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competence of Anopheles dirus to Plasmodium
yoelii by upregulating the Imd signaling
pathway
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Abstract

Background: Vector control with Bacillus sphaericus (Bs) is an effective way to block the transmission of malaria. How-
ever, in practical application of Bs agents, a sublethal dose effect was often caused by insufficient dosing, and it is little
known whether the Bs exposure would affect the surviving mosquitoes' vector capacity to malaria.

Methods: A sublethal dose of the Bs 2362 strain was administrated to the early fourth-instar larvae of Anopheles dirus
to simulate shortage use of Bs in field circumstance. To determine vector competence, mosquitoes were dissected
and the oocysts in the midguts were examined on day 9-11 post-infection with Plasmodium yoelii. Meanwhile, a SYBR
quantitative PCR assay was conducted to examine the transcriptional level of the key immune molecules of mosqui-
toes, and RNA interference was utilized to validate the role of key immune effector molecule TEP1.

Results: The sublethal dose of Bs treatment significantly reduced susceptibility of An. dirus to P, yoelii, with the
decrease of P, yoelii infection intensity and rate. Although there existed a melanization response of adult An. dirus fol-
lowing challenge with P, yoelii, it was not involved in the decrease of vector competence as no significant difference
of melanization rates and densities between the control and Bs groups was found. Further studies showed that Bs
treatment significantly increased TEP1 expression in the fourth-instar larvae (L4), pupae (Pu), 48 h post-infection (hpi)
and 72 hpi (P < 0.001). Further, gene-silencing of TEP1 resulted in disappearance of the Bs impact on vector compe-
tence of An. dirus to P, yoelii. Moreover, the transcriptional level of PGRP-LC and Rel2 were significantly elevated by Bs
treatment with decreased expression of the negative regulator Caspar at 48 hpi, which implied that the Imd signaling
pathway was upregulated by Bs exposure.

Conclusions: Bs exposure can reduce the vector competence of An. dirus to malaria parasites through upregulat-
ing Imd signaling pathway and enhancing the expression of TEP1. The data could not only help us to understand the
impact and mechanism of Bs exposure on Anopheles' vector competence to malaria but also provide us with novel
clues for wiping out malaria using vector control.
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Background

Malaria which is transmitted by Anopheles mosqui-
toes is still one of the most devastating disease world-
wide, causing 228 million infections and approximately
405,000 deaths in 2018 [1]. Vector control is recognized
as an effective way to control this disease [2]. Chemical
insecticides have been used for several decades to control
mosquitoes. However, the extensive and intensive use of
chemical insecticides has been greatly impeded due to
development of physiological resistance in the vectors,
environmental pollution resulting in bio-amplification
of food chain contamination and undesirable effects on
beneficial organisms [3, 4]. Therefore, the need for alter-
native, more effective and environment-friendly control
agents becomes urgent.

Bacillus sphaericus (Bs) has been used as an ideal mos-
quito biolarvicide and put into mass production because
of its good biological effects [5]. Bs is an aerobic, rod-
shaped, endospore-forming, gram-positive soil bacte-
rium, which was firstly reported toxic to mosquito larvae
by Kellen et al. in 1965 [6]. The mosquito larvicidal activ-
ity of Bs is attributed mainly to binary toxins in most of
highly toxic strains and Mtx toxins in low toxic strains. In
target insect species, the crystal proteins can be activated
by the mosquito midgut protease and become poisonous
polypeptides, then bind to receptors of midgut epithelial
cells and result in epithelial cell perforations and death of
larvae [7, 8]. Compared with other biological insecticides,
Bs has several advantages, including low environmental
toxicity due to the high specificity of Bs toxins, high levels
of efficacy, and environmental persistence. Meanwhile,
the use of Bs recombination agents can also extend the
mosquito-killing spectrum, prolong the action time, and
improve the insecticidal efficacy [9-11]. Furthermore, it
was reported that Bs successfully decreased the spread
of mosquito-borne diseases in epidemic areas [12-14].
Hence, B. sphaericus is attracting more and more atten-
tion, and has been considered as one of the most eco-
nomical and efficient biolarvicide.

However, the fundamental research of Bs application
is limited up to now, especially on the subsequent effect
of Bs use. In practical terms, a sublethal dose effect often
existed because of the insufficient dosing and led to some
mosquitoes’ survival. Obviously, the sublethal dose effect
exerts a selection pressure on the surviving mosquito
populations and might change their physiological func-
tions. It has been reported that bacterial exposure at
the larval stage would induce immune priming in adult
Aedes aegypti mosquitoes [15, 16], which would finally
affect the vector competence of mosquito-borne dis-
eases, such as dengue virus. Whether the sublethal dose
of Bs treatment would change the vector competence of
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Plasmodium to Anopheles mosquitoes by eliciting the
immune priming remains unknown. Anopheles dirus is
one of the most important vectors transmitting malaria
in China and Southeast Asia [17, 18]. In this study, we
focused on exploring whether the sublethal dose of Bs
(SdBs) will affect vector competence of An. dirus to
malaria, and discuss the interaction mechanism between
SdBs and Anopheles mosquitoes. It will be helpful to
develop new and better ways in the fight against malaria.

