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Summary. Computer-based structural analysis of
the ribosomal DNA intergenic spacer (IGS) from
the mosquito Aedes albopictus revealed a potential
to form strong and extensive secondary structures
throughout a 4.7-kilobase (kb) region. The pre-
dicted stability of secondary structures was partic-
ularly high within a 3.15-kb region containing 17
tandem 201 base-pair subrepeats. Similarly strong
secondary structure potential was also found when
IGS subrepeats were analyzed from 17 phylogenet-
ically diverse eukaryotes, including vertebrates, in-
vertebrates, and plants. Conservation of higher-
order structure potential in the IGS region of
ribosomal DNA may reflect evolutionary and func-
tional constraints on chromatin organization, tran-
scriptional regulation of the ribosomal RNA genes,
and/or transcript processing and stability.

Key words: Ribosomal RNA — Intergenic spacer
— Secondary structure — Chromatin organization
— Mosquito

Introduction

The tandemly repeated arrays of ribosomal RNA
(rRNA) genes in eukaryotes contain two function-
ally defined regions: the actively transcribed region
encoding 18S, 5.8S, and 28S rRNAs, and an inter-
genic spacer (IGS) region bearing a variety of tran-
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scriptional regulatory elements (reviewed in Man-
dal 1984; Reeder 1989; Sollner-Webb and Mougey
1990). The core domains of the rRNA coding re-
gions have been highly conserved throughout evo-
lution, presumably due to strong selection imposed
by structural and functional properties of the ribo-
some (Gerbi 1985; Gerbi et al. 1987; Clark 1987). In
contrast, the expansion segments within eukaryotic
rRNA genes have diverged in length and sequence,
but nevertheless retain conserved secondary struc-
ture (Linares et al. 1991). Finally, the IGS se-
quences from different eukaryotic rfDNA repeats
exhibit extensive divergence, which has been cor-
related with the absence of functional compatibility
among RNA polymerases 1, associated transcrip-
tion factors, and the cognate promoters and tran-
scriptional regulatory elements from different spe-
cies (Grummt et al. 1982; Sollner-Webb and Tower
1986; Ishikawa et al. 1991). Rapid interspecific di-
vergence of RNA polymerase I transcriptional reg-
ulatory elements has been attributed to the fact that
the enzyme transcribes only the rRNA genes, for
which a single promoter type (Sollner-Webb and
Tower 1986) undergoes concerted evolution within
rRNA multigene families (Dover 1982; Dover and
Flavell 1984). Thus, within a species, the evolution
of rRNA promoters presumably drives compensa-
tory changes in the associated transcriptional ma-
chinery.

Despite their diversity in length and primary se-
quence, the IGS regions of higher eukaryotes share
broadly conserved organizational similarity (Soll-
ner-Webb and Tower 1986; Hemleben et al. 1987;
Reeder 1989). Among the most striking of the con-
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Table 1. Conservation of potential secondary structure in IGS subrepeats®

Species bp kcal/mol® Reference

Aedes albopictus 198 —61.1 Baldridge & Fallon 1992
Drosophila melanogaster 240 —47.9 Simeone et al. 1982
Drosophila virilis 226 —36.4 Murtif & Rae 1985
Drosophila oreana 241 —-37.5 Tautz et al. 1987
Drosophila hydeii 226 —42.2 Tautz et al. 1987
Glossina morsitans 420 -79.2 Cross & Dover 1987
Artemia salinella 617 —122.5 Koller et al. 1987

Rat 150 ~22.7 Yavachev et al. 1986
Mouse 132 —29.2 Kuehn & Arnheim 1983
Xenopus borealis 138 -52.1 Bach et al. 1981
Xenopus clivii 130 —46.7 Bach et al. 1981
Xenopus laevis 147 —66.2 Moss et al. 1980

