
INTRODUCTION

Anopheles culicifacies Giles sensu lato (Diptera: Culicidae) is

the main vector of malaria in Sri Lanka (Ramasamy et al., 1994;

AHB, 2001). Until recently, only sibling species B was reported

from Sri Lanka (Abhayawardana et al., 1996a), but in India spe-

cies B is a poor vector of malaria (Subbarao et al., 1992). How-

ever, recent studies of A. culicifacies from Rameshwaram Island

in India, which is in close proximity to Sri Lanka, found evi-

dence for assortative mating correlated with cytogenetic varia-

tion. Plasmodium vivax sporozoite-positive females had mated

only with males with submetacentric Y chromosomes. No

malaria infections were found in mothers of acrocentric Y

males; these were designated species B and the submetacentric

Y-chromosome vectors were designated species E (Kar et al.,

1999). Subsequently Surendran et al. (2000) identified the same

cytogenetic variants within A. culicifacies from Sri Lanka,

established that species E could support the extrinsic cycle of

both P. vivax and P. falciparum (Surendran et al., 2003) and

also found that species E is more resistant to malathion than

species B (Surendran et al., 2002). Since larval karyotyping is

cumbersome and time consuming, the development of a

molecular identification technique would be useful to differen-

tiate the species. Recently, Goswami et al. (2005) reported a

PCR-RFLP assay distinguishing species B and E of A. culicifa-

cies from India, based on differences in one region of the cyto-

chrome oxidase subunit II (COII) gene. The aim of this work

was to investigate the variability in this and other loci in A. culi-

cifacies specimens from Sri Lanka.

MATERIAL AND METHODS

DNA was extracted from eight specimens; two previously

karyotyped specimens each of species B and E (Surendran et al.,

2000) and 4 specimens of unknown karyotype. Specimens of

known and unknown karyotype were collected from Pelawatta

(6°45´N, 81°10´E, District of Moneragala) and Tonigala

(7°50´N, 79°59´E, District of Puttalam). Adult mosquitoes were

homogenised in 100 ml LIVAK extraction buffer (80 mM NaCl,

5.48% (w/v) sucrose, 1.57% (w/v) Tris-base, 50.8 mM EDTA,

0.5% (w/v) SDS) in 1.5 ml Eppendorf tubes and samples were

placed at 65°C for 30 min. 14 µl of 8 M potassium acetate was

added to the homogenates and incubated on ice for 30 min, then

centrifuged at 4°C for 20 min at 13,000 rpm. Supernatants were

recovered and DNA was precipitated overnight by the addition

of 400 µl ethanol, then centrifuged at 4°C for 15 min at 13,000

rpm. The supernatant was discarded and DNA pellets rinsed in

100 µl cold 70% (v/v) ethanol, then centrifuged at 4°C for 5 min

at 13,000 rpm. Pellets were dried and resuspended in 50 µl TE

buffer (pH 8.0).

Sequences of the mitochondrial cytochrome oxidase II (COII)

gene from 5 sibling species A–E of A. culicifacies from India

were retrieved from GenBank (accession numbers AJ519492,

AJ518810, AJ519493, AJ519494, AJ534646) and aligned using

MegAlign software within the Lasergene package (DNAStar

Inc., Madison, USA). These 530 bp sequences corresponded to

amino acid positions 31-206 of the full-length protein. From this

alignment five point substitutions between Indian species B and

E were detected. Primers COIIF1 (5’-TTTATTGCTTTTCC-

TTCTTTACG-3’) and COIIR1 (5’-ATAAAACTATGATTTG-

CTCCAC-3’) were designed so as to bind in conserved regions

(from amino acid positions 75 to 206), using Primer 3 software

(http: //frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi; Ro-

zen & Skaletsky, 2000). PCRs were performed in a final volume

of 25 µl using one unit of HotStar Taq DNA polymerase (Qia-

gen, Crawley, UK) in manufacturer’s buffer supplemented to a

final concentration of 2 mM MgCl2, 0.4 mM dNTPs (Promega,
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Southampton, UK) and 0.4 µM F1 and R1 primers (Sigma-

Genosys, Pampisford, UK). 15 ng gDNA template was supplied.