Methods

Bacillus sphaericus, mice and Plasmodium parasite

Bacillus sphaericus (Bs) 2362 strain was provided by
Hubei Kangxin agricultural pharmaceutical company,
and the titer of Bs was 650 IU/mg. Kunming outbred
Swiss Webster mice were bought from the Experimental
Animal Center of the Army Medical University, Chong-
qing, China. Plasmodium yoelii red fluorescence protein
transgenic BY265 strain (2 yoelii BY265 RFP) was kindly
donated by Professor Wenyue Xu from the Army Medi-
cal University, and maintained by passage between Kun-
ming mice and mosquitos.

Mosquito larva rearing and sublethal dose of Bs treatment
Anopheles dirus (Hainan strain) larvae were fed on a pow-
der mix of dry degreased pork liver and yeast at a ratio
of 1:4 at 28 °C with a 12 h light/dark cycle. A sublethal
dose of the Bs 2362 strain was administrated to the early
fourth-instar larvae for 48-72 h to simulate field condi-
tions with shortage use of Bs, according to the bioassay
results of the previous research in our laboratory [19].
When the surviving larvae developed into pupae, they
were collected and further emerged to adults in cages.
The adult mosquitoes were then routinely maintained
under the same environmental and rearing conditions as
the group without Bs treatment.

Mosquito adult rearing and infection

The Bs-treated and normal control adult mosquitoes
were maintained at 28 °C, 70—-80% relative humidity and
fed on 10% sugar solution with a 12 h light/dark photo-
cycle, according to standard rearing procedures in the
laboratory. For infection with P yoelii BY265 RFP, 3- to
5-day-old female adults were removed and kept at 24 °C
and fed on yoelii BY265 RFP-infected Kunming mice
with a gametocytemia above 0.5%. On day 9-11 post-
infection, mosquitoes were dissected, and the oocysts in
the midguts were examined under a fluorescence micro-
scope. The infection rate and the intensity of Plasmo-
dium were then calculated as well as the intensity and the
rate of melanization.
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RNA extraction and cDNA synthesis

Total RNA was extracted from ~10 female mosquitoes
of each group using TRIzol (Invitrogen, Carlsbad, CA,
USA) as per the manufacturer’s protocol, after pulver-
izing the tissues in a homogeniser on ice. Total RNA
was finally dissolved in 40 pl RNase-free water and 1 pg
total RNA was reverse transcribed to cDNA in accord-
ance with the instructions of the reverse transcription
kit (Takara, Dalian, Liaoning, China).

Real-time PCR

Real-time quantitative PCR was conducted to examine
the transcriptional level of the key immune molecules
of mosquitoes such as TEP1, PGRP-LC, PGRP-S1, Rel2,
Caspar, MyD88, Tube, Rell, STAT and PIAS2. The con-
served S7 of An. dirus was used as the reference gene.
The PCR reactions (20 pl) contained 0.4 ul of each
primer (10 uM), 10 ul KAPA SYBR® FAST qPCR Kit
Master Mix 2x Universal (KAPA Biosystems, Wilming-
ton, MA, USA), 8.2 ul ddH,O and 1 pul cDNA. Real-time
PCR was performed on a Bio-Rad CFX96 Touch™ real-
time PCR instrument equipped with a 96-well reaction
block (Bio-Rad, Hercules, California, USA). The SYBR
Green quantitative PCR cycling conditions consisted
of an initial denaturation at 95 °C for 3 min followed
by amplification for 40 cycles of 3 s at 95 °C and 30 s
at 60 °C, and a melt curve step from 65 to 95 °C, with
increment of 0.5 °C every 5 s. The expression of each
gene relative to ribosomal S7 RNA was determined
using the 2785CT method [20]. The primers are listed in
Table 1 and Additional file 1: Table S1.

RNA interference

RNA interference was carried out to confirm the func-
tion of TEP1 in changing of susceptibility of An. dirus
to P yoelii infection by Bs exposure. To synthesize the
TEP1 double-stranded RNA (dsRNA), An. dirus cDNA
was subjected to PCR using gene-specific primers with
a 5’ extension of T7 promoter tags (5'-TAA TAC GAC
TCA CTA TAG GG-3'). The control dsRNA was made
from a fragment of the GFP gene (see Table 2). The
PCR products were purified and used as templates for
in vitro transcription reactions with an Ambion Megas-
cript RNAi kit (Ambion Life Technologies, Austin, TX,
USA), following the manufacturer’s instructions. The
resulting dsRNA was analyzed by agarose gel electro-
phoresis and the concentrations were determined using
BioTek Epoch (Biotek, Winooski, Vermont, USA).
Approximately 69 nl dsRNA (2-3 mg/ml) of TEP1
was introduced into the thorax of ether-anesthetized
2—4-day-old female mosquitoes by a nano-injector
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(Drummond Scientific Co., Bromall, PA, USA). The
mortality caused by injection was about 20% with no
significant difference among groups.

