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ABSTRACT To facilitate physical genome mapping, we have developed a new cytogenetic pho-
tomap forAnopheles stephensi (Liston) (Diptera: Culicidae), an important malaria vector in Asia. The
high-resolution images of the ovarian polytene chromosomes have been straightened and divided by
numbered divisions and lettered subdivisions. The exact chromosomal locations of eight DNA probes
have been determined by ßuorescent in situ hybridization. Using the DNA sequences, we have
established correspondence between chromosomal arms among An. stephensi, Anopheles gambiae
(Patton), andAnopheles funestus(Giles). The results support previous cytogenetic observations of arm
translocations taking place during diversiÞcation of the species. To make the cytogenetic map useful
for population genetics studies, we have indicated the chromosomal positions for the breakpoints of
19 polymorphic inversions.
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Anopheles stephensi (Liston) (Diptera: Culicidae) is
an important malaria vector in the Indo-Pakistan sub-
continent and the Middle East. As for the major ma-
laria vectors in Africa, Anopheles gambiae (Patton)
andAnopheles funestus (Giles),An. stephensi is a mem-
ber of the subgenus Cellia. The three species belong
to the different series within Cellia: Pyretophorus (An.
gambiae), Myzomyia (An. funestus), and Neocellia
(An. stephensi) (Coluzzi et al. 1970, Green and Hunt
1980).

Among anopheline species,An. stephensi is the most
convenient choice for experimental genetic studies.
Unlike other mosquitoes, it can be readily bred in the
laboratory and efÞciently infected both with human
and rodentPlasmodium species. Use ofAn. stephensi as
a model system has allowed signiÞcant progress in
studying mosquitoÐparasite interactions (Han et al.
2000, Abraham et al. 2004, Lim et al. 2005). Also, the
biggest success with stable genetic germline transfor-
mation and heritable RNA interference has been
achieved for this Anopheles mosquito (Catteruccia et
al. 2000, Brown et al. 2003). However, the lack of
sufÞcient genomic information for An. stephensi pre-
vents researchers from taking full advantage of this
species as a model system. For example, a physical
genome map could serve as a useful tool for the lo-
calization and isolation of genes of interest by posi-
tional or map-based cloning.

There have been few successful attempts to map
genes to the An. stephensi chromosomes by in situ
hybridization (Garvey and Malcolm 2000, Andreasen
and ffrench-Constant 2002). In some cases, localiza-
tion to a speciÞc chromosome was not possible be-
cause of limited information available on chromosome
banding patterns in this species (Luckhart and Rosen-
berg 1999). There has been a need for a standard
cytogenetic photomap that can be used for physical
mapping of the An. stephensi genome.
An. stephensi has a typical karyotype for Anopheles,

2n � 6 and Þve well-developed arms of polytene
chromosomes in its salivary glands and ovarian nurse
cells. The presence of high-quality polytene chromo-
somes in both tissues makes this species a superior
model for cytogenetic research. Several cytogenetic
maps have been developed for An. stephensi for use in
cytotaxomony and population genetics studies of in-
version polymorphism. The Þrst drawn and photo-
maps of the chromosomes from the salivary glands
were developed by Sharma et al. (1969). A year later,
the Þrst photomap of the ovarian nurse cell chromo-
somes was published by Coluzzi et al. (1970). The
authors indicated that the banding pattern was found
to be more constant and clear in the ovarian chromo-
somes than in the salivary gland chromosomes. The
former also were found easier to prepare and should
be considered a more favorable material for cytoge-
netic studies. The photomap by Coluzzi et al. (1970)
was divided into 46 numbered divisions but not sub-
divided into subdivisions. In addition, the chromo-1 Corresponding author, e-mail: igor@vt.edu.
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some images were not straightened. The Þrst standard
drawn map of ovarian nurse cell chromosomes of
An. stephensi was developed by Mahmood and Sakai
(1985). The numbered divisions were retained as pro-
posed by Coluzzi et al. (1970). The authors divided the
map further into 151 lettered subdivisions and de-
scribed the landmarks for all chromosomes in detail.
They also located breakpoints for 19 paracentric in-
versions that are present in natural and laboratory
populations of An. stephensi in India (Coluzzi et al.
1970, 1973; Mahmood and Sakai 1984). Studies of in-
version polymorphisms assist in our understanding of
the genetic structure of natural populations. For ex-
ample, comparison of urban and rural populations of
An. stephensi revealed differences in the types and
frequencies of paracentric inversions (Mahmood and
Sakai 1984). Subbarao (1996) has published a photo-
map ofAn. stephensiwith the localization of the break-
points of 27 polymorphic inversions. However, this
map was not divided into numbered and lettered re-
gions.

