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1 Introduction 
 

Mosquitoes transmit many life threatening parasitic and 

viral diseases including filariasis (Culex, Mansonia and 

Anopheles spp.), yellow fever (Aedes aegypti), dengue 

fever (Ae. aegypti) and malaria (Anopheles spp.), with 

malaria being the most important mosquito-borne disease. 

An estimated 216 million reported malaria cases resulted 

in 655,000 deaths worldwide in 2010 alone [1]. Various 

strategies have been tried to control mosquito populations 

in the last 100 years, including the use of chemical pesti-

cides and biological control agents (entomophagous bacte-

ria, fungi, viruses, parasites and predators) [2-6]. In addi-

tion to affecting human health and harmful effects on the 

environment, the indiscriminate use of chemical pesticides 

has led to development of pesticide resistance reducing the 

effectiveness of this control strategy [5]. Hence, new strat-

egies to control insect disease-vector populations more 

effectively are under evaluation. To be effective, these 

strategies must be, 1) insect vector or pathogen specific, 2) 

robust or catalytic in mode of action, 3) stable over long 

periods of time, 4) simple and efficient to deliver and man-

age 5) have low cost, and 6) self-sustainable with little or 

no impact on non-target organisms. 

One molecular strategy for vector and/or pathogen 

control that meets the first three requirements listed above 

is interference RNA (RNAi). RNAi elements inhibit the 

expression of specific or unique gene(s) of interest, are 

catalytic in action, and use molecular machinery that is 

evolutionarily and functionally conserved between many 

eukaryotes. Recently, several laboratories have demon-

strated that injection of plasmids encoding dsRNAs or 

small interfering RNA (siRNA) elements into adult mos-

quitoes effectively silences specific target genes of interest 

[7,8]. Thus, delivery of RNAi elements to mosquitoes that 

could silence essential genes of interest has the potential to 

be an effective strategy for mosquito control. 

To exploit RNAi technology for mosquito control there 

is a need for an effective, low cost and sustainable RNAi 

delivery system. Recently, it was demonstrated that func-

tional RNAi elements can be transferred between organ-

isms that belong to different taxonomic kingdoms. Nema-

todes have been effectively controlled by expressing nem-

atode-specific siRNAs in bacteria [9] or plants upon which 

they feed [10,11]. Duplex dsRNA (bacteria) or siRNA 

(plant) when ingested by the nematode were processed and 

assembled into the nematode DICER/RISC complex 

which catalytically cleaved the targeted mRNA and si-

lenced the gene of interest [10,11]. 

 

2 The idea 
 

Under the present Grand Challenge Exploration grant 

(Round 3; 2009) we explored an RNAi strategy to control 

mosquitoes and prevent spread of mosquito-borne diseas-

es. The strategy involved delivery of double-stranded 

RNA (dsRNA) elements to mosquito larvae using unicel-

lular, transgenic algae as vectors.  Significantly, microor-

ganisms including microalgae are the primary source of 

nutrition for mosquito larvae in water bodies that serve as 

the breeding grounds for mosquitoes [12]. This strategy of 

delivering RNA elements to suppress essential target 

genes in mosquito larvae has many potential advantages 

over existing technologies including: 1) the RNA elements 

can be designed to be very specific, inhibiting expression 

only of gene(s) of interest, 2) only a small amount of dsR-

NA is required to initiate production of RNAi elements by 

the evolutionarily conserved gene silencing machinery, 

and 3) the delivery systems are self-replicating in environ-

ments where mosquito larvae grow. Most importantly, 

both mosquitoes and microalgae possess the machinery to 

generate RNAi molecules and to degrade target mRNAs 

[7, 8, 13]. Furthermore, the trans-kingdom transfer of 

RNA molecules to control gene expression has previously 
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been demonstrated in transgenic plants expressing siRNAs 

that target essential nematode genes providing nematode 

resistance [10, 11].  

