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Abstract

New biocontrol strategies are urgently needed to combat vector-borne infectious diseases.

This study presents a low-cost method to produce a potential mosquito insecticide that uti-

lizes the microalgae released into suburban water sources to control mosquito populations.

Chlorella microalgae are ubiquitous in local waters, which were chosen as the host for

genetic transfection. This species facilitated the recombinant algae to adapt to the prevailing

environmental conditions with rapid growth and high relative abundance. The procedure

involved microalgae RNAi-based insecticides developed using short hairpin RNAs targeting

the Aedes aegypti chitin synthase A (chsa) gene in Chlorella. These insecticides effectively

silenced the chsa gene, inhibiting Aedes metamorphosis in the laboratory and simulated-

field trials. This study explored the impact of recombinant microalgae on the phytoplankton

and zooplankton in suburban waters. High-throughput sequencing revealed that rapid repro-

duction of recombinant Chlorella indirectly caused the disappearance of some phytoplank-

ton and reduced the protozoan species. This study demonstrated that a recombinant

microalgae-based insecticide could effectively reduce the population of Aedes mosquitoes

in the laboratory and simulated field trials. However, the impact of this technology on the

environment and ecology requires further investigation.

Author summary

A new low-cost strategy was developed to control vector mosquitoes safely. Chlorella was

genetically modified to produce siRNA targeting the mosquito chsa gene, inhibiting gene

expression after the larval stage. The inhibition prevented metamorphosis with high larval

mortality in both Aedes aegypti and Aedes albopictus. The recombinant Chlorella per-

formed well in the simulated field trials but impacted plankton populations in the released

water, which indicates that the technology requires further optimization for field use. This
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approach is promising for biorational mosquito control to prevent mosquito-borne

diseases.

Introduction

Aedes spp. is important for transmitting several mosquito-borne diseases. Aedes aegypti and

Aedes albopictus are the primary carriers of pathogens, such as dengue, Zika, yellow fever, and

chikungunya viruses, thus impacting public health [1,2]. Approximately half of the world’s

population is infected with these mosquito-borne diseases annually, with 96 million manifest-

ing as clinical diseases with varying severity levels [3]. In China, the incidence of dengue fever

was low between 2000 and 2011 and has increased rapidly since then. A 2014 outbreak of den-

gue fever involved 46,864 reported cases. Between 2015 to 2018, the incidence varied with a

clear upward trend in 2019 (22,599 reported cases) [4]. Another disease, the Zika virus (a

member of the Flaviviridae family), is associated with neonatal microcephaly and Guillain-

Barré syndrome. Chikungunya virus, a member of the Togaviridae family, causes a febrile ill-

ness characterized by severe chronic arthralgia [5,6].

Many Aedesmosquitoes live in or near human dwellings, and their life cycle involves four

stages: egg, larva, pupa, and adult. When the egg is exposed to water, it hatches larvae within a

few hours, develops into fourth instars within 4–7 days, and enters the pupal stage. The pupa

undergoes metamorphosis, molting into the winged adult form. At this time, the females are

reproductively mature and are capable of transmitting pathogens while feeding on human

hosts. Unfortunately, mosquitoes are developing resistance to insecticides very fast and pro-

duce numerous offspring, generating more populations with different genetic characteristics

and worsening insect resistance to insecticides [7,8]. Alternative vector control strategies, such

as predatory fish and fungi, have been developed to control vector populations [9]. Bacillus
thuringiensis toxin andWolbachia infection can effectively control mosquitoes [10–13]. How-

ever, their effectiveness requires an in-depth assessment for long-term use.

In this study, the mosquito chitin synthase A (chsa) gene was the RNA interference (RNAi)

target for controlling mosquito multiplication. Chitin, an N-acetylglucosamine homopolymer

composed of N-acetyl-D-glucosamine-[GlcNAc] linked by beta-1,4-glycosidic bonds, is a

major structural component of the exoskeleton cuticle and an important component of the

peritrophic matrix (PM) in the mosquito intestine and eggshell [14–16]. Chitin synthase

(CHS), a member of the glycosyl transferase family, completes the final step of chitin biosyn-

thetic. Insects usually have two chitin synthase genes: chsa and chsb. Chsamainly synthesizes

chitin in the exoskeleton cuticle and eggs, while chsb synthesizes chitin in the intestinal PM

[17–19]. As chitin is crucial for mosquito life stages, it is an attractive target for controlling

mosquito development and life cycle. Chitin, an important structural component of inverte-

brates, is absent in vertebrates, making it an attractive insect-specific target with low vertebrate

toxicity.

In this study, RNAi technology was widely used to examine gene function in numerous

insect species and has been explored as an alternative for insect population control [20–23]. In

target cells, double standard RNA (dsRNA) is cleaved by RNase III-dicer into small interfering

RNA (siRNA) of 20–25 nucleotides in length. Subsequently, the argonaute protein assembles

with the siRNA to form an RNA-induced silencing complex (RISC), which binds to and

degrades complementary endogenous messenger RNA (mRNA). Currently, dsRNA adminis-

tration methods include immersion, oral feeding, and microinjection [24–28]. The specificity

of RNAi makes these methods environmentally safer than other approaches currently,
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minimizing toxicity to non-target species and reducing the likelihood of resistance in insect

populations [29–31].

In the current study, a low-cost mosquito insecticide alternative utilizes transgenic microal-

gae to control mosquito populations in suburban waters. Since chitin mainly exists in fungi

and invertebrates, it has minimal effects on vertebrates. So, it is considered a safe target for

human health and safety. This study also explores the impact of recombinant microalgae on

phytoplankton and zooplankton populations in suburban waters via high-throughput

sequencing, laying a foundation for the safe use and evaluation of recombinant microalgae.

Methods

Mosquito maintenance

The rearing of mosquitoes was performed as previously reported [32,33]. Ae. aegypti Rockefel-

ler strain mosquitoes were donated by Professor Han Qian of Hainan University. The local

wild type Ae. albopictus were captured in Haikou, China, and propagated for 5 generations in

the laboratory. Both mosquito species were kept in an insectary at the Chinese Academy of

Tropical Agricultural Science. The mosquitoes were maintained at 26˚C and 70–80% relative

humidity.

Additionally, the mosquito cages contained a sponge soaked with sugar water, and chicken

blood was used as the blood meal for female mosquitoes. After the female mosquitoes laid eggs

on wet filter paper, the eggs were collected and kept dry. The eggs were then placed in incuba-

tion water (containing rat food) for hatching.

Microalgae strains and plasmids

The Chlorella vulgarisHOC5 strain was isolated from local waters in Hainan, China, and cul-

tured in BG11 medium. Liquid cultures were maintained at 25˚C in a shaker (200 rpm) under

continuous light [34]. Next, plasmid pMD18-T was locally constructed by our research group

and kept in our laboratory. The pMaa7 IR / XIR RNAi expression vector was purchased from

the Chlamydomonas center (Duke University, Durham, NC, USA).

