may also be detected by gradient gel electrophore-
sis. Thistechnique allows separation of nucleotide frag-
ments with different sequences based on their G+C
content. For example, temperature gradient gel electro-
phoresis (TGGE) detected severa characteristic bands
during separation of PCR products of a 347-base-pair-
long variableregion of the 16SrRNA gene from several
strains of P. polymyxa. The pattern of the bands was
strain-specific, suggesting the presence of several het-
erogeneous copies of this gene in each of these strains
[28]. Subcloning of the individua copies of the 16S
rRNA gene from the type strain of this species reveaed
differences in one to eight nucleotides in atotal of ten
positions.

In most cases, the sequence differencesin microhet-
erogeneous copies of the 16S rRNA gene do not occur
at random but cluster within the variable regions of the
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gene, although rare occurrences of differences in the
conservative regions are also known [52, 55, 56, 61].
The nucleotide substitutions may be both single and
compensatory, but they do not change the secondary
structure of the respective rRNA regions.

Confirmed cases of macroheterogeneity of the 16S
rRNA genesin prokaryotes are much lessfrequent. The
most thoroughly studied and proven macroheteroge-
neous system is the two copies of the 16S rRNA in the
genome of the halophilic archaeon Haloarcula maris-
mortui, which possesses two spatially separated riboso-
mal operons, both of which are transcribed [62]. These
operons are significantly different in several respects:
they have different sequences of the 16S, 23S, and
5S genes; different distribution of tRNA genes within
the operon; and their transcripts are processed differ-
ently. However, the rRNA products of both operons are
nearly equally represented in the cellular ribosomal
pool [63, 64]. The sequence of the 16S rRNA gene of
this species was investigated in most detail [63]. Both
copies of this gene were of the same length and did not
carry deletions or insertions but differed by nucleotide
substitutions in 74 positions, or about 5% of the total
number of nucleotides. These differences were not
evenly distributed along the gene but were clustered in
itsthree variableregions. To exclude the possibility that
this macroheterogeneity reflected contamination of the
culture, this study was followed with experiments on a
culture grown from a single cell; the results of the ear-
lier study were fully confirmed [65]. In the same studly,
the expression of both copiesin the same cell was con-
firmed by in situ fluorescent hybridization. The study of
other species of the genus Haloarcula revealed that
H. argentinensis contains only one copy of the 16S
rRNA gene in its genome, whereas H. vallismortis,
H. quadrata, and “H. sinaiiensis’ have two heteroge-
neous copies [66, 67].

Two other cases of macroheterogeneity of the 16S
rRNA genes are provided by two species of actino-
mycetes. Four ribosomal operons, two of which were
complete and the other two were not, were found in the
genome of Thermobispora bispora. The 23S rRNA
genes in al these operons were nearly identical,
whereas the 16S rRNA genes belonged to two types,
each of which contained nearly identical sequences, but
between the types the sequences differed in 98 posi-
tions (6.4%) and in six small insertions/deletions
mostly clustered in the variable regions of the gene.
Both types of 16S rRNA genes were normaly
expressed [13]. Six ribosomal operons, including two
incomplete ones, were discovered in the genome of
another actinomycete, Thermomonospora chromo-
gena. Five of these operons belonged to one type, with
the 16S and 23S genes within the type nearly identical
in sequence, whereas another type consisted of one
complete operon. The 16S and 23S rRNA genes of
these two types differed by 6 and 10%, respectively,
and were normally expressed in the cell [14].
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B

Fig. 1. Positions of ribosomal genes in genome maps of several prokaryotic species [75]. The full genome sizes (kb) are given in
parentheses. Arrows indicate | ocations of multiple copies of ribosomal genes; the distances between the copies (kb) are shown.

