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Abstract. Analysis o17meiotic chromosomes from hybrids between Aedes atropalpus and
Ae. epactius has revealed that the two species are fixed for alternate arrangements of four
inversions: a paracentric inversion of chromosome i, two paracentric inversions of
chromosome 2, and a pericentric inversion of chromosonle 3. This chromosomal
heterozygosity in the interspecific hyb,ids has resulted in extensive meiotic chromosomal
asynapsis. Dicentric bridges, acentric fragments, and dhromosomal bre~lkage were also
associated with the heterozygous inversions. This disruption of meiosis was sufficient to
account for the partial sterility observed in interspecific hybrids. No chromosomal
polymorphisms, aberrations, or reduction in fertility was observed in parental strains of
intraspecific t;ybrids of the two species.
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1.

Introduction

During the last forty years, there have been nmnerous studies analYzing the
polytene chromosomes of anopheline mosquitoes (see reviews by Coluzzi and
Kitzlniller 1975, Kitzmiller 1976). Direct comparison of the banding sequences and
of the pairing of the polytene chromosomes in hybrids has yielded valuable
information on cytotaxonomy and. the evolutionary relatiofiships among various
species. These studies have made it possible to identify morphologically identical
species in several complexes, as in Anopheles maculipennis, An. gambiae, and Am
purzctipennis. The analysis of polytene chronmsome pairing in hybricls has also
demonstrated the importance of chromosomal changes in the speciation of the
anophelines.
Due to technical difficulties involved in obtaining mapable polytene chromosomes and the apparent uniformity of the karyotypes among various species,
relatively less is known regarding the extent and importance of genetic differentiation at the chromosomal level in the genus Aedes (Hartberg and Rai 1975).
However, the actual measurements of arm lengths of the three pairs of
homonmrphic chromosomes and observations on morphological features such as
the secondary constriction have demonstrated the existence of several distinctive
karyotypes in the genus Aedes (Rai 1963; Rai et al 1982).
The use of giemsa C-banding in several aedine species and in some species
hybrids has considerably improved tim resolving power of chromosomal analysis
and thereby provided significant insights concerning chromosonaal differentiation
(Newton et al 1978; Motara and Rai 1977, 1978). Motara and Rai (1977) have
shown that the sex chromosomes of two closely related species Ae. aegypti and Ae.
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mascarensis', though morphologically identical, differ in their C-banding patterns.
Motara and Rai (1978) extended these studies to nine other species in the subgenus
Stegomyia of Aedes and revealed five distinct C-banding karyotype patterns among
the species examined. Based upon the observations on chronaosonaal morphology
and C-banding patterns, Rai (Rai 1980; Rai et al 11982) has concluded that
chromosomal repatterning has been important in the speciation of aedine
mosquitoes.
The purpose of this study was to determine the extent of chromosomal
differentiation between natural populations belonging to the A edes (Ochlerotatus)
aO'opalpus complex.
Prior to 1970, there was confusion concerning tile taxonomic status of this
complex. Based upon the analysis of larval and adult morphological characters and
behavior, O'Meara and Craig (1970) proposed that tiffs complex be split into four
subspecies:
Aedes atropalpus atropalpus Coquillet,
Aedes atropalpus epactius Dyar and Knab,
Aedes atropalpus perichares Dyar,
Aedes atropalpus nielseni O'Meara and Craig.
Zavortink (1972) proposed a new classification based upon allopatric distribution
and morphological differences of the larvae and male genitalia. The type form Ae.
a. atropalpus was designated as Ae. atropalpus and the three remaining subspecies
were synonomized under a reinstated species Aedes epactius Dyar and Knab.
Based on hybridization among various forms, Brust (1974) supported Zavortink's proposal. Hybrid breakdown in the form of partial sterility occurred in all
interspecific hybrids between Ae. atropalpus and Ae. epactius. No hybrid
breakdown occurred in any of the crosses between Ae. a. epactius, Ae. a. nielseni,
or Ae. a. perichares.
Although experimental hybridization has often been used to establish genetic
relationships among aedine species, few studies have been undertaken to analyze
the underlying chromosomal basis. In order to bridge this gap, a new approach,
suggested by Rai (1980) was taken in this study to determine tile extent of
chromosomal differentiation between populations of the Ae. atropalpus complex.
This has involved the comparison of the cytology of mitotic and meiotic
chromosomes of the parental populations and of intraspecific and interspecific
hybrids among them. The Comparison of chiasmata frequencies and chromosomal
homology and pairing relationships in the three types of matings has yielded
valuable information regarding the extent of chromosomal divergence between the
two species and has demonstrated the occurrence of chrmgosomal repatterning in
the speciation of this complex.
2.