Construction of RNAi vector pMaa7 IR/CHSAIR

Complementary DNA (cDNA) of Ae. aegypti was used as the polymerase chain reaction (PCR)

amplification template. The 331 to 621 region of the chsa gene (AAEL002718) was PCR-ampli-

fied using two primers CHSAF(5’-aaatcctgaa aatcttcgcc- 3’) and CHSAR (5’-cttgaatggtttctt-

catcg-3’). The amplified fragment was inserted into the pMD18-T plasmid backbone

(pMD-CHSA). The fragments were digested with HindIII/BamHI and XbaI/SalI and inserted

into the corresponding cloning sites of plasmid pT282 (pT282-CHSA), which contained the

inverted repeat sequence of the chsa gene. Both the RNAi (pMaa7 IR/XIR) and intermediate

(pT282-CHSA) vectors were digested using EcoRI and then ligated to produce the RNAi

recombinant pMaa7 IR/CHSAIR [35].

Microalgae transfection

The Chlorella was grown and collected by centrifugation and resuspended in an electropora-

tion buffer. For transfection, 2 μg of pMaa7IR/CHSAIR was mixed with the recipient Chlorella
and incubated on ice for 15 min. The mixtures were then transferred into an electroporation

cuvette and subjected to an electric pulse in an electrometer (BTX, ECM 630, USA) with a

1600 V/cm voltage and a pulse time of 1 ms. Then, the suspension was transferred to BG11

medium containing 60 mmol/L sorbitol and allowed to recover overnight. Finally, the cells
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were collected by centrifugation (10000 g, 3 min) and plated on BG11 agar plates containing

10 μg/mL paromomycin until the algal colonies appeared after 5–10 days [36,37].

Mosquito feeding experiments

After the RNAi vector, pMaa7 IR/CHSAIR had been transferred into Chlorella. The transgenic

microalgae were characterized using PCR to determine if the chsa inverted repeat expression

cassette had been integrated into the Chlorella genome. The positive clones were used to feed

the mosquitoes in the laboratory. As previously described, ten and 300 mosquito feeding

experiments were performed in the insectary [33]. In the 10 mosquito feeding experiment,

The mosquitoes were divided into experimental and control groups. Each group contained 10

L1 larvae in 5 mL water supplemented with 5 mg fresh microalgae. The larvae in the experi-

mental groups were fed the chsa RNAi transgenic Chlorella strains (CHSA1-5), respectively. In

contrast, the larvae in the control groups were fed wild-type Chlorella HOC5, water, fodder,

and the empty plasmid pMaa7IR/XIR transgenic strain. The experiments were performed in

triplicate, recording the mortality, pupation, and adult emergence rates.

In the 300 mosquito feeding experiment, 300 L1 larvae were placed into 50 mL of water

supplemented with 20 mg of fresh microalgae. The larvae feeding the recombinant Chlorella
CHSA5 were set as the test treatment, whereas the larvae fed with Chlorella HOC5, water, and

fodder were used as controls. The triplicate experiments included records of mortality, pupa-

tion, and adult emergence rates.

Verification of mRNA knockdown in Aedes larvae

For quantitative real-time polymerase chain reaction (qRT-PCR), 10–20 L3 larvae were col-

lected and pooled from each treatment. Total RNA was isolated from the larvae using the TRI-

zol Reagent (Takara, Shiga, Japan), following the manufacturer’s instructions. Single-strand

cDNA was synthesized from total RNA using oligo-dT primers (Shenggong, Shanghai, China).

Real-time PCR was performed on a BioRad iCycler iQ Real-Time PCR Detection System

(BioRad, Hercules, CA, USA) using SYBR green as a fluorescent dye. Primers targeting the

Aedes RPS17 gene (Forward: 5’-AAGAAGTGGCCATCATTCCA-3’ and Reverse: 5’-

GGTCTCCGGGTCGAC TTC-3’) were used as internal controls. The chsa primers were

CHSAF (5’-aaatcctgaaaatcttcgcc- 3’) and CHSAR (5’-cttgaatggtttcttcatcg-3’). The amplification

rate of each transcript (Ct) was calculated using the PCR baseline subtraction method using

the iCycler software (constant fluorescence level). The cycle threshold (Ct) was determined in

triplicate, and the relative fold differences were calculated using the relative quantification

method (2-ΔΔCT) [38]. Chsa expression was determined relative to the endogenous control, Ae.
aegypti RPS17 (Ribo ribosomal protein S17, GenBank accession no. AAEL004175

(KY000705)) [39].

Water quality and Chlorella growth in the target water area

Water samples (10 L) were collected from the Meishe river, Shapo reservoir, and Hongcheng

lake in Haikou City, Hainan, China. A model DR3900 Laboratory Spectrophotometer

(HACH, CO, USA) was used to measure the concentrations of nitrogen, phosphorus, ammo-

nia nitrogen, nitrite nitrogen, chemical oxygen demand (COD), and silicate. After centrifuging

the water samples at 5000 rpm for 5 min, the algal species were observed and identified by

light microscopy. Subsequently, 30 mL of 2x107 ChlorellaHOC5 was inoculated into the 10 L

water samples, and the Chlorella growth kinetics were observed and recorded.
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Simulated-field trials

Simulated field trials were performed following the Mysore et al. with modification using 1.5

m3 volume and 0.4 mm aperture polyester mesh breeding mosquito cages [40]. Four 1000 L

buckets for microalgae culture were placed in cages with LED lights to facilitate algal photo-

synthesis in water. A ventilation pump was used to ensure the continuous circulation of the

water. Then, 10 L of the cultured microalgae was poured into the buckets. Aeration and suffi-

cient light were maintained for the culture of Chlorella from 10 L to 200 L. Then, Meishe river

water was added to adjust the algal volume to 800 L at 2x106-2x107 cells / mL. The aeration

pump pressure was adjusted to make the water flow in the barrel. Approximately 1000 L1 lar-

vae were placed in each cage. A 10% sucrose solution was prepared for male adults and chicken

blood for egg-laying females. The number of adult Aedesmosquitoes was counted weekly simi-

lar to the abundance of Chlorella determined in the water. One day before mosquito counting,

the blood meal and sugar water were discontinued (to reduce the physical strength of mosqui-

toes temporarily). The counting period was between 3:00 and 6:00 a.m. When counting, a dim

LED flashlight was used to illuminate the mosquito cages.

Sample preparation and DNA extraction of test water

An 18S high-throughput sequencing analysis was performed on the water from the simulated-

field trials to detect the effect of Chlorella on the phytoplankton and zooplankton in the test

water. After feeding Aedes for 28 days, a 1 L water sample was collected from the Aedes-con-

taining bucket and filtered through a 0.40 μm polycarbonate membrane (Millipore, Burling-

ton, MA, USA) under a 30 kPa vacuum to collect the plankton. The membranes were stored at

−80˚C until the time of analysis. Genomic DNA (gDNA) was extracted using a modified Win-

nepenninckx et al. method [41].

Amplification and sequencing of the V4 hypervariable region

The V4 hypervariable region of the 18S rDNA was selected as the target for high-throughput

sequencing analysis. The targeted region was amplified using a pair of eukaryotic universal

primers (D514, 50-TCCAGCTCCAATAGCGTA-30, and B706R, 50-AATCCRAGAATTT-

CACCTCT-30) [42,43]. Sequence libraries were constructed using the NEB Next Ultra DNA

Library Prep Kit for Illumina (Illumina, CA, USA) as described in the manufacturer’s protocol.

