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Abstract Polytene chromosomes were prepared from the ovar-
ian nurse cells of semi-gravid females of ten insecticide-resistant
strains of Anopheles stephensi. Altogether, 16 heterozygous
paracentric inversions, namely b/+ (11D-16C) in alphamethrin;
i/+ (14B-18A) and h/+ (27B-28A) in DDT; j/+ (14A-16B) in
chlorpyrifos; k/+ (11D-16B) in cyfluthrin; I+ (11A-16C) in
deltamethrin; m/+ (14B-15C) and e/+ (32A-33B) in bifenthrin;
n/+ (12D-14B), f/+ (33A-36A) and g/+ (33C-34A) in propoxur;
o/+ (11A-12D), h/+ (37A-37C) and i/+ (31C-32C) in temephos;
d/+ (33D-35C) in carbofuran and a/+ (41C-43B) in neem
strains, were reported. No inversions were observed in X chro-
mosome so far. The frequency of inversions in different insec-
ticides was found to be highest in the 2R arm, followed by the
3R arm. Such inversions were not reported in the corresponding
susceptible strains or in the parental stocks.
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Introduction

Malaria is a major global health problem, with a huge eco-
nomic and social impact throughout the endemic areas (Wieten
et al. 2011). According to the WHO estimates, malaria still
accounts for 225 million clinical cases with nearly one million
deaths per year mainly among young children (Jortzik et al.
2011). Insecticide-based vector control is a proven method for
disease control (van Emden and Service 2004), but in response
to the extensive use of insecticides to control mosquitoes, a
number of resistant strains have appeared. Insecticide resis-
tance is one of the most spectacular examples of rapid adapta-
tion to strong selection pressure (Paris et al. 2010); such a
remarkable ability highly depends on its genetic variability.
Information on genetic variation within and among mosquito
populations is critical for understanding the evolutionary his-
tory and disease epidemiology (Tabachnick and Black 1996).
Chromosomal polymorphism (such as inversions, Robertsonian
fusions and fissions, and translocations) has been recognized as
a major driving force in local adaptation, speciation processes,
and evolution of sex chromosomes (Hoffimann et al. 2004; King
1993; Noor et al. 2001; van Doorn and Kirkpatrick 2007). In
insects that possess a highly polymorphic chromosome comple-
ment, one might at least expect inversion heterozygotes to
exhibit insecticide tolerance through heterosis (White 1974).
Chromosomal inversions have been repeatedly regarded as
genetic markers for ecotypic adaptation (Coluzzi et al. 1985;
Hoffmann and Willi 2008). Correlations between chromosomal
inversion frequencies and environmental parameters have been
reported in a number of plant and animal species (Coluzzi et al.
1979; Hoffmann et al. 2004; Rodriguez-Trelles et al. 1996).
Afrotropical anopheline mosquitoes are emerging as suitable
biological models in understanding the role of chromosomal
inversions in ecological adaptation and speciation as exempli-
fied by the rapidly growing literature available on this topic in
the malaria mosquito Anopheles gambiae (Coluzzi et al. 2002;
della Torre et al. 2002). However, very little work has been done
on chromosome polymorphism in Anopheles stephensi, one of
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the important carriers of urban malaria in India (Gayathri and
Shetty 1992). Literature on chromosomal polymorphism and its
correlation with insecticide resistance is scarcely available for
this species. The study of inversion in the polytene chromosome
of A. stephensi is an excellent tool for cytogenetic differentiation
of populations. It also helps to determine the role of fixed
chromosomal inversions in speciation and to reconstruct the
cytogenetic history of the strains (Ghosh and Shetty 2004).

The present paper reports paracentric inversions, their
breakpoints and frequencies in the polytene chromosomes of
ovarian nurse cells of semi-gravid females of ten insecticide-
resistant strains of A. stephensi.

Materials and methods

Mosquito rearing

Insecticide-resistant strains of A. stephensi derived from differ-
ent classes of insecticides and currently maintained in our labo-

ratory were used for the study. The said strains were maintained
at 25+1 °C and 75+5 % of relative humidity with 14-h

photoperiods, following the procedure of Shetty (1983). The
adults were fed on 10 % sucrose, in 8 in. X 8 in. X § in. iron cages,
covered with cotton net cloth. Females were provided with
restrained mice or pigeon as a source of blood meal. A plastic
cup (3-in. diameter) containing clean water lined with filter
paper was placed inside the cage for oviposition. The eggs laid
were kept for 72 h to ensure complete hatching. The hatched
larvae were transferred to an enamel tray and reared. Powdered
mixture of fish feed and dog biscuits were given as larval diet.
Pupae formed were transferred into wide-mouthed bottles and
placed into their respective cages for emergence.