Wheat 136 —44.4 Barker et al. 1988
Maize 200 -51.1 McMullen et al. 1986
Rice 266 —105.1 Takaiwa et al. 1990
Tomato 141 —55.7 Perry & Palukaitis 1990
Carrot 465 - 141.8 Taira et al. 1988

Radish 124 —24.3 Delcasso-Tremousaygue et al. 1988

2 For most of the species listed above, multiple subrepeat size
classes have been identified. From the arthropod sequences
(Aedes, Drosophila, Glossina, and Artemia), subrepeats contain-
ing promoter duplications and/or lying immediately upstream of
the true promoter were selected for analysis (subrepeat R16 for
Aedes). From Xenopus species, the contiguous “‘60/81 bp’” sub-

served structural features are tandem arrays of sub-
repeating sequence motifs containing ‘‘spacer’’ pro-
moter duplications of a ‘‘true”” RNA polymerase [
promoter, as well as transcriptional enhancers.
Typically, the subrepeat lengths correspond to ap-
proximately 0.5, 1, 2, or 3 times that of a nucleoso-
mal-core-plus-linker span of DNA. Nuclease pro-
tection experiments with Drosophila chromatin
have revealed a regular 240-bp spacing of nuclease-
sensitive sites in the IGS, correlating well with the
underlying sequence organization of tandem 239-bp
subrepeats (Udvardy et al. 1984). The implication of
an ‘‘open nucleosome’’ organization was further
supported by studies of cross-linked protein-DNA
complexes from Xenopus laevis, which showed that
the IGS enhancer/promoter region of transcription-
ally active rDNA was deficient in histone HI rela-
tive to nontranscribed rDNA (Dimitrov et al. 1990).

A second conserved IGS structural motif is the
location of ‘‘true’” RNA polymerase I promoters
downstream of the tandem subrepeat arrays as well
as limited sequence similarities within core domains
of these promoters (Reeder 1989; Baldridge and
Fallon 1992). In some species, it has been shown
that this true promoter functions in concert with a
nearby transcriptional termination element (McStay
and Reeder 1990; Sollner-Webb et al. 1991). The
conserved structural organization of homologous
transcriptional regulatory elements in IGS regions
of higher eukaryotes led us to examine whether IGS
sequences from diverse species might share similar

repeats were analyzed. The largest-identified subrepeat classes
were selected from the mammalian and plant sequences. The rat,
mouse, and radish subrepeats contained 3’ terminal 14 and 16
nucleotide poly-U and 20 nucleotide poly-A tails, respectively
® The minimum free energy values of predicted RNA secondary
structures are shown

secondary structure potential. Computer analysis of
the IGS in the mosquito, Aedes albopictus, re-
vealed extensive regions of self-complementarity
that could generate cruciform DNA structures and/
or extensive secondary structure in IGS transcripts.
Moreover, comparable self-complementarity found
in IGS sequences from other higher eukaryotes may
explain the retention of IGS structural organization
in spite of phylogenetic divergence in sequence.

Materials and Methods

IGS sequences from an Aedes albopictus rDNA repeat (Park and
Fallon 1990) were subcloned and sequenced (Baldridge and Fal-
lon 1992) as described previously. The 4.7-kb 1GS region was
analyzed for secondary structure potential with the MFOLD pro-
gram (Zuker 1989; Jaeger et al. 1989; Jaeger et al. 1990) using an
IRIS 4D/70GT computer. Selected regions from published IGS
sequences of other higher eukaryotes were analyzed with the
same program as detailed in Table 1. Lack of IGS interspecific
sequence identity dictated reliance on the MFOLD program
which uses the free-energy minimization technique to predict
secondary structure, in preference to the comparative phyloge-
netic approach which relies on identification of compensatory
mutations to confirm structure predictions. Figures were pro-
duced with the LoopViewer program by D.G. Gilbert, available
via anonymous ftp to iubio.bio.indiana.edu., and minimum free
energies are based on RNA structures.

