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Abstract

The length and G/C content of regions of an aphid rDNA unit that spans 13,061bp with 59% G/C content. Fol-
lowing below are the those results, 5' ETS is 843bp in length with 69% G/C content, 185 is 2,469bp in length
with 59% G/C content, ITS I is 229bp in length with 70% G/C content, 5.85 is 160bp in length with 63% G/C
content, ITS II is 325bp in length with 70% G/C content, 28S is 4,147bp in length with 60% G/C content, IGS

is 4,888bp in length with 55% G/C content.

Key words . aphid, yDNA (ribosomal RNA gene), ETS (External Transcribed Spacer), 18S, ITS (nternal Transcribed Spa-
cer) I & I IGS (nterGenic transcribed Spacer), 285

Introduction

Aphids are an extremely prosperous group in the in-
sect in the present day. This should be based upon the
several characteristic unique to these animals. First,
aphids are distinguished from other groups in the Ho-
moptera in that the females, of at least a few genera-
tions, do not require fertilization for the development of
their embryos, and also in that these asexual females
produce live offspring. No doubt, the parthenogenesis
and viviparity are quite beneficial to these insects. Se-
cond, all aphids expect the Phylloxiridae have special
cells, the mycetocytes which harbor endosymbiotic mic-
roorganisms. The symbionts are assumed to be particu-

larly important to the life of aphids. Third, even at the
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molecular level, aphids are unique enough. it is riboso-
mal RNAs, In general in most eukaryotic organisms, ri-
bosomal RNA genes (rDNA) are encoded in multiple
copies and the 188, 5.85 and 28S rRNA-coding regions
are transcribed as a larger precursor (pre-rRNA) by
RNA polymerase I, which undergoes a series of post-tra-
nscriptional processing steps and then ITS I and ITS II
removed, finally yielding the 185, 5.85 and 28S rRNA
found in ribosomes”, Three exceptional molecular pro-
perties of the aphid rRNAs*® are, First, the aphid 28S
rRNA does not contain the hidden break that is share
by the 28S rRNAs from most other protostomes. Se-
cond, the aphid 18S rRNA is much larger in molecular
mass than those of other insects. Third, the aphid 285
rRNA is significantly larger than those of other insects.
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What causes is involved these exceptional molecular
properties for the aphid, which may give some clues to
understand parthenogenetic reproduction, normal rRNA
transcriptional mechanism and function of rRNA in the
ribosome.

All these characteristics and others yet unknown to-
gether will support the extraordinary prosperity of this
group. Yet to be known is causal relation among these
characteristics. When this is answered, we can fully un-
derstand the true basis for the aphid’s prosperity and
also the evolutionary stage of this group. Also, undoub-
tedly studies on unusual organisms like aphids, as is the
case with the studies on the genetical mutants, will pro-
vide a short cut leading to an understanding of usual

ones in general.

Materials and Methods

Along-established parthenogenetic clone of the pea
aphid, Acyrthosiphon pisum (Harris) was reared on
young broad-bean plants, Vicia faba L, at 15C in a
short-day regime with a 12-h photo period. The collec-
ted aphids were stored at —80C until use. High-mole-
cular-mass genomic DNA was isolated from the aphids
by the method described®. EcoRI partial digests of aphid
DNA were ligated into EMBL4 at EcoRI sites using T4
ligase, packaged as described” and introduced into Es-
cherichia coli LE392. The genomic library was screened®
by the plaque-hybridization method using fragments
from Bombyx mori ribosomal DNA as probes”. Isolation
of bacteriophage DNA, subcloning of the fragment into
plasmid Bluescript SK* and KS*, transformation into E.
coli XL1 Blue, plasmid growth, isolation of plasmid DNA
and restriction enzyme digestions were performed accor-
ding to the standard methods described”. Plasmid subc-
lones of deletion series were constructed and sequenced
by the dideoxy chain termination method® using the
Sequenase version 2.0 kit (U.S. Biochem. Co.).