Intervening sequences (IVS) are a special case of
macroheterogeneity of 16S rRNA genes. Various kinds
of these short inserts are found in the 16S rRNA gene
sequences of both archaeal and bacterial genomes[68].
Ribosomal genes of several bacteria contain a special
type of IVS excised during processing, which yields a
fragmented rRNA product. The presence of IV S of this
typein the 16S rRNA genes was established for Caed-
ibacter caryophila [69], Campylobacter helveticus
[70], and Helicobacter canis [71], possibly contribut-
ing to the heterogeneity of different copies of the gene.
One to four IVS of different length were found in the
16S rRNA genes of various thermophilic species of the
genera Clostridium, Thermoanaerobacter, and Ther-
moanaerobacterium|[72]. The genome of one such spe-
cies, Clostridium paradoxum, contains 15 copies of the
16S rRNA gene, which are macroheterogeneous (up to
3.2%) due mostly to the presence of IVS of different
length and structure in the hypervariable 5'-terminal
region of the gene and single nucleotide substitutionsin
the rest of the gene [19]. Northern blot analysis
revealed that the 16S rRNA product lacks the IVS-
coded sequences, but their absenceis due to the expres-
sion of the two copies of the genelacking thelV Srather
than to IVS excision during processing. It is believed
that the IV S-containing copies of the gene are silent or
serve as a backup, but, unlike in E. coli [26], a shift
towards unfavorable growth conditions (temperature,
pH, salt concentration, age of the culture) did not turn
on the expression of the additional gene copiesin this
microorganism.
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Another type of IVSwas initially discovered in the
thermophilic bacterium Desulfotomaculum australi-
cum[73] and later in other species of thisgenus. Unlike
the case discussed above, this1VS, an insert in ahyper-
variable 5-terminal region of the 16S rRNA gene, is
expressed. In the final rRNA product, the IVS forms a
helix which is about 40 nucleotide pairslonger than the
regular helix present inthe 16SrRNA of other prokary-
otes. We observed significant macroheterogeneity of
two copies of the 16S rRNA gene, caused by the pres-
ence of similar IVS, in another species of the same
genus, D. kuznetsovii [74]. Comparison of the full
sequences of the two copies of the 16S rRNA genein
this species revealed a very high degree of their hetero-
geneity (8.3%). The differences between the copies
occurred mostly inlong (105-118 nt) insertsin the vari-
able 5'- and 3'-terminal regions of the 16SrRNA genes;
several minor nucleotide substitutions were also found
in other variable parts of the gene. Although the expres-
sion of 16SrRNA genesin D. kuznetsovii was not spe-
cifically addressed, it is reasonable to believe that the
rRNA contains the IVS sequences, because the IVS
formed a secondary structure similar to that found in
D. australicum.

MULTIPLE COPIES OF RIBOSOMAL OPERONS
IN EVOLUTION

Amplification of a single-copy ancestral DNA
sequence isawell-known way for families of repetitive
sequences in a genome of a single organism to appear.
The amplified repetitive sequences may be either
located in tandem or dispersed over the genome.
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A comparison of full genomes for six archaeal and
19 bacterial species reveaed that their ribosomal oper-
ons are usually dispersed (Fig. 1) [75]. At the same
time, clusters of tandem ribosomal operons are charac-
teristic for some bacilli [76], whereas two ribosomal
operons of Chlamydia trachomatis are not only
arranged in tandem but also cotranscribed [77].

The appearance of new gene copies by amplification
may have several possible outcomes: the copies may
serve the same function or one copy may acquire anew
function, turn into a regulatory element, or become a
nonfunctional pseudogene. In each case, the features of
the evolution of individual copieswill depend on their
functions. The most rapid evolution is undergone by the
sequences of nonfunctional pseudogenes, experiencing
no selection pressure. For example, the chloroplast
genome of a brown alga was shown to contain a
pseudogene that significantly diverged in its sequence
from the two functional copies of the 16S rRNA gene
[78]. Changesin the functions of ribosomal operonsare
presently not known, although their amplified copiesin
the same organism could in principle evolve indepen-
dently at arate comparable with the rate of divergence
of homologous genes in different organisms. However,
asdiscussed in the previous section, in most caseswhen
multiple copies of ribosomal genes occur within asin-
gle genome, their sequences are identical or very simi-
lar. Further support of this view comes from the com-
parison of copies of ribosomal operons in the fully
sequenced prokaryotic genomes, as demonstrated by
the phylogenetic tree of their 16SrRNA genes (Fig. 2).
To explain the situation when the sequences of riboso-
mal genes are maintained quite homogeneous while the
rate of divergence between homol ogous genes of differ-
ent organisms is normal, the concept of concert evolu-
tion was proposed [75, 79]. The concert evolution of
ribosomal genesis believed to result from a high selec-
tion pressure, acting at the level of rRNA sequences,
towards the conservation of the important functional
role of these genes in the overall structure of the com-
plex celular protein-synthesizing machinery. For
example, astudy of chloroplast evolutionin green algae
that have lost their photosynthetic capacity demon-
strated arel ationship between functional relaxation and
changes in the features of the mutation process of the
16S rRNA genes [80].

