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Abstract

Background & objectives: Several studies have been made to study the effect of antisera raised
against different tissues (hemolymh, ovary, midgut and salivary glands) on the fecundity and
malaria parasite development in the different species of mosquitoes but there are no reports on the
antisera raised against the hemolymph of Anopheles culicifacies, the principal malaria vector in
India accounting for 65% of malaria cases. Hence, an attempt was made to study the same and
evaluate its impact on malaria parasite development.

Methods: Polyclonal and multifactorial antibodies were produced in rabbits against heterogenous
mixture of hemolymph proteins. Antibodies against hemolymph proteins were screened for their
potential to influence reproductive performance of mosquitoes. Antibody titer in rabbit serum was
determined by ELISA and putative candidate antigens were identified in the hemolymph of An.
culicifacies by western blotting. Cross reactivity amongst various tissues vis-a-vis hemolymph
protein was also identified. In addition, a significant reduction in oocyst development was also
observed in An. culicifacies mosquitoes that ingested antihemolymph antibodies along with
Plasmodium vivax.

Results: The maximum reduction in fecundity (57%) was observed during fourth week, after the
last booster and number of oocyts per infected mosquito reduced by 73.35% in the group of
mosquitoes that ingested antihemolymph antibodies along with the infected blood meal respectively.
However, the ingestion of antibodies against hemolymph proteins did not have significant influence
on hatchability. Antisera raised against hemolymph proteins of An. culicifacies recognized 11
polypeptides by western blotting.

Interpretation & conclusion: During the present study, 11 putative candidate antigens were identified
in the hemolymph of An. culicifacies, against which antibodies produced significantly reduced the
fecundity by 57%. In addition, a significant reduction in oocyst development was also observed in
An. culicifacies that ingested antihemolymph antibodies along with P.vivax.
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Introduction

Malaria continues to remain a serious public health
problem throughout the tropical regions of the world
despite decades of international efforts to control the
spread of the vector and the disease. This disease is
spread by Plasmodium — the parasite, which affects

~40% of the global population in ~100 countries
around the world1.

Various studies unequivocally incriminated Anoph-
eles culicifacies (Diptera: Culicidae) as the major
malaria vector, responsible for transmission of ~65%
of malaria cases in India2. However, not many stud-
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ies have been carried out to block malarial parasite
transmission or to induce antimosquito immunity in
this major vector of malaria in India. Anopheles
culicifacies exists as a complex of five sibling spe-
cies provisionally designated as A, B3, C4, D5 and
E6 .These sibling species are reported to have vari-
ous biological differences, viz. their distribution, re-
sponse to insecticides7, host preferences6 and vec-
torial capacity8. Anopheles culicifacies A and C are
primary vectors whereas species B has very little role,
if at all, in the transmission of malaria9.

In the present study, attempts were made to identify
putative candidate antigens in the hemolymph of An.
culicifacies A against which antibodies raised may
reduce the fecundity and malaria parasite develop-
ment in the mosquito.

Material & Methods

Mosquito rearing: The colony of An. culicifacies A
(obtained from National Institute of Malaria Re-
search, New Delhi) was maintained in the laboratory
at relative humidity (RH) 70–80% and temperature
28±2°C10. The larvae were reared in the laboratory
and mixture of powdered dog biscuits and yeast tab-
lets was provided as larval food in 3:2 ratio at a den-
sity of 300 larvae/450 ml of water. The insectary was
fitted with a simulated dusk and dawn machine with
a photoperiod of 14 h day and 10 h night as per stan-
dard procedures11. Adult mosquitoes were kept in
30 x 30 x 30 cm organdy cloth cages fixed in an iron
frame as described previously11.

Sample preparation: Sixty newly emerged adult fe-
male mosquitoes were anesthetized on ice. The
hemolymph was collected as droplets from the
wounds of newly emerged adult females by amputa-
tion of the antennae and/or by removing the wings/
or legs in phosphate buffer saline (PBS) containing
phenylmethylsulphonyl fluoride (PMSF)12. The
hemolymph collected was centrifuged at 10,000 g
for 15 min at 4°C in refrigerated centrifugation
machine (3 K30 Sigma, Germany) to remove any
debris.

Immunization: Trichloroacetic acid (TCA) precipi-
tated hemolymph proteins (170 g protein in 0.5 ml
0.1 NaOH) were injected subcutaneously at multiple
sites by emulsification with equal volume of Freund’s
complete adjuvant in three groups of rabbits, i.e. each
group had one control rabbit which was immunized
with PBS and Freund’s complete adjuvant (FCA) but
without antigens and other experimental rabbit in
which antigens were injected along with PBS and
FCA. Two weeks later, a first booster injection of
antigens from another set of freshly emerged female
mosquitoes was injected into three groups of rabbits
with the exception that an equal volume of Freund’s
incomplete adjuvant was used. A week after the first
booster, a second booster dose was injected in the
same way as the first booster dosage, as described
previously11. Approval for the animal studies was
taken from the Animal Ethics Committee, Maharshi
Dayanand University, Rohtak. Care of laboratory
animals was made throughout the experimental stud-
ies according to the internationally accepted ethical
guidelines13.

