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Abstract. We compare the 5S gene structure from
nine Drosophila species. New sequence data (5S genes
of D. melanogaster, D. mauritiana, D. sechellia, D.
yakuba, D. erecta, D. orena, and D. takahashii) and al-
ready-published data (5S genes of D. melanogaster, D.
simulans, and D. teissieri) are used in these comparisons.
We show that four regions within the Drosophila 5S
genes display distinct rates of evolution: the coding re-
gion (120 bp), the 5’-flanking region (54-55 bp), the
3’-flanking region (21-22 bp), and the internal spacer
(149-206 bp). Intra- and interspecific heterogeneity is
due mainly to insertions and deletions of 6~17-bp oligo-
mers. These small rearrangements could be generated by
fork slippages during replication and could produce rapid
sequence divergence in a limited number of steps.
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Introduction

The genome of eukaryotes contains many families. of
repeated sequences, including the 5S ribosomal genes.
Lower and higher eukaryotes show different modes of 5S
gene organization. In Neurospora crassa, the majority of
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the 100 copies of 5S genes are dispersed throughout the
genome (Selker et al. 1981; Metzenberg et al. 1985). In
the yeast Saccharomyces cerevisiae, most 35S genes are
tandemly arranged as an integral part of the genetic unit
coding for the ribosomal RNAs, although some are found
clustered at another chromosomal location as an inde-
pendent tandem array (McMahon et al. 1984). In the
oomycete genus Pythium, 5S genes are linked or un-
linked to the rDNA locus depending on the species
(Belkhiri et al. 1992). Interdispersion of 5S and histone
genes within a tandemly arranged gene cluster is found
in the crustacean Arfemia salina (Andrews et al. 1987).
In higher eukaryotes, clustering of 5S genes away from
larger ribosomal genes or other genes is the usual orga-
nization of this gene family (Long and Dawid 1980).
However, inclusion of 5S genes within the rDNA inter-
genic regions occurs in several arthropod lineages
(Drouin et al. 1992).

These marked differences in genctic organization for
genes sharing the same function are puzzling in terms of
evolution. Nevertheless, 5S genes from all species dem-
onstrate a common  feature, i.e., concerted evolution.
This mode of evolution, which.is also observed in all
other multigene families, is characterized by the fact that
the different members of a gene family display high lev-
els of structural similarity within every species (Coen et
al. 1982; McMahon et al. 1984; Samson and Wegnez
1984; Morzycka-Wroblewska et al. 1985). The molecu-
lar grounds of concerted evolution are not yet clearly
understood.

The Drosophila 5S genes offer many interesting op-
portunities to approach experimentally the concerted
evolution process. The 5S gene unit of D. melanogaster
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is short (coding + spacer regions: 375 bp; Tschudi and
Pirrotta 1980), which allows visualization on Southern
blots of single or multimeric 5S units as well as of the
entire 5S cluster (Junakovic 1980; Tschudi et al. 1982;
Samson and Wegnez 1984). The homogeneity/hetero-
geneity of the cluster in different strains of D. melano-
gaster can then be easily assessed by restriction analysis.
The analysis of HindIIl 5S variants in the ry5 06 strain, for
example, allowed us to hypothesize that genetic ex-
changes within the 5S locus involve 5S genes that are
located, in general, not more than six units apart (Samson
and Wegnez 1988).

Structural comparison of 55 genes from closely re-
lated species provides a way to gain information on the
evolutionary trends of this gene family. For this reason,
we began a study of the 55 genes from several of the
species most closely related to D. melanogaster. Se-
quences of several 5S gene units from D. melanogaster,
D. simulans, and D. teissieri are already known (Tschudi
and Pirrotta 1980; Samson and Wegnez 1984; Sharp et
al. 1984; Samson and Wegnez 1988), as is the sequence
of one 5S unit of Calliphora erythrocephala, another
dipteran species (Rubacha et al. 1984). We report in this
paper the sequence of eleven 5S genes from D. melano-
gaster, D. mauritiana, D. sechellia, D. yakuba, D. erecta,
D. orena, and D. takahashii.