A secondary structure model for the aphid rRNAs

were constructed according to the consensus model for
eukaryotic TRNAs established previously® '?. Alterna-
tive regions of the model have been identified directly
using the DNASIS V 6.00 program (Hitachi Software
Engineering Co., Japan). Arrangement of sequences ob-
tained from the subcloned plasmids and secondary stru-
cture construction were performed with the aid of a pe-
rsonal computer program described above. Another pro-
gram of Genetyx (Software Development Co.) was used
for the GC content analysis. Total aphid RNA was pre-
pared from the whole tissue by the guanidinium-CsCl
isopycnic purification method®. For S1 mapping, unifor-
mly labeled single-strand probes were used®”. For dot-
blot hybridization, total RNA from aphids was spotted
on nitrocellulose membrane and probed with the frag-
ments from aphid rDNA. For primer extension analysis,
5°-end labeled synthetic DNA primer was hybridized
with total RNA from the aphid tissue and extended

with reverse transcriptase®.
Results and Discussion

ETS(External Transcribed Spacer)'®'®

The cis-regulatory sequences of transcription initiation
of tDNA by RNA polymerase I is apparently species
specific, however, due to the lack of data of nucleotide
sequences recognized by trams-regulatory factors, ETS
(external transcribed spacer) sequence, few data have
only accumulated for transcriptional mechanism by
RNA 1. Here to understand normal rRNA transcription,
aphid ETS, transcribed and removed for final rRNAs,
connected with unique TRNAs was sequenced and com-
pared with those of other species determined so far stu-
died data. The 5° ETS of aphid tDNA consists of 843
nucleotides with a G/C content of 69%, far higher than
that of any other known 5°ETS for insects, B. mori (36.
5%), D. melanogaster (24%) and Glossina morsitans mo-
rsitans (28% ). However, the size of the ETS of the
aphid rDNA resembled those of other insects, B. mori
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(909 nucleotides), D. melanogaster (864 nucleotides)
and G. morsitans morsitans (924 nucleotides), which are
considerably shorter than mammalian, mouse (4,006
nucleotides) and human (3,658 nucleotides). A very
low degree of similarity was found when the aphid ETS
sequence was compared with that of other insects so far
studied (Fig 1). This suggested that the function of ETS
for transcription by RNA polymerase I is depend on
species. The aphid transcription initiation site is C reside
located 37bp downstream of the internal Xho I site in
IGS. And four palindromes consisting strong GC-stem
without loop are observed, which may be irans-elements
recognized by cis-factors during synthesis of rRNAs.
More detail functional information for the these palind-
romes are need interaction studies both palindromes and

cis-factors in vitro.

18S rRNA!S'®

The small subunit RNA (18S rRNA), which are enco-
ded by nuclear genomes, have lengths close to 1.8-2kbp
and share significant nucleotide sequence identity with
similar secondary structures. Especially, those sequences
have been extensively researched and used as molecular
clocks for evolutional studies. Previously, we suggested
that the aphid 18S rRNA has larger about 500kDa than
those of other eukaryotic 188 rRNA, suggesting that this
exceptional mass may provide a clue to understand the
general functions of the rRNA in the eukaryotic riboso-
mes. And then aphid 18S rRNA gene was cloned and
sequenced. Determination of the complete sequence of
the aphid 18S rRNA revealed that it is 2,469bp with
a G/C content of 59%. It was the longest and has the
highest G/C content among the 185 rRNA examined
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Fig. 1. Dot-matrix comparisons of ETS sequences between selected pairs of insects.

All comparisons were made by comparing 17 bases at a time, requiring 11 bases to identical to register a
dot. The scores (total number of matched dots/total number of search dots) are displayed beneath the plots.
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so far. However recent research of whitefly’s has levea-
led the longest among the 185 rDNA in lengh by Cam-
pbell. From the result of construction of presumed seco-
ndary its structure, the eukaryote-specific E21 (Fig. 2)
and 41 region are supposed to be longer and more com-
plex than the counterparts of other 185 rRNA together
exceptional X region, about 500bp. These additional
nucleotide stretches account for most of the extraordi-
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Fig. 2. A putative secondary structure for the E21 re-
gion of the aphid 185 rRNA.
The four asterisked portions are additional heli-

ces not present in the common model.

19

nary length of this 185 rRNA. According to Hancock
and Dover, such a length variation is attributed to the
action of DNA slippage-like mechanisms. Furthermore,
as an evolutionary process, ‘compensatory slippage’ has
been proposed to explain the maintenance of secondary
structure that accompanies slippage in such regions. The
motifs of CGC and GCC found highly in the E21, 41
and X region (Fig. 3) which are taken to suggest that
DNA slippage has taken place in the recent evolutionary
history of this molecular species because no detected
this like motifs in the other 185 rRNA exceptionally
aphid 185 rRNA.