Materials and methods

In order to determine the extent of chromosomal differentiation within and
between specials, the cytology of mitotic and meiotic chromosomes from parentals,
intraspecific hybrids of Ae. atropalpus and of Ae. epactius, and interspecific hybrids
between the two species was examined. Data on chiasmata frequencies, asynapsis,
chromosomal rearrangements, and fertility were gathered for each cross.
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Table 1 lists the strains used and the collection data. Rearing methods were
similar to those described by Craig and VandeHey (1962). Larvae were reared in
enamel pans at a density of 100-150 larvae per pan in approximately 2 liters of
water. Larvae w~re fed a suspension of liver powder (Nutritional Biochemicals
Co.) daily. Pupae were sexed according to size and placed in separate cups for
emergence. Adults were later placed in mating cages and fed honey. Adult females
were bloodfed on anesthetized white mice,
Table 1. Sources
epac~ius
Species

and

collection

data

Origin

Ae. atropalpus Turner Falls, Massachusetts
Ae. atropalpus Gatlinburg, Tennessee
Ae. atropalpus Isle Royale National Park,
Lake Superior
Ae. atropalpus Greenville, Ohio
Ae. epactius
Burnet, Texas
Ae. epactius
Petit Jean State Park,
Arkansas

for

populations

of Ae.

atropalpus

Collectors

and

Ae.