Comparison of all Drosophila 5S gene sequences re-
veals some features of their mode of evolution. The most
striking observation is that 5S gene structure differences
are mainly due to insertions and deletions of short du-
plicated oligomers within the spacer region. Thus, the
cumulative effect of some of these events would signif-
icantly change the overall 5S gene spacer structure.

Materials and Methods

Drosophila Stocks. All Drosophila stocks were provided by J. David
and F. Lemeunier from the laboratory Populations, Génétique et Evo-
lution at Gif-sur-Yvette, France. The following strains have been used:
D. erecta, str. 220-5, D. mauritiana, str. 163-1, D. orena, str. 188-1, D.
sechellia, str. 228, D. takahashii, str. 227-5, D. yakuba, str. 115.

DNA Extraction and Analysis. DNA was prepared from adult flies
as described previously (Samson and Wegnez 1989). Fractionation of
restriction fragments was performed on vertical 1-mm-thick, 40-cm-
long polyacrylamide gels (5.2% or 6.2%) in 25 mm EDTA, 89 mm
boric acid, 89 mm Tris-borate, pH 8.3. Electrophoreses were carried out
for 36 h at 150 V. Standard conditions were used for DNA transfer and
hybridization.

Cloning and Sequencing of 58 Units. Mbol genomic DNA frag-
ments containing 5S units of D. mauritiana, D. sechellia, D. yakuba, D.
erecta, D. orena, and D. takahashii were cloned as previously de-
scribed (Samson and Wegnez 1984). We also cloned one 5S locus
border from the ry°%¢ D. melanogaster strain. The corresponding 2.4-kb
HindIIl genomic fragment (Samson and Wegnez 1988) was cloned in
pUCI8. Subclones were generated with the Erase a base kit of
Promega. We used the method of Maxam and Gilbert (1980) to se-
quence D. sechellia and D. takahashii 5S genes. The method of Sanger

et al. (1977) and the Sequenase system (US Biochemical Corporation,
Cleveland, OH) was used for all other 5S genes. EMBL accession
numbers: X87873 to X87880.

Sequence Comparisons. We used the BESTFIT program, from the
University of Wisconsin Genetics Computer Group. BESTFIT finds
optimal alignments between two sequences by inserting gaps. We
chose a gap weight of 5.0 and a gap length weight of 0.3.

Results

Sequence Polymorphism of D. melanogaster and D.
sechellia 55 Genes

Polymorphism within the D. melanogaster 5S gene fam-
ily is due to variable copy numbers of the GCTGCCT
heptamer downstream of the transcribed region and to
point mutations (Tschudi and Pirrotta 1980; Tschudi et
al. 1982; Sharp et al. 1984; Samson and Wegnez 1988).
These data were obtained from individually cloned 5S
units. In order to determine the level of heterogeneity of
adjacent 5S units, we cloned and sequenced a 2.4-kb
HindIll genomic fragment of a ry’% strain thought to
correspond to one of the two borders of the 5S locus
(Samson and Wegnez, 1988). This genomic fragment
indeed contains four tandemly arranged 5S units and
about 1 kb of non-58 sequences (Fig. 1). Three other 5S
genes from the same ry’”° strain were previously se-
quenced (Samson and Wegnez 1988). These seven 5S
genes differ from one another by at least one point mu-
tation in the spacer region and by variable copy numbers
of the GCTGCCT heptamer (four to six copies, position
136, cf. Fig. 1 and 2).

Polymorphism is also found in the 5S coding region.
Four sequenced 58 units of ry’% (three sequenced in this
work, Fig. 1) are pseundogenes, according to Sharp et al.
(1984). This is due to a single base substitution in the
coding region (G to A, position 86, Fig. 1). The fourth 55
unit of the locus border (Fig. 1) is also probably a
pseudogene since it contains a GG insertion at the posi-
tion §8.