Results

Based on analysis of the 4.7-kb IGS sequence in an
A. albopictus rtDNA clone (Fig. 1), three distinct
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Fig. 1. Structure of a typical eukaryotic rDNA repeat. a Two boxes below the line. Filled triangles indicate identical 9-bp in-

consecutive TRNA coding regions (filled boxes) separated by an
IGS region. Note that the gap, which in insects separates the 28S
rRNA gene into o and B regions, is not shown. b Expanded view
of the A. albopictus IGS region. The 0.8-kb ‘“‘upstream’’ region,
the 3.15-kb span of 201-bp subrepeats, and the 0.75-kb transcrip-
tional regulatory region are indicated at top. Within the IGS, the
region left of the double-wavy-line symbol has not been se-
quenced. The seventeen 201-bp subrepeats are represented by

regions, each with unique characteristics, were de-
fined (Baldridge and Fallon 1992). The 0.8-kb up-
stream region contained two copies each of three
short repeated sequence elements embedded within
unique sequence. The central 3.15-kb region con-
tained 17 tandem head-to-tail subrepeats with a con-
sensus length of 201 bp. As described in detail else-
where (Baldridge and Fallon 1992), identity
between the internal subrepeats and the consensus
sequence ranged from 80% to 96%, while identity of
the 5’ (R1) and 3’ (R17) flanking subrepeats was
60% and 73%, respectively. Among the subrepeats,
nonrandom sequence variation defined two fami-
lies: R1-R8 and R9-R17. With the exception of R17,
each subrepeat contained an imperfect complemen-
tary (i.e., antisense) duplication of an 11-bp core
domain contained within the two putative RNA
polymerase I promoters. Finally, within the 0.75-kb
downstream region, RNA polymerase I promoters
and associated terminator elements were defined on
the basis of primary and secondary structural fea-
tures analogous to those in other species. The oc-
currence of dyad symmetry throughout the 4.7-kb
1GS region, the clustering of 201-bp subrepeats with
identical insertions or deletions, and the antisense
nature of the putative promoter duplications
prompted examination of potential long-range
structural interactions in the A. albopictus 1GS se-
quence.

Computer analysis predicted extensive second-
ary structure potential throughout the IGS se-
quence, particularly in the 3.15 kb containing the
tandem array of 201-bp subrepeats. Hydrogen-
bonded structures characterized by similar stem-
loop patterns were predicted for each of the R9-R17
family of subrepeats (Fig. 2a). The computer-

sertions. Open triangles indicate identical 3’ 54-bp deletions (R3,
R4, RS), identical 5’ 21-bp deletions (R12, R13), and a 3' 84-bp
deletion (R17). Filled circles and rectangles above the line indi-
cate putative transcription termination elements and RNA poly-
merase I promoters, respectively. ¢ Relative positions of second-
ary structures discussed in text and shown in Figs. 2a (S1), 2b
(S2), 3a (83) and 3b (84).

derived minimum free energies (based on RNA
structure) ranged from —35.7 kcal/mol for subre-
peat R17 to —~61.1 kcal/mol for R16 (average:
—50.3 kcal/mol). Note that in each of 3 alternative
structures predicted for R16 (S1 in Fig. 1c; Fig. 2a),
the antisense promoter duplication occurred as part
of a stem-loop structure, in which a short T-rich
loop occurs as a cap or a bulge. This antisense pro-
moter motif occurred in predicted structures from
each of the IGS subrepeats. Moreover, despite mi-
nor shifts in the relative positions of stem-loop
structures, repeat elements in the R1-R8 family,
which contained deletions (R3, 4, 5) or insertions
(R1, 2, 6) near the 3’ end of the repeat unit (Bald-
ridge and Fallon 1992), folded into structures that
retained overall similarity to those generated by
members of the R9-R17 family.