ITS | and ll{Internal Transcribed Spacer |, 11)'7'®

What is called, ITS I and ITS II are located between
18S rRNA and 5.8S, 5.85 rRNA and 28S rRNA in a
long precursor rRNA, which are removed during a series
of posttranscriptional processing and those are not invo-
lved for the final rRNAs. While the nucleotide sequence
of mature rRNAs has been strongly conserved throu-
ghout the evolution of prokaryotes and eukaryotes, both
ITS I and ITS 1I sequences of distant organisms show
dramatic differences in size and G/C content. ITS I and
ITS 1I of rDNA of the aphid consisted of 229 and 280
nucleotides, whose G/C contents were 70% and 74 %,
respectively. Secondary structure models constructed for
the ITS I and ITS II suggested that certain structural
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Fig. 3. Local G/C ratios of the aphid 185 rRNA.

1750-2050

G/C percentage was calculated for each 10 consecutive bases along the aphid 18S rRNA and the result was

represented by a graph. G/C-rich regions are represented by the drawings above the zero line while A/U-rich

regions are represented below the line. Eukaryotic specific regions (E10, E21 and 41) were indicated by hori-

zontal lines below the graph.
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motifs have been converted in these regions despite ex-
tensive divergence in nucleotide sequence due to species.
The aphid ITS sequences were quite exceptional in that
their G/C content was very high and comparable to
that of the ITSs of vertebrates (Fig. 4). The model for
ITS T contains four stem-loop structures. The proposed
stems occur at nucleotide positions 4-68 (I), 73-100
and 185-210 (1), 104-114 (1) and 115-185 (IV).
Free energy for the proposed secondary structure of the
ITS T is -1283.3kcal/mol. The model for ITS II contains
six stem-loop structures. The proposed stems occurred
at nucleotide positions 3-43 and 236-276 (I), 217-
234 (I, 47-77 and 187-216 (ID, 78-133 (IV),
138-153 (V) and 154-186 (VD). All of these stems,
except stem V, are stable and rich in G/C pairs. Free
energy for the proposed secondary structure of the ITS
II is -207.7kcal/mol.
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Fig. 4. Size and G/C content of eukaryotic ITSs.
1. Yeast, 2. Xenopus, 3. Mouse, 4. Aphid (this
study), 5. Human, 6. Drosophila, 7. C. elegans, 8.
Dictyostelium, 9. Trypanosoma, 10. Rat.

5.8S rRNA®

Since 5.85 rDNA is comparatively small comparing
those of other rRNAs encoded in the nuclear, in general
5.85 YRNA genes from various species were at early
time of the molecular biology sequenced and used as
molecular index. Aphid 5.85 rRNA is 160 nucleotides
in length with 63% G/C content. Sequence comparison
suggested that the A. pisum 5.8S rRNA differs from that
of A. magnoliae in only four bases. However, in view of
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the close relationship between the two aphid species,
the 97% match between the two rRNAs is rather lower
than expected because in mammals the 5.85 rRNA se-
quence is substantially the same. Even among vertebra-
tes the sequence homology is around 95%. Even among
vertebrates the sequence homology is around 95%. 1t is
likely that divergence of the two aphid species is an
event as old as that of most vertebrates. Alternatively,
in insects molecular evolution may be faster than in ve-

rtebrates.

28S rRNA™-2"

The aphid 28S rRNA is also significantly larger about
500 kDa than those of other insects. The hidden break
of 28S rRNA is generated by excising a fixed length of
polynucleotide from pre-rRNA posttranscriptionally and
make two equally size subunits, @ and \/, which are hy-
drogen-bonded to each other at the regions close to the
cleavage site in vivo. Here interesting point of aphid 285
rRNA is that hidden break is not generated in the mid-
dle part of aphid 285 rRNA. While in most protostomes
share hidden break, in aphid, like in deuterostomes,
such an excision does not take place in the 285 rRNA.
We have completed the sequencing of aphid 28S rRNA,
which has enable us to further characterize this unique
rDNA from a molecular evolutionary point of view. De-
termination of the entire nucleotide sequence of the
aphid 28S rDNA revealed that it is 4,147bp in length
with a G/C content of 60.3%. The G/C content of the
aphid’s variable regions was much higher than that of
the entire sequence of the 285 rRNA, which formed a
sticking contrast to those of Drosophila with the G/C
content {39%) much lower than the entire 285 mole-
cule. The dot-matrix analysis suggested that the aphid
285 1RNA, just as other 285 rRNAs so far sequenced,
has mosaic character, composed of two different types
of sequence tracts. One is core segments whose struc-
ture is mostly conserved irrespective of species, and the