Date

Drs R Nasci and S Bennett
M Thornburgh
S Durso

August 1979
May 1980
August 1979

L Szymczak and J Lewiecki
L Szymczak
L Szymczak

August 1979
July 1979
July 1979

Oviposition occurred.in either cups lined with paper towels and containing pupal
skins or on moist cotton with pupal skins. These pupal skins acted as a stimulant for
oviposition.
After an embryonation period of 48-96 hours, the eggs were either hatched or
stored. Hatching was accomplished by submergence in deoxygenated water with a
suspension of liver powder. Eggs which were stored were maintained in an
incubator at 15 + 2~
Larvae and adults were kept in an insectary with a
controlled environment at 25 + 2~
80 + 10% RH, and a photoperiod of
18L : 6D.
The percentage of eggs hatching was monitored in order to gain information
about the fertility of the various crosses. The fertility of interspecific hybrids was
determined by backcrossing them to the Ae. atropalpus parental species.
Cytological slides were prepared by dissecting either the brains from fourthinstar larvae, ovaries from young adult females, or testes from male pupae in a drop
of tap water. After staining for 10-15 minutes in a drop of 2~ aceto-lacto-orcein,
squashes were prepared following the methods described by Rai (Rai 1963; Rai
et al 1970). The perimeter of the coverslip was ringed with clear nail polish,
and photomicrographs were later taken using Panatomic-X film and Zeiss
phase contrast optics.
3. Results
Throughout this paper, the chromosomal uomenclature used by Rai (1963) in
describing the karyotype of Ae. atropalpus will be followed. The diploid
chromosome complement of Ae. atropalpus (figure 1) consists of three pairs of
chromosomes. The smallest pair of chromosomes which was metacentric was
designated as chromosome 1. Chromosome 2 was intermediate in size and
submetacentric while chromosolne 3 was tnetacentric and the largest.
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The karyotype of Ae. epactius was very similar to that of Ae. atropalpus.
Chromosomes 1 and 3 were metacentric while chromosome 2 was submetacentric
(figme 2). Direct measurenaents made from photomicrographs of the metaphase
chromosoraes of Ae. atropalpus and Ae. epactius failed to reveal any consistent
diff'erence in the size of the chromosomes or the position of the centromere.
In order to deterinine whether any chromosomal differences existed, either
within the species or between the two species, the meiotic cytology of the parental
populations and of intraspecific and interspecific hybrids among them was
examined. Figures 3 and 4 show the normal three bivalents in the primary
spermatocytes of Ae. atropalpus and Ae. epactius, respectively. Chiaslnata
frequencies and the percentage of primary spermatocytes with asynaptic chromosomes in male pupae from parental populations of Ae. atropalpus and Ae. epactius,
their intraspecific and interspecific hybrids are given in table 2. The results were
pooled for each mating class examined since there were no significant differences in
the values obtained within each mating class. The mean number of chiasmata per
primary spermatocyte for parental populations of Ae. atropalpus and for
intraspecific hybrids were 3.93+_0.86 and 4 . 0 2 •
respectively. Parental
populations of Ae. epactius had an, average of 5.35 +_0.86 chiasmata per primary
spermatocyte while their intraspecific hybrids had a mean of 5.04 +_ 0.08 chiasmatal
Interspecific hybrids resulting from crosses involving Ae. atropalpus females and
Ae. epacaus males had an average of 2 . 4 8 •
chiasmata per primary
spermatocyte, and interspecific hybrids from the reciprocal cross had an average of
2 7 2 +_ 0.91 chiasmata.
The frequency of asynapsis in populations of Ae. ao'opalpus, Ae. epactius, and
their intraspecific hybrids was less than 5%. The chromosomes of the parental
populatioi~s and intraspecific hybrids exhibited complete homology. No chromosolnal polymorphism or structural rearrangements were observed among any of the
populations within either species. Mitosis and meiosis were normal in parentals as
well as in the intraspecific hybrids.
Chromosomal asynapsis (figures 5 and 6) was very extensive i-n both types o}"
interspecific hybrids. Seventy-two percent of the primary spermatocytes of
interspecific hybrids possessed asynaptic chromosomes. One observed effect of this
Tattle 2. Chromosomal svnapsis and chiasmata frequencies in Ae. atropalpus, Ae. epactius,
intraspecific hybrids and interspecific hybrids
Class
(9 x Of)

Type of cross
Inbreeding
Intraspecific
Inbreeding
Intraspecific

Ae.
Ae.
Ae.
Ae.
Ae.

atropalpus
atropalpus •
atropalpus
epactius
epactius •

# Primary
spermatocytes
scored

Mean # chiasmata
per primary
spermatocyte

% Asynaptic
cells

277
362

3.93 • 0.86
4.02 + 1.0

3
1

255
190

5.35 • 0.86
5.04 • 0-80

3
3

267

2.4.8 • 0.86

77

199

2.72 • 0.91

66

Ae. epactitts

Interspecific
Interspecific

Ae.
Ae.
Ae.
Ae.