When sequences spanning two to six consecutive
subrepeats were analyzed, predicted secondary
structures contained stems with up to 37 hydrogen-
bonded base pairs as shown for subrepeats R6-R9
(Figs. 1c, 2b). The regular occurrence of long stable
stems capped by small loops and joined by three- or
four-way junctions was a striking feature of these
larger structures in which subrepeats often base-
paired with other subrepeats rather than internally
against themselves (Fig. 2b). Furthermore, nucle-
otides at the 5' end of subrepeats interacted either
with the 3’ nucleotides of the previous subrepeat,
with adjacent 5’ nucleotides within the same subre-
peat, and/or with nucleotides located approximately
50 or 170 bp downstream from the 5’ end of the
same or another subrepeat, suggesting that patterns
which emerge from primary structure analysis do
not necessarily define secondary structure. Mini-
mum free energies of representative structures con-
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Fig. 2. Representative structures based on Aedes albopictus
IGS subrepeats. a Predicted alternative structures from the R16
sequence (see S1; Fig. 1c). Although DNA structures are shown,
free energy values derived by computer are based on predicted
RNA structures. Watson-Crick base pairs are indicated by a
solid line (e.g., A-T) and noncanonical base pairs by a solid dot
(e.g., G - T). Nucleotides are numbered from the 5’ end of each
structure, as defined by the organizational pattern shown in Fig.
1. Boxed areas indicate stem-loops that include 11-bp antisense
duplications (consensus: AACTTTTTACC) of the putative RNA
polymerase 1 promoter core domains. b Predicted structure of
the sequence from R6 to R9 (see S2; Fig. Ic). Arrows define
subrepeats based on primary sequence.

taining multiple subrepeats ranged from -105.0
kcal/mol for the 417 nucleotides in R1 through R2 to
—331.0 kcal/mol for the 1060 nucleotides in R12~
RI17.

Secondary structure potential in the 803-bp re-
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gion upstream of subrepeat R1 (S3 in Fig. ic) was
less extensive and of less favorable free energy than
that predicted for sequences of similar length (S2 in
Fig. 1¢) spanning four consecutive 201-bp subre-
peats. Within the structure with the minimum free
energy (—179.8 kcal/mol) predicted for the 803-bp
upstream region (Fig. 3a), 28% of the nucleotides
were contained in unpaired loops vs. 19% in the
minimum free energy structure (—239.3 kcal/mol)
predicted for the 810-bp sequence spanning subre-
peats R6-R9 (Fig. 2b).

Extensive secondary structure potential also oc-
curred in the 753-bp region (S4 in Fig. 1c) contain-
ing putative transcriptional regulatory elements
(Fig. 3b). In the structure with the minimum free
energy (—196.1 kcal/mol), the nucleotides corre-
sponding to the putative RNA polymerase 1 core
promoters appeared within stem regions containing
unpaired bases and noncanonical base pairs. In con-
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trast, the 11-bp sequence with homology to putative
antisense spacer promoter duplications (Baldridge
and Fallon, 1992) appeared as a short stem-loop
structure similar to those in the 201-bp subrepeats
(Fig. 2).

Based on visual inspection, similarity among the
patterns of stem and loop configurations within sec-
ondary structures predicted for the downstream
753-bp regulatory region, the central 3.15-kb region
of subrepeats, or the upstream 803-bp region was
limited. We thus suggest that there are at least three
general domains of secondary structure potential in
the A. albopictus 1GS. Analysis of the first 200 nu-
cleotides of the A. albopictus 18S rRNA gene indi-
cated secondary structure in close agreement with
the accepted 18S rRNA models, supporting the va-
lidity of our IGS structural predictions. The A. al-
bopictus IGS sequence does not contain homopu-
rine/pyrimidine tracts that might participate in
alternative triplex structures.

To determine whether extensive secondary
structure potential was unique to the A. albopictus
IGS, we analyzed the major IGS subrepeats from 17
phylogenetically diverse species, including inverte-
brates, vertebrates, and plants. In every case, ex-
tensive secondary structures with minimum free en-
ergies comparable to those for A. albopictus 1GS
subrepeats were predicted (Table 1 and Fig. 4). The
relatively weak minimum free energies for rat,
mouse, and radish were partially due to 3’ ho-
mopolynucleotide tails that constituted approxi-
mately 15% of the length of subrepeats and re-
mained unpaired in the secondary structures
(Fig. 4).

