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ABSTRACT

In higher eukaryotes, the 5S ribosomal multigene family (5S rDNA) is tandemly organized in
repeat units composed of a coding region (5S rRNA gene) and a non-transcribed spacer
sequence (NTS). Although the 5S rDNA organization has been investigated in several
vertebrate species, present data are concentrated in mammals and amphibians, whereas other
groups, such as fishes, have been poorly studied. To further the understanding on the
dynamics and evolution of 5S rDNA arrays in the vertebrate genome, recent studies have
focused on the genome organization of these sequences in fish species, which represent the
base group of vertebrate evolution. It was evidenced that the chromosome distribution of the
5S rDNA is quite conserved among related fish species occupying an interstitial position in
the chromosomes. Although the 5S rDNA clusters have been maintained conserved in the
chromosomes, changes in the nucleotide sequences and organization of the repeat units have
occurred in fish species, as demonstrated by the presence of 5S rDNA variant types within and
between genomes clustered in distinct chromosome environments. These variants are
distributed in two major classes, suggesting that such pattern could represent a primitive
condition for the fish genome, as well as for vertebrates. The 5S rDNA variant units include
the presence of pseudogenes and inverted gene sequences, demonstrating that the organization
of the 5S rDNA repeats in fish genome is governed by intense mechanisms of evolution. Data
on the 5S rDNA repeat organization can provide interesting insights for the comprehension of
(1) the genome evolution, (2) the dynamics of repetitive sequences, and (3) the practical
employment of 5S rDNA as genetic markers.
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INTRODUCTION

In general, little is known about the structure and organization of fish genome - most
available information in this vertebrate class is related to the structure and evolution of
chromosomes. Molecular studies focusing on genes and DNA sequences of this animal group
are mainly related to repetitive sequences such as satellite and ribosomal DNAs. Single copy
sequences correspond to approximately 2-10% of the vertebrate genomes, while the
remainder genome is composed by repetitive sequences (Franck et al. 1991, Wagner et al.
1993, Bernardi 1995). Repetitive DNA includes the tandemly-arrayed satellite, minisatellite
and microsatellite sequences, and dispersed repeats such as transposons and retrotransposons
(Charlesworth et al. 1994). There are also repetitive multigene families that code several
important proteins such as hemoglobins, actins, histones, and ribosomal RNAs (rRNA).
While the non-coding tandemly-arrayed sequences are found mainly in chromosome
centromeres and telomeres, the dispersed elements are found as isolated units or as clusters
distributed throughout the genome. The rRNA genes can be found clustered in one or several
regions of the genome.

The ribosomal RNA is the most abundant RNA in the cell, constituting approximately
80% of the total RNA of diving cells. rRNAs represent noncoding final gene products that
perform structural and catalytic functions and form the basic structure of the large and small
ribosomal subunits that catalyze cellular protein synthesis. In animals, the large ribosome
subunit is formed by the association of one copy of each rRNA (28S, 5.8S and 5S) with
around 49 ribosomal proteins, and the small subunit is formed by the association of one 18S
rRNA copy with around 33 ribosomal proteins. The synthesis of a specific protein requires
multiple translation rounds of its messenger RNA molecule providing a large amount of such
protein in the cell. For such purpose, adequate quantities of the ribosomal subunits are
necessary and high levels of rRNA molecules are required. Large quantities of ribosomal
molecules are produced just because the cell contains multiple copies of the rRNA genes that
are arranged into several genomic locations.

In higher eukaryotes, tandem arrays of ribosomal RNA genes are organized in multigene
families. Multigene families correspond to a common structural element of the eukaryote
genomes and are defined as a set of genes derived by duplication of an ancestral gene and that
display a similarity of more than 50%. They are frequently found in close linkage with each
other, and have similar or overlapping functions. The head-to-tail array of the rRNA
multigene families tandem repeats confers a particular dynamic to the evolution of these
genome regions, making them important for the comprehension of the genome structure and
evolution.

Studies on ribosomal RNA genes have been gaining prominence in a broad range of
animal and plants, specially related to species or population characterization, evolutionary
relationships and gene expression. In higher eukaryotes, the tandem arrays of rRNA genes are
organized in two distinct multigene families (Figure 1) composed of hundreds to thousands of
copies. These rRNA molecules are codified by two multigene families that are organized in
two distinct repeat classes denominated 45S ribosomal DNA (rDNA) and 5S rDNA. The 45S
rDNA contains the genes that code for the 18S, 5.8S and 26S-28S rRNAs (see Long and
David 1980). The second ribosomal family codifies the 5SS rRNA. The 18S, 5.8S and 26S-28S
rRNAs are synthesized, processed and partially assembled to form the ribosome subunits in
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the nucleolus. On the other hand, the 5S rRNA is synthesized elsewhere in the genome and
enters the nucleolus to participate in the large ribosomal subunit assemblage. The general
nucleotide sequence and mapping pattern of these two multigene families have contributed to
the comprehension of the structure, organization and evolution of the genomes.
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Figure 1. Graphical representation of the 5S rRNA genes organization and their relation to the 188,
5,8S and 28S rRNA genes and other repeat units. The boxes represent the coding region of different
genes. Boxes above the line demonstrate that the 5S rRNA gene is transcribed from the opposite strand
of the double DNA helix. The 5S rRNA genes are generally organized in a distinct locus from the other
rRNA genes as observed for most plant and animals, or dispersed in the genome as observed in fungi
and protists. On the other hand, 5S rRNA genes can also be linked to the 18S, 5,8S and 28S rRNAs
(protists, fungi, nematodes, and crustaceans), TSL (protists and nematodes) or histone genes
(crustacean). ITS, internal transcribed spacer; IGS, intergenic spacer; NTS, non-transcribed

spacer; TSL, trans-spliced leader.

A considerable amount of information on the structural and functional organization of the
5S rRNA genes has been gained for plants (Hanson et al. 1996, Adacchi et al. 1997,
Amarasinghe and Carlson 1998, among others), mammals (Little and Braaten 1989, Leah et
al. 1990, Suzuki et al. 1994) and some amphibian species (Korn 1982, Vitelli et al. 1982, del
Pino et al. 1992). In most eukaryotes, the 5S rRNA genes are generally detected in distinct
areas of the genome, organized as one or more tandemly repeated clusters. The number of 5S
rRNA gene copies ranges from 100 to 300,000, which is usually higher than the number of
the 45S rRNA genes (Hadjiolov 1985). While in Drosophila, for instance, there is only one
cluster of about 160 5S rRNA gene copies, in Xenopus laevis the 5S rRNA gene clusters are
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located at the telomeric region of most, if not all, chromosomes (Pardue et al. 1973). On the
other hand, in the fungi Neurospora crassa (Selker et al. 1981) and Schizosaccharomyces
pombe (Mao et al. 1982) and in the protist Acanthamoeba castellanii (Zwick et al. 1991) the
5S rRNA gene copies are dispersed all over the genome. The evolution seems to have lead to
a clustered arrangement of the 5S rRNA genes in higher eukaryotes.

The organization and expression of the nuclear rRNA genes have been extensively
studied for several organisms from bacteria to animals. The schemes of Figure 1 summarize
the organization of the rRNA genes in the genome of eukaryotes. In eubacteria the rRNA
genes coding for 16S, 23S, and 5S rRNA are usually organized in operons and are transcribed
in this order by a single RNA polymerase. In contrast, eukaryotes have four different rRNA
genes that are transcribed by two distinct RNA polymerases. The 18S, 5.8S, and 28S rRNA
eukaryote genes are arrayed in such order to form RNA transcript units for the RNA
polymerase I, and multiple copies of this units are found clustered in long direct tandem
repeats. The 5S rRNA genes are transcribed by the RNA polymerase I1I and are also found in
direct tandem repeats. The eukaryote 18S, 28S, and 5S rRNA genes are homologous to the
1685, 23S, and 5S rRNA genes of prokaryotes, respectively, whereas the 5.8S rRNA eukaryote
gene is homologous to the 5’ end of the eubacterial 23S rRNA gene (Gerbi 1985) (see
Figure 2).

higher eukaryotes
18S 5.8S 26S/28S 58
| —— [ | —
16S 23S 53
prokaryotes

Figure 2: Homology of rRNA genes in prokaryotes and eukaryotes. The eukaryotic 18S, 28S, and 5S
rRNA genes are homologous to the 16S, 23S, and 5S rRNA genes of prokaryotes, respectively, whereas
the 5.8S rRNA gene of eukaryotes is homologous to the 5’ end of the eubacterial 23S rRNA gene.

