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Abstract Issues, like emerging insecticide resistance in
Anopheles mosquitoes, have led to a breakdown in many
vector control programs. In this study, a recombinant
Escherichia coli with plasmid expressing a green fluorescent
protein (E.coli-GFP) was used as a paratransgenesis model to
determine: the possibility of E. coli-GFP trans-stadial trans-
mission. The effect of the water microflora, of bacteria-
impregnated sugar solutions, and of blood-feeding on E.
coli-GFP colonization and localization within An. stephensi
tissues, were studied. The results demonstrated the persistence
of E. coli-GFP during molting and metamorphosis events and
its trans-stadial transmission. Also the efficacy of bacteria-
impregnated sugar solutions for transferring the bacteria to the
adult mosquito’s midgut was shown. A blood meal dramati-
cally increased the number of bacteria within 24–48 h post
feeding. In addition to fluorescence microscope evaluation,
GFP gene PCR amplification showed the presence of the
bacteria in the midgut of larvae, pupae, and adults up to

13 days after eclosion. Massive colonization of bacteria was
observed in the larvae and in the adult mosquito’s malpighian
tubules which may play a role in retaining bacteria in adult
mosquitos. The results of this study showed that E. coli could
be used as a laboratory model in paratransgenesis studies for
the evaluation of various effector molecules as anti-parasite
agents for malaria and filariasis.

Keywords GFP . E. coli . Anopheles stephensi .

Paratransgenesis . Malaria

1 Introduction

Vector-borne diseases (VBD) affect the human population in
many parts of the world. Malaria is the most important VBD
causing more than one million deaths annually (Breman et al.
2001; WHO 2010). Different control approaches have been
designed and employed to reduce the burden of malaria. Until
recently, pyrethroid insecticides and particularly pyrethroid-
impregnated bed nets have been considered as one of the most
effective parts of vector control programs. However, the emer-
gence and expansion of pyrethroid-resistant mosquitoes has
shed doubt on the further use pyrethroids and treated bed nets
(Magesa et al. 1994; Chandre et al. 1999a, b; Enayati et al.
2003; Brengues et al. 2003; Vatandoost et al. 2005; Munhenga
et al. 2008; Howard et al. 2010; Hunt et al. 2010; Ranson et al.
2011). In addition, to emerging drug resistant Plasmodium
parasites and environmental issues, there are other concerns
which have resulted in a breakdown of control programs and
that necessitate the invention of new strategies for controlling
malaria (Hill et al. 2005; Coutinho-Abreu et al. 2010).

The genetic modification of vectors (transgenic mosqui-
toes) or their symbionts (paratransgenesis) in order to reduce
a mosquito’s vectorial competence are among the new
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strategies that have received a great deal of consideration by
researchers (Riehle and Jacobs-Lorena 2005; Riehle et al.
2007; Aksoy et al. 2008; Ren et al. 2008; Coutinho-Abreu et
al. 2010). Paratransgenesis has been defined as “Using
symbiotic microorganisms to deliver anti-parasite effector
molecules to wild vector populations” (Riehle and Jacobs-
Lorena 2005). Moreover, other goals are envisaged and
these include (1) expressing a substance with pathogenic
effect on the vector, or its reproduction, in order to shorten
its life span, (2) blocking the pathogen transmission cycle in
the vector body or (3) reducing the vectorial capacity in
order to limit the chain of disease transmission (Favia et al.
2007; Aksoy et al. 2008; Coutinho-Abreu et al. 2010).