To test our hypothesis, the model microalga, Chla-

mydomonas reinhardtii was selected as the vector for de-

livering dsRNA elements to mosquito larvae to target sup-

pression of an essential mosquito gene; 3-

hydroxykynurenine transaminase (3-HKT) by RNAi medi-

ated transcriptional inactivation. 3-HKT catalyzes the 

transamination of 3-hydroxykynurenine (3-HK) to xan-

thurenic acid (XA) in the tryptophan catabolism pathway 

of mosquitoes [14]. The 3-HK molecule is a highly reac-

tive intermediate that can autooxidize under normal physi-

ological conditions resulting in the production of reactive 

oxygen species that can kill the insect [14]. Injection of 

µM amounts of 3-HK into grey flesh flies (Neobellieria 

bullata) is known to induce apoptosis of neurons leading 

to paralysis and death [15]. Hence, 3-HK levels are very 

tightly regulated by its rapid conversion into more stable 

downstream intermediates (e.g., XA) of tryptophan catabo-

lism [14]. The 3-HKT gene was also selected as the target 

for siRNA-mediated gene silencing because the protein 

encoded by this gene has only been found in mosquitoes 

and not among any other organisms including other dipter-

ans such as Drosophila. Moreover 3-HKT was an attrac-

tive target because it is expressed primarily during all ac-

tive feeding stages (larvae and adults) of the mosquito life 

cycle [16]. The results presented here indicate that mosqui-

to larvae can be killed or impaired in their development 

before they are competent to infect humans by targeting 

essential, species-specific, larval-stage genes for silencing. 

 

3 Results 
 

3.1  Chlamydomonas  chloroplast   transfor- 

  mation with 3HKT inverted repeat con-

  struct 
 

Chlamydomonas chloroplast genome was selected for ex-

pression of duplex RNAs. The chloroplast genome of 

Chlamydomonas has been very well characterised and is 

not known to possess the RNAi processing machinery con-

sisting of the DICER/RISC complex [17]. Hence, the dsR-

NAs expressed from the chloroplast genome are not ex-

pected to be processed into siRNAs in the chloroplast and 

would presumably be processed into siRNAs only by the 

mosquito DICER/RISC complex following ingestion. Im-

portantly, there are also no known mechanisms for gene 

silencing in chloroplasts, thus increasing the probability of 

stable transgene expression. Moreover, the packaging of 

dsRNA in the plastid is expected to provide extra protec-

tion and prevent it from degradation during ingestion of 

algae by the larvae. 

A 328 bp region of the Anopheles gambiae 3-HKT 

gene not showing identity of more than 13 contiguous ba-

ses to any sequence in NCBI database was selected to de-

sign the inverted DNA repeats that would generate the 

dsRNA which would then presumably be processed to 

siRNAs. Importantly, this region of the 3-HKT gene exhib-

its 70% identity with the Aedes and Culex 3-HKT genes, 

two species that transmit dengue, and filariasis respective-

ly. An inverted repeat construct of 3-HKT gene fragment 

for expression in the chloroplast genome (Fig. 1a) was 

constructed and its expression was driven by the atpA gene 

promoter. Chloroplast transformation of the psbA 

(chloroplast encoded, photosystem II D1 subunit) deletion 

strain CC-4147 was achieved by homologous integration 

of the pCVAC108 vector into the chloroplast genome fol-

lowing particle bombardment. The integrating DNA also 

carried the psbA gene restoring photosynthesis to the psbA 

deletion strain. Integration of the 3HKT inverted repeat 

construct into the chloroplast genome was confirmed by 

PCR (Fig.1b). 
 

Figure 1. a: Design of the 3-HKT inverted repeat construct used 

for Chlamydomonas chloroplast transformation. The two black 

arrows indicate the binding sites of primers used for PCR confir-

mation of Chlamydomonas chloroplast transformants. b: PCR 

confirmation of Chlamydomonas chloroplast transformants. -ve: 

water control, C: non transgenic parent strain (CC-4147), 1-15: 

Chlamydomonas chloroplast transformants, +ve: plasmid control 

as template.  