The nuclear 5S rRNA eukaryote genes are relatively independent of the other rRNA
genes. Although these genes may be part of the same repeat in some species, in most plants
and animals the 5S rRNA genes are generally organized into tandem arrays unlinked to the
other rDNA repeat units. Moreover, the 5S rRNA genes and the other ribosomal genes are
transcribed separately by distinct RNA polymerases. It seems that the distinct clustering of
the 45S and 5S rDNA repeats in most studied animals and plants may facilitate the work of
the different RNA polymerases as well as the independent evolution of their repeats. On the
other hand, the rDNA multigene families may also assume a linked organization in the
genome of several species (Figure 1). In several fungi including species of Ascomycetes,
Basidiomycetes, Zygomycetes and a species of Oomycetes, the 5S rRNA genes are embedded
in the non-transcribed spacer of the 45S rDNA (Belkhiri et al. 1992), whereas in other fungi
such as Neurospora crassa (Selker et al. 1981) and Schizosaccharomyces pombe (Mao et al.
1982) the 5S rRNA gene copies are dispersed all over the genome and are not linked to the
45S rDNA. Also, the 5S rDNA became linked to other different tandemly repeated multigene
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families during the evolution, such trans-spliced leader (TSL) and histone multigene families
(Andrews et al. 1987, Drouin and Moniz de Sa 1995, Drouin 1999) (Figure 1). The discovery
of 5S and 45S rDNA linkages in lower eukaryotes species has previously been interpreted as
a transitional state between the typical eubacterial arrangement and the unlinked arrangement
found in higher eukaryote species (Belkhiri et al. 1992). Actually, 5S rRNA genes have also
been found linked to repeat units of 45S rDNA of several higher eukaryotes species, such as
nematode and arthropod species (reviewed in Drouin and Moniz de Sa 1995). Although the
mechanisms involved in the transposition of the 5SS rRNA genes to other tandemly repeated
families still have to be clearly elucidated, their subsequent spread to all members of the
multigene family is believed to be related to concerted evolution by unequal crossing-over
(Drouin and Muniz de Sa 1995).

In order to further the understanding on the dynamics and evolution of 5S rRNA gene
arrays, a revision on the structure and organization of the 5S rDNA in the fish genome is
reported here. The accumulated data have demonstrated that the presence of 5S rDNA variant
classes seems to be a general trend for fish species and are a consequence of the intense
dynamism of these tandem repeat elements in the genome of these animals. Studies on the 5S
rDNA repeat organization can provide interesting insights for the comprehension of the
genome evolution, the dynamics of repetitive sequences in the genome and, the practical
employment of 5S rDNA as genetic markers.

5S RRNA GENES AND THE NON-TRANSCRIBED
SPACER SEQUENCES

The 5S rDNA array consists of multiple copies of a highly conserved 120 base pairs (bp)
coding sequence, separated from each other by a variable non-transcribed spacer (NTS) (see
Long and David 1980) (Figure 3). While the 5S rRNA gene is conserved even among non-
related taxa (Figure 4), its NTS shows an extensive length variation, which can give an
accentuated dynamism to the 5S rDNA repeats (Williams and Strobeck 1985). Searches at
DDBJ-EMBL-GenBank databases identified low divergences between the 5S rRNA gene
sequences among related taxa. Fishes, for example, share an average similarity of 95% in
their 5S rRNA genes. On the other hand, poor or no relationships are usually established
between the NTSs of different species, suggesting that this spacer region evolves rapidly.
Even between closely related species (species of a same genus, for example), significant
differences in their NTSs can be detected. The NTSs seem to be governed by intense
mechanisms of evolution, which makes this region an important source for studies concerning
the organization and evolution of multigene families and genomes and also as markers to
trace recent events of evolution.
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Figure 3: Arrangement of higher eukaryotic 5S rRNA genes intercalated with non-transcribed DNA
segments (NTS). The 5S rDNA is organized in tandem repeats that form clusters with hundreds to
thousands of copies. The 5S rRNA genes can be organized in one to several clusters in the

haploid genome.

The 5S rRNA gene is transcribed by the RNA polymerase III that also synthesizes many
other types of small RNAs, including t-RNA, 4.5S rRNA, 7SL, 7SK, U6, Alu, B1, H1 RNA,
MRP RNA, Y3 RNA, BC1 RNA, VA RNA and EBERs RNA (Nederby-Nielsen et al. 1993).
The 5S rRNA gene sequence contains internal control regions (ICRs) that are active as
promoters for transcription (Figure 4). The A box is a general ICR sequence for RNA
polymerase IIl. The intermediate element (IE) and the C box are specific to the 5S rRNA
transcription and work as binding sites for the transcription factor TFIIIA (Pieler et al. 1987).
The binding of the TFIIIA to the 5S rRNA gene is the first step in the formation of the
transcription initiation complex (Veldhoen et al. 1994). The second step in the formation of
the initiation complex is the binding of the polymerase III general transcription factor TFIIIC
to the TFIIIA and DNA sequences in the A box. The final step is the binding of the TFIIIB,
which interacts with TFIIIA and TFIIIC (Veldhoen et al. 1994).
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Fishes +1
Brycon cephalus af250529 GCTTACGGCCATACCAGCCTGAGAACGCCCGATCTCGTCCGATCTTGGA!L
Leporinus obtusidens af284747 GCTTACGGCCATACCGCCTITGAGCGCGCCAGATCTCGTCTGATCTCGGAK
Salmo gairdnerii j01861 GCTTACGGCCATACCAGCCTGAATACGCCCGATCTCGTCCGATCTCGGAK
Misgurnos fossilis(s) v00647 GCTTACGGCCATACCACCCTGAGCACGCCCGATCTCGTCCGATCTCGGAlL
Misgurnos fossilis(o) v00648 GCTTACGGCCACACCAACCTGAGCAAGCCCGATCTCGTCTGATCTCGGAL
Ctenopharyngodon idella x63145 GCTTACGGCCATACCACTCTGAGCACGCCCGATCTCGTCTGATCTCGGAK
Hypophthalmichthys molitrix x63146 GCTTACGGCCATACCACTCTGAGCACGCCCGATCTCGTCTGATCTCGGC‘GCTAAGCAGEGTC
Hypophthalmichthys nobilis x63147 GCTTACGGCCATACCACTTTGAGCACGCCCGATCTCGTCTGATCTCGGAL eleiv v\elerNeleley el
Acheilognathus tabira ab0155 GCTTACAGCCATACTGTCCTGAGCACGCCCGATCTCGTCTGATCTCGGA!L
Cyprinus carpio ab015590 GCTTACGGCCATACCACCCTGAGCACGCCCGATCTCGTCTGATCTCGGAL elsv.V-\elo)\elele)iel
Tetraodon nigroviridis aj245 GCTTACGGCCATACCACCCTGAGAACGCCCGATCTCGTCTGATCTCGGAl sy vicloteleleiye
Anphibians

Xenopus tropicalis(s) x12622
Xenopus tropicalis(o) x12624
Gastrotheca riobambae m74438
Notophthalmus viridescens m13611

GCTTACGGCCATACCACCCTGAAAGCGCCCGATCTCGTCTGATCTCGGA!L
GCTTACGGCCATACCACCCTGAAAGCGCCCGATCTCGTCTGATCTCGGAK
GCTTACGGCCACACCACCCTGAACACGCCCGATCTCGTCTGATCTCGGA
GCTTACGGCCATACCACCCTGAAAGCACCTIGATCTCGTCTGATCTCAGAL

Reptilian

Iguana iguana ml10817 GCTTACGGCCATACCACCCTGAACACGCCCGATCTCGTCTGATCTCGGAL ey V\ele)Neleleliele
Birds

Gallus gallus x01309 GCCTACGGCCATCCCACCCTGGTAACGCCCGATCTCGTCTGATCTCGGA ey V\eleyNeleleifelec
Mammals