Paratransgenesis, in contrast to transgenic mosquitoes, is
low-tech and simpler. Therefore its implementation as a new
control strategy in the relatively near future is more feasable
(Wang et al. 2011a). Microorganisms such as viruses (Ren et
al. 2008) and fungi (Fang et al. 2011) have been tested as
paratransgenesis candidates in malaria vectors, although until
recently bacterial symbionts have received more attention
(Straif et al. 1998; Gonzalez-Ceron et al. 2003; Lindh et al.
2005; Riehle and Jacobs-Lorena 2005; Favia et al. 2007;
Riehle et al. 2007; Lindh et al. 2008; Terenius et al. 2008;
Rani et al. 2009; Chavshin et al. 2012). The important criteria
for a paratransgenesis candidate include the ability to be cul-
tured in common and inexpensive media, genetic malleability,
dominance in the vector’s body and safety with respect to
humans and non-target animals. In the case of malaria vectors,
other crucial characteristics like trans-stadial transmission of
candidates have to be considered. The discovery and insertion
of a suitable promoter to help with the expression and secretion
of the effector molecule/s at the right time and at right place in
mosquito’s body is of key importance (Beard et al. 2002).
Recently several pioneer studies have been carried out in the
field of finding suitable paratransgenesis candidates (Bisi and
Lampe 2011; Wang et al. 2012).

In the present study a recombinant Escherichia coli with a
plasmid expressing a green fluorescent protein (E. coli-GFP)
was used as a paratransgenesis model to determine 1) the
possibility of trans-stadial transmission of E. coli-GFP (larvae
to adult), 2) the effect of any water microflora, of bacteria-
impregnated sugar solutions, and of blood-feeding on the
bacteria colonization, and 3) the localization of E. coli-GFP
in different tissues of An. stephensi, the main malaria vector in
Asia (Oshaghi et al. 2006; Vatandoost et al. 2006).

2 Methods

2.1 Mosquito’s specimens

A laboratory strain of An. stephensi (Department of Medical
Entomology, School of Public Health, Tehran University of

Medical Sciences, SPH-TUMS) was used for experiments.
The mosquitoes were reared at the temperature 25±2 and
humidity 70 % conditions (Benedict 2007).

2.2 Bacteria and its transformation

Electro-competent cell of E. coli k12DH5α was prepared
and successfully transformed with (pGEM52f) plasmids by
electroporation system (Sambrook and Russell 2001). The
engineered bacterium was cultured on LB-amp and the
resultant colonies were examined using a fluorescence mi-
croscope as well as by amplification of GFP gene using
GFP-specific primers. Colonies with successful GFP ex-
pression were selected and used for further studies.

2.3 Larvae experiments using E. coli-GFP

Two experiments were done using different water sources
supplemented by bacteria and ampicillin. For the first set the
first instar larvae of An. stephensi was reared in trays that
included the 106CFU E. coli-GFP plus ampicillin 100 μg/ml.
After 24 h, the larvae were washed twice in ddH2O for
removing the possible surface bacteria and transferred to clean
ddH2O plus ampicillin. The larvae were reared for rest of their
life in the bacteria free ddH2O. For the second set of experi-
ments, first instar larvae of An. stephensi were reared in trays
that included E. coli-GFP and ordinary (tap) water without
ampicillin. After 24 h exposure with E. coli-GFP, the larvae
were transferred to ordinary water without E. coli-GFP after
washing twice with double-distilled water. In addition, An.
stephensi larvae were reared in trays using ordinary (tap)
water with no E. coli-GFP or ampicillin and provided the
negative controls. Feeding and rearing of larvae was carried
out according to the previously described standard methods
(Benedict 2007).

2.4 Pupae dissection

A subset of ten old pupae, close to eclosion, from the two
experiment sets were dissected separately and the persistence
of GFP-producer bacteria in their tissues was examined.