Despite the lack of definite conclusions on the exact
nature of molecular mechanisms responsible for the
homogenization of nucleotide sequences of multiple
ribosomal genes and thus favoring their concert evolu-
tion in prokaryotes, gene conversion processes seem to
be best suited to this role [75, 81]. Recombination
between different ribosomal operons in the same chro-
mosome was experimentally determined to maintain
the homogeneity of their sequencesin E. coli [82], Sal-
monella typhi [83], and Vibrio cholerae [84].

At the same time, the cases of significant heteroge-
neity or ribosomal genes within a single microbial
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genome, discussed in the previous section, testify to the
existence of other mechanisms of ribosomal gene evo-
[ution. Two alternatives for the origins of heterogeneity
are possible: mutations arising due to DNA polymerase
errors during DNA replication and horizontal transfer
of genetic materia by conjugative plasmids, followed
by recombination. The former mechanism would act
against concert evolution, promoting the amplified
genes in families to diverge. For example, the differ-
encein the rate of mutation accumul ation was proposed
as areason for the microheterogeneity (1.2%) between
two copies of the 16S rRNA gene in the genome of a
strain of Mycobacterium [52]. This was explained by
the level of expression of one of these copies (the one
evolving faster and thus less stable and less active),
which was tenfold lower than for the other one. The
second mechanism can also impede concert evolution
of amplified genes by transfer and recombination of
foreign genetic material into them. For example, it was
suggested that both mechanisms act to generate hetero-
geneity of the sequences of variable regions of the mul-
tiple 16SrRNA genesin different streptomycete strains
[60]. It was recently confirmed experimentally for a
large number of actinomycete strains that small frag-
ments of ribosomal genes may be actively involved in
horizontal transfer [85]. The results of such transfer
may becomefixed in the recipient gene and later spread
into other copies of thisgene (if any) if they offer selec-
tive advantages such as drug resistance [86].

In addition, the second mechanism possibly oper-
ates to generate the heterogeneity of amplified genes
due to the presence of IVS. It has been extensively
argued that | V'S are mobile elements and their dissemi-
nation by horizontal transfer ismorelikely than the ver-
tical descent from a common ancestor. This model is
supported by comparative analysis of phylogenetic
trees of 23S rRNA VS from the species of the genus
Leptospira [87], by high similarity of IVSin the organ-
isms from distantly related genera Escherichia and
Yersinia [88], and significant deviation of the G+C con-
tentin 1V S sequences of Campylobacter jejuni fromthe
total G+C content in its genome [89].

At the same time, horizontal (interspecies) transfer
of complete genes may provide an aternative to ampli-
fication in theformation of repetitive genefamilies con-
sisting of orthologous genes. For instance, two aterna-
tive scenarios were suggested to explain a significant
heterogeneity of ribosomal operons in the genome of
Haloarcula marismortui [63—-65]. The first one
assumes that both operons are fully paralogous and
appeared as aresult of amplification; thus, their hetero-
geneity is explained by a breach in the mechanism of
concert evolution. Accumulation of differences in the
sequence, structure, and processing of the operons fol-
lowed, but the differences did not disable the function-
ality of the operons. However, some of the features of
the differences between the operons prompted the
authorsto lend more credibility to the other scenario, in
which these operons are orthologous and coexist in the
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Fig. 2. Phylogenetic tree inferred from al 16S rRNA genes from fully sequenced genomes of 38 bacteria and 10 archaea. The
sequences were aligned using CLUSTAL W software, and the tree was constructed by the neighbor-joining method implemented
inthe TREECONW software package[97]. Branch lengths are proportional to the number of nucleotide substitutions per 100 nucle-
otides (% homology). Names of species possessing more than one ribosomal operon are given in boldface. The numbers of
16S rRNA genesin their genomes are indicated, and the degree of heterogeneity (%) is given in parentheses.

same genome as a result of a horizontal gene transfer
event. In this situation, some parts of these operons
might have become more homogeneous later, during
their concert evolution.