 

 

3.2  Transgenic Chlamydomonas expres sing   

  3-HKT   dsRNA    are    toxic   to mos-

  quito larvae 
 

Chlamydomonas chloroplast transformants carrying 3-

HKT inverted repeats were used to carry out bioassays on 

Anopheles stephensi larvae. Bioassays with algae as a feed 

were started on the first day after larval emergence. Trans-

genic Chlamydomonas clones were grown to log phase 

(OD750= 0.7 to 1.2) in Tris-acetate-phosphate (TAP) medi-

um. In total, 12 independent chloroplast transformants 

were evaluated in the bioassays to test their lethality to 

mosquito larvae. It is noted that while the transforming 

DNA integrates into the chloroplast genome by homolo-

gous  recombination,  random  integration  of  the transfor- 
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Figure 2. Effect of feeding Chlamydomonas chloroplast trans-

formants expressing 3-HKT dsRNA on Anopheles stephensi lar-

vae. a) An.stephensi larval mortality observed with Chlamydomo-

nas chloroplast (CC-4147/pCVAC108) transformants expressing 

3-HKT dsRNAs.  Twenty (1st experiment) or 30 (2nd experiment) 

newly hatched An. stephensi larvae were reared on algae plus 

1/3rd yeast+ sera micron (1/3rd amount of yeast+micron mixture 

fed to control larvae). Control larvae were reared on non-

transgenic algae with a yeast+sera micron mixture diet. Data 

shown are the average of two experiments. For clone 108-13 

results were identical (40% mortality) in both the experiments, 

hence there is no variation. b) Different phenotypes exhibited by 

An. stephensi larvae following feeding on transgenic algae pro-

ducing 3-HKT dsRNA. 1) Dead larvae of An. stephensi reared on 

transgenic algae. 2) Comparison of a larva exhibiting growth 

inhibition (red arrow) upon feeding on transgenic algae to a nor-

mally developing larva (green arrow) on day 12.  3) Image of a 

dead pupa (red arrow) and a live pupa (green arrow) in an experi-

mental well with transgenic algae. 

 

 

ming DNA into the nuclear genome is possible and may 

account for differential phenotypes in independent trans-

genics. Overall, more than 30% larval mortality was ob-

served with 5 of the 12 independent clones tested, with 

highest mortality of 53% being observed with clone 108-2. 

Additional bioassays of mosquito larvae were then repeat-

ed with selected chloroplast transformants (clones 108-13 

and 108-15). Larvae feeding on transgenics expressing 3-

HKT dsRNA in the chloroplast genome had statistically 

significantly greater mortality (~40% larval mortality) than 

the control algae (~15% larval mortality) in every bioassay 

experiment tested (Fig. 2a).  

The earliest stage in larval development at which mor-

tality was observed among larvae reared on transgenic 

Chlamydomonas expressing 3-HKT dsRNA was the 2nd 

instar stage. Larvae reared on transgenic Chlamydomonas 

expressing 3-HKT dsRNA were also observed to die at the 

3rd and 4th instars, as well as the pupal stage. Importantly, 

larvae that died at later developmental stages exhibited 

slower growth relative to larvae reared on nontransgenic 

Chlamydomonas and were smaller in size (Fig. 2b). It is 

important to note that the larvae with impaired growth 

would presumably be less fit and are expected to give rise 

to adults with reduced fitness, fecundity and fertility as 

reported with insects reared on diet supplemented with 

Bacillus thuringiensis δ–endotoxins [18]. 