PCR conditions (GeneAmp PCR System 9600, Applied Biosys-

tems, UK) were as follows: 95°C 15 min initial denaturation, 35

cycles of (94°C for 20 s, 50°C for 30 s, 72°C for 45 s) followed

by a final extension step of 72°C for 10 min. Two fifths (ini-

tially, later one fifth) of the PCR product was visualised on a

1.5% (w/v) agarose gel, the remainder of the PCR product was

then purified using the QiaQuick PCR purification kit (Qiagen)

and submitted directly for sequencing. The primers amplified a

400 bp fragment, which was sequenced directly in both direc-

tions using the same primers. Sequences were analyzed using

Lasergene software (DNAStar Inc., Madison, USA); sequence

alignments were created using ClustalW http://www.ch.embnet.

org/software/ClustalW.html. One fifth of the COII PCR product

was digested with 5 units of DdeI (recognition site CTNAG;

Promega, Southampton, UK) in manufacturer’s recommended

buffer for 2 h at 37°C and the entire reaction visualized on a 2%

(w/v) agarose gel.

Three nuclear loci were also amplified and sequenced, using

the primers and PCR conditions reported by Sharpe et al.

(2000): a 390 bp fragment from the D3 region of the ribosomal

28S gene, a 480 bp region of the ribosomal Internal Transcribed

Spacer 2 (ITS2) and a 190 bp fragment encompassing an intron

(~105 bp) of the guanylate cyclase gene. PCR products were

purified as above and sequenced directly using the amplification

primers.

RESULTS

Cytochrome oxidase subunit II (COII)

 A 400 bp region of the COII was amplified successfully from

all 8 samples. Fig. 1A shows the results of DdeI digestion of the

400 bp COII fragment. There was no difference in the electro-

phoretic patterns from the karyotyped B and E samples (lanes

1–4), and two other samples of unknown karyotype also demon-

strated this pattern (lanes 7 and 8). The band sizes (a doublet of

120 bp and a single band of 160 bp) were exactly as would be

predicted from the sequences of these COII products (Fig. 1B).

The digestion pattern and sequence of these 6 samples match

that shown by Indian species E (allowing for the difference in

initial PCR product size; Goswami et al., 2005), although in that

study the band sizes observed did not match those predicted

from the sequence. Interestingly, 2 samples of unknown karyo-

type displayed a different digestion pattern (and sequence), akin

to that seen by Goswami et al. for Indian species B (Fig. 1A,

lanes 5 and 6, Fig. 1B). Thus there is polymorphism within this

region of COII in A. culicifacies from Sri Lanka, but it does not

correlate with Y karyotype.

Fig. 1B shows the sequences obtained from these samples.

The five positions that are variable between sibling species B

and E from India are numbered. Six Sri Lankan samples had

identical sequences; these included all 4 samples of known

karyotype (B and E) and the two samples of unknown karyotype

that showed the same DdeI restriction pattern (lanes 7 and 8 in

Fig. 1A; the sequence of these individuals is not illustrated in

Fig. 1B since it matches that shown for the B and E specimens).

From these 6 samples the sequence at 4 of the 5 variable posi-

tions (1–4) matched the Indian E variant.

The remaining two Sri Lankan specimens (of unknown karyo-

type) generated the same sequence, varying at two positions (2

and 3) from the other 6 samples. This difference includes the

first DdeI recognition site (position 2), explaining the different

restriction pattern seen in Fig 1A.

The sequences of these products have been deposited in Gen-

Bank, accession numbers AY879311 (the sequence from 6 of 8

samples) and DQ173154 from the 2 samples with a different

DdeI genotype.

Internal Transcribed Spacer 2 (ITS2)

Goswami et al. (2005) did not find an RFLP within the ITS2

region that could differentiate Indian species B from E (there is

just one nucleotide difference between them; GenBank acces-

sion numbers AJ534247, AJ534645). Within the Sri Lankan

samples in this study there was no difference at all in sequence

(data not shown) and all sequences matched those of Sri Lankan

specimens (from sibling species B and E) deposited in GenBank

(accession numbers AY167747, AY168883). These sequences

correspond to the Indian species E variant at the single differen-

tial site.