2.5 Adult experiments using E. coli-GFP

In order to test trans-stadial transmission and the effect of
blood meal on colonization and localization of E. coli-GFP
in the mosquito’s tissues, two parallel experiments were
performed using adult mosquitoes. In the first experiment, a
portion of the adults which were exposed to E. coli-GFP
bacteria during laraval stage were kept in sterile containers
without any sugar solution or blood meal and dissected 2 days
after eclosion. The remaining females were blood fed on day
three and were subjected to dissection or kept alive for a
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subsequent blood meal on day ten. The blood-fed mosquitoes
were dissected and examined 24, 48 and 72 h post feeding
using a fluorescence microscope (BX61 microscope, with U-
LH100HGAPO lamphouses and DP-70 imaging system,
Olympus). In the second experiment, ordinary adult speci-
mens, which were not exposed to E. coli-GFP in larval stage,
were fed sugar-containing E. coli-GFP bacteria. As with the
first experiment, the adults were fed one or two blood meals
on days three or ten after eclosion, respectively, and were then
tested for traces of E. coli-GFP bacteria 24, 48 and 72 h post
first and second blood meal.

In all the fluorescence microscope surveys, larvae or adult
of mosquitoes with no exposure to the GFP-expressing bac-
teria were examined as negative controls to ensure the correct
detection of the green fluorescence due to GFP and assess any
auto-fluorescence by the inner parts of the mosquitoes.

2.6 PCR amplification of GFP gene in mosquito specimens

To confirm the persistence ofE.coli-GFP in the specimens and
diminish the risk of contamination of the mosquitoes with
GFP-DNA, mosquito midguts were plated on the Amp-
selective LB and the bacteria which grew were checked under
the fluorescence microscope prior to DNA extraction. The
frequency of colonies on the plates was compared to test of
the effect of a blood meal on the propagation of the E.coli-
GFP in the mosquitoes’ midgut 24, 48 and 72 h post blood
feeding. For DNA extraction, before dissection of the speci-
mens, the surface of the specimens were briefly sterilized with
70% ethanol (Pidiyar et al. 2004) in a sterile hood. Then under
sterile conditions, specimens were dissected individually and

the midgut was mashed and suspended in 500 μL of Brain
Heart Infusion (BHI) and incubated for 24–48 h at 37 °C. The
DNA of the bacteria that grew was extracted using QIAGEN
DNeasy Kit (Qiagen, Germany) according to the manufactur-
er supplied manual. The specific GFP gene amplifying
primers, GFP-F 5′-caagagtgccatgcccgaagg-3′ and GFP-R 5′-
gacagggccatcgccaattgg-3′, were used to obtain a 280 bp band
(Li et al. 2006; Sarrazin et al. 2009). The PCR conditions were
set as an initial denaturation at 94 °C for 10 min, followed by
35 cycles of denaturation at 95 °C for 30 s, annealing at 62 °C
for 40 s, and extension at 72 °C for 30 s, followed by a final
extension at 72 °C for 8 min.

3 Results

The persistence of the E. coli-GFP bacteria in the midgut of
An. stephensi specimens was monitored following molting,
metamorphosis, and blood feeding to investigate the dynam-
ics and maintenance of these bacteria during the transition
from larvae to pupae, pupae to adult, and from unfed to fed
status respectively. These observations revealed that the
bacteria were associated in the midguts of all tested (10–
20 specimens for each stage) larvae, pupae, emerging
imagoes and adult mosquitoes. Our observations showed
that the E. coli-GFP bacteria have trans-stadial transmission
in An. stephensi mosquitoes indicating that several molting
or ecdysis events during larval stages, as well as hydrolytic
processes during metamorphosis cannot remove or delete
the E. coli-GFP bacteria from the midgut or malpighian
tubules organs (Fig. 1a, b, c and d). The results also showed

Fig. 1 E. coli-GFP
colonization and trans-stadial
transmission in different life
stage of Anopheles stephensi
which is demonstrated by the
expression of GFP gene in the
colonized bacteria resulted in a
green light under the
microscope: a midgut of larva,
b live pupae c, midgut of pupae,
d midgut (MG) of adult and e
negative control

Escherichia coli expressing GFP in Anopheles stephensi 19



that a short contact time (24 h) between the bacteria and the
first instar larvae was sufficient for the larvae to acquire the
bacteria from the larval habitat.