Similar ideas were put forth to explain significant
heterogeneity between two types of 16SrRNA genesin
the Thermobispora bispora genome [13]. To validate
the possibility of a horizontal gene transfer, an exten-
sive search for a possible donor of an orthologous gene
was undertaken, but to no avail. In spite of that, the
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authorsfavor the appearance of two types of 16SrRNA
genes by horizontal gene transfer into this organism,
but divergent evolution still cannot be excluded.

The first experimental proof of ribosomal operon
heterogeneity dueto horizontal genetransfer isthe case
of Thermomonospora chromogena [14]. Comparative
analysis revealed a high degree of homology between
the 16S and 23S rRNA gene sequences of the T. chro-
mogena rrB operon and the Thermobispora bispora
rrnA operon (Fig. 3). The authors believe that T. chro-
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mogena acquired the Thermobispora bispora rrmB
operon, or an operon of another organism closely
related to both these species, by horizontal transfer. The
transferred operon then underwent concert evolution,
becoming more similar to other ribosomal operons of
the recipient genome.

It should be noted that the role of horizontal inter-
species gene transfer is one of the most hotly debated
topics in molecular evolution. The opinion prevails
that, unlike protein-coding, or operational genes, the
informational genes of prokaryotes, including riboso-
mal genes, are transferred very infrequently in the evo-
lution [2]. According to the proposed complexity
hypothesis, this low frequency of transfer is due to the
fact that informational genes usually function in gene
complexes, whereas operational genes do not [90]. At
the same time, the case of Thermomonaospora chromo-
gena proves that a naturally transferred foreign riboso-
mal operon can successfully work with the protein-syn-
thesizing machinery of the recipient. In addition, it has
recently been shown that a mutant strain of E. coli with
all ribosomal operonsinactivated could be made viable
by introducting foreign ribosomal operons and incorpo-
rating of their products into hybrid ribosomes [38].
These results suggest that coevolution of ribosomal
geneswith amultitude of genes of the protein synthesis
system can hamper, but not totally exclude, the possi-
bility of their horizontal transfer.

POLYMORPHISM OF RIBOSOMAL GENES
AS A FACTOR IN PHYLOGENETIC ANALY SIS

There are severa possible ways in which the pres-
ence of multiple, possibly polymorphous copies or
ribosomal genes may influence phylogenetic analysis
based on their comparison.

To begin with, technical difficulties could appear,
hindering theanalysis. At present, the most widely used
method of sequencing of ribosomal (especially 16S
rRNA) genes includes PCR amplification with spe-
cialy designed primersasitsfirst step. The heterogene-
ity of individual gene copies may generate chimeric
artifacts [91, 92], thus impeding taxonomic identifica-
tion of the organism by seemingly detecting more cop-
iesof therRNA genesthanreally exist. For example, 30
and 35 PCR cycleswere showntoyield 11,1 and 15,5%
of chimeric molecules, respectively, as a result of
coamplification of two types of 16S rRNA genes in
Thermobispora bispora [13]. Of course, the proportion
of chimeric molecules produced during amplification
depends on the number of gene copiesin agenome and
the level of heterogeneity between them. A good illus-
tration of this situation is given by Desulfotomaculum
luciae, described as a separate species. The 16S rRNA
gene of this organism contains IVSinits5'- and 3'-ter-
minal variableregions[93]. Each of these |V Swas |ater
shown to be homologous to one of the IVS from the
respective regions of two heterogeneous copies of the
16SrRNA gene of D. kuznetsovii [74]. Thereforeit will
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require specially designed experiments to clarify the
guestion of whether the 16S rRNA gene of D. luciaeis
indeed a unique phylotype of a new species or repre-
sents achimeric artifact that arose in one of the D. kuz-
netsovii strains. To avoid erroneous interpretation of
artifactual chimeric sequences, it is recommended that
al newly sequenced rRNA genes be checked against
dedicated databases using specia tools such as
CHECK_CHIMERA [http://rdp.cme.msu.edu/htmi/],
although, as the example of D. luciae shows, such pre-
cautionsdo not fully exclude ambiguousinterpretations
of the results. In this case, the ambiguity can only be
ruled out by sequencing and comparing all copiesof the
genein the genome under study. Another possible tech-
nical difficulty caused by the presence of IVS is the
possible exclusion of 1V S-containing sequences during
PCR because of their increased length, not correspond-
ing to the standard size of a 16S rRNA gene [92].