GCTTACGGCCATACCACCCTGAACGCGCCCGATCTCGTCTGATCTCGGAelaiv:vleeteleleiie
GCTTACGGCCATACCACCCTGAACGCGCCCGATCTCGTCTGATCTCGGAL
GCTTACGGCCATACCACCCTGAACGCGCCCGATCTCGTCTGATCTCGGAL
GCTTACGGCCATACCACCCTGAACGCGCCCGATCTCGTCTGATCTCGGAK
GCTTACGGCCATACCACCCTGAACGCGCCCGATCTCGTCTGATCTCGGAK
GCTTACGGCCATACCACCCTGAACGCGCCCGATCTCGTCTGATCTCGGAK

Macaca fascicularis af193591
Rattus norvegicus x83746
Mus musculus x71804

Homo sapiens v00589

Syrian hamster j00063

Bos taurus x57170

+120
GGAATACCAGGTGCCGTGAGCTT
GGAATACCAGGTGCTGTAAGCTT
GGAATACCAGGTGCTGTAAGCTT
GGAATACCAGGTGTTGTAAGCTT
GGAATACCAGGTGITGTAAGCTT
GGAATACCAGGTGCTGTAAGCTT

Fishes

Brycon cephalus af250529
Leporinus obtusidens af284747
Salmo gairdnerii j01861
Misgurnos fossilis(s) v00647
Misgurnos fossilis(o) v00648
Ctenopharyngodon idella x63145

Hypophthalmichthys molitrix x63146
Hypophthalmichthys nobilis x63147
Acheilognathus tabira ab0155

GGAATACCAGGTGCTGTAAGCTT
GGAATACCAGGTGCTGTAAGCTT
GGAATACCAGGTGCTGTAAGCTT

GGAATACCAGGTGCTGTAAGCTT
GGAATACCAGGTGCTGTAAGCTT

Cyprinus carpio ab015590
Tetraodon nigroviridis aj245
Anphibians

Xenopus tropicalis(s) x12622
Xenopus tropicalis(o) x12624
Gastrotheca riobambae m74438
Notophthalmus viridescens ml13611

CCTGGTIUNIWNSNT GGATGGGAGACCGCCT!
G Thele A GTACCHYeleYeleler Xe Xololeleleyie s GA A TAC CAGGTGTTGTAGGCTT
Glelsiiselels T A GTAC Tielerbifeleler.Xe) Xelole olesfe GGAATACCAGGTGCTGTAGGCTT
sedfeleiiTAGTACCHEerNeeer e NeleeoleiyTGGAATACCAGGTGCTGTAGGCTT

GGAATACCIGGTGCTGTAGGCTT

Reptilian

Iguana iguana ml10817 Gle{eyeleiyTAGTACTpelerVelelerNe) Neelelslssiye CCAATACCAGGTGCTGTAAGCTT
Birds

Gallus gallus x01309 Gle{sgelelis TAGTAC TpyelerVeleler Xe) Xelo T{eleyfe GGAATACCGGGTGCTGTAGGCTT
Mammals

eleyieleyyTAGTACTiNe e Meleer (o) Nelelelslsive SGAATACCGGGTGCTGTAGGCTT
Gleledielels T A GTAC Tpyeler.ueleler.NerNelelelslasye CCAATACCGGGTGCTGTAGGCTT
Gleledifelev T A GTAC Tiyeler.Ufeleler.Xe Xelelelslayie CCAATACCGGGTGCTGTAGGCTT
sleyieledvTAGTACTiNeerVeleer e Neoessise SGAATACCGGGTGCTGTAGGCTT
sleyieleyiTAGTACTiNe e Meleer (o) Nelelelslssive SGAATACCGGGTGCTGTAGGCTT
Gle{egeledy T A GTAC Tiyeler.Nelelel Xey Xelolelefayie CCAATACCGGGTGCTGTAGGCTT
IE C box

Macaca fascicularis af193591
Rattus norvegicus x83746
Mus musculus x71804

Homo sapiens v00589

Syrian hamster j00063

Bos taurus x57170

Figure 4: Aligned 5S rRNA gene sequences from fishes, amphibians, reptilian, birds and mammals
obtained from the nucleotide sequence database available at the web site http://www.ncbi.nlm.nih.gov/.
The start point of transcription is indicated by +1, the nucleotide substitutions are indicated in gray
shading and the internal control regions (A box, IE and C box) are indicated in black shading. The
species names are showed in the right followed by the GenBank accession entries. (s) somatic

5S rRNA gene type, and (0) oocyte 5S rRNA gene type.

Comparisons of aligned nucleotide sequences of the 5S rRNA gene from several
vertebrates revealed a total of 38 polymorphic sites that were mainly present outside de ICR
region, in the beginning and in the end of the gene (Figure 4). The ICR region was quite
conserved among the analyzed sequences with just few base substitutions. Although the
polymorphic sites were not informative to distinguish fish, amphibians, reptilian, birds, and
mammals, an attempting phylogenetic reconstruction of the vertebrate history was carried out
based in the available 5S rRNA gene sequences (Figure 5). However, the relationship among
the vertebrate groups was not clear. It seems that the 5S rRNA gene does not represent a good
candidate gene for phylogenies due to its highly nucleotide conservation and small size (only
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120 bp). Although some studies have considered the usefulness of the nucleotide sequences of
the 5S rDNA non-transcribed spacers as phylogenetic or population markers (Suzuki et al.
1994, Pendas et al. 1995, Baker et al. 2000), a special attention must be exercised, mainly in
phylogenetic interpretations, as the 5S rDNA family shows a complex organization with the
presence of paralogous copies in the genome.
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Figure 5: An attempting phylogenetic vertebrate reconstruction based in the 5S rRNA gene sequence.
The relationship among the different vertebrate groups is not clear, showing that the 5S rRNA gene is
not a good sequence for phylogenetic analysis. The crustacean Proassellus coxallis and the nematode
Caenorhabditis elegans were included in the analysis as outgroups.

Although non-transcribed DNA sequences such as the NTSs seem to have no function, it
has been recently demonstrated that the presence of conserved elements located inside this
non-transcribed spacer also plays an important role in the regulation of the 5S rRNA gene
expression in mammals (Nederby-Nielsen et al. 1993, Hallenberg and Frederiksen 2001).
Studies of deletion mutants have shown that upstream control elements, i.e. present inside the
NTS, are required for the expression of 5S rRNA genes. When the 5’ sequence of the 5S
rRNA gene is eliminated, the transcription levels are repressed and the initiation of
transcription occurs a few nucleotides downstream the +1 site, suggesting that this sequence
is also required for the 5S rRNA gene expression and for the correct positioning of RNA
polymerase III (Sollner-Webb 1988). Additionally, recent studies have also focused interest
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on non-transcribed spacer sequences that exert additional levels of control in a variety of
genes transcribed by the RNA polymerase III. Among mammals, a conserved 5°-
GGCTCTTGGGGC-3’ sequence, denominated D box, located inside the 5S rRNA NTS, was
found to stimulate the transcription up to 10-fold (Nederby-Nielsen et al. 1993, Jensen and
Frederiksen 2000, Hallenberg and Frederiksen 2001). Another NTS sequences - TATA motifs
- act as promoter elements that direct the transcription by RNA polymerase Il of a large
subset of proteins-encoding genes in eukaryotes. Polymerase III promoters have historically
been characterized in three major types: (i) 5S rRNA and (ii) tRNA genes that utilize internal
non-TATA promoters, and (iii) U6 snRNA promoters that contain upstream TATA elements
(Paule and White 2000).

It was already demonstrated that TATA motifs upstream tRNA and 5S rRNA genes of
Schizosaccharomyces pombe are obligatory involved in the expression of these genes
(Hamada et al. 2001). A conserved TATA-like sequence has been observed upstream the 5S
rRNA gene in several fishes, as Salmo salar (Pendas et al. 1994), Carassius auratus
(Murakami and Fugitani 1998), Coregonus (Sajdak et al. 1998), Gasterosteus aculeatus
(Rocco et al. 1999), Acheilognathus tabira, Cyprinus carpio (Inafuku et al. 2000),
Oreochromis niloticus (Martins et al. 2000), Brycon (Wasko et al. 2001) and Leporinus
(Martins and Galetti 2001a), suggesting a possible influence in the transcription level of this
gene (Figure 6). The presence of TATA motifs upstream the 5S rRNA genes of fishes and
other higher eukaryotes suggests that more organisms than fission yeasts also present NTS
promoters for the polymerase III.