Insecticide-resistant strains

The strains used in this study belong to the “type” biological
form of A. stephensi which were originally collected from
various areas of urban Bangalore (India) and maintained as a
pure line stock in the laboratory (Table 1). Further, these are
laboratory-induced insecticide-resistant strains that have been
established after continuous selection and inbreeding for several
generations for respective insecticides following the standard
procedure of WHO (1981; 2005). Discriminating dose (DD)

Table 1 Insecticide-resistant strains of 4. stephensi used in the present study

Serial Insecticide-resistant strains of Strain origin Biological Diagnostic dose Generation Inheritance Reference
no.  A. stephensi (strain code) variant (mg/l or ppm) taken to mode
attain 100 %
resistance
Organochlorine (OC)
1 DDT-resistant strain (DDT-R) Goraguntepalya, Type form 3.00 19 Monofactorial Chandrakala and
Bangalore A-I-D Shetty (2004)
Carbamates (C)
2 Propoxur-resistant strain (PR-R) Papareddypalya, Type form 0.01 16 Monofactorial Sanil and Shetty
Bangalore A-I-D (2010)
3 Carbofuran-resistant strain (CBF-R) Goraguntepalya, Type form 0.5 17 Monofactorial Unpublished data
Bangalore A-I-D
Organophosphates (OP)
4 Temephos-resistant strain (TR-R) Gandhinagar, Type form 0.02 21 Monofactorial Sanil and Shetty
Bangalore A-1-D (2009)
5 Chlorpyrifos-resistant strain (CPF-R)  Goraguntepalya, Type form 0.2 23 Monofactorial Chandrakala and
Bangalore A-I-D Shetty (2006a)
Synthetic pyrethroids (SyP)
6 Cyfluthrin-resistant strain (CYF-R) Goraguntepalya, Type form 0.005 26 Monofactorial Chandrakala and
Bangalore A-I-D Shetty (2006b)
7 Deltamethrin-resistant strain (DLM-R) Goraguntepalya, Type form 0.004 20 Monofactorial Rajashree and
Bangalore A-I-D Shetty (1998)
8 Alphamethrin-resistant strain (AM-R) Goraguntepalya, Type form 0.12 27 Monofactorial Hariprasad and
Bangalore A-I-D Shetty (2013)
9 Bifenthrin-resistant strain (BIF-R) Mahalakshmipuram, Type form 0.06 27 Monofactorial Zin et al. (2009)
Bangalore A-1-D
Botanical insecticide (BI)
10 Neem-resistant strain (NM-R) Mahalakshmipuram, Type form 0.43 36 Monofactorial Zin et al. (2008)
Bangalore A-I-D

A-I-D autosomal-incomplete-dominant
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used for each one of the insecticides was WHO-recommended,
except for alphamethrin, carbofuran and neem for which DDs
were calculated as per WHO guidelines (2006). Resistance tests
(WHO 1981; 2005) were carried out on every generation so as
to validate and maintain the purity of resistance. Detailed
information on each one of the insecticide-resistant strains is
presented in Table 1.

Inversion polymorphism studies

Inversion polymorphism studies were carried out in polytene
chromosomes from ovarian nurse cells of semi-gravid females
of A. stephensi , following the procedures of French et al. (1962)
and Gayathri and Shetty (1992). Five- to seven-day-old females
of insecticide-resistant strains were blood-fed on restrained
mice. After 28 to 30 h, these semi-gravid females were individ-
ually separated into a test tube and immobilized by striking the
lower end of the test tube gently against the palm. The mosquito
was then placed on a slide and a drop of dilute Carnoy's fixative
(Carnoy's fixative/distilled water, 1:19) was added. A quick and
successful method to remove the ovaries was to hold the anterior
of the abdomen with one needle (left hand) and the penultimate
segment of the abdomen with the other and then to give a sharp
pull posteriorly to cut the last two segments. The abdomen was
then gently pressed, spilling the ovaries. The ovaries were
separated from the debris and then fixed in Carnoy's fixative
(methanol/acetic acid, 3:1) for 2 to 4 min.

For routine staining of polytene chromosomes, synthetic
orcein was used for lacto-aceto-orcein (LAO). Orcein was
mixed with glacial acetic acid, in the following proportion:
2 g of orcein in 50 ml of 85 % lactic acid and 50 ml of
100 % glacial acetic acid. The stock solution of LAO was
stored in a cool and dry place. It was further diluted in lactic
acid and acetic acid (1:1) prior to use to avoid overstaining.
After fixation, the material was stained with a drop of LAO for
15-20 min. After staining, 60 % acetic acid was added and a
clean coverslip was placed on the top of the material. Gentle
pressure was applied to obtain an even spread. The coverslip
was sealed with nail polish and the slide was examined under
the microscope.