atropalpus •
epactius
epactius x
atropalpus
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extensive ctlromosolnal asynapsis was the improper distribution of homologous
chronaosonaes to their respective .poles during anaphase I. Figure 5 shows 3
univalents oriented towarcl one pole anti 1 univalent oriented towards the other
pole. Similarly, figure 6 shows 2 asynaptic, homologons chromosomes In•
towards the same pole. Because of tim lack of proper orientation of the univalents
on the spindle, the metal)laase I cells depicted in figures 5 and 6 v.,,ould be expected
to produce 4-2 anaphase I segregants rather than 3-.3.
Another meiotic abnormality commonly observed in the intersp'ecific hybrids
involved a distortion and stretching of the centromeric areas o f the chrolnosome~
(figures 7-9), particularly in those primary spermatocytes which contained some
univalents at metaphase I. As a result, fragmentation of the centromeric areas was
soinetimes observed. Fragmentation at intercalary regions also occurred (figure 9).
Chrolnosomal complements with dicentric bridges and acentric fragments were
observed at anaphase I (figure 10) and metaphase II (figures 11 and 12). The
dicentric bridges involved either chromosome 1 (figure 1:1) or chromosome 2 (figure
12). Dicentric bridges accompanied by acentric chromosomal fragments are
expected fl'onq crossing-over within paracentric inversions.
An analysis of the pairing and lneasuremelatS of diplotene chromosonaes from
interspecific hybrids demonstrated the existence of fottr different inversions. A
paracentric inversion was observed in chronaosome 1 (figures 17 and 18). TWO
paracentric inversions were observed in chrolnosome 2 (figure :16 shOws both
inversion loops while figure 13 has only one inversion loop). A pericentric.inversion
loop, involving the centromere; was observed in chronaosome 3 .(figures 1'4-18). No
single diplotene chromosomal complement possessed all four inversion loops, but
this was an expected result of the extensive chromosomal asynapsis in the
interspecific hybrids.
The percentage of eggs hatching was monitored in intraspecific crosses and
backcrosses to determine their relative fertility. These results are included in table 3.
There was no reduction in fertility in the intraspecific crosses. An average of
95% of the eggs hatched from intraspecific crosses among A e . epactius populations
while 92% of the eggs hatched from intraspecific crosses with Ae. atropalpus
populations.
There was, however, a significant reduction in the percent egg hatch when
iiaterspecific hybrids were backcrossed. When female interspecific hybrids were
backcrossed to Ae. atropali)us males, an average of 38 + 15% of the eggs hatched.
This reduction in the hatch was also present in the backcrosses involving Ae.
atropalpus females and interspecific b.ybrid males where 52 • 14% of the eggs
hatched.
TaMe 3. The mean percentage of eggs hatchin~ from intraspecificmat•
and backcrossesof Ae. atropalt)us and Ale. epactius. Females in the cross are
listed first.
Cross
( 9 x U')

Ae. atropalpus x Ae. atropalpus
Ae. epactius • Ae. epactius
Fl hybrids • Ae. atropalpus
Ae. atropalpus x FL hybrids

Total # eggs
scored
2302
2147
1210
1191

% Hatch

92
95
38
52

•
•
•
2

4
l
15
14
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Discussion

White (1978) has estimated that perhaps 90% of all speciation events are
accompanied by karyotypic changes. Moreover, he has argued that in most
instances these chromosomal changes may play the primary role in initiating
genetic divergence cuhninating in speciation.
In anopheline mosquitoes, direct comparison of the banding sequences of
polytene chromosomes and of the pairing of the polytene chromosomes in hybrids
has demonstrated the importance of chromosonml repatterning in their speciation.
For exalnple, the polytene chromoson~e map of Anopheles superpictus differs in
three fixed inversions from that of An. stephensi (Coluzzi et al 1970). Extensive
chromosomal inversions have also been shown to have been involved in the
evolution of the An. gambiae complex (see reviews by Kitzmiller 1976, C61uzzi et al
1979).
The occurrence of chronmsomal inversions within the genus Aedes has also been
demonstrated. Motara and Rai (1978) reported that Ae. aegypti and Ae.
mascarensis are fixed for alternate arrangements of a paracentric inversion.
Abnormalities indicative of paracentric inversions have been found in the meiotic
chroinosomes from interspecific hybrids of the Ae. triseriatus complex (Taylor
1982). Recently, evidence of paracentric and pericentric inversions have b e e n
found in members of the Ae. scutellaris group (Dev and Rai 1984; Sherron and Rai
1984).
All of the aedine interspecific hybrids which have been exalnined cytologically
have exhibited extensive chromosomal asynapsis during meiosis (Rai et al ;1982).
The frequency of asynapsis can be used as a measure of the chromosomal
differences existing between species. Additionally, there is a relationship between
the amount of asynapsis and the amount of genetic difference as revealed by
electrophoresis. Within the genus Aedes, Rai et al (1982) have observed that "the
frequency of asynapsis in interspecific hybrids increases as the allozyme genetic
distance increases".
The results of this study reveal the extensive chromosomal differentiation which
has occurred between Ae. atropalpus and Ae. epactius. It appears that the two
species are fixed for alternate arrangelnents of three paracentric inversions and one
pericentric inversion.
The four heterozygous inversions may be expected to have several effects
resulting in the partial sterility of interspecific hybrids. First of all, the
chromosomal inversions were associated with extensive Chromosolnal asynapsis.
As a result of the chromosomal asynapsis, the chiasmata frequency was
significantly decreased in the interspecific hybrids, and homologous chromosomes
were also observed inigrating to the same pole during anaphase I. These
observations are not surprising since chromosomal synapsis is necessary for
cr0ssing-over and proper distribution of homologous chromosomes to their
respective poles during anaphase I (Grelt 1962).
Partial sterility of interspecific hybrids must have also resulted from crossingover within the inverted chrom,,~somal segments. Single cross-overs within
paracentric inversions result in the l!ormation of dicentric bridges and acentric
fragments (figures 10-12). These, as well as cross-overs within pericentric
inversions, resttlt in the production of aneuploid gametes restllting in redfaced
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Diplotene chromosomes of interspecific hybrids. "pa"
shows paracentric inversion loops,
and "pe" shows pericentric inversion
loops in chromosome 3. 13. alropalpus 9 xepactius Cf. 14. wactius 9 x
atropalpus U'. 15. atropall)uS 9-x
epactius (75.
Figures 13-15.