  

 

Figure 3. Confirmation of 3-HKT dsRNA transcription in Chla-

mydomonas chloroplast transformants.  CC4147 chloroplast 

transformants 13 and 15 were tested for expression of 3-HKT 

dsRNA by RT-PCR. psbD, a chloroplast gene was used as con-

trol in the experiment.  Absence of any band in the control PCR 

experiments  for psbD (lanes 2 to 4) and 3-HKT (lanes 9 and 10) 

indicates that all the RNA samples were free of DNA contamina-

tion. Amplification of psbD in lanes 5 to 7 indicates that cDNA 

synthesis was successful and the absence of the 3-HKT band in 

CC4147 control (lane 11) was real as it lacks 3-HKT. Presence of 

the 3-HKT band in CC4147/pCVAC108 clones 13 and 15 con-

firms that these are transgenics and they transcribe the 3-HKT 

dsRNA. Loading pattern: 1:100 bp ladder, 2: Parent strain CC-

4147 no RT, PCR with psbD primers, 3:108-13 no RT, PCR with 

psbD primers,  4: CC4147/pCVAC108-15 no RT, PCR with 

psbD primers , 5: Parent strain CC4147  cDNA, PCR with psbD 

primers, 6: CC4147/pCVAC108-13 cDNA, PCR with psbD pri-

mers, 7: CC4147/pCVAC108-15 cDNA, PCR with psbD pri-

mers, 8: Parent strain CC4147 no RT, PCR with 3-HKT primers, 

9: CC4147/pCVAC108-13 no RT, PCR with 3-HKT primers, 10: 

CC4147/pCVAC108-15 no RT, PCR with 3-HKT primers, 11: 

Parent strain CC4147  cDNA, PCR with 3-HKT primers, 

12: CC4147/pCVAC108-13 cDNA, PCR with 3-HKT pri-

mers,13: CC4147/pCVAC108-15 cDNA, PCR with 3-HKT pri-

mers, 14: 100 bp ladder. 
 
 

3.3  Mosquito larvae reared on transgenic 

  Chlamydomonas    expressing   3-HKT 

  dsRNA  have significantly reduced le-

  vels of 3-HKT transcripts 
 

Transcription of 3-HKT inverted repeat (IR) RNA among 

chloroplast transformants 108-13 and 108-15 was con-

firmed by RT-PCR. Both clones were found to transcribe 

the 3-HKT IR (Fig. 3) indicating that the dsRNA elements 

produced in the transgenic clones were likely responsible 

for the significantly higher mortality observed in the mos-
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quito larvae feeding on transgenic Chlamydomonas com-

pared to the non transgenic alga control. 

To determine whether the steady-state transcript levels 

of 3-HKT were altered in larvae fed transgenic Chlamydo-

monas expressing 3-HKT dsRNA relative to larvae fed on 

nontransgenic algae, total RNA was extracted from larvae 

and pupae reared on the appropriate algae and 3-HKT tran-

script levels were quantified by real-time PCR and normal-

ized to actin mRNA levels as an internal standard. The 

data were analyzed following single factor ANOVA. The 

surviving larvae reared on Chlamydomonas chloroplast 

transformants 108-13 and 108-15 showed significant (10-

fold) reduction in 3-HKT transcript levels relative to larvae 

fed on nontransgenic Chlamydomonas used as a control 

(Fig. 4a). 3-HKT transcript levels were also significantly 

reduced in dead pupal samples that were reared on the 108

-13 and 108-15 algal clones (Fig. 4b and 4c). The results 

indicate that the mortality observed among mosquito lar-

vae reared on transgenic Chlamydomonas expressing 3-

HKT dsRNA was due to reductions in 3-HKT steady-state 

levels consistent with RNAi-targeted degradation of the 3-

HKT mRNA.  

 

4 Discussion 
 

The recent discovery that functional RNAi elements can be 

transferred across genera orally has led to development of 

transgenic plants expressing dsRNA that target silencing 

of specific insect-pest genes [10,11]. Here, we report the 

first trans-kingdom delivery of an organellar-encoded dou-

ble-stranded RNA to selectively inactivate an essential 

mosquito gene (3HKT). 