The study on the effect of a blood meal on colonization
by the bacteria in the adult midguts showed that a blood
meal can dramatically increase the number of bacteria dur-
ing 24–48 h after first or second blood meal (Fig. 3a, b). The
results were revealed by an enormous increase in fluorescent
light throughout of the mosquito abdomen (Fig. 3c, d). The
fluorescence microscope analysis of ordinary adults which
were fed with sugar containing E. coli-GFP bacteria (bacte-
ria-impregnated sugar solution) revealed the successful ac-
quisition and colonization of the bacteria in the mosquito’s
midgut, 24, 48 and 72 h after the first or the second blood
meal (Fig. 2a, b).

There was no significant difference between the success-
ful colonization and persistence of E. coli-GFP in the lines
of larvae maintained in tap water versus those in sterilized
water, although a stronger fluorescence was observed in
larvae kept in non-sterile conditions. The reason for this is
unclear but it seems likely that the larval surroundings may
influence the establishment of the E.coli-GFP in some way.

The PCR amplification of specimens with the GFP spe-
cific primers showed the presence of bacteria in the midgut
of larvae, pupae, newly emerged flies, and blood fed mos-
quitoes up to three days post blood meal (Fig. 5). There was
a positive correlation between the sharpness of PCR band
and the frequency of E.coli-GFP colonies in the plates.
However, there was no positive PCR amplification against
the midgut bacterial DNA of the 14 days old specimen.
Furthermore, no green fluorescence was observed in the
midgut of 14 days old specimens or in the midgut (after
24–48 h) of adults given a third blood meal. We assume that
the bacteria had disappeared from the midgut of the 14 days
old specimens but the cause is obscure.

Testing localization of the E. coli-GFP bacteria in the
mosquito’s tissues showed that, in addition to midgut, there
was a massive and surprising colonization by bacteria in the
malpighian tubules of both larvae and adult mosquitoes
(Fig. 4a, b). The bacteria remained there in excessively high
numbers throughout of the mosquito life stages regardless of
blood meal. In contrast to the midgut, there was a very sharp
PCR amplification band or a bright green fluorescent light in
the malpighian tubules of 14 day old, or even older, adults
as well as in those examined 48 h after a third blood meal.

Examination by the fluorescence microscope of larvae or
adult mosquitoes reared without GFP-expressing bacteria
(Figs. 1e, 2c, 3e and 4c) or PCR assays (Fig. 5), revealed
the lack of E. coli-GFP in the negative controls, although
some minor green fluorescence was observed that was due
to auto-fluorescence of the inner parts of the larval or adult’s
body (Figs. 1e, 2c, 3e and 4c).

4 Discussion

Finding suitable candidate for paratransgenesis is a complex
process and appropriate studies needs to be carried out in
order to understand aspects of the symbiotic relationship
between bacteria and its mosquito host. In the present study
we found that the E. coli-GFP exhibited trans-stadial trans-
mission, localized in midgut, that increased dramatically
following a blood meal, and remained in the lumen of adult
mosquitoes for at least 13 days after eclosion. These char-
acteristics make these bacteria a suitable candidate for
paratransgenesis. However, the 13 day durability of E.
coli-GFP in the current study does not agree with the obser-
vations of Riehle et al. (2007) who found that their E.coli

Fig. 2 Colonization of E. coli-GFP in An.stephensi adults fed with
sugar containing E. coli-GFP in a live mosquito abdomen and b
dissected midgut (MG) of an adult mosquito showing green shining
GFP expressing E. coli and remaining Meconia (M), and c E. coli-GFP
free adult as the negative control
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strain was completely eliminated after 96 h. This difference
may be due to intrinsic factors including the biological form
or strain of An. stephensi, or that of the E.coli. Other biotic
(symbionts) or abiotic factors in the mosquito’s midgut may
also have differed in the two studies. Further investigations
are clearly required.