Two 58S genes from D. sechellia were cloned and
sequenced (D.se.l and D.se.2, Fig. 2). D.se.2 differs
from D.se.1 by three single substitutions (positions 178,
247, and 321, D.se.2) and by a CT/AG substitution (po-
sitions 365-366, D.se.2). Both genes differ also by a
duplication of the TTA trinucleotide (positions 250-252,
D.se.2) and by the deletion of one duplicated heptamer
(TTGGCTA, positions 185-191, D.se.I).

Comparison of 5S Genes from D. melanogaster, D.
simulans, D. mauritiana, and D. sechellia

The 58S genes of the sibling species D. simulans, D. mau-
ritiana, and D. sechellia cannot be distinguished by re-
striction mapping (Samson and Wegnez 1984), and only
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Fig. 1. Sequence of one border of the D. melanogaster 5S locus. The
sequence encompasses 100 bp of non-5S sequences (small letters) and

four 58 units of one border of the ry*°® strain 5S locus. Sequences

corresponding to the mature 5SS RNA are underlined. Bold letters above
variant sites correspond to the 3S ‘‘consensus’’ sequence defined by
Tschudi and Pirrotta (1980).

some differences are found when they are compared with
the D. melanogaster 5S gene. The comparison of 5S
gene sequences of these four Drosophila species is
shown in Fig. 2. Pairwise comparisons do not allow de-
tection of more than 11 point differences. Two types of
events are found: point mutations and duplications/
deletions of short oligomers (trimers and heptamers).
Most of these events are found in several 5S units from
the same or from different species—i.e., they are not
species-specific.

Two identical 5S genes were found, surprisingly
cloned from different species, i.e., D. sechellia and D.
melanogaster (respectively, D.se.2 and one of the 5S
genes included in p003: Samson and Wegnez 1988). The
D.se.1 sequence is identical to that reported for one 5S
unit of D. simulans (Samson and Wegnez 1984), with the
sole exception of position 321 (Fig. 2).

Comparison of 58 Genes from D. yakuba and D.
teissieri

D. yakuba and D. teissieri are closely related species of
the D. melanogaster subgroup (Lemeunier et al. 1986).
The sequence of one D. yakuba 5S gene is compared in
Fig. 3 with one previously sequenced 5S unit of D. teis-
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sieri. These genes differ by 22 substitutions, two dele-
tions/insertions of one nucleotide, and four deletions/
insertions of 7, 8, 14, and 16 nucleotides, respectively
(Fig. 3). Hence, substitutions and deletions of single base
pairs modify 24 nucleotides while the deletions/inser-
tions of oligomers modify 45 nucleotides.

Comparison of 5§ Genes from D. erecta and D. orena

D. erecta and D. orena are also closely related species
(Lemeunier et al. 1986). The coding regions of both
genes and the functional D. melanogaster 5S unit are
identical, with the exception of one T insertion within the
D. orena sequence at position 38 (not shown). The dif-
ferences between D. erecta and D. orena 5S units are
mainly due to deletions/insertions of small oligomers
(Fig. 3). Within the spacer, four insertions/deletions of 6-
or 8-bp oligomers account for 28 nucleotide differences,
while substitutions or deletions/insertions of a single nu-
cleotide occur only at five positions.

Overall Comparison of Drosophila 55 Genes

Coding Regions

The 58 coding regions (nucleotides 1-120) of all se-
quenced Drosophila 55 genes are almost completely
identical. Differences relative to the canonical D. mela-
nogaster sequence are present at positions 86 and 88 in
several D. melanogaster 5S variants, at position 38 in D.
orena, and at position 24 (C instead of T) in D. taka-
hashii, a member of the D. takahashii subgroup.

Noncoding Regions

Noncoding regions encompass the spacer and the
transcribed 15-16-nucleotide segment specific to the 5S
RNA precursor. The two regions flanking the coding
sequence are very similar in all 5S sequences and can be
aligned easily.