Leporinus obtusidens (af284747) GGACTTATATATAGGCAATTGATATA -27
Brycon cephalus (af250529) CGAAGGTTGAATTTGCTTTATATCTTTTTGCTTTATA -70
Synbranchus marmoratus (ay271269) CCGTTCCATTTATATATTGATAAAACACATCAAGGGATATA -152
Salmo salar ACTTTGACTATATATGTTGTAGCAAGAGATTGTTTCTC -1

Oncorhynchus mykiss ACAGCTGTTAATCAGGCTCACTTTGACTTTACATGGTGCA -18

Figure 6: Sequence comparison of upstream regions of the 5S rRNA genes from fish species.
TATA-like regulatory elements are indicated in boldface type.

A functional eukaryote 5S rRNA gene also requires a terminator sequence composed of
at least four thymidine residues, as evidenced in Xenopus (Korn and Brown 1978). A T-rich
tail, identified at positions +119 to +122, was also observed in different fish species
(Figure 7). Moreover, such termination signal is also found in other genes transcribed by
RNA polymerase III. Besides the T-rich region to signalize the end of the 5S rRNA gene, it is
possible to detect another conserved region (GAAACAA) downstream the 5S rRNA gene of
some fish species (Figure 7). This region could also act as a terminator sequence.
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55 rRNA gene <«— NTS
Synbranchus marmoratus (ay271269) AGGTGCTGTAAGCTTTTCACTTCTGT----TTACHVININCGCAGAGGGCGCC
Leporinus obtusidens (af284747) AGGTGCTGTAAGCTTTTTTGTTTT--——————~ BVVAGTGCCTTTAA

Oreochromis niloticus (af478461) AGGTGCTGTAAGCTTTTGCACTT--——-=-——-—— 7 VACTGC

Brycon cephalus (af250529) AGGTGCCGTAAGCTTTTCCAACCCGG--——-—~ 7 TCGAAGGTTGAA
Brama raii AGGTGCTGTAAGCTTTTCTTCTCTTCTGTCAT— GApye®

Solea solea AGGTGCTGTAAGCTTTTACACTGCTGCTTCCT TN NNNCATGGGCT

Figure 7: Sequence comparison of downstream regions of the 5S rRNA genes from fish species.
The 3’ end-coding region is indicated in boldface type and the T-rich terminal signal is indicated in
gray shadowing. A downstream conserved region (GAAACAA) is also indicated in black shadowing.

GENOME ORGANIZATION OF 5S RDNA
TANDEM REPEATS

A repeated structure consisting of two different repeats of the 5S rDNA was reported for
mammals (Hallemberg et al. 1994, Frederiksen et al. 1997, Jensen and Frederiksen 2000).
Similar situation was also described for several fish species, such as Salmo salar (Pendas et
al. 1994), Oncorhynchus mykiss (Méran et al. 1996), the genus Coregonus (Sajdak et al.
1998), and the genus Brycon (Wasko et al. 2001). A more detailed study on the 5S rDNA
structure and organization was conducted in several fish species of the South American genus
Leporinus (Martins and Galetti 2001a) and in the Nile tilapia, Oreochromis niloticus (Martins
et al. 2002), which clearly evidenced and characterized distinct intraspecific 5S rDNA
repeats. In the characiform Leporinus, two 5S rDNA classes, one consisting of monomeric
repeat units around 200 bp and another one with monomers of 920 bp, were identified
(Martins and Galetti 2001a). Each of these different-sized 5S rDNA classes was characterized
by distinct NTS sequences and few base substitutions in the 5S rRNA genes and was
clustered in distinct chromosome pairs (see details in the topic “Chromosomal distribution of
5S rDNA loci”). Similarly, in the tilapiine cichlid fish O. niloticus, two distinct 5S rDNA
units (designated 5S rDNA type I with 1400 bp, and 5S rDNA type 11 with 470 bp) were also
identified (Figure 8) (Martins et al. 2002).
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Figure 8: Scheme of the tandem repeats organization of distinct 5S rDNA classes in Oreochromis
niloticus, according to Martins et al. (2002): 5S rDNA type I (a), and 5S rDNA type II (b). Large dark
arrows indicate the 5SS rRNA gene, an inverted 5S rRNA pseudogene, and an inverted 5S rRNA gene.
The 5S rDNA chromosome loci are represented below and on the right of the DNA sequence scheme.
Dark bands represent the chromosome centromeres. Light bands indicate the 5SS rDNA chromosome
localization. The 5S rDNA is located in three chromosome pairs: the NTS type I is localized in the
largest subtelocentric-acrocentric pair, and the NTS type II is localized in two other chromosome
pairs that correspond to the second and third largest subtelocentric-acrocentric ones.

The 5S rDNA structure in the Nile tilapia genome represents a good example of the
complex organization of this repeated element in fishes (Figure 8). Each 5S rDNA class of O.
niloticus was characterized by a distinct NTS that varied in nucleotide sequence and length
between the loci. Moreover, an inverted putative 5S rRNA pseudogene and an inverted 5S
rRNA gene sequence were detected within the 5S rDNA type I repeat. As inverted 5S rRNA
genes have been reported only within the 45S rDNA array of some non-related eukaryotes
(Drouin and Muniz de S& 1995), the inverted 5S rRNA gene detected in O. niloticus
corresponds to the first description of such sequence inside a 5S rDNA array. This inverted
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gene and the 5S rRNA gene observed in the 5S rDNA type 1 of O. niloticus were very similar,
presenting 120 bp and just two nucleotide substitutions (Figure 9). Moreover, a conserved
short-sequence was identified at the 3’-end of the 5S rRNA gene and at the 5’-end of the
inverted 5S rRNA gene, indicating that the inverted gene seems to have been originated from
the 5S rDNA type I through the occurrence of an inversion. The presence of TATA-like
elements downstream the 5S rRNA inverted gene of O. niloticus also suggests that this
inverted segment could be transcriptional active, since similar TATA-like nucleotide regions
were also observed upstream the 5S rRNA gene of both 5S rDNA classes of the species and
that these sequences seem to play an important role in the regulation of 5S rRNA gene
expression.

+1 +60
Tilapia 5S typel GCTTACGGCCATACCAGCCTGAACACGCCCGATCTCGTCCGATCTCGGAAGCTAAGCAGG
Tilapia 5S typelI inv GCTTACGGCCATACCAGCCTGAATACGCCCGATCTCGTCCGATCTCGGAAGCCAAGCAGG
Tilapia 5S typell GCTTACGGCCATACCAGCCTGAATACGCCCGATCTCGTCCGATCTCGGAAGCTAAGCAGG
Tilapia 5S pseudogene GCTTACGGCCATACCAGCCTG---------- ATTTCATCTGATCTCTGAAGCTAAGCGGG
Carp 5S pseudogene - ————- - - oo oo oo ATCTCTGAATGTTAGCAGG

Xenopus 5S pseudogene GCCTATAGCCACACTACCCTGAAAGTGCCTGCTCTCGTCTGATCTGTGAAGTGATACAGG
Mouse 5S Pseudogene GCCTATGGCCATACCACCCTGAATGAGCCTGATTTCATCTGATCTCATAAGCTAAGCAGG
Human 5S Pseudogene GCCTATGGCCATACCACCCTGAATGAGCCIGATITCATCTGATCTCATAAGCTAAGCAGG

+61 +120
Tilapia 5S typel GTCGGGCCTGGTCAGTACTTGGATGGGAGACCGCCTGGGAATACCAGGTGCTGTAAGCTT
Tilapia 5S typel inv GTCGGGCCTGGTCAGTACTTGGACGGGAGACCGCCTGGGAAAACCAGGTCATGTAAGCTT
Tilapia 5S typell GTCGGGCCTGGTCAGTACTTGGATGGGAGACCGCCTGGGAATACCAGGTCCTGTAAGCTT
Tilapia 5S pseudogene GGCGGICCTAGATAGTA-———— === - === - —————
Carp 5S pseudogene TTTGGGCCTGGTTAGTACATGGATGGGAGACTGCCTGGGAATACCAGGTGCTITAAACTT
Xenopus 5S pseudogene GGCAGGCCTGGTTAGTACCTGGATGGGAGACCGCCTGAGAA--—-—-— GTTTTCAAAGCTT
Mouse 55 pseudogene GTTGGGCCTGGTTAGTACTTGGATGGGAGACC-—=—=————— ACCGGGTGCTGAAGGCTT
Human 5S pseudogene GTTGGGCCTGGTTAGTACTTGGATGGGAGACC-—=—=————— ACCGGGTGCTGAAGGCTT

Figure 9: Alignment of the 5S rRNA genes type I and type II, the inverted 5S rRNA pseudogene, and
the inverted 5S rRNA gene of the Nile tilapia, the pseudogene of the Japanese silver crucian carp, and
the mouse, human and Xenopus pseudogenes. The nucleotide substitutions are indicated in gray
shadowing and hyphens represent gaps. The start point of transcription is indicated by +1.