Three days after dsRNA injection, the gene silenc-
ing efficiency was confirmed by semi-quantitative PCR
and western blot. For western blotting experiments,
proteins of 10-20 female mosquitoes of each group
were extracted by Western and IP cell lysate (Beyo-
time, Shanghai, China) following the manufacturer’s
“instructions for protein isolation” protocol. These
samples were then separated on 10% SDS-PAGE gels
and subsequently transferred to Hybond nitrocellulose
membranes. The membranes were blocked with 5%
skimmed milk for 1 h, and then incubated with anti-
AdTEP1 antibody (previously prepared in our labora-
tory) at a 1:1000 dilution overnight at 4 °C. After three
washes of 10 min in TBST, the membranes were incu-
bated with anti-rabbit secondary antibody at a 1:2000
dilution for 1 h at room temperature. Three more
washes were performed before the incubation of the
membrane with the detection system Clarity Western
ECL Substrate (Bio-Rad).

Meanwhile, after being treated or untreated with
AdTEP1 or GFP dsRNA for 3 days, mosquitoes were
fed on the same mouse infected with P yoelii BY265
RFP. On day 9-11 post-infection, mosquitoes were dis-
sected, and the oocysts in the midguts were counted
under a fluorescence microscope. The infection and
melanization rates and intensities were calculated after
RNA interference both in the Bs and control groups.

Statistical analysis

All statistical analyses were performed using IBM SPSS
Statistic 19.0 (SPSS Inc., Chicago, IL, USA). The Chi-
square test was used to compare the infection and mel-
anization rates and the Mann-Whitney U-test was used
for the data with non-normal distribution to compare the
oocyst counts in Bs and control groups. P-values < 0.05
were considered statistically significant.

Results

Sublethal dose of Bs treatment significantly reduced

the intensity and rate of P. yoelii infection in An. dirus

while melanization was not affected

To investigate the impact of Bs exposure on the vector
competence of An. dirus to P. yoelii, 523 mosquitoes from
the control group and 536 mosquitoes from the Bs group
were dissected and the oocysts were counted. The infec-
tion rates and intensities between control and Bs groups
were compared. The infection intensity of the Bs group
was significantly lower than that of the control group
(Mann-Whitney U-test, U=128711.000, Z=—3.302,
P < 0.001) (Fig. 1a, b). The infection rates were 23.71%
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Table 1 Gene primers for real-time PCR

Gene Forward primer (5’-3") Reverse primer (5-3')

Ad TEP1 TGGAGCATCAGGGTTCTAGG TGGACAGGTCGTAAGGTT

Ad PGRP-LC ACCAGGGGCAGTCTCTCCAATATC CATCATCGCACTCGGTATCGCTAC
Ad PGRP-S1 ACAACTGCTGCTGCTGGTTCTG CGCCTCACAATGGTCGGACAG
Ad Rel2 TGACCACAGTGCATCGTACA GTTGCTGCTGCTGCTGATAG

Ad Caspar AACAACAGCCACAGCAGCAGTAG GTCCGACGCATCCTCAAACTCTTC
Ad S7 CAACAACAAGAAGGCGATCA GACGTGCTTACCGGAGAACT

Table 2 Specific gene primers used in RNAI

Gene Forward primer (5/-3") Reverse primer (5'-3/)

AdTEP1 ds RNA TAATACGACTCACTATAG TAATACGACTCACTA
GGATCGGCTCGCTTCCAA  TAGGGTACTCTC
ACAAAGG TCAATGTTCTTC

TCTG

GFP ds RNA TAATACGACTCACTATAG ~ TAATACGACTCACTA
GGTCAAGTTCAACGTGTC TAGGGAGGACCA
CGGCG TTTGATCGCGCTT

in the control group and 16.23% in the Bs group with a
significant difference between the two groups (y*>=9.28,
df=1, P=0.002) (Fig. 1c). Thus, the results implied that
the vector competence of An. dirus was greatly decreased
by a sublethal dose of Bs treatment.

There existed a melanization mechanism in An. dirus,
as it was a non-suitable host to P yoelii [21]. To test
whether Bs treatment changes the vector competence of
An. dirus to P. yoelii by affecting the melanization mech-
anism, the intensities and rates of melanization were
compared between the control group and Bs group. As
a result, no significant difference in melanized oocyst
intensity was found between the two groups (Mann-
Whitney U-test, /= 139046.500, Z=—0.574, P=0.566)
(Fig. 1d, e). The rates of mosquitoes containing melanized
oocysts were 4.97% and 5.78% in the control group and
Bs group, respectively, also without significant differ-
ence (y’=0.343, df=1, P=0.558) (Fig. 1f). The data sug-
gest that no melanization mechanism was involved in the
decrease of vector competence of An. dirus to P, yoelii.

