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Abstract. The chromosomal localization and genomic organization of three cloned
repetitive DNA fragments (viz., H-76, H-61, and H-19) isolated from the Aedes albopictus
genome have been examined in Ae. albopictus and six other Aedes species: Ae. aegypti, Ae.
seatoi, Ae. flavopictus, Ae. polynesiensis, Ae. alcasidi and Ae. katherinensis. The results from
in situ and Southern hybridization analyses show that the sequences homologous to cloned
repetitive DNA fragments are dispersed throughout the genome in each species. The
sequences homologous to these cloned repetitive DNA fragments are also found in
Haemagogus equim~s, Tripteroides bambusa and Anopheles quadrimaculatus and are
dispersed in their genomes. Data indicate divergence in the amount and the structural
organization of sequences homologous to these cloned fragments among mosquito species.
Keywords. Repetitive DNA; chromosomes; localization; organization; mosquitoes.

1.

Introduction

Eukaryotes show an extensive range of variation in nuclear DNA content (see
Bachmann et al. 1972; Rees and Jones 1972; Cavalier-Smith 1985). For example,
the haploid nuclear DNA content in animals ranges from 0.05 picogram (pg) in
tube sponge to 142 pg in a lung fish, Lepidosiren (see Cavalier-Smith 1985). A
substantial amount of this variation is attributed to repetitive DNA sequences
(Bouchard 1982). Usually a minor component of repeated DNA sequences includes
genes such as rRNA, 5S rRNA, tRNA, etc. The bulk of repetitive DNA is
composed of the moderately and the highly repeated DNA sequences which
account for 20-84% of the total nuclear DNA in eukaryotes (Davidson et al. 1975;
Flavell 1982; Black and Rai 1988). Repetitive DNA sequences may be dispersed
throughout the genome or organized in clusters of tandemly repeated units
(Bouchard 1982).
The mosquito family Culicidae is classified into three subfamilies: Toxorhynchitinae, Culicinae and Anophelinae. The family Cuticidae includes approximately 3,100
species, of which the karyotypes of about 200 species are known to-date (see White
1980). Three pairs of chromosomes are present in all but one species of mosquitoes
so far examined (see White 1980). However, the relative lengths of the individual
Chromosomes often vary in different species (Rai 1963, 1966; Rao and Rai 1987b).
Nevertheless, the haploid DNA amount varies nearly 8-fold among the various
species examined (Rao and Rai 1987a, 1990). Using renaturation kinetics, Black and
Rai (1988) have shown a linear relationship between the haploid DNA content and
the amount of repetitive DNA sequences in different mosquito species. T h e
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proportion of genome constituted by repetitive DNA sequences ranges from 20% in
Anopheles quadrimaculatus with 0.25 pg 1C-DNA to 84% in Aedes triseriatus with
1.52pg 1C-DNA (Black and Rai 1988). Relatively little is known about the
chromosomal localization and genomic organization of repetitive DNA sequences
in mosquitoes (Redfern 1981). In other insects such as Drosophila, the chromosomal
localization and genomic organization of repetitive DNA sequences have been
extensively studied (Peacock et al. 1978; Tchurkov et al. 1978; Strobel et al. 1979;
Young and Schwartz 1981; Pierce and Lucchesi 1981; Dowsett 1983; Riede et al.
1983). Such information is necessary to understand the role of repetitive sequences
in the structural organization and molecular evolution of the chromosomes.
In this study we examined the chromosomal localization and genomic
organization of three cloned repetitive DNA fragments, H-76, H-61 and H-19, in
Aedes albopictus and six other Aedes species. These clones were selected from a
library of cloned DNA fragments generated by digestion of the Ae. albopictus DNA
from the Oahu (Hawaii) strain with Eco RI and ligation of fragments at the Eco RI
site of the plasmid pUC 12 (McLain et al. 1987). The insert sizes of H-76, H-61 and
H-19 clones are 4.47, 2.16 and 1.59 kb, respectively. We were also interested in
determining how widespread the sequences homologous to these cloned repetitive
fragments at:e in 3 other mosquito species belonging to 3 genera and 2 subfamilies
by obtaining their genomic DNAs and hybridizing with the cloned fragments.
2.