Thus, all the cytogenetic maps that have been avail-
able for the polytene chromosomes from the ovarian
nurse cells ofAn. stephensi are either drawn or without
divisions and subdivisions. Although these maps have
been used for identiÞcation of polymorphic inver-
sions, they are not useful for physical mapping.
Straightened high-resolution images of polytene chro-
mosomes with numbered divisions and lettered sub-
divisions are needed for the efÞcient interpretation of
in situ hybridization results. For this reason, we de-
veloped a new cytogenetic photomap and used it for
the mapping of several genes to the An. stephensi
chromosomes.

Materials and Methods

Mosquito Strain and Tissue Preservation.We used
the Indian wild-type strain of An. stephensi,which is a
standard laboratory strain used in other studies (Luck-
hart and Rosenberg 1999, Lim et al. 2005). Ovaries
were pulled out from half-gravid females and pre-
served in CarnoyÕs Þxative solution (3 ethanol:1 glacial
acetic acid by volume). Ovaries were Þxed for 24 h at
room temperature and stored at [minus20�C until use.
Chromosome Preparation and Analysis. Ovaries

from half-gravid females preÞxed in CarnoyÕs Þxative
solution were dissected in 50% propionic acid. A cov-
erslide was placed on the follicles and pressed to
squash the cells. The banding pattern of polytene
chromosomes was examined using a Leica phase-con-
trast microscope (1,000�) (Leica, Wetzlar, Ger-
many). Slides with good chromosomal preparations
were dipped in liquid nitrogen, and then coverslips
were removedandslidesweredehydrated in50, 70, 95,
and 100% ethanol. To take images, we applied a drop
of 100% ethanol to a dry chromosomal preparation and
covered it with a coverslip. Images were taken with
the Olympus Q-color5 digital cooled Þve megapixel
camera (Olympus America Inc., Melville, NY). We
chose 12 chromosome preparations from a total of 160

for the cytogenetic map construction. Images of all
Þve chromosomal arms have been straightened using
Adobe Photoshop software (Adobe Software, Moun-
tain View, CA).
ProbePreparation.Primers were designed based on

the An. stephensi cDNA sequences available from the
GenBank (http://ncbi.nih.gov/Genbank/). For the
design, we used Primer three software (http://frodo.
wi.mit.edu/cgi-bin/primer3/primer3_www.cgi). The
genomic DNA of single mosquitoes was extracted
using the Wizard SV Genomic PuriÞcation System
(Promega, Madison, WI). Polymerase chain reaction
(PCR) products were gel puriÞed using the Gene-
Clean kit (Qbiogene Inc., Carlsbad, CA). Genomic
inserts from the An. funestus SMART cDNA library
(Sharakhov et al. 2002) were PCR ampliÞed using
T3/T7 or Amplimer primers. The PCR conditions
with the Amplimer primers were 95�C for 5 min; 25
cycles of 94�C for 30 s, 70�C for 2 min; 68�C for 3 min.
The PCR conditions with the T3/T7 primers were
95�C for 5 min; 25 cycles of 94�C for 30 s, 50�C for
30 min; 72�C for 30 s; 72�C for 5 min. The DNA was
labeled with Cy5-AP3-dUTP (GE Healthcare, Little
Chalfont, Buckinghamshire, United Kingdom) using
Random Primers DNA Labeling System (Invitrogen,
Carlsbad, CA).
Fluorescent In Situ Hybridization. Fixed ovaries

were gently pressed with a coverslip in 50% propionic
acid and dipped in liquid nitrogen. Then, the cover-
slips were removed, and the slides were dehydrated
in 50, 70, 95, and 100% ethanol. DNA probes were
hybridized to the chromosomes at 39�C overnight
in hybridization solution (Invitrogen). Then, the
chromosomes were washed in 0.2� saline sodium ci-
trate (0.03 M sodium chloride and 0.003 M sodium
citrate), counterstained with YOYO-1 (Invitrogen),
and mounted in 1,4-diazabicyclo[2.2.2]octane (Sigma-
Aldrich, St. Louis, MO). Fluorescent signals were de-
tected and recorded using a Zeiss LSM 510 laser scan-
ning microscope (Carl Zeiss MicroImaging, Inc.,
Thornwood, NY).

