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a b s t r a c t

Introduction of the life-shortening strain of Wolbachia pipientis, wMelPop, into the key dengue vector,
Aedes aegypti, and the anti-pathogen effects in Wolbachia-infected hosts highlights the need for more
research into its interactions with its original host, Drosophila melanogaster, and the novel mosquito
host. The visual difference in darkness between the eggs of wMelPop Wolbachia-infected and uninfected
mosquito hosts after egg deposition led to further investigation into melanization levels of the insects.
Both D. melanogaster and A. aegypti infected with wMelPop showed increased levels of melanization,
eywords:
olbachia

edes aegypti
rosophila melanogaster
rophenoloxidase
elanization

especially in females. This result was also seen in D. melanogaster and Drosophila simulans infected with
the closely related wMel strain. D. simulans infected with other strains of Wolbachia did not display
this difference. HPLC analysis of hemolymph from mosquitoes showed that this difference was not due
to dopamine levels in the host as they were no different in wMelPop-infected and control mosquitoes
before or after blood feeding.
mmunity
opamine

. Introduction

The alphaproteobacterium Wolbachia pipientis is an obligate
ntracellular symbiont which infects a wide range of inverte-
rates. The majority of described infections are in Insecta where

t is estimated that up to 70% of insect species may be infected
Jeyaprakash and Hoy, 2000). Wolbachia has been shown to have a
ange of effects on its hosts including reproductive manipulations
uch as feminization, parthenogenesis, male killing, and cytoplas-
ic incompatibility as well as other behavioral effects (Evans

nd Shapiro, 1997; Moreira et al., 2009; Peng et al., 2008; Turley
t al., 2009; Werren et al., 2008). The Wolbachia strain wMelPop
as been shown to have a life-shortening effect on its Drosophila
elanogaster host (Min and Benzer, 1997). The effect was also

een when wMelPop was introduced into the dengue vector Aedes
egypti (McMeniman et al., 2009). Interestingly, Hedges et al. (2008)

iscovered that this Wolbachia strain delayed mortality of Oregon
C and w1118 D. melanogaster strains infected with Drosophila C
irus (DCV) as well as Oregon RC flies infected with cricket paraly-
is virus and Flock House virus. The wMelPop strain has also been
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shown to limit the infection of A. aegypti by the mosquito-borne
viruses, dengue and Chikungunya and the malaria parasite Plas-
modium gallinaceum (Moreira et al., 2009).

The effects that symbionts or parasites may have on their
arthropod hosts’ physiology and immune response are of great
interest due to implications in controlling mosquito-borne dis-
eases. Melanization is a major component of the invertebrate
immune system. Once hemocytes have encapsulated parasites or
other foreign bodies with a multi-cell layer, the prophenoloxidase
(proPO) activating system is used to enclose and kill them (Carton
and Nappi, 1997). The proPO activating system has been shown
to be especially important in the malaria vector Anopheles gam-
biae. Refractory strains have been shown to block the development
of the malaria-causing Plasmodium by melanizing and encapsulat-
ing the parasite (Kumar et al., 2003). As melanin and its quinone
intermediates are toxic to both host and parasite, activation of the
system must be strictly regulated and localized. This is achieved
by a cascade of inactive precursors which become enzymatically
active after limited proteolysis by serine proteinases and several
inhibitors (Cerenius and Soderhall, 2004). The activation of proPO

to phenoloxidase (PO) is a terminal component of this cascade. PO
catalyses many of the steps in this pathway, including the conver-
sion of tyrosine to l-3,4-dihydroxyphenylalanine (DOPA), which
can then either be used for melanization or sclerotization (Huang
et al., 2005). Dopa decarboxylase (DDC) is the first enzyme used

dx.doi.org/10.1016/j.dci.2010.11.007
http://www.sciencedirect.com/science/journal/0145305X
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n the sclerotization part of this pathway to produce dopamine
hich continues on to form sclerotin (Li and Christensen, 1993).
opamine can also be converted back into intermediates of the
elanization pathway. When dopamine production was reduced

y silencing DDC in the mosquito, Armigeres subalbatus, melaniza-
ion was also significantly reduced (Huang et al., 2005).