Bs treatment elicits higher TEP1 expression for a longer
time than that of the control

The innate immune system of Anopheles was the main
defense against parasites, bacteria, fungi and viruses,
which was engaged at multiple stages of Plasmodium
infection [22-24]. It was shown that the central mos-
quito complement component, thioester-containing
protein 1 (TEP1), was strongly associated with pro-
tecting mosquitoes from infection by both rodent and

human parasites [25-27]. To confirm whether the
decrease of parasite load in An. dirus by Bs treatment
was a result of regulating TEP1 expression, the tran-
scriptional levels of the TEP1 gene at different stages
and time points were assessed. The results showed
that Bs treatment significantly increased TEP1 expres-
sion in the fourth-instar larvae (L4) and pupae (Pu),
48 h post-infection (hpi) and 72 hpi (t=11.67, df=24;
t=26.49, df=24; t=10.48, df=24; t=11.64, df=24;
P<0.001 for all), which indicated that Bs treatment
could activate the expression of TEP1 and improve the
immune response of mosquitoes against Plasmodium.
Moreover, TEP1 expression was elevated at 24 hpi and
recovered below the basal level at 72 hpi in the control
group. While in the Bs group, the TEP1 response to
Plasmodium infection and upregulation by Bs exposure
began at 48 hpi and lasted until 72 hpi (Fig. 2). These
results demonstrated that Bs could not only upregu-
late the expression of TEP1, but also maintain the high
expression of TEP1 for a longer time.

Reduction of vector competence by Bs treatment

was rescued by silencing TEP1 expression

To further confirm whether TEP1 was involved in the
reduction of vector competence by Bs treatment, a
gene-silencing approach was carried out in Bs and con-
trol groups. The transcript knockdown efficiency was
tested using semi-quantitative PCR and western-blot
methods. As shown in Fig. 3a, PCR successfully ampli-
fied distinct TEP1 fragments in GFP dsRNA-injected
and normal non-injected mosquitoes, but generated a
weak product band in AdTEP1 dsRNA-injected mos-
quitoes either in the Bs or control groups, with silenc-
ing efficiencies of 75.03% and 72.4% in the control
group and Bs group, respectively (Fig. 3b). Meanwhile,
with AdTEP1 dsRNA injection, the protein expres-
sion in the control and Bs group decreased by 58.6%
and 51.2%, respectively (Fig. 3¢, d). When comparing
between the normal mosquitoes and the GFP-dsRNA
injected mosquitoes, the infection intensities were sig-
nificantly increased by TEP1-dsRNA injection both in
the control and Bs groups, which indicated that TEP1
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plays a key role in the innate immunity of An. dirus
against P. yoelii (Fig. 3e, f). However, no significant
difference was found between TEP1-dsRNA injected
mosquitoes from the control and Bs groups (Fig. 3e,
f; Mann-Whitney U-test, UU=211.000, Z=—0.228,
P=0.819), which suggested that Bs treatment could not
suppress the development of P. yoelii in An. dirus in the
absence of TEP1, and TEP1 played an important role in
the inhibition of vector competence by Bs exposure.

Imd signaling pathway was engaged in the elicitation

of TEP1 by treatment of Bs

To detect whether the Bs-mediated increase of TEP1 is
achieved by activation of the Imd signaling pathway, we
first evaluated the expression of the upstream compo-
nents of the pathway such as the transmembrane long
peptidoglycan recognition protein C (PGRP-LC) and the
extracellular receptor PGRP-S1. Interestingly, the tran-
scriptional level of PGRP-LC was significantly elevated
by Bs treatment at most of the time points except 24 hpi
(Fig. 4a). However, the expression of PGRP-S1 was only
upregulated in pupae with no significant difference at
other time points after Bs treatment (Fig. 4b). Further-
more, the expression of key transcription factor Relish

2 (Rel2) was also analyzed. A robust rise was observed
in Bs-treated mosquitoes and this upregulation was
maintained from larvae to 72 hpi (Fig. 4c). In contrast,
the expression of the negative regulator Caspar, was
decreased at 48 hpi after Bs treatment (only upregu-
lated in the fourth-instar larvae (L4) (Fig. 4d). These
results indicate that the Imd signaling pathway might
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be activated by Bs exposure and result in upregulation
of TEP1 expression and a reduction of mosquito vector

capacity.
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Discussion
Bacillus sphaericus is one of the most important biologi-
cal agents, which can be used successfully against mos-

quito larvae [12, 14]. However, in actual application of Bs
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agents, a sublethal dose effect often exists owing to insuf-
ficient dosing. Therefore, it is very important to clarify
whether the application of a sublethal dose Bs has an
impact on the malaria transmission capacity of the sur-
viving Anopheles mosquitoes. The extent to which Bs
should be applied in the future should be given further
consideration and assessment in case of possible unex-
pected negative effects, if Bs exposure could enhance
the capacity of malaria transmission as we previously
reported on An. stephensi which is a susceptible host of P
yoelii [28]. In the present study, we found that a sublethal
dose of Bs treatment significantly reduced susceptibil-
ity of An. dirus to P. yoelii, with the decrease of P. yoe-
lii infection intensity and rate. What is interesting is that
Bs exposure showed contrary impact on vector compe-
tence of An. dirus and An. stephensi to a same pathogen
P. yoelii. The different results from the susceptible and
refractory animal models provide a warning that human
malaria transmission under a susceptible model might
be strengthened, which deserves further study. And,
the underlying mechanisms of the difference might be
due to the genetic background of various mosquito spe-
cies and the symbiotic microflora in the guts of An. ste-
phensi and An. dirus. To further explore the mechanisms,
we are using high-throughput sequencing techniques to
compare the transcriptome and gut flora of Bs-treated
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or untreated An. stephensi and An. dirus before and after
infection by P yoelii. Although the present result does
not lead to an increase in malaria transmission, we do not
recommend the use of sublethal doses of Bs, which can
promote the emergence of drug resistance.