5S rDNA variants and pseudogenes seem to be common in mammals (Emerson and
Roeder 1984, Doran et al. 1987, Leah et al. 1990, Hallenberg et al. 1994) and have already
been isolated from rat, mouse and human cells (Nederby-Nielsen et al. 1993). Among fish, 5S
rRNA pseudogenes have only been described for the Japanese silver crucian carp Carassius
auratus langsdorfi (Murakami and Fujitani 1998) and Oreochromis niloticus (Martins et al.
2002). The isolated 5S rRNA pseudogene of O. niloticus is very similar to the 5S rRNA gene
of the species, differing by some base substitutions and deletion of part of the gene, and also
shows a relatively great similarity to mouse and human 5S rDNA pseudogenes (Leah et al.
1990, Hallenberg et al. 1994). However, a lower similarity was observed between the 5S
rRNA pseudogene of the Nile tilapia and the silver crucian carp (Figure 9). The reasons
concerning the greater similarity among the 5S rRNA pseudogene of tilapia, mouse and
human are not clear. Pseudogenes are a consequence of gene duplication that can occur in two
fundamentally different ways: by transposition or via genomic DNA duplication (Mighell et
al. 2000). Once the O. niloticus 5S TRNA pseudogene is in the same direction of the inverted
5S rRNA gene of the species, this element might have arisen as a consequence of the
mechanisms involved in the inversion of the 5S rRNA gene. The organization of the 5S
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rDNA in tandem repeats probably facilitates the origin of such elements by duplication of
genomic segments. As the 5S rRNA pseudogene of O. niloticus is maintained in the tandem
repeat copies of the 5S rDNA type I, it is suggested that this stretch of DNA might have
arisen at the same time as the differentiation of both 5S rDNA types (Martins et al. 2002).
Whether the inverted 5S rRNA gene and the pseudogene of O. niloticus are transcribed or not
remains to be elucidated.

No mosaicism was observed in the organization of the two 5S rDNA classes detected in
Oreochromis niloticus (Martins et al. 2002). Similar data were also observed in fish species of
the genus Leporinus (Martins et al. 2002). It has been believed that multigene families evolve
according to homogenization processes governed by molecular drive and concerted evolution
(Dover 1986, Elder and Turner 1995), resulting in a sequence similarity of the repeat units that is
greater within than between species. According to the results described for Leporinus, the
similarity in the repeat units is greater within a specific cluster even among different species than
between two clusters in the same species (Martins and Galetti 2001a).

Present data on fish species suggest that the presence of two different 5S rDNA arrays
could be a common feature in the genome of this vertebrate group. Two types of tandem
repeats were observed for several Characiformes (Martins and Galetti, 2001ab, Wasko et al.
2001), Perciformes (Martins et al. 2000, 2002), Salmoniformes (Pendas et al. 1994, Moran et
al. 1996, Sajdak et al. 1998), and Cypriniformes (Gornung et al. 2000) (Table 1). Moreover,
the NTS data of different fish species showed that the minimum NTS length size described
for these organisms is 60-80 bp. The shortest 5S rDNA repeat unit (around 180 bp) was
observed in the characiform Steindachnerina elegans, suggesting the occurrence of a NTS with
60 bp in this species (Martins and Galetti 2001b). Several Leporinus species evidenced a 80 bp
NTS (Martins and Galetti 2001a). This short-NTS pattern seems to be the minimum necessary
condition for the maintenance of the array and dynamic of the 5S rRNA genes in the fish
genome, as this may contain required sequences for the expression/regulation of the 5S rRNA
genes. The investigation of the nucleotide sequence of the short-NTS pattern and the
expression of 5S rRNA genes in fishes such as the genus Steindachnerina represents a
promising strategy in the understanding of the role of the NTS for the maintenance of the 5S
rDNA repeat units.

Two main families of 5S rRNA genes differently expressed in oocytes and in somatic
cells have been described for several animals (Komiya et al. 1986). This dual system is well
known in amphibians (reviewed by Krdmer 1985). Although these 5S rDNAs present a great
sequence similarity in the coding region, their NTSs are very distinct. In Xenopus laevis, for
example, the oocyte unit is about 750 bp and includes the 120 bp 5S rRNA gene, a non-
transcribed spacer and a pseudogene (Carrol and Brown 1976, Jacq et al. 1977), while the
somatic unit has approximately 880 bp and does not contain pseudogenes (Peterson et al.
1980). Oocyte and somatic 5S rRNAs, that differ in few nucleotide positions, were also
identified in the teleost fishes Tinca tinca (Dennis and Wegnez 1977) and Misgurnus fossilis
(Mashkova et al. 1981). Although oocyte and somatic 5S rRNAs were described just for two
fish species, the two 5S rDNA classes observed for several fish (Table 1) could be related to
this dual system, appearing to represent paralogous copies of the 5S rRNA gene that may
have evolved on separate regions of the genome. This dual system could also be organized in
different 5S rDNA arrays with distinct chromosome locations as identified in the fishes of the
genus Leporinus (Martins and Galetti 2001a) and in Oreochromis niloticus (Martins et al.
2002).
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Table 1. Characteristics of the 5S rDNA repeats in fish species.

5SrDNA  Number of

Species Orders repeat size  5S rDNA References
(bp) types

Acipencer sturio Acipenseriformes 221 1 Tagliavini et al. 1999

Brycon lundii Characiformes 228,243 2 Wasko et al. 2001

Brycon orbignyanus Characiformes 226, 240, 241 2 Wasko et al. 2001

Brycon microlepis Characiformes 224,240 2 Wasko et al. 2001

Brycon cephalus Characiformes 347, 349, 352 1* Wasko et al. 2001

Brycon sp. Characiformes 340, 341, 1* Wasko et al. 2001
342,343

Brycon brevicauda Characiformes 237, 238, 2 Wasko et al. 2001
239,797, 798

Brycon insignis Characiformes 335,511 2 Wasko et al. 2001

Leporinus friderici Characiformes 220, 896 2 Martins and Galetti

2001a

Leporinus elongatus, ~ Characiformes 200, 900 2 Martins and Galetti

L. ¢f. elongatus, L. 2001a

obtusidens

Danio rerio Cypriniformes 180, 500 2 Gornung et al. 2000

Gasterosteus aculeatus Gasterosteiformes 225 1 Rocco et al. 1999

Gobius niger Perciformes 620 1 Mandrioli et al. 2001

Micropterus salmoides Perciformes 311,313, 4 Deiana et al. 2000
316,321

Oreochromis niloticus  Perciformes 475, 1400 2 Martins et al. 2002

Coregonus artedi, C.  Salmoniformes 394, 524 2 Sajdak et al. 1998

zenithicus

Salmo salar Salmoniformes 255,525 2 Pendas et al. 1994

Oncorhynchus mykiss ~ Salmoniformes 290, 370 2 Mobran et al. 1996

Synbranchus Synbranchiformes 465 1 Messias et al.

marmoratus submitted

*There are evidences for the presence of a second 5S rDNA type.