The library quality was assessed using the Qubit Fluorometer and Agilent Bioanalyzer 2100

system (Agilent, CA, USA). Finally, the libraries were sequenced using an Illumina HiSeq2500

platform. Low-quality reads were filtered to generate high-quality clean tags using QIIME

(Version 1.7.0). Singletons were removed from the dataset, and sequences with> 97% similar-

ity were clustered into operational taxonomic units (OTUs) using UPARSE (Version 7.0.1001)

[44,45]. Assignments of the taxonomic OTUs were completed using the Silva and Nucleotide

Databases in National Center for Biotechnology Information (NCBI) (https://blast.ncbi.nlm.

nih.gov) [46]. Sample diversity was determined using QIIME (Version 1.7.0), and Shannon

indexes were calculated following the Whittaker [47] protocol.

Statistical analyses

Data analysis was performed using Statistical Package for the Social Sciences (SPSS) and pre-

sented as mean ± S.D. (standard deviation). Duncan’s multiple ranges and t-test tests were per-

formed to examine significant differences between means. Values with p-value < 0.05 were

considered statistically significant. Asterisks indicate the statistical significance in all cases: �P
<0.05, ��P<0.01. Error bars show the standard deviation.
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Results

chsa RNAi transgenic Chlorella are lethal to Ae. aegypti
The RNAi target gene is the chsa gene (AAEL002718) of Ae. aegypti. The target region for

silencing by the RNAi was nucleotides 331 to 621 in the CDS. cDNA of Ae. aegypti was used as

a template to amplify the chsa RNAi interference fragment, and an amplicon of approximately

290 bp was obtained. This fragment was then cloned into pMaa7IR/XIR in forward and reverse

directions to produce the recombinant RNAi vector of pMaa7IR/CHSAIR. After the RNAi

vector was transformed into C. vulgaris HOC5, 79 positive recombinant algal clones were iden-

tified by PCR, and five were used for subsequent experiments. In the 10 mosquito feeding

experiment, the larvae fed recombinant Chlorella clones CHSA3 and CHSA5 began to die on

the second day. Larvae fed clones CHSA1, CHSA2 and CHSA4 began to die on the third day

and all the larvae fed recombinant Chlorella died within 13 days. None of the larvae died when

fed with water and fodder, but only 6.7 and 23.3% died within 15 days after feeding on Chlo-
rella HOC5 and empty-plasmid Maa7IR/XIR transgenic Chlorella. Orally feeding Aedes larvae

with chsa RNAi recombinant Chlorella is lethal (Fig 1A).

Only 6.67% of Aedesmosquito larvae fed recombinant Chlorella CHSA1 and CHSA3

pupated, and none pupated after feeding on recombinant Chlorella CHSA2, CHSA4, and

CHSA5. In the control groups, 100% of the larvae pupated when fed on fodder. 96.7 and 76.7%

of pupation rates were observed in larvae fed on Chlorella HOC5 and empty plasmid Maa7IR/

XIR transgenic Chlorella, respectively. However, no larva pupated when fed on water alone

(Fig 1B).

None of the pupae developed into adults after feeding on any of the recombinant Chlorella
strains. In contrast, 100, 96.67, and 76.67% of control pupae emerged into adults when fed on

fodder, Chlorella HOC5, and empty plasmid Maa7IR/XIR transgenic Chlorella, respectively

(Fig 1C).

Feeding experiment of 300 Ae. aegypti mosquitoes

Approximately 300 L1 Ae. Aegypti larvae in each treatment were assessed using feeding experi-

ments for 30 days. The larvae fed recombinant Chlorella CHSA5 began to die on the second

day, and 88.5% of larvae died within 30 days. In the controls, only 3.8, 0.3, 0.8, and 10.3% of

the larvae died after feeding on water, fodder, Chlorella HOC5, and Maa7IR/XIR transgenic

Chlorella, respectively (Fig 2A).

The larvae fed on fodder started pupating on day 4 and 99.7% of larvae pupated by day 12.

The larvae fed Chlorella HOC5 started pupating on day 5, and by day 20, 94.7% pupated.

Besides, the larvae fed on Maa7IR/XIR transgenic Chlorella began to pupate on day 5, and

86.3% pupated by day 19. In contrast, larvae fed on recombinant Chlorella CHSA5 began to

pupate on day 6, and by day 15, 10.0% pupated (Fig 2B).

The fodder-fed Aedes fully emerged into adults on day 15, and 98.3% of the pupae emerged

within 30 days. The Aedes fed Chlorella HOC5 fully emerged into adults by day 22, with 94.0%

of the pupae emerging into adults. However, only 8.7% of Aedes pupae emerged into adults

when fed on recombinant Chlorella CHSA5 (Fig 2C).

Ae. albopictus mosquito feeding experiment

Similar experiments to those described above were conducted on Ae. Albopictusmosquitoes.

Larvae fed on recombinant Chlorella CHSA5 had the highest mortality (100%) on the 10th day,

followed by 86.7 and 83.3% mortality rates in larvae fed on recombinant Chlorella CHSA3 and

CHSA1, respectively. None of the larvae died when fed on water and fodder. Only 6.7 and
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Fig 1. Mortality (A), pupation (B), and eclosion rates (C) of Aedes aegypti fed with chsa RNAi recombinant Chlorella.
Water: larvae fed with water; Fodder: larvae fed with fodder; HOC5: larvae fed with wild Chlorella vulgarisHOC5;

Maa7: larvae fed with empty plasmid Maa7IR/XIR transgenic Chlorella strain; CHSA1 to CHSA5: larvae fed with

Maa7IR/CHSAIR transgenic Chlorella strains CHSA1 to CHSA5. Each treated or control group contained ten Aedes
larvae, and the experiments were performed in triplicate for 15 days.

https://doi.org/10.1371/journal.pntd.0011109.g001
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23.3% of the larvae died when fed on control ChlorellaHOC5 or Maa7IR/XIR transgenic Chlo-
rella, respectively (Fig 3A). In the 300 Ae. albopictusmosquito feeding experiment, 9.7% Aedes
pupae emerged into adults when fed on recombinant Chlorella CHSA5. However, 93.8 and

88.7% of the control pupae emerged into adults within 30 days of feeding on fodder and

Fig 2. Mortality (A), pupation (B), and eclosion rates (C) of Aedes aegypti fed with chsa RNAi recombinant Chlorella.
Water: larvae fed with water; Fodder: larvae fed with fodder; HOC5: larvae fed with wild Chlorella vulgarisHOC5;

Maa7: larvae fed with empty plasmid Maa7IR/XIR transgenic Chlorella strain; CHSA5: larvae fed with recombinant

Chlorella strain CHSA5. Each treated or control group contained 300 Aedes larvae, and the experiments were

performed in triplicate for 30 days.

https://doi.org/10.1371/journal.pntd.0011109.g002
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Chlorella HOC5, respectively (Fig 3B). These results show that recombinant Chlorella is more

lethal and effective on Ae. aegypti than Ae. albopictus larvae.