The mosquito midgut is the target organ where the
toxin proteins of Bs come into play. Also, in the midgut,
Plasmodium undergoes a series of complex developmen-
tal transitions and the majority of parasites are killed dur-
ing this process. Although the phenomenon in this study
is similar to “immune priming’, the possible mechanism
of the vector competence reduction of An. dirus by Bs
exposure may be different, as identical pathogens have
been used for the attack in the “immune priming” study
[16, 29], while two different pathogens including Bs and
Plasmodium were used in the present study. To further
explore the mechanisms of decreasing vector compe-
tence by Bs exposure, the mosquito’s innate immunity
including melanization and the Imd signaling pathway
was investigated in this study. Melanization is an insect
innate immunity response typically associated with tis-
sue damage and pathogen invasion [30, 31]. Anopheles
dirus is refractory to P. yoelii, and there exists a melaniza-
tion mechanism which plays a role in prophenoloxidase-
mediated defense against malaria parasites [21]. In the
present study, no significant difference of melanization

Ad PGRP-LC

2.5+
S * kK mm Control
® 2.0 == Bs
£
5815 e 2 wxx
< * 4 ns
2% 104 — -
3
2% 05
S
)
[

L4 Pu Ohpi  24hpi 48hpi  72hpi

c Ad Rel2
c 1.5+
.g *k ok mm Control
8 m Bs
£ 1.0
aag;, : * %%k * %k * kkk  kkk
< S -
2 —
Y o
[ 4
(]
2
S
K}
&

L4

Pu  Ohpi 24hpi 48hpi 72hpi

Relative mRNA expression T

Fig. 4 Elicitation of Imd pathway components expression with Bs treatment. Gene expression analysis of PGRP-LC (a), PGRP-S1 (b), Rel2 (c) and
Caspar (d) of control and Bs-treated mosquitoes at L4, Pu, 0 hpi, 24 hpi, 48 hpi and 72 hpi. The statistical significance of fold change values was
determined via a t-test. *P < 0.05, **P < 0.01, ***P < 0.001; ns, non-significant

Ad PGRP-S1
15+ % %k %k
_ mm Control
mm Bs
~
0 10
@ | IS ns
d —_
(14 ns
O 54 ns —
o ns -
L4 Pu  Ohpi 24hpi 48hpi T72hpi
Ad Caspar
ns
5 31 — Hm Control
A * ns M Bs
o -_— _
S
50
ES
o
2
5
S
[5)
14
L4 Pu Ohpi 24hpi 48hpi 72hpi




Yu et al. Parasites Vectors (2020) 13:446

rates and intensities was found between the control and
Bs groups, which indicates that Bs does not reduce the
vector competence by a melanization mechanism.

It is well known that the development of Plasmodium
is mainly affected by mosquito innate immunity [32—34].
There are three major signaling pathways contribut-
ing to anti-Plasmodium defense, i.e. Toll, immune defi-
ciency (Imd), and the Janus kinase-signal transducers and
activators of transcription (JAK-STAT) pathways [35].
Research from Garver et al. [36] revealed that Thioester
containing protein 1 (TEP1) was an effector molecule of
the Imd signal pathway in anti-Plasmodium action. TEP1
was secreted by hemocytes and fat body, and bound to
Plasmodium parasites leading to their death, which
played an important role in the immunological function
[37, 38]. Wang et al. [26] have found that TEP1 plays an
important role in the resistance of An. dirus to P. yoelii
by modulating the gut flora. In the present study, it was
found that Bs exposure not only upregulated the basal
expression of TEP1 in larval and pupal stages, but also
lengthened TEP1 acting time. It was reported that TEP1
of An. gambiae started binding on the surface of ookine-
tes at 24 hpi, and the counts of TEP1-positive ookinetes
increased with time and peaked at 48 hpi [27]. However,
this study found that the expression of An. dirus TEP1
in the Bs group began to rise at 48 h post-infection by
P. yoelii and kept a high level compared with the con-
trol group at least to 72 hpi, suggesting that Bs exposure
can help the surviving mosquitoes to keep the killing
action of Plasmodium for longer time. The RNAI results
confirmed the role of TEP1 in the impact of Bs on vec-
tor competence of An. dirus to P. yoelii, as the increase
in vector resistance disappeared after silencing of TEP1
expression.