2.1

Materials and methods

Species examined

A list of species and strains used in this study with their dates of colonization in the
laboratory and sources is provided in table 1. All mosquito species and strains were
obtained from laboratory stocks maintained in the Vector Biology Laboratory,
Department of Biological Sciences, University of Notre Dame.
2.2 DNA isolation and nick-translation
Genomic DNA was isolated from female pupae according to the method of Blin
Table 1, Dates of colonization in the laboratory and sources for species and strains used in the present
study.
Species

Aedes albopictus
Ae, seatoi
Ae. flavopictus
Ae. ae~lypti
Ae. polynesievsis
Ae. aleasidi
Ae. katherinensis
Haemagogus equimts
Tripteroides bambusa
Anopheles quadrimaculatus

Strain, date of colonization, and source
Oahu, Hawaii, 1971, L. Rosen; Savannah, USA, 1988, J. D. Miller;
Koh Samui, Thailand, 1970, D.Gould
Bangkok, Thailand, t972, D. Gould
Nagasaki, Japan, 1981, Y. Eshita
Rockefeller Institute, USA, 1959, D. W. Jenkins; Houston, USA,
1986, D. Sprenger
Suva, Fiji, 1982, D. Gubler
Taiwan, 1981, J. Lien
Australia, 1982, G. Davis and P. Whelan
Panama, 1979, J. L. Peterson
Kyusu Island, Japan, 1987, W. Hawley
Savannah, USA, 1971, II. Shoof
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and Stafford (1976). The cloned DNA was isolated by the alkali lysis method of
Maniatis et al. (1982).
For in situ hybridization, the probe DNA was labelled with H3-dCTP (18
Ci/nnnole) and H3-dGTP (10 Ci/mmole) by the nick-translation procedure of
Maniatis et al. (1982). For DNA blot hybridization, the probe DNA was labelled
with P32-dCTP (3,000 Ci/mmole).
2.3

In situ hybridization

The cytological in situ hybridization was carried out on mitotic chromosomes due
to the lack of mappable polytene chromosomes in Aedes. The chromosome
preparations were obtained from neural cells of colchiciue-treated fourth instar
larvae, as described in Rao and Rai (1987b). The cytological in situ hybridization
was conducted as described in Pardue (1985) with certain modifications described in
Kumar and Rai (1990).
2.4 DNA blot hybridization
The genomic organization of cloned repetitive DNA fragments was studied by
DNA blot hybridization. Restriction enzyme digestions were carried out under the
conditions recommended by the manufacturer (Promega USA). Each digestion
reaction contained 1 #g species DNA and 10-20 units of an appropriate enzyme,
and the reaction was performed overnight at 37~ The digests were electrophoresed
in 0.8% agarose slab gel in TBE buffer containing ethidium bromide (0.5 #g/ml) for
16-24 h at 2 V/cm. The DNA fragments in the gel were denatured and transferred
to a nylon membrane according to Maniatis et al. (1982). Following vacuum drying
for 2 h at 80~ the blot was prehybridized in a shaking water bath at 42~ for3-4 h
in a buffer containing 50% formamide, 5xSSC, 10% dextran sulphate,
5xDenhardt's solution, 1% SDS and 100#g/ml calf-thymus DNA. The p32_
labelled probe DNA was directly added to the prehybridization mixture, and the
hybridization was performed overnight at the same temperature. Following
hybridization, the blot was washed twice with shaking in 1 x wash buffer (1 x wash
buffer=0.3 M NaC1, 0.06M Tris, pH 8.0, 0.002 M EDTA, pH 8.0) for 10 rain each at
room temperature, twice in 1 x wash buffer and 1% SDS for 30 rain each at 60~
and finally twice in 0.1 x wash buffer for 30 rain each at room temperature (Kumar
and Rai 1990). The blot was exposed to a Kodak XOMAT X-ray film with a
DuPont intensifying screen at -70~

3.