D3 region of 28S rDNA

The D3 region of the ribosomal 28S gene was also investi-

gated. In agreement with the results of Singh et al. (2004), who

could distinguish species A and D from B, C, and E using this

region but could not separate B from E, we found no variation

in sequence between the karyotyped B and E samples, nor

indeed between any of the samples (data not shown). All

sequences were identical to those from Indian sibling species B,

C and E. The sequence from these Sri Lankan samples has been

deposited in GenBank, accession number DQ173155.

Guanylate cyclase (gua)

We also amplified and sequenced an intron from the guany-

late cyclase gene, which has not previously been analysed for A.

culicifacies as far as we are aware. All samples amplified this

region successfully, however, not all samples generated reliable

sequence coverage. Good sequences were obtained from 6 of 8

samples (one karyotyped B, 2 karyotyped E and 3 of the 4 sam-

ples with unknown karyotype). However, once again there were

no sequence differences between any of the samples. The

sequence from these Sri Lankan samples has been deposited in

GenBank, accession number DQ173156. Of the Anopheles gua

intron sequences within GenBank, the Sri Lankan A. culicifacies

sequence is unsurprisingly more similar to other species within

the Myzomyia series (46%, 69%, 55% identity with the introns

from A. varuna, A. aconitus, A. minimus; GenBank accession

numbers AF194488, AF194487, AF194486, respectively) than

to members of the A. gambiae species complex (~10% identity

to all members; A. gambiae AGU42614, A. merus AMU42621,

A. arabiensis AAU42611, A. melas AMU42618, A. quadriannu-

latus AQU42623) (Fig. 2).

DISCUSSION AND CONCLUSIONS

In India, A. culicifacies sibling species B is a poor vector of

malaria. The presence of a Y-chromosome variation (submeta-

centric and acrocentric types) was first identified on Ramesh-

waram Island, southern India in 1993 (Subbarao et al., 1993).

Subsequently, Adak et al. (1997) reported widespread Y poly-

morphism in sibling species B and C, with species B collections

from 9 of 11 Indian mainland localities displaying varying pro-

portions of the two types, and concluded that this alteration

could not be used to distinguish A. culicifacies sibling species.

Kar et al. (1999) first reported that, at least on Rameshwaram

Island and close by, the sympatric populations showed assorta-

tive mating, with the male progeny of sporozoite-positive field-

caught females never having acrocentric Y chromosomes.

Hence in this locality the two populations can be defined as sib-

ling species. However, it was not until 2005 that a simpler

molecular tool was developed. Goswami et al. (2005) found that

a single nucleotide polymorphism in one region of the mito-

chondrial cytochrome oxidase subunit II (COII) gene segregated

with karyotype in the 15 species E samples (from Ramesh-
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waram Island) and 24 species B samples (from Rameshwaram

Island and 5 other localities). However, as these authors

acknowledge, it is still unclear whether the Y chromosome

variation seen at other Indian locations corresponds to the hith-

erto undetected presence of sibling species E at these sites, or to

simple polymorphism.

In Sri Lanka, the existence of A. culicifacies (previously iden-

tified as sibling species B) with both submetacentric and acro-

centric Y chromosomes was first demonstrated in 2000

(Surendran et al., 2000). Extrapolating from the results of Kar et

al. (1999), it was thus feasible that the submetacentric popula-

tion (as species E) might also be responsible for malaria trans-

mission in Sri Lanka. Subsequent data support this, with only

the submetacentric population (species E) able to support the

development of P. vivax and P. falciparum (Surendran et al.,

2003), although assortative mating was not tested. In this pilot

study, we tested the ability of the COII PCR-RFLP developed

by Goswami et al. (2005) to differentiate species B and E col-

lected from Sri Lanka. However, although there were sequence

variations within the COII fragment equivalent to those seen in

the Indian B and E specimens, the variation did not correlate

with karyotype. In fact none of the four loci analysed herein

(COII, ITS2, D3 region of 28S rDNA, and gua) differentiated

between the samples of defined karyotype. Therefore, from our

study it appears that the COII polymorphism detected in A. culi-

cifacies from Sri Lanka cannot be used as a simple molecular

tool to distinguish the sibling species, unlike the situation in

India. A larger-scale analysis of the COII variability is clearly

required. Very recently de Silva et al. (2005) reported that one

Randomly Amplified Polymorphic DNA (RAPD) marker could

distinguish B from E in Sri Lanka; this remains to be further

characterized.
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Fig. 1. Analysis of variation within the cytochrome oxidase subunit II region. A: DdeI digestion of COII fragments from samples