The results of the present study demonstrated the ability
of mosquitoes to acquire E. coli-GFP bacteria from both
bacteria-impregnated sugar solutions and the water of breed-
ing sites. This finding is in agreement with the study of
(Lindh et al. 2006) indicating the possibility of using both
sugar-baits and oviposition sites to introduce manipulated
bacteria into a mosquitoes’ population in the field. However,
introducing the engineered bacteria into wild adult mosqui-
toes could be complicated and challenging, so it may be
easier to introduce manipulated bacteria at the larval stage.
Some studies suggest that the majority of midgut bacteria in
mosquito larvae are not transferred to the adult stage, being
removed during metamorphosis (Moll et al. 2001). The
egestion of the meconium (a food bolus plus bacteria
surrounded by the peritrophic matrix) or ingestion of

molting fluid containing antimicrobial substances, are
among the suggested reasons for the enormous decrease of
bacteria in the mosquito midgut observed during metamor-
phosis and adult emergence (Riehle and Jacobs-Lorena
2005). The number of bacteria before and after metamor-
phosis was not tested in this study but the results showed
that at least some bacteria remained in the midgut and so
bacteria were not completely egested with the meconium.

Trans-stadial transmission of microorganisms from larvae
to adult stage has been reported previously in different groups
of arthropods including bacteria in Anopheles mosquitoes
(Favia et al. 2007; Favia et al. 2008; Lindh et al. 2008;
Damiani et al. 2010; Boissière et al. 2012); Serratia odorifera
in Aedes aegypti (Apte-Deshpande et al. 2012); LaCrosse
Encephalitis virus in Ochlerotatus triseriatus (McJunkin et
al. 2001); Rift Valley fever virus in Culex pipiens, Aedes
circumluteolus and Abydosaurus mcintoshi (Turell et al.
1990), and Francisella tularensis in ticks(Reese et al. 2011)
and mosquitoes (Lundström et al. 2011) . However, the mech-
anisms leading to trans-stadial transmission of microorgan-
isms have not beenwell described. It is believed that despite of

Fig. 3 Colonization of E. coli-GFP in An.stephensi midgut post blood
meal (pbm) resulted in increased propagation of the bacteria within 24–
48 h after second blood meal (pbm) (a) the distance between pritorphic

matrix (PM) and epithelial cell line (EP), (b) disrupted midgut and
pritrophic matrix showing blood clots and green light 48 h pbm, (c and
d) An.stephensi abdomen 24 and 48 h pbm respectively, e negative control

Fig. 4 Colonization of E. coli-GFP in the midgut (MG) and malpighian tubules (MT) of larvae (a) and malpighian tubules (MT) of adult (b) of An.
stephensi. (c) negative control
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“gut sterilization” during metamorphosis from pupae to adult,
microbiota clearance is not complete and a part of the larval
midgut is retained to adulthood during the metamorphosis
(Rani et al. 2009; Wang et al. 2011b). Apte-Deshpande et al.
(2012) speculated that elevated environmental temperatures
and strong hemolytic and proteolytic properties of Serratia
odorifera can potentially favor selective preservation and
trans-stadial transmission of S. odorifera in the Ae. aegypti
midgut (Apte-Deshpande et al. 2012). Andreadis (2005)
suggested that strategies such as delayed virulence, low path-
ogenicity and high tissue specificity, and polymorphic devel-
opment, well synchronized with host mosquito physiology,
could lead to trans-stadial transmission of microsporidium in
mosquitoes of Ochlerotatus cantator (Andreadis 2005). The
presence of E. coli-GFP in the malpighian tubules of the larval
and adult stages, in the present study, may explain how trans-
stadial transmission of E.coli-G7FP occurs and is retained in
the adult. It is known that under the influence of ecdysone,
most of the larval tissues degenerate but the larval malpighian
tubules of Anopheles mosquitoes remain intact (Singh and
Hou 2009; Gautam and Tapadia 2010). Malpighian tubules
are attached to the insect’s alimentary canal at a point where
the midgut and hindgut are joined. The proximal region of the
tubule is open to lumen and this may facilitate draining of
tubular fluid including bacteria from the malpighian tubules to
the midgut.