5 -flanking Sequences. A region of 54-55 nucleotides
upstream the coding region displays high levels of inter-
specific similarity when Drosophila 5S genes are com-
pared. Alignments of 5'-flanking sequences are shown in
Fig. 4A. These regions, almost identical in D. melano-
gaster, D. mauritiana, D. simulans, and D. sechellia,
display 67-71% similarity when compared to the corre-
sponding region of D. teissieri and 75-76% similarity
when compared to that of D. takahashii. The lowest in-
terspecies similarity (62%) is found when comparing D.
teissieri and D. takahashii 5S sequences. One 8- and one
10-bp conserved block (positions —1 to —8 and positions
—21 to =30, respectively, Fig. 4A) are found in all known
Drosophila 5S sequences.

3’-flanking Sequences. A region of 21-22 bp is also
highly conserved downstream of the coding region in
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D.me, 121 CGTCCACAACTTTTYGCTGCCTECTGCCTRCTGCCTRCTGCCTTCTTAGTTTTTATTTTA
ORS¢ NN N I NN A
D.se.l 121 -—-—-mmmmmm e e e C--
D.se.2 121 -------—mmwmmgo e e e e
Fig. 2. Comparison of D.
b.me. 181 melai?ogaster, D. simulans, D.
D.si. 181 mauritiana, and D. sechellia 5S
D.ma, 174 gene sequences. The D.
g- 22-]2- igi melanogaster 58 *‘consensus
U sequence’’ (D.me.,, Tschudi and
Pirrotta 1980) was used as a
D.me. 234 reference. Only positions differing
g:;; g%i from this sequence are shown for
D.se.l 241 the other 5S units. The D. simulans
D.se.2 234 sequence (D.si.) is taken from our
previous work (Samson and
D.me. Wegnez 1984). The D. mauritiana
D.si. (D.ma.) and the D. sechellia (D.se.l
D.ma. and D.se.2) sequences are new data.
D.se.l The sequence comparison starts at
D.se.2 o . .
position 121 (5S coding region:
positions 1-120). The asterisks
D.me. indicate that a position is missing in
ID):;; a sequence. One or two identical
D.se.1l nucleotides highlighted in gray are
D.se.2 found on each side of the repeats.

Drosophila 5S genes (Fig. 4B). Interspecies similarities
range from 75 to 100%. D. melanogaster, D. simulans,
D. mauritiana, and D. sechellia share the same sequence
for this region. The corresponding regions of the other 55
genes differ from this sequence by some substitutions
and by a deletion/insertion of 1 bp (Fig. 4B).

Internal Spacer. The internal spacer is the most vari-
able region of the 5S genes when all known Drosophila
sequences are compared. However, interspecies align-
ments of the entire noncoding regions of all the 5S genes
from the melanogaster subgroup are possible when in-
troducing some gaps. In the sequence alignments pro-
posed by BESTFIT, regions surrounding the gaps (6 to
17 nucleotides) display generally significant levels of
similarity. Such an alignment of the D. melanogaster and
D. erecta 5S noncoding sequences is shown in Fig. 5.

In the same conditions, alignment of the noncoding
regions of the 5S gene from D. takahashii can be done
with the corresponding regions of the 5S genes from D.
melanogaster, D. orena, and D. erecta. However, in
these cases, no significant similarity is evident between
some spacer regions when comparing the alignments
proposed by BESTFIT. For example, sequences extend-
ing from positions 267 to 347 in D. takahashii and 288 to
383 in D. erecta are aligned by BESTFIT but clearly do
not display high levels of similarity (Fig. 5).

Discussion

Sequence comparison of homologous genes in closely
related species is a way to uncover molecular features

implicated in their evolution. We used this strategy to
study the 5S gene family of Drosophila. The melano-
gaster group is composed of more than 150 species
divided among 10 subgroups. One of these, the melano-
gaster subgroup, includes eight species, i.e., D. melano-
gaster, D. simulans, D. mauritiana, D. sechellia, D. teis-
sieri, D. yakuba, D. erecta, and D. orena. In this study,
we compare 5S genes of these eight species and of D.
takahashii, one species belonging to the takahashii sub-
group, closely related to the melanogaster subgroup
(Lemeunier et al. 1986).