of Y chromosome karyotype B (lanes 1, 2), E (lanes 3, 4) and unknown (lanes 5–8). B: Alignment of partial cytochrome oxidase II

sequences from Indian Anopheles culicifacies sibling species B and E (accession numbers AJ518810, AJ534646, COXIIAcInd) with

sequences from Sri Lankan A. culicifacies mosquitoes. The five positions varying between the two Indian species are indicated by

circled numbers above, and in bold type; the less common variants are shaded. The two DdeI recognition sites are indicated; note

that the first of these encompasses the second species-variable site. The positions of the primers used for amplification and

sequencing are shown. The two Indian GenBank entries are given in full; for visual clarity sequence identity between these and the

Sri Lankan samples is denoted by dashes. One sequence each from karyotyped B (COXIIAcSL-B1) and E (COXIIAcSL-E1) speci-

mens are shown, since there was no variation between samples of each karyotype (nor in fact between the two Sri Lankan karyo-

types). The COXIIAcSL-U1 sequence was obtained from the 2 samples of unknown karyotype, which displayed a different DdeI

genotype (lanes 5 and 6 in Fig. 1A). The alignment was created using ClustalW http://www.ch.embnet.org/software/ClustalW.html.



Incongruity between chromosomal and molecular types in

Anopheles is the subject of much research. In A. gambiae sensu

stricto reproductive isolation between sympatric populations is

correlated with molecular differences rather than with the well-

known chromosomal forms (defined by various chromosome 2

inversions) (Favia et al., 1997; Toure et al., 1998; Gentile et al.,

2001; della Torre et al., 2001). Whilst in some areas, e.g.

Burkina Faso, there is good correlation between the molecular

M and S forms and the chromosomal forms Mopti and Savanna

(Favia et al., 1997), in many other regions this relationship

breaks down (della Torre et al., 2001; Gentile et al., 2001). For

example, in at least some areas of the Ivory Coast both

molecular forms remain distinct even when sympatric popula-

tions are of the same chromosomal form (della Torre et al.,

2001). With A. culicifacies the situation appears somewhat dif-

ferent: in India on Rameshwaram Island there is a correlation

between chromosomal type, vectorial capacity and one

molecular marker but this association may not hold in other geo-

graphical areas. In Sri Lanka, there is no molecular support as

yet for the distinction between B and E, but chromosomal and

biological evidence for two populations of different vectorial

capacity and insecticide resistance.

The other main vector of malaria in Sri Lanka is A. subpictus,

also divided into sibling species. The two commonly described

A. subpictus siblings show differential susceptibility to organo-

phosphorus and pyrethroid insecticides; species A is abundant

predominantly inland and moderately resistant to malathion and

fenitrothion, whereas species B is confined to the coast and

resistant to permethrin (Abhayawardana et al., 1996b; Kelly-

Hope et al., 2005). De Silva et al. (2005) have recently sug-

gested the presence of two further sibling species within the A.

subpictus complex as well as a molecular tool to differentiate

one pair from another. However, differences in vectorial

capacity have not been described.

It is clear that further molecular investigations of the Sri

Lankan submetacentric and acrocentric Y populations are war-

ranted. In A. gambiae, only 3 markers are useful for differenti-

ating the molecular, reproductively isolated forms: the

ribosomal intergenic spacer (IGS), the internal transcribed

spacer (ITS – both ITS1 and ITS2) and the knockdown resistance

allele (della Torre et al., 2001, Gentile et al., 2001). No other

fixed changes between the forms were detected in a sequencing

scan of more than 6 kb spanning 6 other genes, including the

COII gene and the gua intron (Gentile et al., 2001) studied

herein. A recent study using microarray analysis suggests that

just three small regions of the A. gambiae genome, containing

67 genes in total, are linked with speciation (Turner et al.,

2005). Clearly it will be of great interest ultimately to determine

if the genes involved in delineating the A. gambiae forms are

also responsible for the sibling speciation described in A. culici-

facies.
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