The importance of dopamine and the PO cascade in other com-
onents of insect physiology has been shown; e.g. an increase

n dopamine levels following blood-feeding in A. aegypti suggests
he direct/indirect involvement of dopamine in ovarian and/or egg
evelopment (Andersen et al., 2006). PO also plays an important
ole in wound healing. Although it is not needed for the initial for-
ation of hemolymph clotting, it is likely to act as a cross-linking

gent to form hard clots (Bidla et al., 2005).
In this study, we investigated the effect of the Wolbachia strain

MelPop on tanning of A. aegypti eggs and PO activity. Wolbachia-
nfected A. aegypti hosts showed delayed tanning of the egg chorion.
ubsequently, the effect of wMelPop on the proPO cascade was
xplored by measuring melanin formation in hemolymph sam-
les and it was determined that the Wolbachia strain increased
elanization levels in its D. melanogaster, Drosophila simulans and

. aegypti hosts. However, HPLC analysis of hemolymph from
olbachia-infected and non-infected mosquitoes showed that the

ifference in melanization between infected and non-infected
nsects is not due to dopamine levels.

. Materials and methods

.1. Ethics statement

This study was conducted according to the principles expressed
n the Declaration of Helsinki. The study was approved by the

edical Research Ethics Committee at the University of Queens-
and (Project #2007001379). Volunteers were made aware of
he risks of blood-feeding and the plans to analyze and publish
ll data prior to providing written consent to participate in the
tudy.

.2. Egg cuticle tanning

The A. aegypti line infected with the wMelPop strain Wolbachia
as established as described (McMeniman et al., 2009). Persis-

ence of Wolbachia infection in both mosquitoes and flies was
onfirmed regularly using PCR. Control line insects were previously
reated with tetracycline and given at least two generations (2–4) to
llow repopulation by gut microflora. Five- to seven-day-old PGYP1
Wolbachia-infected) and PGYP1.tet (tetracycline-cured) A. aegypti

osquitoes were blood fed until repletion on a human arm. Two
ays after the blood meal, the mosquitoes were placed into individ-
al oviposition tubes containing a filter paper and distilled water.
he oviposition tubes were placed in a darkened environment for
h to allow the females to lay eggs. Females were then removed

rom the oviposition tubes, and each oviposition paper was placed
n a sponge moistened with distilled water.

Using a dissecting microscope, observations of each paper
ere made every 10 min recording the number of eggs that had

ompletely melanized. Eggs that had been hatched the previous
eek were used as a reference point to determine when com-
lete melanization of eggs occurred. Observations continued for

p to 3 h until all eggs had melanized, or until no additional
ggs had melanized within a period of 30 min. Total number of
ggs laid on each paper was scored and the percentage of eggs
elanized per observation was determined. Data were analyzed

y Mann–Whitney test.
ative Immunology 35 (2011) 360–365 361

2.3. Phenoloxidase assay

Flies were collected daily to control ages of flies at the time of
assays. Mosquito pupae were separated out to narrow the age dif-
ferences to 0–2 days. All insects were 4–8 days old when used.
Hemolymph was extracted from mosquitoes and flies as described
in Sidjanski et al. (1997). Briefly, 0.75 mL microcentrifuge tubes
were first punctured several times at the bottoms with a 19-gauge
needle, placed in 1.5 mL microcentrifuge tubes and chilled on ice.
For each insect treatment and control, 30 males or females were
anesthetized by chilling and incisions were made in the thorax and
abdomen with a fine needle and collected in the chilled 0.75 mL
microcentrifuge tubes. These were then centrifuged at 400 × g for
10 min to collect hemolymph in the 1.5 mL tubes. Equal volumes
of hemolymph (0.5–1 �L) were then removed and added to 35 �L
of ice-cold phosphate buffered saline (PBS) for each treatment and
control. These were then centrifuged at 13,000 × g for 1 min to sep-
arate hemolymph from hemocytes. During centrifugation steps,
l-3,4-dihydroxyphenylalanine (DOPA) (Sigma) was added to PBS
to 20 mM and vortexed to dissolve. In each well of a 96-well Plate
10 �L of hemolymph was mixed with 90 �L of 20 mM DOPA by
pipetting. Absorbance at 485 nm was then measured every 10 min
for 300 min. Wells with 10 �L of PBS and 90 �L of DOPA were
also made at the same time to measure auto-oxidation of DOPA
which was then subtracted from the hemolymph values to indi-
cate true melanization levels. For mosquito assays, 10–20 males
or females were used and a larger amount of hemolymph was
removed and added to 50 �L of PBS. The D. melanogaster lines
used in this assay were w1118 and BNE infected with wMelPop and
w1118 and da-Gal (P{Gal4-da.G32}UH1; Bloomington Stock Cen-
tre) infected with wMel. The D. simulans lines were Me29 infected
with wMel (Poinsot et al., 1998), CO infected with wAu (Hoffmann
et al., 1996) and HI infected with wHa (O’Neill and Karr, 1990). Con-
trol, non-infected lines were previously created by treating fly lines
with tetracycline and are denoted with a “T” after the fly-line name.
The mosquito lines used were A. aegypti infected with wMelPop
Wolbachia (PGYP1) and its control line (PGYP1.tet) which was orig-
inally generated using a tetracycline treatment (McMeniman et al.,
2009).