The phylogeny of the melanogaster subgroup has
been established according to the chromosome banding
patterns (Ashburner et al. 1984), according to the se-
quence of Adh genes (Bodmer and Ashburner 1984), and
according to enzyme electrophoretic properties (Cariou
1987). All of these studies show that three subsets of
species can be considered. The first subgroup includes D.
melanogaster and three very closely related species, i.e.,
D. simulans, D. mauritiana, and D. sechellia. The second
subgroup unites D. yakuba and D. teissieri and the third
D. erecta and D. orena. Our 55 gene data (Figs. 2 and 3)
are in complete agreement with this classification.

The term ‘‘concerted evolution’ (Zimmer et al. 1980)
refers to the observation that members of a gene family
display high levels of similarity within every species. In
all species so far studied, the repeated 5S gepes have
been shown to display high levels of intraspecific homo-
geneity, as opposed to high levels of interspecific het-
erogeneity (McMahon et al. 1984; Samson and Wegnez
1984; Morzycka-Wroblewska et al. 1985). When com-
paring 58 genes from closely related species, the differ-
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D.te. 121 CGTCGACCAACTTTTTGCTTTTIGCCTTTTGCTGCCTATTAGTTATTATTTTTATTATTT

D.va. 121 ——-----mmmmmmmm oo

———————————— A-CAT~~~-

181 TAGCATTTTCGGCTGAAP Rk kK ek ko GTCCACATTTTTTTATTTGCCTTATTAA

181 —————mm==Tomm—mmm o CTCGGAATGAARACA - —— = ~wmm— === =¥ m e T
227 GGATTCA * * * * * *ATTATT
240 T~ CTATTCH---G--
280 ATTTACAAAACA ok konx kx5 %5 ABRRGTAC TAGCTGTATTCGAGGCCATAAGG
292 —=meo-——-T-- CATTCATTGGC G--B--A--~A===~T--TG-~ =~~~

323 ACACCGTTTAGACCATCGACTTIC 323
352 —mmefi-m-m- T o 376

D.er. 120 TCGTCGTCAACTTTTTGCTGCCTTCTAGCCTTCTAGCCTTCTA CATTTTGTTTCGATAAG
D.or. 121 ~———mmemmm e e ] T S WP

Fig. 3. Pairwise comparisons of
Drosophila 5S gene sequences. The
sequences are aligned according to the
rules defined in Fig. 2. The D. teissieri
5§ sequence is taken from our previous
work (Samson and Wegnez, 1984).

360 TACAAAAA*CAGTCTACATCAGCTTCTGEGTATAACTGAACATCGGAGTATAAGGACACC Identical nucleotides found on each side

333 —-mme A

419 GTTTATCCCAACGACTTTC 437
393 —mmmmmmmm o m e 411

D.me, '52 TATGGGCATAACTGAATATCAGAGTRTAAGGACAQTGTTTAGCCCCTLGACTTTA
D.si. -

D.ma.
D.ge.2
D.te.
D.va.
D.er.
D.or.
D.tak

D.me. 121

D.si. 121
D.me. 121
D.se. 121
D.te. 222
D.ya. 121
D.er. 121
D.or, 121
D.tcak. 12

IS}

Fig. 4. Comparison of 5’ and 3’ flanking regions of Drosophila 5S
genes. The sequences are aligned according to the rules defined in Fig.
2. A Alignments of 5’-flanking regions. Two highly conserved subre-
gions are boxed. B Alignments of 3’-flanking regions. The 15-16 nu-
cleotides transcribed in the 5S RNA precursor are underlined. D.me.:
D. melanogaster, D.si.: D. simulans, D.ma.: D. mauritiana, D.se.: D.
sechellia, D.te.: D. teissieri, D.ya.: D. yakuba, D.er.: D. erecta, D.or.:
D. orena, D.tak.: D. takahashii.

ence between intra- and interspecific variability is less
obvious. This is particularly striking when comparing the
5S genes from D. melanogaster with those of D. sech-
ellia, D. simulans, and D. mauritiana (Fig. 2).

““““““““““““““ of boxed oligomers are highlighted in
gray. D.te.: D. teissieri, D.ya.: D.
vakuba, D.er.: D. erecta, D.or.: D.
orena.