Expression of chsa mRNA in Aedes larvae fed recombinant Chlorella
Real-time PCR was used to examine the expression of the chsa gene in Aedes larvae fed on

recombinant Chlorella strains using Ae. Aegypti larvae fed with Chlorella HOC5 as controls.

The expression of chsa gene was significantly lower in Ae. Aegypti larvae fed on recombinant

Chlorella than in the control larvae (Fig 4). The lowest rate (97.6%) was observed in larvae fed

Fig 3. Mortality (A) and eclosion rates (B) of Ae. albopictus fed with chsa RNAi recombinant Chlorella. Water: larvae

fed with water; Fodder: larvae fed with fodder; HOC5: larvae fed with wild Chlorella vulgarisHOC5; Maa7: larvae fed

with empty plasmid Maa7IR/XIR transgenic Chlorella strain; CHSA1 to CHSA5: larvae fed with recombinant Chlorella
strains CHSA1 to CHSA5. Each treated or control group contained 10 and 300 Aedes larvae in triplicate experiments A

and B, respectively.

https://doi.org/10.1371/journal.pntd.0011109.g003
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on clone CHSA5. The chsa gene expression was 97.1–62.9% in other larvae fed on CHSA3,

CHSA1, CHSA2, and CHSA4 strains. Similar results were obtained using qRT-PCR on Ae.
albopictus fed with the recombinant Chlorella. These results suggest that recombinant Chlo-
rella can remain effectively silent in the chsa gene in Aedesmosquitoes.

Simulated-field evaluation of recombinant Chlorella CHSA5 activity

The recombinant Chlorella CHSA5 activity was assessed under simulated-field conditions in

preparation for future field studies. First, the water quality and local dominant algal strains

were tested in three areas of Haikou City to detect whether Chlorella CHSA5 is suitable for

growth in the above waters. The nitrogen, phosphorus, ammonia, nitrate, nitrite, and chemical

oxygen demand (COD) levels in the Meishe river, Shapo reservoir, and Hongcheng lake

exceeded the recommended limits of a clean water source. Pollutants and eutrophication were

observed in the water bodies. Moreover, the salinity of Hongcheng lake was too high and

reached 1.5% (S1 Table).

The characterization of microalgae strains by light microscopy showed that the dominant

species in the Meishe river were Chlorella, Tetradesmus, Tetraselmis, Cyclotella, Cryptomonas,
and Scenedesmus. The dominant species in the Shapo Reservoir consisted of Scenedesmus,
Microcystis, Oocystis, Planktothrix, Anabaena, and Gymnodinium. The dominant species in

Hongcheng Lake included Phacus, Cryptomonas,Melosira, Gymnodinium, and Oscillatoria.
Chlorella CHSA5 was cultured in 10 liters of water from the above-described water sources.

Chlorella CHSA5 grew normally in the Meishe river and Shapo reservoir water samples. More-

over, algal cells reached peak levels on day 9 in the Meishe river water and on day 7 in the

Shapo reservoir. The high salinity of the Hongcheng lake water negatively impacted Chlorella

Fig 4. The relative chsa mRNA levels in Aedes L3 larvae fed with recombinant Chlorella. HOC5: larvae fed with wild Chlorella strain HOC5; Maa7: larvae

fed with empty plasmid Maa7IR/XIR transgenic Chlorella strain; CHSA1 to CHSA5: larvae fed with recombinant Chlorella strains CHSA1 to CHSA5.

https://doi.org/10.1371/journal.pntd.0011109.g004

PLOS NEGLECTED TROPICAL DISEASES Recombinant Chlorella control mosquito populations

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0011109 January 26, 2023 10 / 21

https://doi.org/10.1371/journal.pntd.0011109.g004
https://doi.org/10.1371/journal.pntd.0011109


CHSA5 growth (S1 Fig). We chose water from the Meishe river for the simulated-field trial

because the trial was located near the water collection point, and Chlorella was the dominant

algal strain in the Meishe river.

A simulated field release study was conducted to infer the potential environmental impacts

of this technology. An idle factory building located 5 kilometers from the nearest residential

area in the suburbs of Haikou City was selected for the experiment to reduce the impact of the

trial on residents (Fig 5A, 5B and 5C). However, the experiment was performed using Ae.
Albopictus instead of Ae. aegypti after considering the predominant dengue virus transmission

in Hainan by Ae. albopictus. The number of Aedesmosquitoes fed the Meisher river water

increased from 1000 to a maximum of 4825 individuals after 63 days and slowly decreased to

approximately 4300 (112 days). The Aedesmosquitoes raised in the Meisher river water sup-

plemented with wild-type ChlorellaHOC5 increased to a maximum of 6844 individuals after

70 days and slowly decreased to approximately 6500 individuals (112 days). In the treatment

group, Aedesmosquitoes raised in the Meisher river water supplemented with recombinant

Chlorella CHSA5 decreased from 1000 to 0 (105 days) (Fig 5D).

The data indicate that Chlorella CHSA5 can suppress Aedesmosquito populations under

simulated field conditions. However, the growth potential of Chlorellawas limited, as the num-

ber of Chlorella in Meishe River was only 66900/mL. Generally, Aedes larvae feed on microal-

gae or microorganisms in the water. Adding ChlorellaHOC5 significantly increased the

number of Aedesmosquitoes in the Meishe river because ChlorellaHOC5 increased the food

density for Aedes (Fig 5E).

Fig 5. Simulated-field trials in suburban Haikou. The test water from Meishe river (A). 200 L Chlorellamixed with 600 L of the Meishe river

water in the barrel (B). Approximately 1000 L1 larvae were placed in each cage, and the number of adult Aedesmosquitoes was counted once a

week (C). Population and survival rates of Ae. albopictus in MSH, MSH+HOC5, and MSH+CHSA5 treatments (D). The relative abundance of

Chlorella in MSH, MSH+HOC5, and MSH+CHSA5 waters (E). MSH: The mosquito was living in water from the Meishe river alone. MSH

+HOC5: The mosquito was living in water from the Meishe river supplemented with wild Chlorella HOC5. MSH+CHSA5: The mosquito was

living in water from the Meishe river supplemented with recombinant Chlorella CHSA5.

https://doi.org/10.1371/journal.pntd.0011109.g005
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Sequencing results of 18S V4 hypervariable region in the test water

An 18S high-throughput analysis was performed to understand the impact of recombinant

Chlorella CHSA5 on biological populations of the test water. There were 85,340 tags qualified

tags after quality control and 85,036 high-quality tags after removing unclassified and unique

tags from the dataset. The total number of assigned OTUs was 2,021. The rarefaction curves of

OTUs were prepared for all the samples, and each sample had a weak slope at the end of the

curves (S2 Fig).

Twenty groups of eukaryotic microalgae were identified in the Meishe river (MSH) (at the

class level), including Chlorophycea, Chrysophyceae, Cryptophyceae, and Bacillariophyceae (Fig

6A, S2 Table). The MSH groups contained 386 OTUs within 118 genera. Chlorophycea had the

largest number of OTUs (75) within 32 genera. Chrysophyceae, the second largest class, con-

tained 69 OTUs within 13 genera. Cryptophyceae, Bacillariophyceae,Mediophyceae, and Dino-
phyceae also hosted a relatively large number of OTUs (S2 Table). In contrast, Phaeophyceae,
Mamiellophyceae, Nephroselmidophyceae, Dictyochophyceae, Prymnesiophyceae, Raphidophy-
ceae, Pedinophyceae, Ulvophyceae, and Rhodellophyceae had much lower OTU numbers (S3

Fig, S2 Table).