In order to further verify whether the Imd signaling
pathway was involved in the influence of Bs on vectorial
capacity of An. dirus, several other key molecules in the
Imd signaling pathway were investigated. PGRP-LC was
known as the pattern recognition receptor (PRR) mole-
cule, which activated the Imd pathway of mosquitoes in
response to bacteria or Plasmodium infection [39]. Rel2
was an NF-«B transcription factor of the Imd pathway
[35]. The activation of the Imd pathway could lead to the
nuclear translocation of Rel2, and induced the expres-
sion of the immune genes [40]. As shown in the present
study, the expression of PGRP-LC and Rel2 was obviously
elevated by Bs exposure. Therefore, the data strongly
supported that Bs exposure enhanced TEP1 expression
through activating the Imd signal pathway and resulted
in a reduction of vector competence of An. dirus to P,
yoelii. The other two major innate immune pathways
(Toll and JAK-STAT) were also assessed by expression
analysis of their related genes, including MyD88, Tube,
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Rell, STAT and PIAS2. Compared to the control group,
no significant change of MyD88, Tube and PIAS2 genes’
expression was observed in Bs-treated mosquitoes (Addi-
tional file 2: Figure Sla, b, e). The expression of Rell and
STAT changed irregularly by Bs treatment without sig-
nificant difference between the control and Bs groups at
24 hpi and 48 hpi which were key periods of anti-Plasmo-
dium action of Anopheles (Additional file 2: Figure Slc,
d). The present data do not support the speculation that
Toll and JAK-STAT pathways play role in the impact of
Bs exposure on vector competence of An. dirus to P. yoe-
lii, although they control immune attacks that limit the
development of P. berghei, P. falciparum, and/or P. vivax
[41-44].

The interactions and relationships of parasites, micro-
biota and mosquitoes are complex. As an exogenous
microorganism, Bs may change the balance of micro-
organisms in the mosquito gut and affect the immune
responses of mosquitoes against Plasmodium. The
underlying mechanism of Bs affecting the Imd signaling
pathway is an interesting issue. The mechanisms should
be investigated in more depth in future.

Conclusions

To the best of our knowledge, this study provides the
first evidence showing that a sublethal dose of Bs sig-
nificantly reduced the vector competence of An. dirus to
malaria parasites, which revealed a new important role
of Bs in addition to killing mosquito larvae. Meanwhile,
we preliminarily found that the Imd signaling pathway
was involved in the impact of Bs on vector competence
of An. dirus by enhancing the expression of TEP1. Our
data could not only help us to understand the impact and
mechanism of Bs exposure on Anopheles vector compe-
tence to malaria, but also provide us with novel clues for
wiping out malaria using vector control.
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toes at L4, Pu, 0 hpi, 24 hpi, 48 hpi and 72 hpi. The statistical significance
of fold change values was determined via a t-test. *P < 0.05, **P < 0.01,
***P<0.001. Abbreviations: ns, non-significant, L4, fourth-instar larvae; Pu,
pupae; hpi, hours post-infection.



https://doi.org/10.1186/s13071-020-04321-w
https://doi.org/10.1186/s13071-020-04321-w

Yu et al. Parasites Vectors (2020) 13:446

Abbreviations

Bs: Bacillus sphaericus; SdBs: Sublethal dose of Bs; dsRNA: Double-stranded
RNA; RNAi: RNA interference; TEP1: Thioester-containing protein 1; Imd
pathway: The immune deficiency pathway; JAK-STAT: Janus kinase-signal
transducers and activators of transcription; gPCR: Quantitative polymerase
chain reaction; PGRP-LC: Long peptidoglycan recognition protein C; PRR: The
pattern recognition receptor; Rel2: Relish 2; L4: Fourth-instar larvae; Pu: Pupae;
hpi: Hours post-infection.

Acknowledgements

We would like to thank the staff in our laboratory for their contribution in
maintaining the mosquitoes and experiments. We would also like to thank
Luhan Wang from the University of Toronto for her English language contribu-
tions to the manuscript.

Authors’ contributions

SY and YW conceived and designed the study. SY, PW, JQ, JW and performed
the experiments. SY, HZ and YW analyzed the data. SY wrote the draft of the
manuscript, SY, HZ, XY and YW improved all the versions. All authors read and
approved the final manuscript.

Funding

This research was supported by the National Natural Science Foundation of
China (81702035, 81971971 and 81271875) and Natural Science Foundation of
Chongging China (cstc2018jcyjAX0182).

Availability of data and materials
All data generated or analyzed during this study are included in this published
article and its additional files.

Ethics approval and consent to participate

All methods were carried out in accordance with the approved Guide for

the Care and Use of Laboratory Animals of the Army Medical University. All
experimental protocols were approved by the Animal Institute of Army Medi-
cal University.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

! Department of Tropical Medicine, College of Military Preventive Medicine,
Army Medical University, Chongging 400038, China. 2 Department of Thoracic
Surgery, Xingiao Hospital, Army Medical University, Chongging 400037, China.

Received: 7 May 2020 Accepted: 30 August 2020
Published online: 05 September 2020

References

1. WHO. World Malaria Report. Geneva: World Health Organization; 2019.

2. Beier JC, Keating J, Githure JI, Macdonald MB, Impoinvil DE, Novak RJ.
Integrated vector management for malaria control. Malar J. 2008;7(Suppl.
1):54.

3. Glunt KD, Abilio AP, Bassat Q, Bulo H, Gilbert AE, Huijben S, et al. Long-
lasting insecticidal nets no longer effectively kill the highly resistant
Anopheles funestus of southern Mozambique. Malar J. 2015;14:298.

4. Hemingway J. The role of vector control in stopping the transmission
of malaria: threats and opportunities. Philos Trans R Soc Lond B Biol Sci.
2014;369:20130431.