Even though delivery of dsRNA through injection or 

feed has been shown to lead to gene silencing in mosqui-

toes [7,8,19,20], an RNAi based bio-insecticide cannot be 

developed without a proper delivery system that not only 

delivers the RNAi elements to mosquitoes but also must be 

self-replicating in the environment. An ideal delivery sys-

tem would be one which can be easily genetically engi-

neered for expression of dsRNAs targeting mosquito 

genes, simple to propagate and maintain, is part of the 

mosquito food chain, and can replicate in mosquito breed-

ing grounds. The microalga Chlamydomonas meets many 

of these requirements and qualifies as an appropriate deliv-

ery system. Feeding of transgenic Chlamydomonas ex-

pressing dsRNA molecules complimentary to the 3HKT 

gene and expressed in the chloroplast was found to be an 

effective means to inhibit the growth of mosquito larvae 

and ultimately cause their death. The oral delivery of dsR-

NA elements through microalgae targeting the mosquito 

specific 3-HKT gene resulted in up to 50% larval mortali-

ty. Importantly, there was a statistically significant reduc-

tion in 3-HKT transcript levels observed in both surviving 

and dead larvae  as well as pupae from larvae treated with 

transgenic  expressing  3-HKT dsRNA relative to those fed  

Figure 4. Real time analysis to measure steady state levels of 3-

HKT transcript among surviving/dead An. stephensi larvae and 

pupae reared on transgenic Chlamydomonas expressing 3-HKT 

dsRNA. In each experiment 3-HKT expression was compared 

and normalised to An. stephensi actin transcript levels. The data 

shown in each figure is the average of three biological replicates. 

Each biological replication involved five technical replications 

for each treatment and control. The mean ΔΔCT values from 

three biological replicates were subjected to analysis through 

single factor ANOVA. Asterisks indicate the treatments that had 

significantly lower 3-HKT transcript levels relative to the parental 

control, determined by single factor ANOVA (P<0.05). RNA 

extracted from larvae/pupae reared on nontransgenic Chlamydo-

monas was used as the control in all experiments. In all experi-

ments A, B, C (as in 108-13A1) etc. refer to the wells from which 

the larvae/pupae were sourced for analysis and the numbers 1, 2 

refer to the first or second larvae/pupae used for analysis from a 

single well. a) 3-HKT transcript levels observed among surviving 

larvae reared on clones 108-13 and 108-15. Except for larvae 108

-15C1, which  did not differ significantly from the  control lar-

vae, all other treatments showed significant reduction in 3-HKT 

transcript levels compared to the parental control. b) 3-HKT tran-

script levels observed among dead pupae from larvae reared on 

108-13. c) 3-HKT transcript levels observed among dead pupae 

from larvae reared on the 108-15 transgenic Chlamydomonas 

clone.  
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wild-type algae when normalized on the basis of larval 

actin levels. These results indicate that targeted dsRNA 

elements delivered to larvae via microalgae is an effective 

means to inhibit 3-HKT expression, resulting in slower 

larval growth and significant larval mortality.  

Other means of delivering dsRNA to inactivate essen-

tial mosquito genes including topical application has been 

shown to be effective in causing mortality of adult Aedes 

mosquitoes [21]. Topical application of dsRNAs targeting 

Aedes aegypti inhibitor of apoptosis protein 1 gene 

(AaeIAP1) resulted in up to 48% mortality [21], which is 

similar to the mortality rates observed in the present study. 

However, the significantly higher costs associated with 

synthesis and application of dsRNA make topical applica-

tion an impractical approach at this time. Even though the 

present study observed only about 50% larval mortality in 

bioassays, the effectiveness of this strategy can potentially 

be enhanced by targeting two or more mosquito genes, 

simultaneously. Although Chlamydomonas was shown to 

be an effective vector for delivering functional dsRNA 

elements to mosquito larvae, the potency of this strategy 

could potentially be further improved by employing micro-

algae that are the preferred food for mosquito larvae. Over-

all, these initial studies demonstrate for the first time that 

trans-kingdom of organellar-expressed dsRNA can effec-

tively target suppression of essential mosquito larval genes 

effectively reducing mosquito populations before they 

reach maturity and the capability to transmit malaria in a 

species specific-manner. 