The Meishe river ChlorellaHOC5 group (MSHH) waters had 19 groups of microalgae at

the class level (Fig 6A, S2 Table). Among them, 237 OTUs within 74 genera were observed in

the MSHH group. Chlorophycea had the most OTUs (53) among 22 genera (Fig 6). Chrysophy-
ceae was the second largest class with 44 OTUs among 6 genera. Cryptophyceae, Bacillariophy-
ceae, Dinophyceae, Trebouxiophyceae, andMediophyceae also hosted a relatively large number

of OTUs (S2 Table). In contrast, Pedinophyceae, Raphidophyceae, Rhodellophyceae,Mamiello-
phyceae, Prasinophytae, Chlorodendrophyceae, Fragilariophyceae, Ulvophyceae,

Fig 6. The relative abundance of phytoplankton (A) and zooplankton (B) at the class level in MSH, MSHH, and CHSA5 test waters. MSH: the

mosquito was living in water from the Meishe river alone. MSHH: the mosquito was living in water from the Meishe river supplemented with

wild ChlorellaHOC5. CHSA5: the mosquito was living in water from the Meishe river supplemented with recombinant Chlorella CHSA5.

https://doi.org/10.1371/journal.pntd.0011109.g006
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Nephroselmidophyceae, Phaeophyceae and Prymnesiophyceae had much lower OTU numbers

(S3 Fig, S2 Table).

In the CHSA5 treatment, 16 eukaryotic microalgae were identified at the class level from

the Meishe river and recombinant Chlorella CHSA5 waters (CHSA5). These included Chloro-
phyceae, Chrysophyceae, Cryptophyceae, and Bacillariophyceae (Fig 6A). Of these, 206 OTUs

within 67 genera were observed in the CHSA5 group. Chlorophyceae had the largest number

of OTUs (46) among the 18 genera of Chlorophyceae in the CHSA5 group. Chrysophyceae was

the second largest class with 37 OTUs across 8 genera. Trebouxiophyceae, Bacillariophyceae,
Dinophyceae, Cryptophyceae, andMediophyceae also hosted a large number of OTUs (S2

Table). In contrast, Fragilariophyceae, Prymnesiophyceae, Ulvophyceae, Chlorodendrophyceae,
Raphidophyceae, Phaeophyceae, Nephroselmidophyceae and Eustigmatophyceae had much

lower OTU numbers (S3 Fig, S2 Table).

Variation of phytoplankton community in the test water

The MSH group had the highest species diversity. Adding excess ChlorellaHOC5 to the

Meishe river water increased the relative abundance of Chlorella from 18.6 to 51.6% (MSHH

group). In the CHSA5 treatment group, the relative abundance of Chlorella rose to 75.2%.

Moreover, the number of phytoplankton in the MSHH group decreased by 44 at the genus

level and 149 OTUs due to the rapid increase of Chlorella relative to the dynamics observed in

the MSH group. The number of phytoplankton in the CHSA5 group decreased by 51 at the

genus level and 180 OTUs (Fig 7A, S3 Fig, S4 Fig, S2 Table). The relative abundance of other

major species decreased in the MSHH and CHSA5 groups compared to the MSH group,

except for Chlorella, Tetradesmus, Poterioochromonas, and Coelastrella (Figs 7A and 8A). Fur-

thermore, the MSH group had a higher Shannon diversity index (5.15) than the MSHH (2.04)

and CHSA5 groups (1.48). The Shannon index of the MSH group was significantly different

from that of the MSHH and CHSA5 groups (P�0.01). There was also a significant difference

Fig 7. The relative abundance of phytoplankton (A) and zooplankton (B) at the genus level in MSH, MSHH, and CHSA5 test waters. MSH:

the mosquito was living in water from the Meishe river alone. MSHH: the mosquito was living in water from the Meishe river supplemented

with wild ChlorellaHOC5. CHSA5: the mosquito was living in water from the Meishe river supplemented with recombinant Chlorella
CHSA5.

https://doi.org/10.1371/journal.pntd.0011109.g007
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in the Shannon indexes between the MSHH and CHSA5 groups (P�0.01) (Fig 9A). The

above results show that rapidly increasing the wild-type or recombinant Chlorella is related to

the death and disappearance of other microalgae. Since the relative abundance of recombinant

Chlorella in the CHSA5 group was higher than that of wild-type Chlorella in the MSHH group,

the species decreased the most, and the diversity index was the lowest in the CHSA5 group.

Variation of zooplankton community in the test water

A total of 29, 37, and 29 groups of protozoa were identified at the class level in the MSH,

MSHH, and CHSA5 groups, respectively. Spirotrichea, Oligohymenophorea,Maxillopoda,
Prostomatea, Litostomatea, Bigyra, and Choanoflagellata were the majority of the observed

protozoans (Fig 6B, S3 Table). Among these, there were 207 OTUs among 53 genera in the

MSH group, 239 OTUs within 54 genera in the MSHH group, and 201 OTUs within 50 genera

in the CHSA5 group (S3 Table).

In contrast to the zooplankton species in the MSH group, the number of zooplankton spe-

cies increased by 1 genus and 32 OTUs when wild-type ChlorellaHOC5 was added to the

MSHH group, while the zooplankton species in the CHSA5 group decreased by 3 genera and 6

OTUs (Fig 7B, S3 Table). In the CHSA5 group, the relative abundance of the main genera

(Paramecium, Cryptocaryon, Strobilidium, Bicosoeca, Tintinnidium, andHalteria) decreased

compared to the MSH and MSHH groups. In contrast, the relative abundance of Tropocyclops,

Fig 8. Heat maps showing the phytoplankton (A) and zooplankton (B) in the MSH, MSHH, and CHSA5 test waters. The horizontal coordinate

and the right and left sides indicate the sample names and classes of phytoplankton or zooplankton, respectively. The color of the heat map is

negative when the values are below the mean and positive when above. Values of the heat maps, as indicated by the color scale at the top right

corner, are calculated as the standard score (Z-values) z = (x-μ)/σ, where: x is the relative abundance of a specific group of phytoplankton. μ is the

mean of the relative abundance of all different groups of phytoplankton. σ is the standard deviation of the relative abundance of all different

groups of phytoplankton. The similarity metric was calculated by Bray–Curtis distance for hierarchical clustering using R software. MSH: the

mosquito was living in water from the Meishe river only. MSHH: the mosquito was living with water from the Meishe river supplemented with

wild ChlorellaHOC5. CHSA5: the mosquito was living in waters from the Meishe river supplemented with recombinant Chlorella CHSA5.

https://doi.org/10.1371/journal.pntd.0011109.g008
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Blepharisma,Mesocyclops, and Epistylis increased (Figs 7B and 8B). The Shannon diversity

indexes were 4.52, 5.76, and 4.59 in the MSH, MSHH, and CHSA5 groups, respectively. The

Shannon index of the MSHH group was significantly higher than that of the MSH and CHSA5

groups (P�0.01) but not significantly different between the MSH and CHSA5 groups (Fig

9B). These results indicate that adding wild-type Chlorella to the MSHH group result in algal

blooms and increase the number of zooplankton species feeding on Chlorella. However, add-

ing recombinant Chlorella to the CHSA5 group slightly decreased the number of zooplankton

species, probably due to the chsa dsRNA fragment carried by the recombinant Chlorella. Since

chitin is present on protozoan surface coats [48], the chsa dsRNA in recombinant Chlorella
possibly inhibited the expression level of chsa in protozoa, thus, decreasing the number of pro-

tozoan species in the CHSA5-treated water.