3.1

Results

Chromosomal localization

In order to determine the locations of the sequences homologous to H-76, H-61 and
H-19 cloned DNA, in situ hybridization was performed on the chromosomes of Ae.
albopictus, Ae. aegypti, Ae. seatoi, Ae..flavopictus, Ae. polynesiensis, Ae. alcasidi and
Ae. katherinensis. No clone-specific in situ hybridization pattern emerged. With each
cloned DNA as a probe, autoradiographic silver grains were randomly distributed
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throughout the length of all three pairs of c h r o m o s o m e s in each species. Examples
are shown in figures 1-3, There was detectably less hybridization of H-19 D N A on
the c h r o m o s o m e s of Ae. aegypti and Ae. poIynesiensis (figure 3a and e), suggesting
lesser a m o u n t s of H-19 D N A in these species,

Figure 1. In situ hybridization of H3-tabelled H-76 DNA to mitotic chromosomes of (a)
Aedes aegypti, (b) Ae, albopictus, (e) Ae. seatoi, (d) Ae, flavopictus, (e) Ae, potynesiel~sis, (t)
Ae. alcasidi, and (g) Ae. katherilwtlsis. Exposure time 7 months. Bar= 10/gin.
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Figure 2. In situ hybridization of Ha-labelled H-61 DNA to mitotic chromosomes of (a)
Aedes aegypti, (b) Ae. albopictus, (c) Ae. sea;oi, (d) Ae../lavopictus, (e) Ae. polynesiensis, (I)
Ae. alcasidi, and (g) Ae. katherinensis. Exposure time 7 months. Bar= 10 llm.
3.2

Genomic organization

To investigate the genomic organization of the cloned H-76 repetitive D N A fi'agment,
D N A fi'om the Oahu strain of Ae. albopictus was digested separately with restriction
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Figure 3. In situ hybridization of I-.I3-1abelled H-19 D N A to mitotic chromosomes of (a)
Aedes aegypti, (b) Ae. albopictus, (e) Ae. seatoi, (d) Ae. flavopictus, (e) Ae. polynesiensis, (f)
Ae. alcasidi and (g) Ae. katherinensis. Exposure time 7 months. Bar = 10 tLm.