Further studies on several members of different fish orders should be carried out in order
to improve 5S rDNA data on in this vertebrate group. Although the exact number of different
tandem repeats remains to be clearly elucidated, the existence of different 5S rDNA classes
seems to be a rule for fishes. The functional role of the genes present in these different 5S
rDNA classes also seems to be an interesting point to be investigated.

CHROMOSOMAL DISTRIBUTION OF 5S RDNA LocI

The chromosomal localization of the 5S rRNA genes in fishes has shown to be of great
importance in the comprehension of the structure and organization of repeated sequences in
their chromosomes. Although cytogenetic analyses represent the great portion of 5S rDNA
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data in fish, little is known about the chromosomal location of these genes in this animal
group, compared to other vertebrate classes (Martins and Galetti 2001b).

In mammals, the 5S rRNA genes are generally located on a single chromosome pair,
while the 45S rRNA genes, that correspond to the nucleolar organizer regions (NORs), are
often present on multiple chromosomes (Suzuki et al. 1996, Mikinem et al. 1997). In
amphibians (Schmid et al. 1987, Lucchini et al. 1993) and fish species (Fujiwara et al. 1998,
Murakami and Fujitani 1998, Martins and Galetti 1999), however, both 45S and 5S rRNA
genes may be located on several chromosomes. Moreover, 45S and 5S rDNA loci may
assume a syntenical organization in the chromosome (Pendas et al. 1994, Moran et al. 1996)
or can be detected in different chromosome pairs (Martinez et al. 1996, Martins and Galetti
1999). However, the divergent locations of NORs and 5S rDNA loci seem to be the most
common situation observed in fish (Table 2) and far the most frequent distribution pattern
observed in vertebrates (Lucchini et al. 1993, Suzuki et al. 1996).

Table 2. Chromosomal organization of 5SS rDNA among fish species.

Number Syntenic
. Chromosome 5S and
Orders and species of 5S .. References
DNA loci position 458
rDNA
Acipenseriformes
Acipenser naccarii 4 interstitial Fontana et al. 1999
telomeric
Acipenser ruthenus 2 telomeric positive  Fontana et al. 1999
Acipenser sturio 2 interstitial positive  Tagliavini et al. 1999
Acipenser stellatus 2 positive  Fontana et al. 2003
Acipenser baerii 4 positive  Fontana et al. 2003
Acipenser transmontanus 4 positive  Fontana et al. 2003
Huso huso 2 positive  Fontana et al. 1998, 2003
Anguilliformes
Anguilla anguilla 2 interstitial negative Martinez et al. 1996
Anguilla rostrata 2 interstitial negative Nieddu et al. 1998
Salmoniformes
Coregonus artedti 2 interstitial negative  Sajdak et al 1998
Coregonus zenithicus interstitial negative  Sajdak et al 1998
Coregonus lavaretus 2 interstitial negative Jankun et al. in press b
Coregonus peled 2 interstitial negative Jankun et al. in press b
Coregonus albula 2 interstitial negative Jankun et al. in press b
Hucho perryi 2 interstitial negative Fujiwara et al. 1998
Oncorhynchus masou 8 interstitial positive  Fujiwara et al. 1998
Oncorhynchus mykis 4-6 interstitial positive ~ Moran et al. 1996
Salmo salar 3-4 interstitial positive  Pendas et al. 1994
Salmo trutta 2 interstitial negative Moran et al. 1996
Salvelinus fontinalis 2 interstitial negative Fujiwara et al. 1998

Salvelinus malma Phillips et al. 2002
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Salvelinus confluentes
Salvelinus alpinus
Salvelinus namaycush
Thymallus thymallus

Cypriniformes
Acheilognathus tabira

Carassius auratus
langsdorfi
Cyprinus carpio
Danio rerio
Rhodeos ocellatus

Characiformes
Astyanax altiparanae
Astyanax lacustris
Astyanax fasciatus

Astyabax schubarti
Astyanax scabripinnis

Astyanax scabripinnis
Brycon lundii

Brycon microlepis
Brycon orbignyanus
Brycon cephalus
Brycon sp.

Brycon brevicauda
Brycon insignis
Hoplias malabaricus

Leporinus cf. elongatus

Leporinus elongatus
Leporinus friderici
Leporinus obtusidens
Leporinus reinhardti
Parodon hilarii
Parodon tortuosus
Parodon sp.
Schizodon altoparanae
Schizodon borelli
Schizodon isognathum
Schizodon knerii
Schizodon nasutus
Schizodon vittatus

B T i T i T T T o S T T S N O R S S S S SN S e e}

interstitial

interstitial
telomeric

interstitial
interstitial
interstitial

interstitial
interstitial
interstitial

interstitial

interstitial

interstitial
interstitial
interstitial
interstitial
interstitial
interstitial
interstitial
interstitial

interstitial
interstitial
interstitial
interstitial
interstitial
interstitial
interstitial
interstitial
interstitial
interstitial
interstitial
interstitial
interstitial
interstitial

negative

positive

negative
positive
negative

positive

positive

positive/
negative
positive/
negative
positive/
negative
negative
negative
negative
negative
negative
negative
negative
negative
negative
negative
negative
negative
negative
negative
negative
negative
negative
negative
negative
negative
negative
negative
negative

Phillips et al. 2002
Phillips et al. 2002
Phillips et al. 2002
Jankun et al. in press a

Inafuku et al. 2000
Murakami and Fugitani 1998

Inafuku et al. 2000
Phillips and Reed 2000
Kikuma et al. 2000

Almeida-Toledo et al. 2002
Almeida-Toledo et al. 2002
Almeida-Toledo et al. 2002

Almeida-Toledo et al. 2002
Almeida-Toledo et al. 2002

Ferro et al. 2001

Wasko et al. 2001
Wasko et al. 2001
Wasko et al. 2001
Wasko et al. 2001
Wasko et al. 2001
Wasko et al. 2001
Wasko et al. 2001

Born and Bertollo 2000
Martins and Galetti 2001a
Martins and Galetti 1999
Martins and Galetti 1999
Martins and Galetti 1999
Martins and Galetti 2001a
Vicente et al 2001
Vicente et al 2001
Vicente et al 2001
Martins and Galetti 2000
Martins and Galetti 2000
Martins and Galetti 2000
Martins and Galetti 2000
Martins and Galetti 2000
Martins and Galetti 2000
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Perciformes

Coris julis 4 telomeric positive  Mandrioli et al. 2000
Chromis insolata 4 telomeric negative Molina and Galetti 2002
Chromis multilineata Molina and Galetti 2002
Chromis flavicauda 4 interstitial negative Molina and Galetti 2002
Ephinephelus marginatus 2 interstitial negative  Sola et al. 2000

Gobius niger 2 interstitial negative Mandrioli et al. 2001
Micropterus salmoides 2 interstitial negative Deiana et al. 2000
Oreochromis niloticus 6 interstitial negative Martins et al. 2002
Tetraodontiformes

Tetraodon fluviatilis 2 telomeric negative Mandrioli and Manicardi 2001
Tetraodon nigroviridis 2 interstitial negative Fischer et al. 2000

In eukaryotes, the 45S rRNA genes are transcribed by the nucleolar enzyme RNA
polymerase I, whereas the 5S genes are transcribed far from the nucleolus by the non-
nucleolar RNA polymerase II1. It is suggested that such functional divergences would require
different physical locations between the large rDNA and the 5S arrays (Amarasinghe and
Carlson 1998). In addition, gene conversion and unequal crossing-over are common
mechanisms acting in the evolution processes of the multiple tandem arrays (Dover 1986).
These mechanisms might be more efficient when the 5S and 45S clusters remain separated
instead of a linked configuration, avoiding disruptive interference, such as undesired
translocations between the 45S and 5S arrays (Martins and Galetti 1999). This could explain
why most vertebrates have these rDNA clusters on distinct chromosomes.