 

5 Future perspectives 
 

The next steps towards development of an RNAi based 

algal larvicide would involve evaluation of the efficacy of 

Chlamydomonas chloroplast transformants expressing 3-

HKT dsRNA in controlling mosquito larvae in extensive 

laboratory trials. These trials would involve proper moni-

toring of mosquito larvae that survive feeding on transgen-

ic Chlamydomonas and develop into adults. The surviving 

adults need to be evaluated for their development, fitness 

and their ability to reproduce as this data is very critical to 

know the overall effectiveness of RNAi strategy in con-

trolling mosquito populations. Since the 3-HKT sequence 

used for making the IR constructs in this study also exhib-

ited 70% identity with Aedes and Culex 3-HKT, the ability 

of Chlamydomonas chloroplast transformants developed in 

this study in controlling Aedes and Culex larvae should 

also be evaluated. Data from the trials on Aedes and Culex 

larvae would indicate the possibilities of developing a sin-

gle RNAi based larvicide to control mosquito species be-

longing two or more genera. In addition, targeting of two 

or more mosquito genes simultaneously and delivery of 

functional dsRNA elements to mosquito larvae through 

microalgae/micro-organisms that are preferred food 

sources of mosquito larvae should be explored. 
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Annex: Materials and Methods 
 

Algal strains and cultural conditions: Chlamydomonas 

strain CC-4147 (FUD7 mt+) was obtained from the Chla-

mydomonas culture collection at Duke University, USA. 

Strains were grown mixotrophically in liquid or on solid 

tris acetate phosphate (TAP) or high salt (HS) medium 

[22] at 23° C under continuous white light (40 µE m-2s-1). 

Selection of chloroplast transformants using strain CC4147 

(FUD7 mt+) was performed with high salt (HS) medium. 

 

Vector Construction: For making 3HKT inverted repeat 

(IR) constructs, a 328 bp long fragment of Anopheles gam-

biae 3HKT coding sequence (GenBank accession number 

AM042695.1) representing the region from 952 to 1253 bp 

of the 3-HKT gene was amplified with primers HKTFwd2 

(5’- ATGCTAAGCTTGCATGCATGAACCAAAAC-

GTTATCACCATAC-3’) and HKTRev2 (5’- AA-

GATGGATCCGCTAGCATAATACCCACACGCCATG

C-3’) and cloned into HindIII/BamHI sites of vector 

pBSKS, creating plasmid pCVAC88. To create 3HKT IR, 

3HKT amplified with primers HKTFwd3 (5’- AG-

TCAGAGCTCCCATGGATGAACCAAAACGTTATCA

CCATAC-3’) and HKTRev2 was cloned into SacI/XbaI 

sites of vector pCVAC88 creating plasmid pCVAC99. 

HKT inverted repeat from pCVAC99 was excised as a 

NcoI/SphI fragment and cloned into the same sites of vec-

tor pGatpA, creating plasmid pCVAC101. Finally, the 

3HKT inverted repeat from pCVAC101 was excised as a 

XhoI/SphI fragment and cloned into XhoI/SphI sites of 

vector pBA155 creating plasmid pCVAC108. 

 

Chlamydomonas chloroplast transformation: Chla-

mydomonas chloroplast transformation was performed 

following the protocol described by Ishikura et al. [23]. 