enzymes Eco RI, Eco RV, Barn HI, Bgl I, Xho I, Pvu II, Pst I, Hinf I, Alu I, Hae III
and Hpa I. The digests were run in an agarose gel, transferred to a nylon membrane
and probed with radiolabelled H-76 DNA. Eco RI and Xho I generated bands with
lengths of 1.95 and 1.87kb, respectively, superimposed upon a smear of
hybridization (data not shown). All other restriction enzymes produced a smear of
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hybridization (data not shown). For the comparative study, genomic DNAs from
different mosquito species were digested with Eco RI and the DNA blot was probed
with radiolabelled H-76 DNA. The Eco RI pattern showed a dark band of 1.95 kb,
superimposed upon a smear of hybridization in all strains of Ae. albopictus, Ae.
.flavopictus, Ae. seatoi, Ae. alcasidi and Ae. katherine~sis (figure 4, lanes 3-7, 9-10).
In addition to 1.95 kb band, a few faint species-specific bands were also observed
in Ae. flavopictus and Ae. seatoi (figure 4, lanes 6-~/). The Eco RI pattern of Ae.
aegypti showed several faint bands, superimposed upon a smear of hybridization,
and some of them were strain specific (see figure 4, lanes 1-2). A smear of
hybridization was observed in de. polynesiensis (figure 4, lane 8) and Tp. bambusa
(figure 4, lane 12). The Eco RI pattern of Hg. equinus showed two faint bands of
1.47 and 1.37 kb, superimposed upon a smear of hybridization (figure 4, lane 11).
The Eco RI pattern of An. quadrimaculatus showed a discrete dark band of about
5 kb, superimposed upon a smear of hybridization of low molecular weight, 2-5 kb
fragments (figure 4, lane 13).
Genomic DNA from the Oahu strain of Ae. albopictus was digested separately
with restriction enzymes Eco RI, Barn HI, Xho I, Pvu IT and Pst I, and the blot was
probed with radiolabelted H-61 DNA. Eco RI generated three bands with lengths of
8.09, 7.44 and 1.61 kb, superimposed upon a smear of hybridization (figure 5, lane
3). Bgl I produced a band of 1.80 kb, superimposed upon a smear of hybridization
(data not shown). All other restriction enzymes produced a smear of hybridization
(data not shown). Subsequently, DNA samples fi'om all mosquito species and
strains were restricted with Eco RI, a n d the DNA blot was probed with
radiolabelled H-61 DNA. Intraspecific difference was observed in the Eco RI
pattern of three strains of Ae. albopictus. Two bands with lengths of 8.06 and
7.44 kb were absent in the Savannah and Koh Samui strains of Ae. albopictus
(figure 5, lanes 4-5). The 1.61 kb band of Ae. albopictus was also present in de.
seatoi and de. Jlavopictus (figure 5, lanes 6-7). No difference was observed between
two strains of Ae. aegypti; each had two dark bands of 3.60 and 1.41 kb (figure 5,
lanes 1-2). Ae. alcasidi and Ae. katherinensis showed identical Eco RT pattern, each
with a dark discrete band of 1.45 kb long fragments (figure 5, lanes 9-10). The
Eco RI pattern of Ae. polynesiensis showed a faint band of 1.97 kb (figure 5, lane 8).
Tp. bambusa showed three bands with lengths of 3.07, 2.54 and 1.24 kb (figure 5,
lane 12). In all above species, a smear of hybridization was also observed. The Eco
RI pattern in Hg. equinus and An. quadrimaculatus showed a faint smear of
hybridization (figure 5, lanes 11 and t3), suggesting low copy nmnber of H-61 DNA
in these species.
Genomic DNA from the Oahu strain of Ae. albopictus was digested separately
with restriction enzymes Eco RI, Barn HI, Hind III and Hae III, and the blot was
probed with radiolabelled H-19 DNA. A smear of hybridization was observed with
all enzymes except Eco RI (data not shown). The Eco RI pattern revealed a band of
1.89 kb long fragments, superimposed upon a smear of hybridization (figure 6, lane
3). For the comparative study, genomic DNAs from different mosquitoes were
digested with Eco RI, and the blot was probed with H-19 DNA. A common band of
1.89 kb long fi'agments, superimposed upon a smear of hybridization, was found in
Ae. aegypti, Ae. albopictus, Ae. seatoi, Ae. flavopictus, Ae. polynesiensis, Ae. alcasidi,
Ae. kath~rinensis and Hg. equimts (figure 6, lanes 1-t 1). The band in Tp. bambusa
was slightly larger, 1.93 kb long, and was superimposed upon a smear of
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Figure 4. Southern blot hybridization of Eco RI digested DNA samples from different
species to p32-1abelled H-76 DNA. Lanes 1-13: 1, Ae. aegypti (Rockefeller); 2, Ae. aegypti
(Houston); 3, Ae. albopictus (Oahu); 4, Ae. albopictus (Savannah); 5, Ae. albopictus (Koh
Samui); 6, Ae. fiavopictus; 7, Ae. seatoi; 8, Ae. polynesiensis; 9, Ae. alcasidi; 10, Ae.
katherinensis; 11, Haemagogus equitms; 12, Tripteroides bambusa; 13, Anopheles
quadrimaculatus. Each lane contains 1 gg DNA. Numbers at the left indicate relative
positions of lambda Hind III molecular weight markers in kb. Arrows point to major
bands of hybridization. Arrow-heads point to strain- and species-specific bands.
h y b r i d i z a t i o n (figure 6, lane 12). A s m e a r of h y b r i d i z a t i o n was o b s e r v e d in An.
quadrimaculatus (figure 6, lane 13).
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Figure 5. Southern blot hybridization of Eco RI digested DNA samples from different
species to Pa2-1abelled H-61 DNA. The arrangement of DNA samples from different
species and strains is as in figure 4. Each lane contains 1 itg DNA. Numbers at the left
indicate relative positions of lambda Hind III molecular weight markers in kb. Arrows
point to major bands of hybridization.