The chromosomal localization of the 5S rRNA genes has been described for 67 fish
species representing distinct groups, such as Acipenseriformes, Anguilliformes,
Cypriniformes, Characiformes, Salmoniformes, Perciformes, and Tetraodontiformes (Table
2). These previous data have shown that the location of the 5S rRNA genes corresponds to an
interstitial position in the chromosomes of almost all the analyzed species (Figure 10). The
same 5S rRNA gene chromosomal location was also observed in mammals (Mellink et al.
1996, Frederiksen et al. 1997, Mékinem et al. 1997, among others) and amphibians (Vitelli et
al. 1982, Schmid et al. 1987, Lucchini et al. 1993), suggesting that such pattern seems to be
not casual. An interstitially nested distribution for the 5S rRNA genes could represent some
advantage related to the organization of these genes in the vertebrate genome.
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Figure 10: Metaphase spreads of Brycon cephalus (a) and Leporinus elongatus (b) showing 5S rRNA
gene sites (arrows). These two species are representatives of the interstitial distribution of the 5S rRNA
genes in fish chromosomes. The metaphase chromosomes were hybridized to a 5S rRNA gene probe
obtained from Leporinus cf. elongatus (GenBank accession number AF284741) that was labeled with
biotin and detected with FITC (fluorescein isothiocyanate). The chromosomes were counterstained
with propidium iodide.

In the anostomid fishes, the 5S rRNA genes are clustered in two chromosomal loci
(Martins and Galetti 1999, 2000, 2001a). These 5S rRNA chromosomal sites have been
maintained conserved during the karyotype diversification of this fish group, once
homeologous chromosomes nesting the 5S rDNA were detected in Leporinus, Schizodon and
Leporellus (Martins and Galetti 1999, 2000, Aguilar 2001). Moreover, the two chromosome
loci detected in Anostomidae seem to be located at homeologous chromosomes in Parodon
(Parodontidae) (Vicente et al. 2001, Centofante et al. 2002) and Prochilodus
(Prochilodontidae) (Hatanaka 2001), showing that events of chromosome evolution have
maintained the 5S loci conserved in related fish groups.

Similar situation was observed in the characid fish Astyanax scabripinnis. Despite the
fact that this species has been characterized by an accentuated chromosome diversity,
including variations in the 45S rDNA sites (Mantovani et al. 2000), the 5S rDNA
chromosome sites were conserved among several analyzed populations of the species
(Mantovani et al. in preparation). Conserved 5S rDNA loci were also detected for other
species of the genus Astyanax (Almeida-Toledo et al. 2002), showing that a conservative
pattern for the 5S rDNA chromosome distribution seems to be a general trend for fishes.
These results could be related to the chromosome site position of the different rDNA classes -
while 5S rDNA sites were detected in an interstitial position in the chromosomes of almost all
studied fish, the 45S rDNA was located at a terminal position (Table 2). The terminal
chromosome regions containing the 45S rDNA are usually heterochromatic, which facilitate
transposition events leading to the dispersion of these segments in the genome. On the other
hand, the 5S internal chromosome sites seem to be protected from such events.

The conservation of the 5S rDNA chromosomal sites versus the variation in the 45S
rDNA observed in fishes also seems to be a general trend for this vertebrate group. Once the
45S rDNA is located in the terminal regions of the chromosomes and the 5S rDNA is
interstitially located in most fish species so far studied, the internal chromatid environment
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seems to be protect from events such as unequal exchange that could act in the dispersion of
sequences that are located in the terminal position of the chromosomes. According to
Schweizer and Loidl (1987), telomeric regions are propitious to genetic material transference
due to their proximity within interphase nucleus, promoted by the ordering of chromosomes
according to Rabl’s model. For these reasons, the conservation of the 5S rDNA distribution
pattern may derive from the interstitial localization of these sites in the chromosomes.

As previously discussed, different 5S rDNA classes were identified in fish species
(Table 1). In the genus Leporinus, each of the two 5S rDNA chromosome loci is correlated to
an specific repeat unit that is characterized by a distinct NTS sequence (Martins and Galetti
2001a). Two 5S rDNA types were also detected in the Nile tilapia O. niloticus. However, this
species present three 5SS rDNA chromosome loci - one of the 5S rDNA types occupy two
chromosome loci, while the other one occupy the third chromosome locus (Martins et al.
2002). Evidences of the presence of distinct 5S rDNA tandem repeats located at different
chromosome loci were also observed in seven species of the genus Brycon (Wasko et al.
2001). Several organisms have a unique rDNA variant on different chromosomes and, at least
for primates, the occurrence of non-homologous chromosome exchange seems to be a
mechanism of such homogenization (Williams and Strobeck 1985). The distinct 5S rDNA
arrays detected in Leporinus and O. niloticus could reflect the absence of non-homologous
chromosome exchange between the chromosome pairs bearing 5S rDNA clusters. This
scenario is in agreement with the idea that individual chromosomes occupy specific territories
in the nucleous (Lamond and Earnshaw 1998) - chromosomes bearing distinct 5S rDNA
clusters seem to be evolving independently in individual nuclear environments.

EvoLUTION OF THE 5S RDNA TANDEM REPEATS

The repetitive tandem nature of the 5S rDNA is governed by particular patterns of
evolution such as unequal exchange, transposition, RNA mediated transposition and gene
conversion that lead to a co-evolution of all the members of the multigene family (Figure 11).
This phenomenon, known as concerted evolution (Arnheim 1983), prevents an independent
evolution of each member of a multigene family, maintaining a high degree of homology
between the duplicated copies. The mechanisms that act in the concerted evolution have been
termed “molecular drive” (Dover 1986). Although there are several mechanisms that have
been proposed to drive homogeneity among gene families, gene conversion and unequal
exchange are the major contributors to molecular drive, once they have proved to occur in
meiosis as well as in mitosis (Crease and Lynch 1991). Unequal exchange occurs when there
is not complete alignment between two chromosomes. One chromosome will gain extra
genetic material while the other will lose DNA. When a mutation occurs in one member of a
multigene family, the variant can be lost or maintained. If the variant is not lost, unequal
exchange can increase the copy number of this variant in the multigene family. This new
member of the multigene family can spread through a population by several evolutionary
ways such as natural selection, genetic drift, migration and bottleneck effect. The mutation
can also be lost or spread by gene conversion, which starts with two slightly different gene
copies and ends with identical copies. This process involves an invasion of the double helix of
one gene copy by a single strand of the other gene. During DNA elongation and mismatch
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repair, the single strand can act as template for the duplication of the strand of the other
double helix. In fact, one gene in converted in the other gene.

I
<4—
unequal exchange gene conversion
4 r prmm—
I
%4

transposition, 1 gene conversion

RNA-mediated
transfer

Figure 11: Evolutionary dynamics of the repetitive sequences in the genome. I and II represent
different chromosome pairs with their homologous representatives.

Recent studies on the 5S rDNA tandem organization in fish genome evidence a partially
distinct concept for the concerted evolution of the multigene family members. Whereas the
literature had showed that multigene families are governed by particular mechanisms of
evolution that homogenize the repeats in the genome, as described above, the results obtained
with the 5S rDNA tandem repeats in Leporinus and O. niloticus evidence that the
homogenization can occur just within a specific locus whereas different loci in the same
genome can be highly differentiated in the nucleotide sequence and size of the repeat units.

APPLICATIONS OF 5S RDNA As
GENETIC MARKERS

Several methods based mainly on proteins separation by electrophoresis or high-
performance liquid chromatography have been developed for fish species identification
(Sotelo et al. 1993). In recent years, new techniques related to DNA analysis are finding their
way in the identification of species, subspecies, populations, strains, hybrids and individuals.
More recently, DNA amplification using the polymerase chain reaction (PCR) (Mullis and
Faloona 1987) has been used as a powerful alternative toll to protein electrophoresis,
chromatography and imunological methods, due to its simplicity, specificity and sensitivity.
The PCR has become one of the most important technologies in the manipulation of genetic
material, mainly for the identification of genetic markers of considerable value for practical
and fundamental research. DNA-based genetic markers have been developed for use in
aquaculture primarily with the goal of improving fish stocks and strains for important traits
such as growth enhancement and viral and bacterial disease resistance. Various DNA markers
have been used for the construction of genetic maps that will also be of particular benefit in
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aquaculture, specifically for stock identification, breeding selection, analysis of loci
segregation and quantitative traits, and accessing genetic variability of species. Genome maps
will also find applications in behavioural, morphological, phylogeographic and other
evolutionary studies.