In vitro ELISA: Antibody titers in the sera of
different groups of rabbits were determined by
enzyme linked immunosorbent assay (ELISA) using
immunizing antigens (10 g/ml) to coat the wells
as described by Suneja et al14. Bound antigens
were incubated with dilutions of rabbit antisera
followed by addition of alkaline phosphate
conjugated goat anti-rabbit IgG (1:20,000).
Immune complex was detected with TMB/H2O2
substrate system.

Immunoblotting: Altogether, 80 mosquitoes were
dissected to obtain various tissues (hemolymph, mid-
gut, ovary and salivary glands). The quantity of pro-
teins was estimated by the Bradford method15. Pro-
teins were separated by sodium dodecyl sulphate
polyacrylamide gel electrophoresis (SDS-PAGE)16

on 10% polyacrylamide gels under reducing condi-
tions. Gels were either silver stained or were used
for overnight electrophoretic transfer to 0.45 m ni-
trocellulose membrane at 4°C for the western blot-
ting17. Nitrocellulose membranes containing trans-
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ferred An. culicifacies proteins were blocked with
5% non-fat milk for 1 h. Sheets were then incubated
with rabbit antisera (1:100) for 1.5 h, washed thrice
with PBS containing 0.1% Tween-20 and incubated
for 1 h at room temperature with alkaline phosphate
conjugated goat anti-rabbit IgG (1:5000). Antibody
binding was visualized by NBT-BCIP substrate.
Molecular weight of polypeptide was determined
from standard marker (GENEI, India). All the re-
agents used in the experiments were purchased from
SIGMA (through IGIB, New Delhi).

Fecundity and hatching: Immunized rabbits boosted
with hemolymph proteins were used for blood feed-
ing up to 7 wk. Six sets per week (containing about
20 females/set) were generated to observe the egg
laying pattern and hatchability in An. culicifacies, as
described previously14.

Parasite invasion blocking assay: Sera from immu-
nized, as well as control rabbits along with P. vivax
were fed to An. culicifacies mosquito using mem-
brane feeding apparatus to screen out the effects of
antibodies. Peak titer sera from the rabbit were col-
lected, pooled and stored at –70°C in deep freezer
(Thermo, U.S.A.) for the membrane feeding. An
equal volume of immune and control sera were mixed
with infected sera containing P. vivax for the mem-
brane feeding of mosquitoes. All 5-day old female
mosquitoes were membrane fed separately on im-
munized and control sera. Unfed or partially fed fe-
males were removed. After eight days, mid-gut was
pulled out to count the number of oocysts according
to Ponnundurai et al18 and using the formula men-
tioned below:

MON in control – MON in antihemolymph x 100

MON in controls

Where, MON = Mean oocysts number.

Statistical analysis: Data were subjected to Student’s
t-test, to determine the significance of fecundity re-
duction and difference in oocyst count in experimental
and control groups.

Results

High antibody titers ranging from 1:104 in the first
week to 1:106 in the fourth week were detected in
immunized rabbits, whereas serum and pre-immune
serum of control rabbits with only Freund’s adju-
vant showed a negligible amount of antibodies, i.e.
up to 102 only. The level of antibody titer continues
to rise during the subsequent weeks which declined
to a minimum value of 1:103 during the seventh week
(Fig. 1).

Immunoblotting of antihemolymph proteins antibod-
ies identified 11 different antigens of molecular
weights 171, 132, 119, 97, 82, 75, 62, 44, 33, 29
and 21 kDa (Fig. 2). Six antigens 171, 132, 119, 82,
75 and 33 kDa were exclusively present in the
hemolymph; however, two antigens (29 and 62 kDa)
showed cross-reactivity with all the four tissues.

Table 1 reveals a high antibody titer level interfer-
ence with the mosquito biology. A significant reduc-
tion in fecundity was observed during the third week
(42.8%, p <0.05) and fourth week (57.7%, p <0.01)
respectively, after the last booster when the mosqui-
toes were fed on rabbits immunized with hemolymph
antigens. Thereafter, the rate of fecundity declined

Fig. 1: Antibody titer after last booster measured by antibody
capture ELISA
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nized sera was also reduced by 35.9% during the
fourth week (Fig. 3).