The results of this study showed trans-stadial trans-
mission of E. coli in An. stephensi. This phenomena
had already been reported in An.gambiae, An.stephensi
and An.albimanus (Pumpuni et al. 1996). It seems that
trans-stadial transmission of bacteria is controlled by
species specific intrinsic factors. Studies of Moll et al.

(2001) showed the trans-stadial transmission of a wider
range of midgut bacteria in some Culex species that in
An. punctipennis and Aedes aegypti (Moll et al. 2001).
Furthermore, bacterial infection of newly emerged mos-
quitoes varies widely: An. albimanus (17 %), An.
gambiae (19 %) and An. stephensi (73 %) (Pumpuni
et al. 1996).

The findings of this study demonstrate the value of E.
coli-GFP bacteria as a laboratory model to evaluate the
efficacy of effector gene/s against malaria and filarial para-
sites. E. coli has been found to be the commonest bacterium
isolated from the mosquito midgut (Straif et al. 1998) and
thus a good candidate for paratransgenesis. It has already
been reported that E. coli bacteria expressing SM1 and
PLA2, anti-Plasmodium peptides, can partially inhibit the
parasite’s development within the mosquito vector (Riehle
and Jacobs-Lorena 2005; Riehle et al. 2007; Bisi and Lampe
2011). However, further studies are needed to understand
the symbiotic relationship between the bacteria and their
environment including the physical and biological quality
of mosquito’s larval breeding places and how this affects the
bacteria life cycle. In the present study, it was shown that
ordinary tap water favored bacterial colonization of the
larvae over those reared in ddH2O and previous have doc-
umented that waters vary with respect to their bacterial load
and function (Chapelle 2001). The results of the present
study also confirmed the significant positive relationship
between blood feeding and bacterial colonization in the
midgut of An. stephensi. This is in agreement with previous
studies indicating that a blood meal has positive effect on
bacterial colonization in the mosquito’s midgut (Pumpuni et
al. 1996; Riehle et al. 2007). Female Anopheles mosquitos
acquire the malaria parasites during blood-feeding from an
infected human. After blood-feeding, the symbiotic bacteria
grow, colonize and quickly occupy the midgut. Connecting
the expression of the desired effector gene/s to blood-
feeding in mosquito’s tissues should lead to the production
of an interfering protein against Plasmodium at the right
time. Thus, researchers should look for a suitable promoter
that links the expression of effector gene/s in bacteria with
blood feeding.

It was also shown that E. coli-GFP successfully
established and colonized in malpighian tubules of
An.stephensi. This finding provides further support for using
this bacterium as a candidate for a paratransgenesis control
strategy for other vector-borne agents in which the mosqui-
to’s malpighian tubules are involved. For instance, this
approach could be applied against Dirofilaria immitis, one
of the causing agents of zoonotic dirofilariasis, which is
endemic in several parts of southern Europe (Muro et al.
1999) the United States of America (Theis 2005), some
parts of Asia (Kan et al. 1977), and the middle east, e.g.
Iran (Azari-Hamidian et al. 2009).

Fig. 5 Amplification of partial GFP gene (286 bp) against E. coli-GFP
genome in a fourth instar larva, b pupae, c newly emerged, and d
10 days old adult of An.stephensi with two round blood feeding, M: A
100 base pair molecular weight marker (Cinnagen, Iran). (NA) E. coli-
GFP free adult as negative control and (NL) E. coli-GFP free larvae as
negative control
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5 Conclusion

Paratransgenesis is a new and multi-dimensional approach
in which a step by step development is possible. Finding
suitable bacteria for paratransgenesis in order to control
malaria is the first step. This should be followed by testing
effector molecules and by studying the symbiotic relation-
ship between midgut bacteria and their host (Anopheles
mosquitoes). E. coli is a good laboratory model for evalu-
ating the efficacy of the various effector proteins against
Plasmodium and Dirofilaria during the development of
new strategies to control these human diseases and their
insect vectors.
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