Discussion

The conserved potential to form stable secondary
structure in IGS sequences may reflect an evolu-
tionary constraint that overrides sequence diver-
gence and general lack of functional compatibility
among rDNA transcriptional regulatory elements
from diverse organisms. Although the biological
role of such structures remains to be explored, the
possibility exists that potential of IGS regions to
form cruciform DNA structures may underlie a
number of apparently unrelated observations. For
example, in Drosophila polytene chromosomes a
single rDNA repeat introduced by P-element trans-
formation organizes a nucleolus and is transcribed,
regardless of the site of chromosomal insertion,
suggesting that rDNA sequences alone generate nu-
cleolar structure (Karpen et al. 1988). Additional
support for a structural role of rDNA derives from
the organization of amplified IDNA repeats into ex-
trachromosomal ‘‘micronucleoli’’ that are effi-

ciently transcribed in Xenopus oocytes (Miller and
Beatty 1969). Electron microscopy studies have fur-
ther shown that purified rDNA injected into Xeno-
pus oocytes generates typical ‘‘Christmas tree’’
structures, in which a nontranscribed region of nu-
cleosome-free DNA precedes the transcribed rRNA
genes (Trendelenburg and Gurdon, 1978). These
oocyte injection experiments implicated a factor
other than RNA polymerase I that allows rRNA
genes to be either wholly available or unavailable
for transcription, and it seems plausible that rDNA
secondary structure may play an intrinsic role in
this process. Taken together with these observa-
tions from diverse species, the present data support
the possibility that extensive secondary structure
potential in IGS regions may underlie functional
links between nucleolar structure, RNA polymer-
ase I activity, and differential chromatin organiza-
tion (see the Introduction) in transcriptionally ac-
tive rDNA cistrons.

At the biochemical level, a functional link be-
tween rRNA transcription and DNA secondary
structure is supported by the observations that nu-
cleoli are stained by antibodies to cruciform DNA
structure (Ward et al. 1991) and are enriched for
DNA topoisomerase I (Muller et al. 1985). DNA
topoisomerase I has been found to be tightly asso-
ciated with RNA polymerase I (Rose et al. 1988),
and inhibition of topoisomerase I activity using an-
tibodies (Rose et al. 1988) or the drug camptothecin
(Zhang et al. 1988) blocks synthesis of the 45S
rRNA precursor, suggesting a role for topoisom-
erase in transcription of rRNA genes (Rose et al.
1988). This functional interaction of topo-
isomerase and RNA polymerase I supports the po-
tential existence of cruciform structure in IGS
rDNA, since cruciform extrusion is influenced by
superhelical density (Palacek 1991) which can be
altered by active RNA polymerase complexes via
topoisomerase-mediated mechanisms (Tsao et al.
1989; Palacek 1991).

Structural organization of the rDNA IGS region
may be further influenced by the class of RNA poly-
merase 1 transcription factors designated as up-
stream binding factors (UBFs). The UBFs are im-
portant components of the transcription initiation
complex at RNA polymerase I promoters, and they
also bind upstream spacer promoters and enhancer-
bearing tandem subrepeat arrays (Pikaard et al.
1990; Sollner-Webb and Mougey 1990; Sollner-
Webb et al. 1991). Based on similarities in amino
acid sequence at their carboxy terminal and DNA-
binding domains, the UBFs share structural fea-
tures of nonhistone high-mobility group 1 (HMG1)
and 2 proteins (Jantzen et al. 1990; Bachvarov et al.
1991; Hisatake et al. 1991). The HMGI1 and 2 pro-
teins have been associated with an “‘open’’ nucleo-