2.4. Dopamine levels

For each replicate, hemolymph was isolated from 10 seven-
day-old female mosquitoes of each type as described above with
hemolymph added to 30 �L of PBS saturated with phenylthiorea
(PTU) to avoid any further PO activity. Ten replicates of PGYP1 and
PGYP1.tet hemolymph were extracted for analysis of dopamine lev-
els using HPLC. Ten microliters of hemolymph solution was injected
into a HPLC system that consisted of a degasser, autosampler and an
isocratic HPLC pump (Model 1100, Agilent Technologies Inc., CA), a
Sunfire C18 column, 4.6 mm × 150 mm, 5 �m (Waters Corporation,
MA) and a Coulochem III (ESA Laboratories Inc., MA) electrochem-
ical detector. The mobile phase was a 12% acetonitrile/75 mM
potassium dihydrogen phosphate buffer containing 1 mM EDTA
and 1.4 mM octane sulfonic acid adjusted to pH 4.13 with phos-
phoric acid with a flow rate of 1.2 mL/min. The conditioning cell
(Model 5020, ESA Laboratories Inc., MA) operated at +350 mV with
the first and second electrode of the analytical cell (Model 5014B,
ESA Laboratories Inc., MA) set to −150 mV and +250 mV, respec-
tively. Data were quantified by calculating peak-height ratios for

dopamine relative to internal standard, deoxyepinephrine, and cal-
ibrated using standard curves. Data were stored and processed with
Chemstation software (Rev B.01.03, Agilent Technologies Inc., CA).
Samples were corrected for dilution and expressed as pg/�L sam-
ple.
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than that of male mosquitoes or that of female Drosophila. This
difference is most likely due to increases in dopamine levels
in the hemolymph in females after blood feeding (see Section
3.3).
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ig. 1. Effect of Wolbachia infection on egg melanization in A. aegypti. Images of A.
osquitoes at 1.5 h after oviposition. (C) Number of melanized eggs was scored over

PGYP1.tet) mosquitoes (n = 100 eggs for each).

. Results

.1. Egg melanization

In most insects, including A. aegypti, egg melanization is
bserved after oviposition. Initially, we observed a difference in
he degree of egg melanization between Wolbachia-infected and
etracycline-treated mosquitoes. Eggs deposited by Wolbachia-
nfected mosquitoes were significantly lighter than those laid by
ontrol mosquitoes (Fig. 1A and B). To compare and quantify
he speed of egg melanization in Wolbachia-infected and con-
rol mosquitoes, melanization was monitored over a 3 h period
ollowing oviposition. The results clearly showed that the rate
f melanization is significantly delayed in Wolbachia-infected
osquitoes (Z value = 7.107, P < 0.0001; Fig. 1C); however, they all
elanized eventually.

.2. Phenoloxidase assays

To determine the effect of Wolbachia infection on melanin for-
ation, melanization assays were carried out in the presence of
PO substrate, DOPA. The hemolymph of female D. melanogaster
1118 and da-GAL flies infected with wMel showed increases in

bsorption at 485 nm with statistically significant values in t-

ests (P = 0.0004 and 0.0005, respectively). w1118 and BNE females
nfected with wMelPop also showed a significant rise in PO activity
P < 0.001 and 0.0320). Male flies of the lines infected with wMel
r wMelPop showed no change in PO activity compared to control
ales. The w1118 data is shown in Fig. 2 as a representative result.
ti mosquito eggs from (A) control (tetracycline-treated) and (B) wMelPop-infected
in after deposition by Wolbachia-infected (PGYP1) and control tetracycline-treated