4. Discussion
The present study has shown that the sequences h o m o l o g o u s to three cloned
repetitive D N A fragments isolated from the Ae. albopictus genome are conserved in
9 species of mosquitoes belonging to 4 genera and 2 subfamilies. In situ
hybridization analyses indicate that the sequences h o m o l o g o u s to cloned repetitive
fragments are dispersed t h r o u g h o u t the genome of mosqttito species examined.
With each cloned repetitive D N A fragment as a probe, there are few prominent
bands superimposed upon a smear of hybridization in different species. It appears
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Figure 6. Southern blot hybridization of Eco RI digested DNA samples hom different
species to P32-1abelled H-19 DNA. Tile arrangement of DNA samples fl'om different
species and strains is as in figure 4. Each lane contains 1 ,ttg DNA. Numbers at the left
indicate relative positions of lambda Hind III molecular weight markers in kb. Arrows
point to major bands of hybridization.

that the sequences h o m o l o g o u s to each probe are organized as part of complex
units. These complex units include related as well as unrelated sequences which do
not possess relevant (Eco RI sites in these cases) a n d are not resolved in gels (Mitra
and Bhatia 1986). P r o m i n e n t bands are explained by the presence of multiple copies
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of DNA fragments (Gupta et al. 1989) which have Eco RI sites on both ends.
Hereafter we will refer to these bands as subfamilies (Flavell 1982).
No major band in the Southern blot of Eco RI digested Ae. albopictus DNA
coincided with the insert size of any cloned repetitive DNA fi-agments when
probed with the respective cloned DNA fragment. Restriction mapping of these
cloned repetitive DNA fi'agments has shown the lack of internal tandem repetition
of sequences (McLain et al. 1987). These observations suggest that the different
repetitive elements are dispersed in the cloned fi'agments and are elements of
different families.
The dispersed nature of repetitive elements in the cloned Eco RI fi'agments of Ae.
albopictus may be explained by the model proposed by Bedbrook et al. (1980).
According to this model, a sequence of relatively low copy number is inserted
within preexisting simple tandem-repeat sequences. A portion of the tandem
repeat plus the inserted element is then amplified together to form a complex repeat
containing a subrepeating unit and unrelated unique sequence per repeat unit.
Further deletion, translocation and amplification can change the copy number of an
individual sequence and can also alter the arrangement of different repeat elements
(Flavell 1982).
Rao and Rai (1987b) proposed that the mosquito family Culicidae evolved fi'om
the Mochlonyx-like ancestor with 2n = 8 in the nematocerous family Chaoboridae.
They proposed that one line arose from the Mochlonyx4ike ancestor which split
into two - one that led to the mosquito subfamily Anophelinae through Chagasialike ancestor with 2n = 8. The other split into two independent lines leading to other
two subfamilies, Culicinae and Toxorhynchitinae. The hybridization of H-76, H-61
and H-19 DNA to the Anopheles quadrimaculatus DNA indicates that the sequences
homologous to these cloned DNAS were present before the subfamilies Culicinae
and Anophelinae diverged from each other. This suggested that the sequences
homologous to three cloned repetitive fragments examined in this study are highly
stable components of mosquito genomes. This is in contrast to the general situation
found in several animal and plant groups where the dispersed repetitive DNA
sequences present in one species are completely absent in other species of closely
related genera or even in closely related species of the same genus (Dowsett 1983;
Gupta et al. 1989; Zhang and Dvorak 1990). To our knowledge, GATA simple
quaternary repeats isolated from the snake Elaphe radiata are the only examples
which have been found to be conserved in a wide variety of vertebrates and
invertebrates (for references see Pelliccia et al. 1991).
The chromosome locations of the sequences homologous to H-76, H-61 and H19 clones overlap with one another. It is possible that these cloned repetitive DNA
fragments have some homology with one another which is not detected by crosshybridization between these clones (McLain et al. 1987). Further study on
nucleotide sequence analysis of these clones will clarify this possibility.
The mosquito subfamily Culicinae is divided into 10 tribes including Aedini and