The nomenclature of inversions and their frequencies were
followed, according to the method of Coluzzi et al. (1973). The
zones and sub-zones, carrying various aberrations, were iden-
tified and assigned their exact location on the chromosome by
using the standard polytene chromosome map (Gayathri and
Shetty 1989; Sharakhova et al. 2006).

Results and discussion

The data on chromosomal inversions from ovarian nurse
cells of insecticide-resistant strains showing their tentative
breakpoint is presented in Table 2. Altogether, 16 heterozygous
paracentric inversions were observed in insecticide-resistant

Table 2 Chromosomal inver-

sions in the insecticide-resistant Serial no.  Insecticide Chromosomal  Tentative Inversion type
strains of 4. stephensi arm involved breakpoints
Class: organochlorines
1 DDT 2R i/+ (14B-18A) Heterozygous paracentric
2L h/+ (27B-28A)  Heterozygous paracentric
Class: carbamates
Carbofuran 3R d/+ (33D-35C)  Heterozygous paracentric
3 Propoxur 2R n/+ (12D-14B)  Heterozygous paracentric
3R f/+ (33A-36A) Heterozygous paracentric
3R g/+ (33C-34C) Heterozygous paracentric
Class: organophosphates
Chlorpyrifos 2R jH (14A-16B) Heterozygous paracentric
Temephos 2R o+ (11A-12D)  Heterozygous paracentric
3R h/+ (37A-37C)  Heterozygous paracentric
3R i+ (31C-32C) Heterozygous paracentric
Class: synthetic pyrethroids
Alphamethrin 2R b/+ (11D-16C) Heterozygous paracentric
Bifenthrin 2R m/+ (14B-15C)  Heterozygous paracentric
3R e/+ (32A-33B) Heterozygous paracentric
Cyfluthrin 2R k/+ (11D-16B) Heterozygous paracentric
Deltamethrin 2R 1+ (11A-16C) Heterozygous paracentric
Class: botanicals
10 Neem (Azadirachta indica) ~ 3L a/+ (41C-43B) Heterozygous paracentric
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strains. These include eight inversions on the 2R arm and six on
the 3R arm. Arms 2L and 3L showed the presence of only one
inversion in each. No inversions have been observed in X
chromosome so far studied.

The present study revealed that chromosome arm 2R tends to
be rich in polymorphic inversions among insecticide-resistant
strains. Eight heterozygous paracentric inversions were found in
the 2R arm of different insecticide-resistant strains. These in-
clude b/+ (11D-16C) in AM-R, i/+ (14B-18A) in DDT-R, j/+
(14A-16B) in CPF-R, k/+ (11D-16B) in CyF-R, I/+ (11A-16C)
in DL-R, m/+ (14B-15C) in BIF-R, n/+ (12D-14B) in PR-R and
o+ (11A-12D) in TR-R with 13.33, 2.2, 0.5, 1.8, 3.4, 19.23,
3.92 and 9.2 % of frequencies, respectively. Six heterozygous
inversions were observed in chromosome arm 3R. These in-
clude d/+ (33D-35C) in CBF-R, e/+ (32A-33B) in BIF-R, f/+
(33A-36A) and g/+ (33C-34A) in PR-R, h/+ (37A-37C) and i/+
(31C-32C) in TR-R with 0.3, 10.71, 4.09, 6.45, 3.0 and 10.56 %
frequencies, respectively. It is pertinent to mention here that
though there were overlapping inversions, no two inversions
have the same breakpoints and there is involvement of the bands
in the polytene chromosome. Inversion h/+ (27B-28A) in DDT-
resistant strain and a/+ (41C-43B) in neem-resistant strain each
showed one heterozygous inversion with a frequency of 1.5 and
8.67 % in 2L and 3L, respectively. Paracentric inversions in
insecticide-resistant strains are presented in Fig. 1.

We also recorded a higher rate of heterozygous inversions
within region 10-18 in the 2R arm, followed by inversions
involving region 31 to 36 of chromosome arm 3R. The fre-
quency of inversions was highest in 2R followed by 3R. It was
also evident that inversions associated with the synthetic pyre-
throid class of insecticide resistance were clustered in arm 2R,
whereas inversions associated with carbamates were more in
3R. Schematic diagrams of chromosome arms representing
insecticide-associated inversions are presented in Fig. 2.