In mosquitoes, when wMelPop-infected and control lines were
used in similar assays, the increase in melanization caused by infec-
tion in both males and females was also observed (Fig 3A and
B; P = 0.0040 and 0.0180). This difference was also observed in
mosquitoes 24 h after blood feeding (Fig. 3C; P < 0.0001). Interest-
ingly, PO activity was about 10 times higher in female mosquitoes
Fig. 2. wMel and wMelPop increase melanization in host female D. melanogaster.
Absorbance readings over 300 min for hemolymph PO assays using DOPA as
substrate. w1118T represents control line flies and w1118wMel and w1118MelPop rep-
resent Wolbachia-infected lines. Error bars indicate standard deviations of averages
from three replicates.
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Fig. 3. wMelPop infection increases melanization in A. aegypti mosquitoes.
Hemolymph PO assay results in (A) male, (B) female (pre-blood feeding) and (C) 24 h
after blood-feeding mosquitoes. Absorbance readings over 300 min were recorded
using DOPA as substrate. PGYP1.tet represents control line mosquitoes and PGYP1
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epresents the Wolbachia-infected line. Error bars indicate standard deviations of
verages from three replicates.

To find out if the effect of Wolbachia infection is host or strain
ependant, D. simulans lines Me29wMel, HIwHa and COwAu were
nalyzed. The results showed a large increase in PO activity in Me29
ies infected with wMel when compared to the Me29T control line
Fig. 4; P < 0.0001). No reduction in melanization levels were seen

n the other D. simulans lines when compared to their control lines
IT and COT (data not shown). This indicated that the effect that
Mel has on D. melanogaster is also seen in D. simulans and that the
ther Wolbachia strains used do not have this effect in D. simulans
ither.

ig. 5. High pressure liquid chromatography (HPLC) analysis of dopamine levels in the hem
GYP1.tet represents control line mosquitoes and PGYP1 represents the Wolbachia-infe
ignificant (P > 0.05).
over 300 min for fly PO assays using DOPA as substrate. Me29T represents control
line flies and Me29wMel represents Wolbachia-infected lines. Error bars indicate
standard deviations of averages from three replicates.

3.3. Dopamine levels

Dopamine levels in the hemolymph were measured in unin-
fected and wMelPop-infected female mosquitoes to determine
if this was related to increases in PO activity observed in
Wolbachia-infected insects. HPLC analysis of hemolymph showed
concentrations of 45–60 pg/�L of dopamine in both wMelPop-
infected and uninfected female mosquitoes (Fig. 5A). There was
no significant difference between the dopamine levels in PGYP1-
infected mosquitoes and PGYP1.tet, the control line (P = 0.24). In
addition, we measured the dopamine levels in the hemolymph of
PGYP1-infected mosquitoes and PGYP1.tet mosquitoes 24 h after
blood feeding and did not find any significant difference between
the two (Fig. 5B; P = 0.85). However, dopamine levels were about
5 times higher (ca. 250 pg/�L) in the hemolymph of mosquitoes
after blood feeding compared to non-blood fed mosquitoes. This
is consistent with a previous study which showed increased lev-
els of dopamine in A. aegypti mosquitoes following blood feeding
(Andersen et al., 2006).

4. Discussion

The symbiotic bacterium, Wolbachia, which is widespread
among insects, has a variety of effects on its hosts including repro-
ductive manipulations, behavioral effects and protection against
viral infection. However, there are only few examples known
about the effects of the symbiont on the hosts’ immune sys-
tems. Moreira et al. (2009) showed that Wolbachia infection in A.
aegypti reduced infection with three mosquito-borne pathogens,
Dengue and Chikungunya viruses and P. gallinaceum. In another

report, overall induction of the immune system in Wolbachia-
infected A. aegypti was documented and that the presence of the
endosymbiont limited the development of filarial nematodes in the
mosquitoes (Kambris et al., 2009).