Discussion

Aedesmosquitoes are vectors of epidemic diseases that affect public health worldwide, such as

yellow fever, dengue fever, Zika virus, and chikungunya virus [49–52]. These diseases cause a

large number of deaths every year. Without effective therapies or vaccines, vector control is

the most effective strategy to prevent the spread of these diseases. Numerous studies have

shown that RNAi is a powerful tool for controlling insect populations and may be less suscepti-

ble to insect resistance than other strategies. In this study, Chlorella, a natural food for mos-

quito larvae, served as the exogenous RNAi carrier. Recombinant Chlorella can be directly

released into suburban waters as a biological pesticide. This biological "insecticide" can self-

replicate, lowering production costs.

In this study, the Aedesmosquito chsa gene was used as the target for RNAi. Since this gene

primarily exists in invertebrates and fungi, it is likely to have a limited impact on humans,

higher animals, and plants. However, environmental impacts are unclear [48–57]. Chlorella, a

dominant algal strain widely in local waters, was selected as the host for genetic manipulation.

The genetically modified mosquito-killing Chlorella adapted to environmental conditions,

allowing for rapid growth to reach a desired level of relative abundance. Some of the Ae.
aegypti larvae fed on recombinant Chlorella died the next day, and all the larvae died within 13

days (Fig 1A). In the feeding experiment of 300 Aedesmosquitoes, 88.5% of the larvae fed on

Fig 9. Shannon diversity indexes of phytoplankton (A) and zooplankton (B) in the test waters of MSH, MSHH, and CHSA5. MSH: the

mosquito was living in the water from the Meishe river alone. MSHH: the mosquito was living in water from the Meishe river

supplemented with wild ChlorellaHOC5. CHSA5: the mosquito was living in water from the Meishe river supplemented with

recombinant Chlorella CHSA5.

https://doi.org/10.1371/journal.pntd.0011109.g009
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recombinant Chlorella died within 30 days. These results indicate that oral administration of

chsa RNAi recombinant Chlorella is lethal to Ae. aegypti larvae (Fig 2A). Subsequently, Ae.
albopictus were fed the recombinant Chlorella. The results showed that the recombinant Chlo-
rella had a lethal effect on Ae. albopictus (Fig 3A and 3B). The 290 bp target sequence homol-

ogy of Ae. aegypti and Ae. albopictus chsa coding region sequence was 91.3%, which was

expected.

Considering that the main vector of the dengue virus (Ae. Albopictus) in Hainan, China,

this species was used in the simulated field experiment study [58,59]. The waters of the Meishe

river in Haikou City were used for seeding using recombinant Chlorella, one of the predomi-

nant microalgae strains in the local ecosystem. In addition, the eutrophication of the Meishe

river, with excessive N, P, ammonia, and COD (S1 Table), was favorable for the survival and

reproduction of the recombinant Chlorella (S1 Fig).

The test results showed that the recombinant Chlorella reduced the number of Aedesmos-

quitoes from 1000 to 0 within 105 days. The Ae. albopictus population was effectively sup-

pressed (Fig 5D). 18S high-throughput sequencing analysis was performed to understand the

impact of recombinant Chlorella on biological populations in the test water. Adding excess

recombinant Chlorella to the Meishe River increased its relative abundance by 76.6%. How-

ever, it decreased the number of phytoplankton by 51 (at the genus level) and the number of

OTUs by 179 (Fig 7, S3 and S4 Figs). This outcome is the result of nutritional competition.

The rapid reproduction of Chlorella, similar to the phenomenon of algal blooms in natural

waters, where Chlorella primarily consumed nutrients in the water, resulted in the death of a

portion of the naturally occurring phytoplankton (Fig 7A, Fig 8A). The proliferation of Chlo-
rella has also led to an increase in the number of zooplankton species that feed on wild Chlo-
rella. However, the chsa dsRNA carried by the recombinant Chlorellamay inhibit the

expression of chsa genes in several species of protozoans with high homology, resulting in a

decrease in the number of protozoan species (Fig 7B, Fig 8B) in the CHSA5 group.

Although some progress has been made in this study, the impact of exogenous DNA frag-

ments carried by recombinant Chlorella, especially antibiotic resistance genes, on environmen-

tal organisms, including the organisms in direct and indirect food chains, needs to be further

evaluated. The research aimed to develop low-cost, environmentally friendly mosquito control

technologies. Although this self-propagating microalgae insecticide has been validated in the

laboratory, further assessment of the effects of blooms caused by recombinant Chlorella after

release into waters is necessary. There have been many reports on harmful algal blooms [60–

62] mainly caused by microalgae-containing toxins. These toxin-containing microalgae,

including Alexandrium species, Gymnodinium catenatum, Prorocentrum lima, Dinophysis
acuta, Anabaena, and Cylindrotheca, can be transmitted to mammals and humans through

fish and shellfish, threatening human health [63]. Non-toxic algal blooms have little impact on

ecosystems and are rarely studied and discussed. Non-toxic recombinant Chlorella should be

kept at levels that can control mosquito populations and have little impact on other plankton

species, making it acceptable to the public. While promising, this approach will require refine-

ment, including in vitro gene editing technology, shRNAi technology, etc., to minimize the

impact of exogenous DNA fragments carried by recombinant microalgae so that the technol-

ogy can be employed with a high degree of safety.

Supporting information

S1 Fig. The growth curve of Chlorella CHSA5 in the waters from Shapo reservoir, Hon-

gcheng lake, and Meishe river.

(TIF)
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S2 Fig. Rarefaction curves of OTUs for all samples collected from the test waters. Propin-

quity to saturation is denoted by weak slopes at the end of rarefaction curves. Sequences with

�97% similarity were assigned to an OTU. MSH1-3: the mosquito was living in water from

the Meishe river alone. MSHH1-3: the mosquito was living in water from the Meishe river sup-

plemented with wild ChlorellaHOC5. CHSA1-3: the mosquito was living in water from the

Meishe river supplemented with recombinant Chlorella CHSA5.

(TIF)

S3 Fig. The richness of genera (A, C, and E) and OTUs (B, D, and F) within different groups

of MSH, MSHH, and CHSA5. The unidentified taxa are OTUs that were not assigned to any

known groups. MSH: the mosquito was living in water from the Meishe river alone. MSHH:

the mosquito was living in water from the Meishe river supplemented with wild Chlorella
HOC5. CHSA5: the mosquito was living in water from the Meishe river supplemented with

recombinant Chlorella CHSA5.