5. Suryadi BF, Yanuwiadi B, Ardyati T, Suharjono. Isolation of Bacillus sphaeri-
cus from Lombok Island, Indonesia, and their toxicity against Anopheles
aconitus. Int J Microbiol. 2015;2015:854709.

6. Kellen WR, Clark TB, Lindegren JE, Ho BC, Rogoff MH, Singer S. Bacil-
lus sphaericus Neide as a pathogen of mosquitoes. J Invertebr Pathol.
1965;7:442-8.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Page 9 of 10

Charles JF, Nielson-LeRoux C, Delecluse A. Bacillus sphaericus tox-

ins: molecular biology and mode of action. Annu Rev Entomol.
1996;41:451-72.

El-Bendary MA. Bacillus thuringiensis and Bacillus sphaericus biopesticides
production. J Basic Microbiol. 2006;46:158-70.

Park HW, Bideshi DK, Wirth MC, Johnson JJ, Walton WE, Federici BA.
Recombinant larvicidal bacteria with markedly improved efficacy against
Culex vectors of West Nile virus. Am J Trop Med Hyg. 2005;72:732-8.
Zahiri NS, Federici BA, Mulla MS. Laboratory and simulated field evalu-
ation of a new recombinant of Bacillus thuringiensis ssp. israelensis and
Bacillus sphaericus against Culex mosquito larvae (Diptera: Culicidae). J
Med Entomol. 2004;41:423-9.

. Kianmehr A, Mahdizadeh R, Oladnabi M, Ansari J. Recombinant expres-

sion, characterization and application of a dihydrolipoamide dehy-
drogenase with diaphorase activity from Bacillus sphaericus. 3 Biotech.
2017;7:153.

Mwangangi JM, Kahindi SC, Kibe LW, Nzovu JG, Luethy P, Githure JI,

et al. Wide-scale application of Bti/Bs biolarvicide in different aquatic
habitat types in urban and peri-urban Malindi, Kenya. Parasitol Res.
2011;108:1355-63.

Afrane YA, Mweresa NG, Wanjala CL, Gilbreath IT, Zhou G, Lee MC, et al.
Evaluation of long-lasting microbial larvicide for malaria vector control in
Kenya. Malar J. 2016;15:577.

Schlein’Y, Muller GC. Decrease of larval and subsequent adult Anopheles
sergentii populations following feeding of adult mosquitoes from Bacillus
sphaericus-containing attractive sugar baits. Parasit Vectors. 2015;8:244.
Moreno-Garcia M, Vargas V, Ramirez-Bello |, Hernandez-Martinez G,
Lanz-Mendoza H. Bacterial exposure at the larval stage induced sexual
immune dimorphism and priming in adult Aedes aegypti mosquitoes.
PLoS ONE. 2015;10:2133240.

Vargas V, Cime-Castillo J, Lanz-Mendoza H. Immune priming with inactive
dengue virus during the larval stage of Aedes aegypti protects against the
infection in adult mosquitoes. Sci Rep. 2020;10:6723.

Huang JX, Xia ZG, Zhou SS, Pu XJ, Hu MG, Huang DG, et al. Spatio-tem-
poral analysis of malaria vectors in national malaria surveillance sites in
China. Parasit Vectors. 2015;8:146.

Tananchai C, Tisgratog R, Juntarajumnong W, Grieco JP, Manguin S, Pra-
baripai A, et al. Species diversity and biting activity of Anopheles dirus and
Anopheles baimaii (Diptera: Culicidae) in a malaria prone area of western
Thailand. Parasit Vectors. 2012;5:211.

Yu S,Wang Y, Ai G, Zhao Q, Wu H. Comparative study of the killing effects
of two Anopheles mosquitoes by Bacillus sphaericus strain 2362. China
Trop Med. 2013;13:1177-80.

Livak KJ, Schmittgen TD. Analysis of relative gene expression data using
real-time quantitative PCR and the 2(-Delta Delta C(T)) method. Methods.
2001;25:402-8.

Wang Y, Hao H, Qiu ZW, Xu WY, Zhang J, Zhou TL, et al. Involvement of
prophenoloxidases in the suppression of Plasmodium yoelii development
by Anopheles dirus. Exp Parasitol. 2009;123:6-10.

Levashina EA. Immune responses in Anopheles gambiae. Insect Biochem
Mol Biol. 2004;34:673-8.

Meister S, Koutsos AC, Christophides GK. The Plasmodium para-

site - a'new’ challenge for insect innate immunity. Int J Parasitol.
2004;34:1473-82.

Cirimotich CM, Dong Y, Garver LS, Sim S, Dimopoulos G. Mosquito
immune defenses against Plasmodium infection. Dev Comp Immunol.
2010;34:387-95.

Dong Y, Aguilar R, Xi Z, Warr E, Mongin E, Dimopoulos G. Anopheles
gambiae immune responses to human and rodent Plasmodium parasite
species. PLoS Pathog. 2006;2:€52.

Wang Y, Wang Y, Zhang J, Xu W, Zhang J, Huang FS. Ability of TEP1 in
intestinal flora to modulate natural resistance of Anopheles dirus. Exp
Parasitol. 2013;134:460-5.