olymph from 7 days old (A) non-blood fed and (B) blood fed A. aegypti mosquitoes.
cted line. Same letters on top of the bars indicate that they are not statistically
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Melanization of foreign invaders is a key component of the
nsect innate immune system (Cerenius et al., 2008; Theopold et al.,
004), which is involved in wound healing, cellular and humoral
ncapsulation and antiviral responses. In many host-parasite inter-
ctions suppression/evasion of melanization has been reported as a
echanism of survival from host immune responses (Asgari, 2007;

ambrechts et al., 2007; Osta et al., 2004). In this study, we explored
he impact of wMel and its closely related life-shortening strain,
MelPop, of Wolbachia on melanization in D. melanogaster, D. sim-
lans and A. aegypti. In all the hosts, an increase in melanization

evels was demonstrated in the hemolymph. This is consistent with
he expression analysis data generated by microarray analysis of A.
egypti infected with wMelPop (Kambris et al., 2009). The data indi-
ated that expression of components of proPO activation cascade,
uch as proPOs and CLIP-serine proteinases homologs (SPH) were
pregulated in Wolbachia-infected mosquitoes in comparison to
ontrol mosquitoes.

Interestingly, Hedges et al. (2008) and Teixeira et al. (2008)
emonstrated that wMelPop and wMelCS (a closely related strain)
ave an antiviral effect. Two strains of D. melanogaster, infected
ith these Wolbachia strains, were challenged with three RNA

iruses, Drosophila C virus (DCV), cricket paralysis virus (CrPV) and
lock House virus (FHV). Wolbachia-infected flies showed delayed
ortality, as compared to control counterparts, when challenged
ith DCV or CrPV, and reduced mortality from FHV infection.
owever, wMel did not confer any resistance to Insect Iridescent
irus 6, a DNA virus (Teixeira et al., 2008). Further, Wolbachia has
een shown to induce resistance in A. aegypti to Dengue virus
Moreira et al., 2009; Bian et al., 2010). Although the mechanism of
esistance/tolerance and possible involvement of melanization in
rotecting insects against RNA viruses has not been investigated,
levated levels of melanization in Wolbachia-infected mosquitoes
ay directly or indirectly be responsible for the protection and

ower mortality rates in flies harboring the symbiont. Certainly, the
ole of melanization in protection/resistance of insects against bac-
loviruses (DNA viruses) has been shown (Washburn et al., 1996;
aejeng et al., 2010).

Since dopamine may feed into the PO cascade, melanization
an be affected by dopamine levels (Nappi and Christensen, 2005).
his suggests that the higher PO activity measured in infected
osts could be caused directly or indirectly by Wolbachia affect-

ng dopamine availability. Dopamine levels in the hemolymph
ere measured to determine whether wMelPop was increasing

O activation in hosts by directly increasing dopamine levels. The
imilar levels of dopamine in both wMelPop-infected and con-
rol mosquitoes suggested that there is no increase of dopamine
evels in Wolbachia-infected mosquito hemolymph. Therefore, an
ncrease in melanization in mosquitoes prior to blood feeding fur-
her confirms that the increased levels are most likely related to
levated expression levels of genes involved in the proPO activation
ascade (Kambris et al., 2009).

An increase in dopamine levels following blood feeding in A.
egypti has been shown (Andersen et al., 2006). In our exper-
ments, we also had a similar observation. However, in terms
f dopamine levels, there was no difference between Wolbachia-
nfected and non-infected mosquitoes. In addition, melanization
evels were still higher in Wolbachia-infected mosquitoes com-
ared to non-infected mosquitoes. The difference in the colouration
bserved in Wolbachia-infected A. aegypti eggs versus a control
ine suggested a variation in melanization levels. Eggs deposited
y control mosquitoes were darker than Wolbachia-infected A.

egypti eggs. Further, the process of darkening was significantly
aster in eggs from control mosquitoes compared to that of

olbachia-infected mosquitoes. This is not consistent with the
bservation that melanization in the hemolymph of Wolbachia-
nfected mosquitoes after blood feeding is still higher than that
ative Immunology 35 (2011) 360–365

of uninfected mosquitoes. This may relate to differences in the
allocation of resources in Wolbachia-infected versus non-infected
mosquitoes, especially that ovaries are the main tissue in which
Wolbachia replicates.

The increase in hemolymph melanization observed in
Wolbachia-infected mosquitoes may be a side effect of the
endosymbiont’s other modifications to its host or may be due to
direct alterations on the host’s immune system to provide a less
hostile environment. Further investigation revealed that dopamine
levels were no different in mosquito hosts before or after taking
a blood meal. Further studies are required to determine how
wMelPop affects the host’s melanization pathway and to deter-
mine any other effects that this might have on the host’s fitness
and interactions with arboviruses, especially with respect to the
use of Wolbachia-infected hosts to control vector-borne diseases.
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