fertility. Partial sterility inay have also restllted fi'om chronaosonaal fiagmentation
observed in the primary spermatocytes of interspecific hybrids (figures 7-9).
It appears that the t!onnation of dicentric bridges and acentric fragments has
played only a minor role in tt?e reduction of fertility observed in interspecific
hybrids. If crossing-over within the paracentric inversions was primarily responsible
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Figures 1(>18. Diplotene clu'omosolnes of interspecific hybrids, "pa" shows paracentric inverslon
loops, and "pe" shows pericentric inversion loop in chromosome 3. 16. atrol)alpus -9-• W aclius C~.
17. epactius -9-x atrolmlpu~!' (Y. 18. elmctius 9 x atropalpus (JL
Figures 19-21l are line drawings of figures 16, 17 and 18 respectively. Bar represents 5 microns.

for the r e d u c e d fertility, f e m a l e h y b r i d s sliould have e x h i b i t e d a h i g h e r fertility than
male hybric!s since d i c e n t r i c c h r o m a t i d s are e l i m i n a t e d in the p o l a r b o d i e s in
females. T h e r e was, h o w e v e r , no significant difference in the e x t e n t of sterility in
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male versus female interspecific hybrids. Our results on fertility are comparable to
those originally reportevl by Brust (1974).
According to Ross (11964), Ae. atropalpus and Ae. epactius evolved from a
common ancestor. During their geographic isolation and evolution, Ae. atropalptts
and Ae. epactius have unctergone a significant amount of genetic differentiation.
These genetic changes have occurred on the genie level and on the chromosomal
level. About 46 electrophoretically detectable substitutions per 100 loci have
occurred during the evolution of these species (Szymczak et al 1986). On the
chromosomal level, at least four major chromosomal inversions have resulted in
the karyotypic differences exhibited by the two species. Reproductive isolating
mechanisms in the form of hybrid sterility resulting from inversion heterozygosity
and related chromosomal aberrations have also arisen during this time of allopatry.
It is not known whether the chromosome rearrangements occurred before or
after the geographic isolation which resulted in the speciation ofiAe, atropall)uS and
Ae. epactius. These chromosomal inversions may have been important in initiating
the genetic divergence between the two species. Such extensive chromosomal
repatterning, in time, would be expected to lead to discrete gene arrangements and
reproductive isolation. Alternatively, they may have been randomly incorporate'd
af*~er the ancestors of this complex radiated into the two present day species.
However, in view of the fact that no chromosomal polymorphism was observed in
any of the populations within either species, we favor the former possibility.

Acknowledgements
We thank Drs O B Craig Jr and L R Hilburn for their help during this project.
Special thanks are extended to those who aided in the collection of the various field
populations of mosquitoes. Included in this group are D r S Bennett, D r R Nasci, S
Durso, S Gordon, J Lewiecki, M Thornburgh, and J Woodford.
This research was supported by National Institutes of Health Training Grant 5T
32-AI-07030,