Sabethini. The tribe Aedini is classified into 9 genera including Aedes and
Haemagoyus. The tribe Sabethini is divided into 9 genera including Tripteroides (for
mosquito classification see Knight and Stone 1977). Based on this classification, a
taxonomic correlation exists between the Eco RI pattern homologous to H-19 clone
and the taxonomic grouping of the species. For example, all species from the tribe
Aedini share a common 1.89 kb subfamily, whereas Tp. bambusa has a different
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1"93 kb subfamily. An. quadrimaculatus of the subfamily Anophelinae does not
possess any of these subfamilies.
Tlae Aedes scutellaris species group is divided into the Ae. albopictus and the Ae.
scutellaris subgroups. Both subgroups appear to have diverged fi'om one another
about l0 million years ago (Pashley et al. 1985), The Eco RI pattern homologous to
H-76 clone showed a common 1.95kb subfamily in all the species of both
subgroups (viz., Ae. albopictus, Ae. seatoi, Ae. flavopicttts, Ae. alcasidi and Ae.
katherinensis), except Ae. polynesiensis. This suggested that the 1.95 kb subfamily
was present in the ancestral stock of these subgroups and was deleted fi'om the
genome o f Ae. polynesiensis. Although An. quadrimaculatus possesses a 5 kb
subfamily we do not know if this subfamily is also present in other mosquito species
examined because of the predominant smear seen in most other species in this
molecular weight range.
The Eco RI pattern homologous to H-61 clone shows similarity as well as
differences among 10 mosquito species examined. No intraspecific difference exists
in the two strains of Ae. aegypti examined. Each strain has two subfamilies
represented by 3.60 and 1.41 kb fragments. These subfamilies are not shared by any
other mosquito species examined. In contrast, the Eco RI pattern of Ae. albopictus
shows intraspecific differences among the three strains analyzed. Three species
examined from the Ae. albopictus subgroup (viz., Ae. albopictus, Ae. seatoi and Ae.
flavopictus), share a common 1.61 kb subfamily. Among the three species examined
from the Ae. scutellaris subgroup, Ae. alcasidi and Ae. katherinensis have a common
1.45 kb subfamily, while Ae. polynesiensis possesses a 1.97 kb subfamily and shows
no resemblances with any other Aedes species examined. Ae. alcasidi and Ae.
katherinensis appear to have diverged from Ae: polynesiensis.about 5-10 million
years ago, whereas Ae. alcasidi diverged from Ae. katherinensisabout3 million years
ago (Pashley et al. 1985). The conserwttion of a common 1-45 kb subfamily in Ae.
alcasidi and Ae. katherinensis indicates that it was present before these species
diverged from one another. However, it evolved after the divergence of Ae. alcasidi
and Ae. katherinensis from Ae. polynesiensis. Alternatively, it was present in the
ancestor of these three species and was deleted from the Ae. polynesiensis genome.
The results obtained from Southern hybridization analysis as a whole suggest that
altlaough the sequences homologous to H-61, H-19 and H-76 clones are conserved
in 10 mosquito species examined, they are often diverged in the structure and
organization. Thus the present results are in agreement with earlier findings that,
compared tv~ many structural genes, repetitive sequences diverge more rapidly (see
Miklos 1982; Cawflier-Smith 1985).
The function of repetitive DNA sequences is speculative. Several functions have
been assigned to these sequences such as the control of gene regulation (Britten and
Davidson 1969), position effects directly upon adjacent genes or indirectly b y
modif~cing position effect between the genes (Rees and Jones 1972), and serve as
origins of replication (Georgiev et al. 1982). Or perhaps, repetitive sequences are
'junk' DNA and are concerned solely with their survival in the genome (Doolittle
and Sapienza 1980). Recently, Manuelidis (1991) suggested that specific 'junk'
repetitive DNA sequences within selected chromosome domains may participate in
more complex levels of chromosome folding, and may index different genetic
compartments for orderly transcription and replication. It appears that the
conservation of the sequences homologous to H-76, H-61 and H-19 DNA in
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d i f f e r e n t species o f m o s q u i t o e s t h r o u g h l o n g e v o l u t i o n a r y t i m e m i g h t b e d u e t o
s o m e s t r u c t u r a l a n d / o r f u n c t i o n a l c o n s t r a i n t s i m p o s e d b y n a t u r a l selec'tion.
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