Results

Photomap of Chromosomes. We prepared a pho-
tomap of the straightenedAn. stephensipolytene chro-
mosomes with numbered divisions and lettered sub-
divisions (Fig. 1). The borders and nomenclature for
divisions and subdivisions as well as the notations for
the polymorphic inversions have been adopted from
a drawn map (Mahmood and Sakai 1985). Below is the
description of the landmarks useful for arm identiÞ-
cation.

The X chromosome is the shortest in the comple-
ment. It can be easily recognized by its ßared, lightly
stained telomeric end (region 1A) and two wide het-
erochromatic areas on the centromeric end (regions
6A and 6B). Usually, the X chromosome is not con-
nected to the other arms in the squashes of An. ste-
phensi ovarian nurse cells.

The telomeric region 7A of the longest arm 2R has
three distinct, narrow bands at the end. There are
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several large puffs along the chromosome. The region
8C is marked by a light puff surrounded by dark bands
at both ends. The very large round puff in region 14B
is a very prominent landmark for the 2Rb paracentric
inversion. The Indian wild-type strain is polymorphic
for this inversion. The centromeric end (19D) is usu-
ally granulated and ßared. The pericentromeric area

can be recognized by a diffuse region 19B, Þve thin
bands in 18D, and a puff in 18C.

The telomeric end of the 2L arm contains two dark,
narrow bands in the proximal part of region 28A. This
chromosome has a very narrow zone in region 20A and
a large diffuse area in region 20B. The centromeric end
of 2L is ßared, light, and granulated. The right and left

Fig. 1. Standard photomap of the polytene chromosomes from the An. stephensi ovarian nurse cells. Positions of
breakpoints for polymorphic inversion are shown above the chromosomes.

Table 1. DNA probes used for in situ hybridization with the An. stephensi polytene chromosomes

Clone name Accession no. Description
Location in
An. stephensi

Location in
An. gambiae

Location in
An. funestus

1 As_gSG6 AY226456 gSG6 salivary gland protein
precursor

X, 1A X, 4B (4.1e-09) ND

2 26_G11 BU038979 Ribosomal protein L10 X, 4B X, 5C* X, 1B*
(2.4e-184) 2L, 28C
2R, 12B
(5.7e-156)

3 11_D07 BU038904 C-4 methyl sterol oxidase 2R, 15A 2R, 14D* 2R, 13A
(1.5e-190)
X, 5D
(1.1e-07)

4 03_G10 BU038875 Hexamerin A 2L, 22C 3L, 39B 3L, 41A
(1.5e-126)

5 Ski AY578814 Sloan-Kettering Institute
proto-oncogene product

3R, 29B 3R:29A (1.5e-207) ND

6 19_F10 BU038947 Isocitrate dehydrogenase 3R, 29B 3R, 29A (6.1e-172) 2L, 27D
7 PPO1 AY559300 Prophenoloxidase 1 3L, 40D 2L, 24A* (1.4e-118) ND

2L, 20D (3.4e-13)
2R, 13B
(2.1e-11)

8 26_A01 BU038977 SH3 domain binding glutamic
acid-rich protein

3L, 46C 2L, 27D
(1.0e-110)

3R, 30A

ND, not determined; SH3, Src homology 3.
The e-values are indicated in parentheses below the locations. Asterisk indicates major BLASTN hit (inAn. gambiae) or hybridization signal

(in An. funestus).
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arms of chromosome two are often found lying sep-
arately on the slide.

The3Rarmcanberecognizedbyadark, granulated,
ßared telomeric end and a round puff with two dark
bands in region 29B. This chromosomal arm does not
have any other large puffs. The centromeric end of the
3R arm has a very dark and narrow band in the most
proximal part of region 37D.

The 3L arm has a very light telomeric end and two
large puffs in divisions 42A and 43A. The puff in region
43A is framed by large, dark bands. There is a wide
granulated area in division 44A. The pericentromeric
region of the 3L arm contains Þve small puffs in 38C-F
and a narrow proximal end. The left and the right arms

are usually connected on the chromosomal prepara-
tions.
PhysicalMapping.Table 1 shows a list of eight DNA

probes we used for the physical mapping. Each of
these probes has been mapped to a single location on
one of the Þve arms of the An. stephensi polytene
chromosome complement. The exact location of each
signal on the chromosomes was determined according
to the An. stephensi cytogenetic map (Fig. 2). No
variation in signal localization was ever detected
amongall thenuclei examined for agivenprobe. Three
probes were PCR-ampliÞed fragments of An. stephensi
genomic DNA. We have used primer designs based on
the An. stephensi cDNA sequences available from the