519

St
B v
v o
© b
< &
© ©
Vel &
©® <U
T\G
\C \G
EM
<
Y-
3
ACTTAAC .m <
vwlo SRl <0
= < g, ®y v Co
< - Yougle ) _AC
< [SP L Y) i
o < [3) !
F v e”,0 % ®og
g Yo
pud, § e%
2] “ ey
13 © v’ LGy
is} LA
L+ Py £
< < I ¢
5] L v
5] <, < B,
< L 07 Ve <
] Py o, © v o
8 s ) -
o \\AC [P o CTAGCACCGGCI%
O \\A AACG\\G PR '~
0 v
N ©, O
Faf Pu WTG
3 ]
TC\\C
©
(2]
I3
<
G
=
<
v
© "
©
©
S
(&
L]

M0

A}

e
< -U
Caeppaa®u
Ve 9=
Vo -
M!C o9
—- p
TMulc -0~
Yoy Lo
-Gt
8 U=t L —
< 2
Vg (o]
©
S e
Tlm‘ TJ R g — Oer oo m
Fa A Luo ) 5 g 3 =
velly wl 2] R e ey 8 o =
Ve P, U & L—ofy, A~uly LN APTLA ol
oy “e” ] R~p 9,0 m <l AR FCL AN
© %) ol o”? wedye Leu Q
Bea Ll = w < (AR
U LI © P e P 4
e O-0 e PO S A
P ? Q s<n wel e et wrlpn
) =R v - Vet i
2) P X O w L ee 074 ~—
~0 & el ©, 0
© CL™ < ) .
=z Vo ¥ e
ey Y iy LS [{e]
[ < «© Pl ity [¢)]
O ry v N [ s 9 —
e U g » Loy E) '
U~y ~ s el
—_ - “ < e
o 8 — p e
By o7 ' “Cse oY
«O=u <, ® 58,
< [ ety
Y [
%) i vemg
®a o
e
< gt ©
g a0
e
[t
© CAT
v 2]
Oy LU
g T
Vg
<o
s _©P-u
f~0~s
[2tup-¢
MQG
o Y,
“ o
o

containing putative transcriptional regulatory elements. Core do-

mains o

Predicted structure of A. albopictus 1GS sequences

flanking the tandem array of 201-bp subrepeats. Numerals indi-

Fig. 3.

f the putative RNA polymerase I promoters as well as an

antisense core promoter duplication (positions 505 to 515) are

boxed.

cate nucleotide position from the 5’ end of each structure. a The

Fig. 1c). b The 753-bp region

»

(see S3

region

803-bp ‘‘upstream”’
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Fig. 4. Predicted secondary structures from single IGS subre- double-stranded DNA and in addition specifically

peats (corresponding to A. albopictus S1 structures in Figs. Ic
and 2a) of representative plant and vertebrate species: a mouse,
b Xenopus laevis, ¢ rice, d radish. Subrepeat lengths, minimum
free energies, and references are given in Table 1

some organization and have recently been shown to
function as general transcription factors for RNA
polymerase 11 (Singh and Dixon 1990). Similarities
between UBFs and HMG1 proteins are of particular
interest because human HMG1 has been shown to
have a binding preference for single-stranded vs.

recognizes and binds cruciform DNA (Bianchi et al.
1989). Moreover, porcine HMG1 has been shown to
remove a cruciform-imposed transcriptional block
on RNA polymerase 11, apparently by binding sin-
gle-stranded DNA within the cruciform structure
and generating a conformational change (Waga et
al. 1990). Given their structural similarities, it will
thus be of interest to learn whether UBFs share the
DNA structural recognition properties of HMG1
proteins and whether the interaction of UBFs with
rDNA is influenced by cruciform extrusion. Sup-
port for this possibility derives from the recent ob-



servation that UBFs may function as general tran-
scription factors for RNA polymerase I. For
example, UBFs from different species bind IGS
rDNA in the same approximate positions relative to
rRNA promoters, show little sequence specificity,
and interact with heterologous rDNA to form func-
tional initiation complexes with heterologous RNA
polymerase 1 and other transcription factors (Pi-
kaard et al. 1990; Bell et al. 1990). Thus, it is in-
triguing to speculate that UBFs and possibly other
transcription factors may interact with IGS second-
ary structure to regulate rRNA gene expression.
The recent demonstration that the active compo-
nent of an RNA polymerase III transcription factor
from the silkworm, Bombyx mori, is composed of
RNA (Young et al. 1991) underscores the need to
consider novel mechanisms of transcriptional regu-
lation.