Evolutionary Conservation of the 5S Coding Region
in Drosophila

Constraints modulating the evolution of Drosophila 5S
genes are not the same along the length of the units. The
slowest-evolving segment of the 5S gene is the coding
region. In D. melanogaster, several kinds of variants
within the coding region have been characterized (Ts-
chudi and Pirrotta 1980; Sharp et al. 1984; Samson and
Wegnez 1988; Fig. 1). Sharp et al. (1984) demonstrated
that such variants are nontranscribed pseudogenes. In the
other Drosophila species, the 5S coding regions we se-
quenced are identical to the D. melanogaster functional
sequence, with the exception of D. orena and D. taka-
hashii units that differ by one substitution, suggesting
they may be pseudogenes. A high proportion of
pseudogenes within the 58 locus would thus be a general
feature among the Drosophila species. A similar situa-
tion has been found in Aspergillus (Gniadkowski et al.
1991). It is interesting to observe that the 5S coding
regions of Drosophila species and of Calliphora eryth-
rocephala, another dipteran, are identical with the sole
exception of position 119, which is A in Calliphora and
T in Drosophila (Rubacha et al. 1984).
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D. mel. 121 CGTCCACAACTTTTTGCTGCCTGCT*GCCTGCT*GCCTGCTACCT]: * * * % %+ X TAGT
D. er. 121 -~=-GT-———=—————wmmmae T--A---~T-~A----T-~A-A-|ITGTTTCGA-A~ -

171 TTTTATTTTAGCATTATTGGCTACAAATCAGAATGAR® * * % MANCT[ * % 4+ ok k4% +
181 -A---C---CCA~-~T-~~-=— G- GA-————~ hTTTCE- - - -] ATCCAAATTTCG

213 ***ATGTTCACCTAATTTCAAATTTTGTCTTTCACTCATTAATCTTTTH* * % * % 4TAT
241 TTTYCC--TG~=~T---AA-~=~A-~T=-C~G~==~T-~-T=---A--JTATGTATd- -~

261 CTTTATTAC ** %% * %%k sk k%% % HOATATCTGAAACCCARTGEH: * % % % % % % % kk % %k % AP
301 ~-C-----1 CATTCTCAATTCGATY- ~A-~G=Aw-~-—=—

—-—-~t{TATACCATTATTAT

1

390 ACAAARACAGTCTATTTCAGTCTATGGGCATAACTGAATATCAGAGTATAAGGACACTGT
361 —m—mmmmmmm e CA===-CT-C=~~T= == wm = CommGrmmmmmmm e c--

350 TTAGCCCCTCGACTTTC 366
421 ——-T-=-AR--——— = 437

D. tak. 121 CGTCAACAACTTTTTGCCGCTTTTTT* *#* ¥ %% k%% k% %% x AATTTTTTTAACGCAAT(

D. er. 121 ===-GT-memmm—m——m T--C--C~HGCCTTCTAGCCTTCTAG- - - —- G- rrrrrans
164 TGGATAGCATTTTTCTTTTJGCARRBARTTTI: X+ *+¥
172 ~Co—=~AGT~A-~Am—mCl¥* k¥ x5 TTGGCT

211 CTAATCCAAATTCTTATCGATGTT* ****4TTCAAAAATATTTCTTGCACTGATTTATAA
TAT-

226 --T -TCGT-T-CCT-4ECCTTY~-A

368 GAGTATAAGGCCAACACTTAGCCCTGCGACTTTC 401
404 —mmmom e B-—CnGT--~Tm-—AA~ e == === 437

Three Regions of the 5S Noncoding Sequence Evolve
at Different Rates in Drosophila

In the noncoding region, a high level of heterogeneity is
observed when comparing all known Drosophila 53 se-
quences. However, within this region, three subregions
clearly evolve at different rates. The 3’-flanking region,
as shown in Fig. 4B, evolves slowly. This 22-23-bp re-
gion includes the 35S precursor-specific segment (15 nu-
cleotides: Rubin and Hogness 1975; Jacq et al. 1977).
Strong selective pressure, probably related to the correct
termination of 5S gene transcription, evidently works
against modifications of this region.