The genome organization patterns of the 5S rDNA tandem repeats have been useful as
genetic markers not only in evolutionary studies but also in practical approaches for the
identification of species, hybrids and strains of fishes, specially farmed animals. The 5S
rDNA is a suitable candidate for PCR-based genetic studies for several reasons: (i) head to
tail organization of the 5S rDNA multigene family members; (ii) the NTS is flanked by the
5S rRNA gene copies in the 5S rDNA tandem array, thus the PCR technology can be used in
the isolation of the NTSs; (iii) the 5S rRNA gene is highly conserved even among non related
species and with the use of PCR it is possible to isolate the 5S rDNA repeats of one species
based in the available sequence of another non-related species; (iv) repetitive units of the 5S
rDNA do not exceed the length of PCR amplification range (see Table 1); (v) the isolation of
the repeat units of the 5S rDNA can be obtained from DNA of pour quality and quantity
because their reiterated nature and small size.

In the fish rainbow trout (Oncorhynchus mykiss), in situ hybridization analyses on male
and female metaphase spreads revealed a 5S rDNA chromosome sex-specific pattern.
Females were characterized by the presence of four fluorescent signals on two metacentric
and on two acrocentric chromosomes, whereas males had only three signals, on one
metacentric and on two acrocentric chromosomes (Moran et al. 1996). Previous cytogenetic
studies in O. mykiss had evidenced a female size heteromorphism in the short arm of an
acrocentric pair, indicating the occurrence of a XX/XY chromosome sex system where the
larger and the minor acrocentric chromosomes correspond to the X and Y elements,
respectively (Thorgaard 1977). The results presented by Moran et al. (1996) showed that one
of the 5S rDNA loci probably constitutes a genomic segment restricted to the X chromosome.
In the chinook salmon (Oncorhynchus tshawytscha), the 5S tDNA is present in the short arm
of six to seven acrocentric chromosome pairs, including the putative X and Y chromosomes
(Stein et al. 2001). The presence of 5S rDNA repeats in the X chromosome of the rainbow
trout and on both X and Y chromosomes of the chinook salmon suggests that the sex
chromosome may be conserved in both species. Besides the potential use of the 5S rDNA as
chromosomal markers for sex identification of species with aquaculture interest, like rainbow
trout, such approach is also of high value for studies concerning on evolutionary aspects of
sex chromosomes.

Mapping DNA sequences in the chromosomes represents a powerful way to trace useful
genetic markers for the improvement of fish production. Chromosome mapping of the 5S
rDNA has also found application in the physical mapping of the Nile tilapia (Oreochromis
niloticus) genome (Martins et al. 2003). In O. niloticus, except for the first chromosome pair,
the chromosomes are nearly identical in morphology and size, which makes the identification
of particular elements difficult. The integration of a physical and a genetic map has been
hindered due to the absence of specific chromosome markers for this species and limited
information on the structure of the Nile tilapia chromosomes and their identification was
available, as molecular cytogenetic information described for the species is mainly related to
the distribution of repetitive DNA sequences in the chromosomes. Recently, 5S rDNA repeats
were identified as chromosome markers for the species. 5S TDNA sequences exist as two
types in the genome of the Nile tilapia: the tandemly-arrayed, type I 5S rDNA composed of
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monomers of 1405 bp, and the tandemly-arrayed, type II 5S rDNA composed of monomers of
475 bp (see Figure 8). Both classes were clustered in distinct chromosomes. While the type I
5S tDNA was detected in an interstitial position in the long arm of a subtelo-acrocentric
chromosome pair (chromosome 3), the type II 5S rDNA was identified interstitially in the
long arm of a different subtelo-acrocentric pair and at the terminal region of the short arm of
another subtelo-acrocentric chromosome pair (chromosomes 9 and 13). The integration of 5S
rDNA cytogenetic data for the Nile tilapia with the chromosomal location of several other
repetitive DNA sequences, such as satellite DNAs, telomeres, 45S rDNA, and the short and
long interspersed nucleotide elements (SINEs and LINEs), provide the beginning of a
physical genome map for this important teleost fish (Martins et al. 2003).

The application of 5S rDNA sequences as molecular markers was also evidenced in fish
species. The Atlantic salmon (Sa/mo salar), the brown trout (Salmo truta), and their hybrid
(Pendas et al. 1995) are very difficult to be distinguished using morphological characters.
However, using specific primers on PCR to amplify the repeat units of the 5S tDNA, the two
salmon species and their hybrid were clearly identified as the different sizes in the amplified
products gives, by agarose gel analysis, distinct band patterns. Clearly species-specific 5S
rDNA-PCR products were also evidenced for fish species of the Neotropical genus Brycon
(Figure 12) (Wasko et al. 2001).

800-
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Figure 12: Species-specific 5S rDNA-PCR products: Brycon lundii (1), B. cephalus (2), Brycon sp. (3),
and B. insignis (4). Molecular weight markers (bp) are shown in the left of the figure.

In the aim to assess the species identity of smoked products, Carrera et al. (2002) have
also applied the 5S rDNA PCR amplification to differentiate smoked samples of Atlantic
salmon, rainbow trout and bream (Brama raii). The species identification of smoked fillets
becomes a problem because de external characteristics of the animal are removed by the
processing of the fillets. Similar results were obtained by Cespedes et al. (1999) for two
species of flatfishes, Solea solea and Reinhardtius hippoglossoides. The results obtained by
Pendés et al. (1995), Cespedes et al. (1999), Carrera et al. (2002), and Wasko et al. (2002)
evidenced that the 5S rDNA can be an efficient marker for inspection programs intended to
access species, hybrids, or smoked products identity.
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Polymorphism detected by membrane hybridization analyses of the 5S rDNA repeat units
can also be useful in the differentiation of fish species. Nieddu et al. (1998) have successfully
applied Southern blot hybridization for the identification of polymorphism between the
European eel (Anguilla anguilla) and the American eel (Anguilla rostrata). Although
Southern blot hybridization represents a more expensive and time-consuming technology,
when compared to PCR, this approach also allows finding out how the sequence used as
probe is organized in the genome.

5S rDNA polymorphisms constitute important nuclear genetic markers for identifying
fish species, strains and hybrids of economic importance. Once the NTSs evolve rapidly, the
PCR technology can also be easy applied to amplify specific NTS regions that function as
species- or strain-specific genetic markers. As discussed in other topics of this chapter, these
sequences also have been shown useful for evolutionary studies and have contributed to the
knowledge of the biology of fish species in a broad range of aspects.

CONCLUSION

The conservation of 5S rDNA loci in the chromosomes of related fish species indicates
that theses clusters are protected from significant changes that occur in the karyotype
macrostructure, probably because of their interstitial location. On the other hand, the
existence of different 5S rDNA classes within the same genome, as demonstrated for
Leporinus and Oreochromis niloticus, shows that micro structural changes in the 5S rDNA
sequences have occurred during their evolution. As demonstrated for O. niloticus, as a
consequence of the intense dynamics of the tandem repeat units, the different 5S rDNA
classes might present not only extremely distinct NTSs, but also other variants such as
pseudogenes and inverted gene sequences. Further investigation on these variants within the
5S rDNA repeats may clarify the role, if any, of such sequences in the genome. The mapping
of the 5S rDNA variant types at distinct chromosome loci shows that the tandem repeats
coding 5S rRNA can evolve independently at different nuclear territories. The evolution of
repetitive sequences is thought to be subjected to the action of several molecular mechanisms
such as gene conversion, unequal crossing-over, transposition, slippage-replication and RNA-
mediated exchanges, that cause non-Mendelian segregation ratios leading to a particular
pattern of evolution. Thus, the tandem repetitive pattern and intense evolution of the 5S
rDNA can represent an interesting model to understand the organization and evolution of
DNA sequences in the genome. The chromosome mapping, nucleotide sequence and
electrophoresis pattern of the tandem repeats of the 5S rDNA have also been useful as genetic
markers in a broad range of practical approaches for the identification of species, hybrids and
strains of fishes, specially farmed animals. The general aspects of the organization of the 5S
rDNA tandem repeats in the fish genome also will be of particular importance in the
comprehension of the genome structure of vertebrates.
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