As mentioned above, if the PCR product of a 16S
rRNA gene is sequenced immediately, the possible het-
erogeneity of the multiple copies can be directly
observed as sequence ambiguity. If, however, the
amplified products are subcloned and only then
sequenced, the probability of missing one or more of
the multiple copies present in the genome is very high,
especially if just one or two clones are sequenced. This
can aso occur if the number of PCR cycles is insuffi-
cient for the amplification of all present gene copies; in
this case, one of several copies is amplified preferen-
tially because of the stochastic nature of initiation by
DNA polymerase. If all copies are identical, the miss-
ing sequences will not influence the conclusions of a
comparative phylogenetic analysis, but if a nonidenti-
cal copy is missed, the results of the phylogenetic anal-
ysis on a subset of copies could be erroneous.

The next aspect of the problem isrelated to the con-
struction of phylogenetic trees and their usefulness for
drawing taxonomic conclusions about the microbial
isolates under study. Here the influence of the multiple-
copy nature of the main phylogenetic marker, the 16S
rRNA gene, depends on the level of polymorphism
between individual copies. If they are identical or dis-
play avery low microheterogeneity (0.1-0.5%, compa-
rable to the experimental error), the presence of the
multiple copies does not influence the comparison of
even closely related organisms. An increase in hetero-
geneity of two copies of the 16SrRNA geneto 1.2%, as
in the strain of Mycobacterium, can aready lead to a
change in the position of these copiesin aphylogenetic
tree [52]. The probability of a change in the tree topol-
ogy, taking into account the representation of arespec-
tive strain in the general population, is about 2% per
strain [60].

These rather small changes in the phylogenetic tree
topology due to the microheterogeneity of multiple
copiesof the 16SrRNA geneare significant only for the
positioning of closely related organismsinthetree. Itis
well known that the predictive value of analysis of the
16S rRNA gene decreases rapidly in more closely
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Fig. 3. Phylogenetic trees of actinomycetes inferred from the sequences of their 16S and 23S rRNA genes [14]. Multiple copies of
Thermomonaospora chromogena and Ther mobi spora bispora ribosomal genes are indicated in boldface. The generaare abbreviated
as follows: N, Nonomuria; M, Microbispora; &, Sreptosporangium; A, Actinomadura; T, Thermomonospora; No, Nocardiopsis;
Sa, Saccharopolyspora; S, Sreptomyces; Th, Thermobispora. Branch lengths are proportional to the number of nucleotide substi-
tutions per 100 nucleotides. The numbers at branching points indicate branching order confidence according to bootstrap anaysis
of 1000 trees. The dashed line shows changed positions of the respective branches when Streptomyces and Saccharopolyspora spe-

cies were excluded from the analysis.