Blandin S, Shiao SH, Moita LF, Janse CJ, Waters AP, Kafatos FC, et al.
Complement-like protein TEP1 is a determinant of vectorial capacity in
the malaria vector Anopheles gambiae. Cell. 2004;116:661-70.

Yu'S, Fu M, Li Q Wang W, Wang Y. Impact of sub-lethal dose of Bacillus
sphaericus strain 2362 on vector competence of Anopheles stephensi to
malaria parasites. J Third Mil Med Univ. 2017;39:333-6.

Milutinovi¢ B, Kurtz J. Immune memory in invertebrates. Semin Immunol.
2016;28:328-42.



Yu et al. Parasites Vectors (2020) 13:446

30.

31

32.

33.

34

35.

36.

37.

38.

Cerenius L, Kawabata S, Lee BL, Nonaka M, Soderhall K. Proteolytic cas-
cades and their involvement in invertebrate immunity. Trends Biochem
Sci. 2010;35:575-83.

Ferguson LV, Sinclair BJ. Insect immunity varies idiosyncratically during
overwintering. J Exp Zool A Ecol Integr Physiol. 2017;327:222-34.
Vlachou D, Schlegelmilch T, Christophides GK, Kafatos FC. Functional
genomic analysis of midgut epithelial responses in Anopheles during
Plasmodium invasion. Curr Biol. 2005;15:1185-95.

Ramiro RS, Alpedrinha J, Carter L, Gardner A, Reece SE. Sex and death: the
effects of innate immune factors on the sexual reproduction of malaria
parasites. PLoS Pathog. 2011;7:21001309.

Michel K, Kafatos FC. Mosquito immunity against Plasmodium. Insect
Biochem Mol Biol. 2005;35:677-89.

Clayton AM, Dong Y, Dimopoulos G. The Anopheles innate immune
system in the defense against malaria infection. J Innate Immun.
2014;6:169-81.

Garver LS, Bahia AC, Das S, Souza-Neto JA, Shiao J, Dong Y, et al. Anoph-
eles Imd pathway factors and effectors in infection intensity-dependent
anti-Plasmodium action. PLoS Pathog. 2012;8:21002737.

Fraiture M, Baxter RH, Steinert S, Chelliah Y, Frolet C, Quispe-Tintaya

W, et al. Two mosquito LRR proteins function as complement control
factors in the TEP1-mediated killing of Plasmodium. Cell Host Microbe.
2009;5:273-84.

Volohonsky G, Hopp AK, Saenger M, Soichot J, Scholze H, Boch J, et al.
Transgenic expression of the anti-parasitic factor TEP1 in the malaria
mosquito Anopheles gambiae. PLoS Pathog. 2017;13:21006113.

Page 10 of 10

39. Meister S, Agianian B, Turlure F, Relogio A, Morlais |, Kafatos FC, et al.
Anopheles gambiae PGRPLC-mediated defense against bacteria modu-
lates infections with malaria parasites. PLoS Pathog. 2009;5:e1000542.

40. Luna C Hoa NT, Lin H, Zhang L, Nguyen HL, Kanzok SM, et al. Expression
of immune responsive genes in cell lines from two different Anopheline
species. Insect Mol Biol. 2006;15:721-9.

41. Frolet C, Thoma M, Blandin S, Hoffmann JA, Levashina EA. Boosting
NF-kappaB-dependent basal immunity of Anopheles gambiae aborts
development of Plasmodium berghei. Immunity. 2006;25:677-85.

42. Bahia AC, Kubota MS, Tempone AJ, Araujo HR, Guedes BA, Orfano AS,
et al. The JAK-STAT pathway controls Plasmodium vivax load in early
stages of Anopheles aquasalis infection. PLoS Negl Trop Dis. 2011;5:e1317.

43. Garver LS, Dong Y, Dimopoulos G. Caspar controls resistance to
Plasmodium falciparum in diverse anopheline species. PLoS Pathog.
2009;5:21000335.

44. Gupta L, Molina-Cruz A, Kumar S, Rodrigues J, Dixit R, Zamora RE, et al.
The STAT pathway mediates late-phase immunity against Plasmodium in
the mosquito Anopheles gambiae. Cell Host Microbe. 2009;5:498-507.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC




	Bacillus sphaericus exposure reduced vector competence of Anopheles dirus to Plasmodium yoelii by upregulating the Imd signaling pathway
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Bacillus sphaericus, mice and Plasmodium parasite
	Mosquito larva rearing and sublethal dose of Bs treatment
	Mosquito adult rearing and infection
	RNA extraction and cDNA synthesis
	Real-time PCR
	RNA interference
	Statistical analysis

	Results
	Sublethal dose of Bs treatment significantly reduced the intensity and rate of P. yoelii infection in An. dirus while melanization was not affected
	Bs treatment elicits higher TEP1 expression for a longer time than that of the control
	Reduction of vector competence by Bs treatment was rescued by silencing TEP1 expression
	Imd signaling pathway was engaged in the elicitation of TEP1 by treatment of Bs

	Discussion
	Conclusions
	Acknowledgements
	References