References
Brust R A 1974 Reproductive isolation within tile Aedes atropalpus group, and description of egg. J.
Med. Entomol. 11:459-466
Coluzzi M, Sabatini A, Petrarca V and DiDeco M A 1979 Chromosomaldifferentiation and adaptation
to human environments in the Anopheles gambiae complex. Trans. R. Soc. Trop. Med. llyg. 73:
483-497
Cotuzzi M and l(itzmiller J B 1975 Anophetine Mosquitoes. In Handbook o,/-genetics (ed.) R C King
(New York: Plenum Press) vol. 3, pp. 285-31(1
Cofuzzi M, Canerini G and DiDeco M 1970The polytene chromosomesof Allopheles superpictus and
relationships with Anopheles stephensi. Parassitologia 12:101-112
Craig G B Jr and VandeHcy R C 1962 Genetic vari~lbility in Aedes aegypti (1)iptera: Culicidae). I.
Mutations affecting color pattern. Ann. Entomol. Soc. Am. 55:47-58
D~' V and Rai K S 1984 Genetics of speciatlon in tile Aedes (S,'egomyia) scutellaris group (Diptera:
Culicidae). V. Chromosomal relationships among five species. Geneticv 64:83-92
Grell R F 1962 A new hypothesis on the nature and sequence of meiotic events in the females of
Drosophila melallogaster. Proc. Nail. Acad. Sci. USA 48:165-172

44

Larly J Szymczak and Karamjit S Rai

Hartberg K W and Rai K S 1975 Aedes. In Handbook oJ'genetics (ed.) R C l<.ing-(New-Y~i~k: Plenuna
Press) vol. 3, pp. 311-345
Kitzmiller J B 1976 Genetics, cytogcnetics, and evolution of mosquitoes. Adv. Genet. 18:315-333
iVlotara M A and Rai K S 1977 Cllromosomal differentiation in two species of Aedes and their hybrids
revealed by giemsa C-banding. Chromosoma (Berl.) 64:125-132
Motara M A and Rai K S 1978 Giemsa C-banding patterns in Aedes (Stegomyia) mosquitoes.
Chromosoma( Berl. ) 70:51-58
Newton M E, Wood R J and Southern D I 1978 Cytological mapping of the M and D loci in the
mosquito, Aedes aegypti (L.). Genetica 48:137-143
O'Meara G F and Craig G B Jr 1970 A new subspecies of Aedes atropalpus Coqt, illett from
Southwestern United States (Diptera: Culicidae). Proc. Entomol. Soc. Washingtotl 72:475-479
Rai K S 1963 A comparative study of mosquito karyotypes. Arm. Entomol. Soc. Am. 56:160-170
Rai K S 1980 Evolutionary cytogenetics of aedine mosquitoes. Genetica 52/53:281-290
Rai K S, Pashl.ey D P and Munstermann L E 1982 Genetics of speciation in Aedine mosquitoes. In
Recent developments in the genetics of insect disease vectors (eds) W W M Steiner, W J Tabachnick,
K S Rai and S Narang (Champaign, IL: Stipes) pp. 84-128
Rai K S, McDonald P T and Asl~nan S R M 1970 Cytogenetics of two ,adiation-induced sex-linked
translocations in the yellow-fever mosquito, Aedes aegypti. Genetics 66:635-651
Ross H 1964 The colonization of temperate North America by mosquitoes and man. Mosq. News 24:
103-118
Sherron D A and Rai K S 1984 Genetics of speciation in the Aedes (Stegomyia) scutellaris subgroup
(D.iptera: Culicidae). 4. Chromosomal relationships of Aedes cooki with four sibling species. Call. J
Genet. Cytol. 23:65-72
Szymczak L J, Hi[burn L R and Rai K S 1986 Genetic differentiation in the Aedes atropalpus complex. I.
Isozyme variability and genetic distances between Ae. atropalpus and Ae. epactius. J. Genet. 65:
193-204
Taylor D B 1982 Speciation in the Aedes triseriatus species complex, Ph. D. dissertation, University of
Notre Dame
White M J D 1978 Modes of speciation (Saq Fransisco: W H Freeman)
Zavortink T J 1972 Mosquito studies (Diptera: Culicidae). XXVIII. The New World species formerly
placed in Aedes (Finlaya). Contrib. Am. Entomol. b~st. 8 : 1 - 2 0 6