Chromosome arm II represents a higher gene density, among
which 2R has more of the genes involved in cellular response to
stress and 2L is enriched with genes involved in the structural
integrity of a cuticle (Xia et al. 2010). Arm 2R in 4. stephensi is
longest in the complement and, hence, has more chances of
exposure to cellular stress compared to the other arms in the
complement. Arm 2R is more tolerant to disrupting gene orders
and generating new evolutionary breakpoints compared to the
other arms (Sharakhova et al. 2011). As observed in our study,
inversion breakpoints not only cluster in particular regions, but
also appear to coincide in association to other insecticides. This
may also, probably, play a crucial role in the occurrence of
multiple insecticide resistance. As indicated earlier, no inversion
was recorded in the X chromosome of 4. stephensi. Genetic
studies of the insecticide-resistant strains used in the present
study reveal that the resistant genes are autosomal and incom-
pletely dominant in nature and follow the monofactorial mode
of inheritance (Chandrakala and Shetty 2004, 2006a, b;
Hariprasad and Shetty 2013; Rajashree and Shetty 1998; Sanil
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and Shetty 2009, 2010; Zin et al. 2008, 2009). Most of the
inversions associated with resistance were observed among the
autosomes.

The first instance of a relationship between environmental
stress and giant chromosome inversions in anophelines was
reported by Frizzi and Holstein (1956). Coluzzi et al. (1973)
observed six heterozygous paracentric inversions in the
laboratory-maintained population of 4. stephensi that origi-
nated from India, Pakistan, Iraq and Iran. However, of these six
inversions, three were overlapping inversions, i.e. b/+, ¢/+ and
d/+, observed in chromosome arm 2R; two inversions were
observed in arm 3L and one in arm 2L. No inversion was
reported in chromosome arm 3R and in sex chromosome.
Inversion “b” was found to be more prevalent in a population
of A. stephensi (Coluzzi et al. 1973). Similarly, inversions
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Fig. 2 Comparative line mapping of chromosome arms in 4. stephensi showing insecticide-associated inversions

were also reported from the laboratory-maintained popula-
tions of 4. stephensi from India (Gayathri and Shetty 1992).

The discovery of insecticide resistance in malaria vectors
led to a series of investigations on possible relationships of
this phenomenon with chromosomal inversions. An attempt to
show a relationship between inversions and insecticide selec-
tion pressure has yielded equivocal results. Mason and Brown
(1963) reported that inversion heterozygosity has no relation
to true or specific resistance, but is simply a manifestation of
hybrid constitution. D'Alessandro et al. (1957) observed that
DDT-tolerant strains of Anopheles atroparvus contained sig-
nificantly more heterozygotes for a single inversion on chro-
mosome IIIS than the parental strain from which they had
been selected with DDT and that the heterozygotes and inver-
sion homozygotes were more DDT tolerant than the normal
heterozygote. 4. atroparvus resistant to dieldrin showed more
heterozygous inversion in IIIS than the parental stock (Mosna
et al. 1958). Mosna et al. (1959) confirmed that three DDT-
resistant strains of this stock contained more heterozygotes
than the original strain. DDT-exposed Anopheles arabiensis
showed a higher percentage of inversion than the unexposed
stock (Nigatu et al. 1995). Paracentric inversions associated
with dieldrin resistance were also reported in a population
of A. gambiae (Benedict et al. 1999). In A. stephensi, three
paracentric inversions were reported from the fenitrothion-
resistant strains, whereas the corresponding susceptible and
the original strain did not reveal any inversions (Ghosh and

Shetty 2004). Dieldrin-resistant gene in 4. gambiae was
mapped to linkage group II on chromosome 2, and the said
gene was found to be closely located to the microsatellite
marker AG2H772, which probably falls within inversion
2La (Hunt 1987; Zheng et al. 1996).

The stability and maintenance of these inversions as poly-
morphism provides an explanation for the transmission of dis-
ease and control of the vectors. Stable inversion polymorphism
also provides a possible mechanism for the continual inheritance
of suitable genetic factors that otherwise compromise the fitness
of genetically modified malaria vector (Brooke et al. 2002).
Insecticide resistance-associated inversions were used in synthe-
sizing genetic sexing strains of mosquito vectors (Curtis et al.
1976; Seawright et al. 1978; Shetty 1987; 1997). Fenitrothion-
resistant A. stephensi showed a lower rate of rodent malaria
parasite, Plasmodium yoelii nigeriensis, infection when com-
pared to control (Shetty 2002).

Based on the number of ridges on the egg-float, three morpho-
ecological variants have been identified within 4. stephensi
populations. These include sype (14-22), mysorensis (9—15)
and intermediate (12-17) (Sweet and Rao 1937; Subbarao
et al. 1987; Shetty et al. 1999). Of these three variants, the type
form is reported to inhabit urban areas and is an efficient vector of
malaria. All the insecticide-resistant strains used in the present
study belong to the type form.

Apart from the evolutionary interest of chromosomal re-
arrangements, the investigation of inversion polymorphisms,
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in relation to the biology and behaviour of malaria vectors, may
improve our understanding of mosquito behaviour and of the
epidemiology of mosquito-borne diseases. Additional investi-
gations are needed to delineate these polymorphisms more
fully in A. stephensi and to evaluate their significance partic-
ularly in relation to the transmission of malaria.
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