An alternative interpretation of the biological sig-
nificance of secondary structure in IGS regions in-
vokes the rDNA ‘‘spacer’’ promoters, which typi-
cally occur near or directly within IGS subrepeats
and range from highly truncated to almost exact
copies of the true promoter (Sollner-Webb and
Tower 1986; Reeder 1989). Although difficult to
quantify due to their short half-lives, transcripts
that initiate at spacer promoters can be detected in
vitro or in transfected cells. Our results are com-
patible with the possibility that transcripts from
spacer promoters assume secondary structures that
influence their stability. Recent observations have
shown that in higher eukaryotes RNA secondary
structure influences mRNA stability (Mullner and
Kuhn 1988; Stern et al. 1991) as well as tissue-
specific mRNA splicing (Clouet D’Orval et al. 1991;
Libri et al. 1991). Furthermore, the minimum free
energies of potential secondary structures from IGS
subrepeats (Table 1) exceed those in the range of
—5to —20 kcal/mol, which are known to influence
various aspects of transcription, translation, and
mRNA degradation in prokaryotes (Kubo et al.
1990).

Recent computer-based analysis of eukaryotic
28S rRNA expansion segments has revealed con-
servation of secondary structure within vertebrates
(Hancock and Dover 1990) and within higher
Diptera (Linares et al. 1991). Evolutionary mecha-
nisms proposed to account for the conserved sec-
ondary structure included compensatory base mu-
tations and a novel process termed compensatory
slippage in which DNA polymerase presumably
generates repetitive nucleotide motifs. If comple-
mentary repetitive motifs are capable of forming
stable stems that do not disrupt preexisting second-
ary structure, then they are retained through natural
selection (Hancock and Dover 1990). However, the
A. albopictus IGS does not appear to contain repet-
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itive complementary motifs similar to those de-
scribed for vertebrate rRNA expansion segments
(Hancock and Dover 1990), nor was there substan-
tial evidence for compensatory base mutations
within the IGS subrepeats. Most sequence variation
among subrepeats occurred in unstable stem struc-
tures, bulges, or loops. Furthermore, the IGS dif-
fers from expansion segments in that it is not de-
fined and constrained by contiguous coding regions,
and, among species, exhibits considerably more se-
quence divergence. With the available information,
it is therefore difficult to propose a mechanistic ba-
sis for conservation of IGS secondary structure.
Analysis of mosquito rDNA cistrons from Aedes
aegypti (Gale and Crampton 1989) and various
members of the genus Anopheles (Beach et al. 1989;
McLain and Collins 1989) is underway, and we an-
ticipate that structural comparisons among these
genera may enrich the analysis presented here, pos-
sibly facilitating cladistic comparisons.

In contrast to the results presented here, most
previous observations of secondary structure po-
tential in IGS rDNA, particularly in plants, have
been confined to relatively short regions and have
focussed on a possible role in transcriptional termi-
nation. However, the striking conservation among
phylogenetically diverse species of potential to
form strong secondary structure extending over
several hundred base pairs in IGS regions of rDNA
and/or in RNA transcripts suggests a broader role
independent of primary sequence. As more sophis-
ticated approaches become available to probe chro-
matin structure, analysis of rDNA secondary struc-
ture may contribute to an overall understanding of
nucleolar organization, to regulation of rRNA gene
expression, and to the underlying mechanisms that
have guided the evolution of these processes.
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