A significant reduction in parasite infection was also
observed in An. culicifacies that ingested anti-
hemolymph antibodies along with P. vivax as com-
pared to the control. The infection rate of An.
culicifacies was reduced by 18% after feeding with
immunized sera. Mean number of oocysts/mos-

Fig. 2: Western blot analysis of specific tissue expression of
antigenic polypeptides (A–Midgut; B–Salivary
gland; C–Ovary; and D–Hemolymph)

to 25.53% until seventh week. Total hatchability of
eggs laid by female mosquitoes which fed on immu-

Table 1. Effect of antimosquito antibodies raised against hemolymph of An. culicifacies (8 = day old, glucose fed) on
fecundity and hatchability of An. culicifacies

Weeks No. of females Mean eggs laid/      Reduction in Mean larvae Reduction in
after last  fed female±S.D.)      fecundity hatched/female±S.D.) hatchability
booster      (%) (%)

C I C I C I

1 35 16 63.94±5.2 53.75±2.6 15.9 53.88±2.4 46.8±2.5 13.1

2 35 16 66.02±6.26 43.56±2.85 34.01 57.71±1.4 49.9±4.1 13.5

3 35 20 65.42±3.4 37.4±2.5 42.8* 56.6±4.2 38.83±0.4 31.3

4 35 16 63.14±3.1 26.68±2.96 57.7** 56.31±2.9 36.08±2.4 35.9

5 35 20 66.74±4.63 42.85±5.02 35.79 57.88±1.5 48.08±1.2 16.9

6 17 10 36.52±7.61 27.5±2.34 24.69 30.82±1.6 23.6±2.3 23.4

7 10   3 64.9±1.9 48.33±4.2 25.53 42.7±3.6 35.33±2.5 17.2

*p <0.05; **p <0.01; C–Control; I–Immunized.

Fig. 3: Effect on fecundity and hatchability of An. culicifacies
fed on the immunized rabbits with hemolymph
antigens of An. culicifacies

Reduction in fecundity (%)

Reduction in hatchability (%)
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quitoes was found to be drastically reduced in the
mosquitoes that ingested antihemolymph antibodies
(32.5±2.8) as compared to the control (125±5.13).
Hence, the transmission blocking percentage (73.35)
was significant at p <0.05.

Discussion

Earlier studies11,13,14,19,20 made on the development
of antibody responses paved the way to attempt
the present study for the characterization of anti-
hemolymph antibodies in the malaria vector An.
culicifacies. The observed rate of reduction in the
fecundity was in accordance with the results of pre-
vious studies21, 22. However, the reduction in fecun-
dity observed in mosquito An. stephensi by Almeida
and Billingsley23 was merely 18,16, 21 and 22% when
mosquitoes fed on antibodies produced against head,
gut, ovaries and fat bodies, respectively. Recently,
Manoj et al13 showed 37% reduction in fecundity of
An. culicifacies when mosquitoes had fed upon anti-
mosquito salivary gland antibodies. The maximum
reduction in fecundity during the present study was
observed in the fourth week after the last booster,
coinciding with the results of ELISA. A high anti-
body titer (1:105–106) is also in accordance with the
previous study23.

This observed reduction in fecundity suggests that
humoral antibodies, somehow, interfere with the
normal process of oogenesis as the ovarian proteins/
insect vitellogenins are synthesized by the female fat
body and are transferred in the hemolymph; these
vitellogenins are then selectively sequestered to the
developing oocytes by receptor mediated endocyto-
sis and are stored in yolk granules24. Therefore, the
reduction in number of eggs produced may be attrib-
uted to one or the combination of several factors,
i.e. specific antimosquito antibodies binding to tar-
get antigens which may down regulate vitellogenins
synthesis by fat body, inhibition of the uptake of cir-
culatory vitellogenins or reabsorption of contents of
some of the developing follicles.

Further, the results of western blotting revealed that

antihemolymph antibodies when ingested along with
the blood meal by female mosquitoes are indeed ca-
pable of binding with hemolymph proteins, and to
some extent to other tissues. This cross-reactivity is
therefore, attributed to different factors, i.e. antigens
or epitopes may be common to other tissues, or non-
specific binding may also occur with low affinity an-
tibodies.

The present study also demonstrated that antibodies
against hemolymph antigens, when ingested by mos-
quitoes along with infected blood, affected the nor-
mal development of oocycts in the midgut and the
migration of sporozoites to the salivary glands. In
addition to this, if we combine the present study with
mass spectrometry analysis of proteins together with
the data from the recent sequencing of the An.
gambiae genome it could hopefully give us a lead to
identify the novel protein targets in the hemolymph
of An. culicifacies which may contribute to the de-
velopment of a transmission blocking vaccine to con-
trol the malaria in future.
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