The 54-55 nucleotides on the 5'-flanking side of the
58 coding region also evolve slowly (Fig. 4A). The first
five nucleotides of the 8-bp conserved block (positions
—1 to —8) are present in the corresponding region of the
C. erythrocephala 5S gene (Rubacha et al. 1984). This
short tract could be a positioning signal for the initiation
of 58 gene transcription. Another conserved block,
ATAAGGACAC, is found at positions —21 to —-30 (Fig.
4A). It is interesting to observe that one conserved
TATAAG block was found at a similar position in al-
most all 5’-flanking sequences of eukaryotic 5S genes
(Rubacha et al. 1984). Conservation of this sequence
suggests a functional role, probably in transcription.
Sharp and Garcia (1988) indeed demonstrated that the
region located between coordinates —26 and —39 is es-
sential for transcription initiation. In Bombyx mori,

CTGGGCAGGAGTGGAATTCA

Fig. 5. Pairwise comparisons of
CAATTTCAAATGAAA(  ** * % Drosophila 5S gene spacers. The
- —A-CGm-mmm==- PTTCGAN .

sequences were aligned by

BESTFIT choosing a gap weight of
~-CT 5.0 and a gap length of 0.3.
Alignments are .shown according to
the rules defined in Fig. 2. Large
insertions/deletions are boxed.
Regions displaying low sequence
similarities are highlighted in gray.
D.me.: D. melanogaster, D.er.: D.
erecta, D.tak.: D. takahashii.

-C~ T

----T-TA-C-~A-CA~-G

deletion of the corresponding 5’-flanking TATATAG
sequence of 5S genes lowers gene transcription signifi-
cantly (Morton and Sprague 1984).

The internal spacer is the most divergent region of
Drosophila 5S genes. Low structural constraints proba-
bly allow broad variations within the primary structure of
this region. Duplications and deletions/insertions of
small oligomers account for the intraspecific but also for
the interspecific divergence of Drosophila 55 gene spac-
ers (Figs. 1-3 and 5). It is noteworthy that the region
downstream of the transcribed sequence seems to be a
hotspot for oligomer duplications. In D. teissieri and D.
yakuba, a GCTTTTTGCCTTTT sequence present in this
region could have diverged from a GCTTTTT or a
GCCTTTT dimer by a point mutation (Fig. 3). The ac-
cumulation of mutational events probably does not allow
one, when comparing species not closely related, to de-
tect all the “‘old’’ duplications and deletions/insertions
(Fig. 5).

Origin of the 5S Spacer Duplications
and Deletions/Insertions

As shown in Figs. 2 and 3, most of the duplicated and
deleted/inserted sequences are flanked by small repeats
(1 to 3 nucleotides). Fork slippage, one of the molecular
processes known to play a significant role in genome
turnover (Dover 1993), could explain the origin of these



structures. When comparing 5S spacers from two mice
species, Suzuki et al. (1994) found that large size varia-
tions were due to the deletion of about 160 bp in M.
spretus and to the duplication of 68 bp in M. musculus.
They also observed intraspecific small size variations
due to changes in the copy number of microsatellites.
Schlotterer et al. (1994) showed that, within the Dro-
sophila genus, deletions/insertions account for about half
of the mutational events observed in the ITS region of
the tDNA. Unique genomic sequences, like the Adh
genes from Drosophila species, on the contrary, differ
mainly in nucleotide substitutions (Bodmer and Ash-
burner 1994). The main type of rearrangement observed
when comparing Drosophila 55 genes (deletions/inser-
tions due to fork slippage) could thus be a general feature
of repeated-sequences evolution. However, overall shap-
ing of 5S gene clusters probably involves several other
molecular processes (gene conversion, unequal crossing-
over, retrotransposition, transposition . . .). Gene conver-
sion not associated to crossing-over, in this context,
could play an essential role in the concerted evolution of
Drosophila 55 genes (Paques and Wegnez 1993; Paques
et al., unpublished results).
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