(TIF)

S4 Fig. The top 20 microalgal genera were identified in MSH (A), MSHH (B), and CHSA5(C)

test waters. Chlorella is labeled using the underscore. MSH: the mosquito was living in water

from the Meishe river alone. MSHH: the mosquito was living in water from the Meishe river

supplemented with wild ChlorellaHOC5. CHSA5: the mosquito was living in water from the

Meishe river supplemented with recombinant Chlorella CHSA5.

(TIF)

S1 Table. Water quality detection of the Meishe river, Shapo reservoir, and Hongcheng

lake.

(TIF)

S2 Table. Genus and OTU numbers of the phytoplankton within different groups of MSH,

MSHH, and CHSA5 at the class level.

(TIF)

S3 Table. Genus and OTU numbers of the zooplankton within different groups of MSH,

MSHH, and CHSA5 at the class level.

(TIF)

Acknowledgments

We thank Qian Han of Hainan University for supply with the Ae. aegyptimosquitoes and for

giving us helpful suggestions. We would like to thank MogoEdit (https://www.mogoedit.com)

for their English editing service during the preparation of this manuscript.

Author Contributions

Conceptualization: Xiaowen Fei, Xiaodong Deng.

Formal analysis: Xiaowen Fei, Xiaodong Deng.

Funding acquisition: Xiaowen Fei, Xiaodong Deng.

Investigation: Xiaowen Fei, Sha Xiao, Xiaodan Huang, Xinghan Li, Changhao He.

Methodology: Sha Xiao, Yajun Li, Xiuxia Zhang, Xiaodong Deng.

Project administration: Xiaodong Deng.

Resources: Xiaodong Deng.

PLOS NEGLECTED TROPICAL DISEASES Recombinant Chlorella control mosquito populations

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0011109 January 26, 2023 17 / 21

http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0011109.s002
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0011109.s003
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0011109.s004
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0011109.s005
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0011109.s006
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0011109.s007
https://www.mogoedit.com/
https://doi.org/10.1371/journal.pntd.0011109


Supervision: Xiaodong Deng.

Validation: Xiaodan Huang, Xiaodong Deng.

Visualization: Zhijie Li.

Writing – original draft: Xiaowen Fei, Zhijie Li, Xiaodong Deng.

Writing – review & editing: Xiaowen Fei, Xiaodong Deng.

References
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11. Tetreau G, Alessi M, Veyrenc S, Périgon S, David JP, Reynaud S, Després L. Fate of Bacillus thurin-

giensis subsp. israelensis in the field: evidence for spore recycling and differential persistence of toxins

in leaf litter. Appl Environ Microbiol. 2012; 78(23):8362–8367. https://doi.org/10.1128/AEM.02088-12

PMID: 23001669

12. Despres L, Stalinski R, Faucon F, Navratil V, Viari A, et al. Chemical and biological insecticides select

distinct gene expression patterns in Aedes aegypti mosquito. Biol Lett. 2014; 10(12): 20140716. https://

doi.org/10.1098/rsbl.2014.0716 PMID: 25540155

13. Slatko BE, Luck AN, Dobson SL, Foster JM. Wolbachia endosymbionts and human disease control.

Mol Biochem Parasitol. 2014; 195(2):88–95. https://doi.org/10.1016/j.molbiopara.2014.07.004 PMID:

25046729

14. Hogenkamp DG, Arakane Y, Zimoch L, Merzendorfer H, Kramer KJ, Beeman RW, et al. Chitin synthase

genes in Manduca sexta: characterization of a gut-specific transcript and differential tissue expression

of alternately spliced mRNAs during development. Insect Biochem Mol Biol. 2005; 35(6):529–540.

https://doi.org/10.1016/j.ibmb.2005.01.016 PMID: 15857759

15. Doucet D, Retnakaran A. Insect chitin: metabolism, genomics and pest management. Adv Insect Phys.

2012; 43:437–511.

PLOS NEGLECTED TROPICAL DISEASES Recombinant Chlorella control mosquito populations

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0011109 January 26, 2023 18 / 21

https://doi.org/10.1186/s13071-018-2830-8
https://doi.org/10.1186/s13071-018-2830-8
http://www.ncbi.nlm.nih.gov/pubmed/29690895
https://doi.org/10.5811/westjem.2016.9.30904
http://www.ncbi.nlm.nih.gov/pubmed/27833670
https://doi.org/10.1038/nature12060
http://www.ncbi.nlm.nih.gov/pubmed/23563266
https://doi.org/10.1016/S0140-6736%2811%2960281-X
http://www.ncbi.nlm.nih.gov/pubmed/22100854
https://doi.org/10.1186/s13071-016-1634-y
http://www.ncbi.nlm.nih.gov/pubmed/27416771
https://doi.org/10.1371/journal.pntd.0005625
http://www.ncbi.nlm.nih.gov/pubmed/28727779
https://doi.org/10.3390/insects7040052
http://www.ncbi.nlm.nih.gov/pubmed/27706105
https://doi.org/10.1002/ps.2046
http://www.ncbi.nlm.nih.gov/pubmed/21162152
https://doi.org/10.1128/AEM.02088-12
http://www.ncbi.nlm.nih.gov/pubmed/23001669
https://doi.org/10.1098/rsbl.2014.0716
https://doi.org/10.1098/rsbl.2014.0716
http://www.ncbi.nlm.nih.gov/pubmed/25540155
https://doi.org/10.1016/j.molbiopara.2014.07.004
http://www.ncbi.nlm.nih.gov/pubmed/25046729
https://doi.org/10.1016/j.ibmb.2005.01.016
http://www.ncbi.nlm.nih.gov/pubmed/15857759
https://doi.org/10.1371/journal.pntd.0011109


16. Moreira MF, Dos Santos AS, Marotta HR, Mansur JF, Ramos IB, Machado EA, et al. A chitin-like com-

ponent in Aedes aegypti eggshells, eggs and ovaries. Insect Biochem Mol Biol. 2007; 37(12): 1249–

1261. https://doi.org/10.1016/j.ibmb.2007.07.017 PMID: 17967344

17. Tellam RL, Vuocolo T, Johnson SE, Jarmey J, Pearson RD. Insect chitin synthase. FEBS J. 2000; 267

(19):6025–6043.

18. Arakane Y, Hogenkamp DG, Zhu YC, Kramer KJ, Specht CA, Beeman RW, et al. Characterization of

two chitin synthase genes of the red flour beetle, Tribolium castaneum, and alternate exon usage in one

of the genes during development. Insect Biochem Mol Biol. 2004; 34(3):291–304. https://doi.org/10.