related organisms [94]. This method cannot be applied
to detect the differences at the intraspecies, and some-
times even the interspecies, level, since many prokary-
otic species may significantly differ phenotypically and
a the level of DNA-DNA hybridization but possess
nearly identical 16S rRNA sequences [95, 96]. The
divergence of 16S rRNA gene sequences between
strains of a single species was determined at a level of
3% [96]; therefore, the level of divergence due to
microheterogeneity of multiple copies of these genes
(2%) is on a par with the intraspecies divergence and
cannot significantly hamper the identification of a
microbial strain.
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At the same time, macroheterogeneity of copies of
the 16S rRNA gene may exceed the intraspecies level,
thus greatly increasing the probability of multiple gene
copies significantly influencing the phylogenetic tree
topology and the outcome of the analysis. This can be
illustrated by phylogenetic trees constructed for two
prokaryotic genera, the bacterial genus Desulfotomac-
ulum (Fig. 4a), and the archaeal genus Haloarcula
(Fig. 4c), which include several organisms possessing
heterogeneous copies of 16S rRNA genes in the
genome. Consideration of either of these phylogenetic
trees reveas that different copies of the genes from the
same organism occupy hotably different positions, pro-
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Fig. 4. Phylogenetic trees for prokaryotic generafor which the heterogeneity of 16S rRNA gene copies has been shown: () thetree
for Desulfotomaculum inferred from the full sequences of the 16S rRNA genes; (b) the tree for Desulfotomaculum after the exclu-
sion of variable 5'- and 3'-terminal regions of 16S rRNA gene from the analysis; (c) the tree for Haloarcula [67]. Names of the spe-
cies possessing more than one ribosomal operon are given in boldface. Branch lengths are proportional to the number of nucleotide
substitutions per 100 nucleotides. The numbers at branching pointsindicate branching order confidence according to bootstrap anal -

ysis of 100 trees.

viding ample grounds for erroneous taxonomic conclu-
sionsif only one copy isanalyzed for the technical rea-
sons described above.

Limiting the analysis to exclude hypervariable
regions of the 16S rRNA gene, especially those con-
taining IVS, may minimize the possibility of distortion
in the phylogenetic data. Fig. 4b demonstrates how the

tree topology changeswhen this procedureisapplied to
comparative analysis of 16S rRNA genes in the genus
Desulfotomaculum. After the correction, copies of this
gene from a single organism were grouped much
tighter in the tree, forming monophyletic clusters, and
the level of differences between the sequences did not
exceed 0.8%, well within the limits of intraspecies
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deviation and close to the experimental margin of error.
Exclusion of variable regions of 16S rRNA gene
sequences that are not susceptible to unambiguous
alignment is a common practice in comparative analy-
sis of distantly related organisms. Therefore, the heter-
ogeneity of multiple copiescannot significantly impede
the reliability of phylogenetic analysis at the level of
genera and higher taxonomic groups.

Another aspect of the problem is associated with the
use of the results of the ribosoma phylogenetics
approach in the molecular ecology studies of prokary-
ote diversity in natural environments. The presence of
multiple, possibly heterogeneous copies in the genome
of asingle organism cast doubts on the* one phylotype—
one organism” interpretation, since some of the differ-
ent phylotypes may actualy be associated with
sequences of different copies of 16S rRNA genes
within asingle genome. The possibility must be admit-
ted that groups of uncultured environmental clones
with a high degree of similarity between their 16S
rRNA genes, often found in molecular ecology studies,
come from heterogeneous copies of these genes in a
single strain rather than from different closely related
strains [19]. The exclusion of the variable regions of
16SrRNA genesfrom the analysis may also decreasethe
number of such mistakes. In addition, molecular ecology
studies of the rRNA genes may be fruitfully comple-
mented by analysis of functional rRNAS, which helpsto
minimize the errors caused by the presence of IVS[92].

CONCLUSIONS

Although prokaryotic genomes often contain multi-
ple copies of ribosomal genes, thisishardly an obstacle
to comparing these genes in phylogenetic analyses. In
most cases the sequences of different copies of riboso-
mal genes are completely or nearly identical. The rea-
son for thisisthe existence of several genetic processes
(still poorly understood in molecular terms) that pro-
mote homogenization of the sequences of multiple cop-
ies of ribosomal genes in a prokaryotic genome and
allow these copies to evolve in concert. The phenome-
non of concert evolution is believed to be governed by
strong stabilizing selection pressure, which prevents
changesin the structure of functional ribosomal genes.
If, against the odds of concert evolution, heterogeneity
appears in the sequences of different copies of riboso-
mal genes, in most cases the differences are limited and
do not affect the results of phylogenetic analyses. At the
sametime, there exist several possible mechanismsthat
could generate significantly polymorphic copies of
ribosomal genes within one genome and thus influence
the outcome of phylogenetic analyses. This possibility
must be considered when applying methods of riboso-
mal phylogenetics to identification of prokaryotic iso-
lates and, especially, to estimates of prokaryotic diver-
sity in environmental samples.
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