other is variable regions, or expansion segments, whose
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structure is extremely variable across species. On com-
parison of nucleotide sequences, it was shown that the
aphid 28S rRNA has two types of variable regions. One
is the variable regions that are comparatively similar to
those found in 28S rRNAs of vertebrates, but not found
in Drosophila. The other is those that seem to be unique
to the aphid 28S rRNA. On the other hand, aphid spe-
cies form only one exceptional group of insects that
have been studies so far in that like those of deuteros-
tomes their 285 rRNAs lack the hidden break. Large su-
bunit of aphid rRNA does not contains hidden break in
the its middle region, for comparison’s sake, its possible
secondary structure was constructed with other species.
The stem-loop structure of aphid differs from the others
not only in that it is smaller and more GC-rich but in
that does not contain the UAAU tract (Fig. 5). The
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Fig. 5. Comparison of secondary structure models for

the expansion segment 5 of the 285 rRNAs of
several organisms.
Arrows indicate the processing sites (a3°, the 3°
end of 285a 5 B5° end of 2858). The conserved
UAAU tract in the loop is boxed. The highly co-
nserved sequence found downstream of the ex-
pansion segment 5 in all of the 285 rRNAs is
doubly underlined.

UAAU tract has been suggested to be a signal for exci-
sion of the gap region to create the hidden break be-
cause it is unique to the rDNA transcript leading to the
285 rRNA with the hidden break. Unlike those of other
insects, those of deuterostomes in that it is GC-rich and
without any UAAU tract.

IGS(InterGenic transcribed Spacer)'®

In most tDNA studies, the IGS (intergenic transcribed
spacer) contains a tandem array of small ’subrepeats’,
which are thought to be involved in the control of
rDNA transcription. Although this region is not transcri-
bed unlike ETS, however which is very important for
transcriptional regulation to make normal rRNAs and to
occurs chromosomal unequal crossing over in the same
species. When the aphid transcription-initiation site se-
quence was determined and compared with those of
other species so far studied, no significant similarities
was observed between them. From the result of IGS se-
quence of the aphid, its full length is 4,888bp with 55
% G/C content, in which contains a tandem array sub-
repeats was detected, which region digested with Kpn I
by identical 247bp tandemly repeating 11 times. Coen
and Dover'® have suggested that the use of the promo-
tor duplications within subrepeats in the regulation of
transcription may have evolved to overcome the original
generation of such repeats by unequal crossing over. We
have found such a promoter duplication at positions
431-439. IGS of the aphid shown length heterogeneity,
which probably results from unequal exchange between
the repeating units. And unequal crossing over is proba-
bly the mechanism responsible for the spread of minor
and major mutational differences throughout the gene
family and species. The size and sequence heterogeneity
in thess repeating sequences appears to be a common
feature of eukaryotes. In this regard, the repeating se-
quences in aphid IGS are quite exceptional in that they
are homogeneous in both size and sequence. Such a high
degree of homogeneity may have been generated by a
high rate of unequal crossing over under the influence
of molecular drive. It is also believed that in the course
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of their diploid parthenogenesis, no recombination of
DNA take place.

Discussion

The aphid rRNAs have three exceptional molecular
properties, both 185 rRNA and 285 rRNA have about
500 kDa more bigger than other’s, respectively. Al-
though aphid is included in the protostomes, its 28S
rRNA does not contain a hidden break gap in the its
middle part. This like exceptional molecular properties
in the rRNAs may give some ideas to known that trans-
cription mechanism by RNA polymerase I and parthe-
nogenetic reproduction of aphids. Actually aphid’s 18S
rRNA is shown that it is the longest and has complex
eukaryotic specific regions, E21, 41 and X region, by
compensatory slippage mechanism. the molecular prope-
rty of aphid 288 rRNA is generally similar to its eukar-
yote, and unlike those of other insects it contains only
GC-rich stem without any UAAU tract in the hidden
break region. In IGS, perfectly identical 247bp is repea-
ted 11 times by result of unequal crossing over excha-
nge between the subrepeats, which suggested aphids
have propagated themselves parthenogenetically during
most of their evolution. One plausible explanation might
be that unequal crossing over at high-enough frequency
during phases of bisexual reproduction to ‘spring clean’
the rDNA and restore homogeneity of the IGS subre-
peats. The model of the secondary structure for the pea
aphid ITS I and ITS 1I are surprisingly similar to general
structures that have been reported for ITSs of other or-
ganisms. They share common helical structure diverge-
nce, which play any role in the recognition mechanism

of ribosomal RNA processing.
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