Briefly, the psbA deletion strain (CC-4147) of Chlamydo-

monas was grown in 100 mL of TAP liquid media. Cells 

were harvested in log phase (OD750=0.8 to 1.0) by centrifu-

gation at 2900 g and resuspended in 2 mL of sterile HS 

medium. Approximately 300 µL of cells were spread in the 

center of HS agar plates. Gold particles (1 µm) (InBio 

Gold, Eltham, Victoria, Australia) coated with plasmid 

DNAs were shot into Chlamydomonas cells on the agar 

plate using a Bio-Rad PDS 1000He Biolistic gun (Bio-

Rad, Hercules, CA, USA) at 1100 psi under vacuum. Fol-

lowing shooting, cells were plated onto HS agar plates for 

selection. 

 

PCR analysis: Genomic DNA was extracted from puta-

tive transformants growing on selection medium using a 

modified xanthine mini prep method described by Dr. Ste-

ve Surzycki (http://www.chlamy.org/methods/dna.html). A 

half loop of algal cells were resuspended in 300 µL of xan-

thogenate buffer (12.5 mM potassium ethyl xanthogenate, 

100 mM Tris-HCl pH 7.5, 80 mM EDTA pH 8.5, 700 mM 

NaCl) and incubated at 65o C water for 1.0 hour. Follow-

ing incubation, the cell suspension was centrifuged for 10 

minutes (~16,000 g) to collect the supernatant. The super-

natant was transferred to a fresh micro-centrifuge tube and 

2.5 volume of cold 95% ethanol (750 µL) was added. The 

solution was mixed well by inverting the tube several 

times allowing DNA to precipitate. The samples were then 

centrifuged for 5 min (16,000 g) to pellet the DNA. The 

DNA pellet was washed with 700 µL of cold 70% ethanol 

and centrifuged for 3.0 min. The ethanol was removed by 

decanting and the DNA pellet was dried using a speedvac 

to remove of any residual ethanol. The DNA pellet was 

then resuspended in 100 µL of sterile double distilled wa-

ter and 2-5 µL of the DNA sample was used as a template 

for setting up a PCR. 

 

Real Time PCR: Total cellular RNA was extracted from 

single mosquito larvae or pupae from different treatments 

using Nucleospin RNAII kit (Clonetech, Mountain view, 

CA, USA) following the manufacturer’s instructions. Con-
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taminating genomic DNA was removed by treating RNA 

samples with DNAase I (Promega, Madison, WI USA) 

following the manufacturer’s instructions. RNA quality 

and concentration were measured using a Nanodrop 

(Thermo-scientific, Wilmington, DE, USA) spectrometer 

at 260 nm.  2.0 mg of total RNA was used for cDNA syn-

thesis using the Quantas cDNA synthesis (Quantas, USA) 

following manufacturer’s instructions. Real-time quantita-

tive RT-PCR was carried out using an ABI – Step One 

Plus (Applied Biosystems, Foster City, CA, USA) using 

PerfeCTaTM SYBR® Green FastMixTM (ROX dye) (Quanta 

Biosciences, Gaithersburg, MD, USA) according to the 

manufacturer’s instructions. The A. stephensi actin gene 

(GenBank accession no. AY820172.1) (ASActinRTFwd1 

5’- GGTCGTAACCACCGGTATTG-3’ and ASAc-

tinRTRev2 5’- GGTGGTGGTGAACGAGTAGC - 3’) 

was used as a reference gene/internal control and was am-

plified in parallel with the target 3-HKT gene 

(ASHKTRTFwd2 5’- TTTAGCCTGGAAACGCTGAC-3’ 

and ASHKTRTRev2 5’- TCGATTTCCCATTTGTCCAT- 

3’) allowing gene expression normalization and providing 

quantification. Reactions were carried out with 10 ng of 

cDNA. All the primers were designed using the Primer 

Express software following the manufacturer’s guidelines. 

Each experiment was carried out in three biological repli-

cates. Each biological replication involved five technical 

replications for each treatment and control. The quantifica-

tion of the relative transcript levels was performed using 

the comparative CT (threshold cycle) method [24]. The 

mean ΔΔCT values from three biological replicates were 

subjected to analysis through single factor ANOVA. 
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