Fig. 2. In situ hybridization of Cy5 ßuorescently labeled DNA probes performed on the chromosomes of An. stephensi.
Top, banding pattern of the chromosomes. Bottom, ßuorescence due to hybridization. Probes and sites of hybridization are
as follows: (A) As_gSG6 mapped to 1A, chromosome X; (B) 11_D07 mapped to 15A, arm 2R; (C) 03_G10 mapped to 22C,
arm 2L; (D) Ski mapped to 29B, arm 3R; and 26_ mapped to 46C, arm 3L. Chromosomes counterstained with the ßuorophore
YOYO-1.
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National Center for Biotechnology Information Gene-
Bank (http://ncbi.nih.gov/Genbank/). The other Þve
probes (26_G11, 11_D07, 03_G10, 19_F10, and 26_A01)
were inserts from the An. funestus SMART cDNA
library with known locations on the An. funestus
chromosomes (Sharakhov et al. 2002). Locations of
the sequences in the An. gambiae genome were de-
termined by BLASTN against the Ensembl database
(http://www.ensembl.org/Multi/blastview?species�
Anopheles_gambiae). Three of these genes (26_G11,
11_D07, and PPO1) are part of larger gene families
with two or more chromosomal locations in An. gam-
biae (Table 1). Members of the corresponding pro-
tein families are listed in the AnoXcel database
(Ribeiro et al. 2004). We have been able to identify the
major BLASTN hits based on the score and e-value.

Discussion

To facilitate physical mapping of the An. stephensi
genome, we have developed a standard cytogenetic
photomap. The photomap provides more details on
banding patterns than the drawn maps. Moreover, in
contrast to previous photomaps, the images of poly-
tene chromosomes are straightened and marked with
numbered divisions and lettered subdivisions.

BLASTN of the An. funestus cDNA sequences
against the Ensembl database (http://www.ensembl.
org/Multi/blastview?species�Anopheles_gambiae) has
determined the presence of homologous sequences
in the An. gambiae genome. Using the An. funestus
DNA probes, we have shown the feasibility of inter-
speciÞc in situ hybridization with the An. stephensi
chromosomes. We have demonstrated the usefulness
of the map for locating the ßuorescent signals to the
chromosomal subdivisions (Fig. 2). Our data on in situ
hybridization of eight probes is in agreement with
the conclusion on arm correspondence between
An. stephensi and An. gambiae derived from the pre-
vious mapping results (Garvey and Malcolm 2000,
Andreasen and ffrench-Constant 2002). Together
with the genome mapping data for An. funestus
(Sharakhov et al. 2002) these results support the cy-
tological observations about whole arm transloca-
tions in subgenus Cellia (Coluzzi et al. 1970, Green
and Hunt 1980). Accordingly, chromosomes X and 2R
are homologous across all three species. The 2L arm of
An. gambiae corresponds to the 3R of An. funestus and
the 3L of An. stephensi. The 2L arm of An. stephensi
corresponds to the 3L arms of An. funestus and
An. gambiae. The 2L arm of An. funestus corresponds
to the 3R arms of An. gambiae and An. stephensi. Phy-
logenetic relations for these three species have been
estimated from ribosomal DNA (rDNA) (18S and
28S) sequence data (Marshall et al. 2004). Accord-
ingly, An. funestus and An. gambiae are more distant
species from each other than from An. stephensi.

To make this map applicable for population genetics
studies, we indicated chromosomal positions for the
breakpoints of the 19 paracentric inversions described
for An. stephensi (Coluzzi et al. 1970, 1973; Mahmood
and Sakai 1984). Interestingly, polymorphic inversions

are not distributed evenly across the An. stephensi
genome. More than two-thirds of them are distributed
among two arms. Five inversions are on 2R and nine
on 3L. Nonrandom distribution of polymorphic inver-
sions has been described for other species. For ex-
ample, of eight polymorphic inversions described in
An. gambiae s.s., seven occur on chromosome 2R
(Coluzzi et al. 1979). Eleven of 17 polymorphic in-
versions found in An. funestus involve 2R (Sharakhov
et al. 2004). Physical mapping of the An. stephensi
genome is in progress in our lab. Comparison of the
linear gene orders among species should yield valu-
able insights about the pattern of Þxed inversion in
mosquito evolution.
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