1016/j.ibmb.2003.11.004 PMID: 14871625

19. Souza-Ferreira PS, Moreira MF, Atella GC, Oliveira-Carvalho AL, Eizemberg R, Majerowicz D, et al.

Chitin deposition on the embryonic cuticle of Rhodnius prolixus: The reduction of CHS transcripts by

CHS–dsRNA injection in females affects chitin deposition and eclosion of the first instar nymph. Insect

Biochem Mol Biol. 2014; 51:101–109. https://doi.org/10.1016/j.ibmb.2013.12.004 PMID: 24412274

20. Drake LL, Rodriguez SD, Hansen IA. Functional characterization of aquaporins and aquaglyceroporins

of the yellow fever mosquito, Aedes aegypti. Sci Rep. 2015; 5: 7795. https://doi.org/10.1038/

srep07795 PMID: 25589229

21. Lamacchia M, Clayton JR, Wang-Sattler R, Steinmetz LM, Levashina EA, Blandin SA. Silencing of

genes and alleles by RNAi in Anopheles gambiae. Methods Mol Biol. 2013; 923: 161–176. https://doi.

org/10.1007/978-1-62703-026-7_11 PMID: 22990777

22. Kim CE, Park KB, Ko HJ, Keshavarz M, Bae YM, Kim B, et al. Aedes albopictus autophagyrelated gene

8 (AaAtg8) is required to confer anti-bacterial gut immunity.Int J Mol Sci. 2020; 21: 2944.

23. Wu Q, Li CX, Liu QM, Guo XX, Shi QM, Zhang HD, Dong YD, et al. RNA interference of odorant recep-

tor CquiOR114/117 affects blood-feeding behavior in Culex quinquefasciatus. Acta Trop. 2020; 204:

105343. https://doi.org/10.1016/j.actatropica.2020.105343 PMID: 31954135

24. Airs PM. Bartholomay LC.RNA interference for mosquito and mosquito-borne disease control. Insects.

2017; 8: 4.

25. Balakrishna PA, Nagarajan U, Mitra A, Krishnan U, Rajendran S, Hoti SL, Mishra RK. RNA interference

in mosquito: understanding immune responses, double-stranded RNA delivery systems and potential

applications in vector control. Insect Mol Biol. 2017; 26: 127–139. https://doi.org/10.1111/imb.12282

PMID: 27991710

26. Singh AD, Wong S, Ryan CP, Whyard S. Oral delivery of double-stranded RNA in larvae of the yellow

fever mosquito, Aedes aegypti: implications for pest mosquito control. J Insect Sci. 2013; 13: 69.

https://doi.org/10.1673/031.013.6901 PMID: 24224468

27. Mysore K, Li P, Wang CW, Hapairai LK, Scheel ND, Realey S, Sun L, et al. Characterization of a broad-

based mosquito yeast interfering RNA larvicide with a conserved target site in mosquito semaphorin1a

genes. Parasit Vectors. 2019; 12: 256. https://doi.org/10.1186/s13071-019-3504-x PMID: 31118082

28. Dhandapani RK, Gurusamy D, Howell JL, Palli SR. Development of CS-TPP-dsRNA nanoparticles to

enhance RNAi efficiency in the yellow fever mosquito, Aedes aegypti. Sci Rep. 2019; 9: 8775. https://

doi.org/10.1038/s41598-019-45019-z PMID: 31217512

29. Zhang H, Li H, Guan R, Miao X. Lepidopteran insect species-specific, broad-spectrum, and systemic

RNA interference by spraying dsRNA on larvae. Entomol Exp Appl. 2015; 155(3):218–228.

30. Zhang X, Mysore K, Flannery E, Michel K, Severson DW, Zhu KY, Duman-Scheel M. Chitosan/interfer-

ing RNA nanoparticle mediated gene silencing in disease vector mosquito larvae. J Vis Exp. 2015; 25

(97):52523. https://doi.org/10.3791/52523 PMID: 25867635

31. Balakrishna PA, Nagarajan U, Mitra A, Krishnan U, Rajendran S, Hoti SL, Mishra RK. RNA interference

in mosquito: understanding immune responses, doublestranded RNA delivery systems and potential

applications in vector control. Insect Mol Biol. 2017; 26(2):127–139. https://doi.org/10.1111/imb.12282

PMID: 27991710

32. Fei X, Zhang Y, Ding L, Li Y, Deng X. Controlling the development of the dengue vector Aedes aegypti

using HR3 RNAi transgenic Chlamydomonas. PLoS ONE. 2020; 15(10):e0240223. https://doi.org/10.

1371/journal.pone.0240223 PMID: 33052930

33. Fei X, Zhang Y, Ding L, Xiao S, Xie X, Li Y, Deng X. Development of an RNAi-based microalgal larvicide

for the control of Aedes aegypti. Parasit Vectors. 2021; 14(1):387. https://doi.org/10.1186/s13071-021-

04885-1 PMID: 34362429

34. Deng XD, Cai JJ, Fei XW. Effect of the expression and knockdown of citrate synthase gene on carbon

flux during triacylglycerol biosynthesis by green algae Chlamydomonas reinhardtii. BMC Biochem.

2013; 14:38. https://doi.org/10.1186/1471-2091-14-38 PMID: 24373252

PLOS NEGLECTED TROPICAL DISEASES Recombinant Chlorella control mosquito populations

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0011109 January 26, 2023 19 / 21

https://doi.org/10.1016/j.ibmb.2007.07.017
http://www.ncbi.nlm.nih.gov/pubmed/17967344
https://doi.org/10.1016/j.ibmb.2003.11.004
https://doi.org/10.1016/j.ibmb.2003.11.004
http://www.ncbi.nlm.nih.gov/pubmed/14871625
https://doi.org/10.1016/j.ibmb.2013.12.004
http://www.ncbi.nlm.nih.gov/pubmed/24412274
https://doi.org/10.1038/srep07795
https://doi.org/10.1038/srep07795
http://www.ncbi.nlm.nih.gov/pubmed/25589229
https://doi.org/10.1007/978-1-62703-026-7%5F11
https://doi.org/10.1007/978-1-62703-026-7%5F11
http://www.ncbi.nlm.nih.gov/pubmed/22990777
https://doi.org/10.1016/j.actatropica.2020.105343
http://www.ncbi.nlm.nih.gov/pubmed/31954135
https://doi.org/10.1111/imb.12282
http://www.ncbi.nlm.nih.gov/pubmed/27991710
https://doi.org/10.1673/031.013.6901
http://www.ncbi.nlm.nih.gov/pubmed/24224468
https://doi.org/10.1186/s13071-019-3504-x
http://www.ncbi.nlm.nih.gov/pubmed/31118082
https://doi.org/10.1038/s41598-019-45019-z
https://doi.org/10.1038/s41598-019-45019-z
http://www.ncbi.nlm.nih.gov/pubmed/31217512
https://doi.org/10.3791/52523
http://www.ncbi.nlm.nih.gov/pubmed/25867635
https://doi.org/10.1111/imb.12282
http://www.ncbi.nlm.nih.gov/pubmed/27991710
https://doi.org/10.1371/journal.pone.0240223
https://doi.org/10.1371/journal.pone.0240223
http://www.ncbi.nlm.nih.gov/pubmed/33052930
https://doi.org/10.1186/s13071-021-04885-1
https://doi.org/10.1186/s13071-021-04885-1
http://www.ncbi.nlm.nih.gov/pubmed/34362429
https://doi.org/10.1186/1471-2091-14-38
http://www.ncbi.nlm.nih.gov/pubmed/24373252
https://doi.org/10.1371/journal.pntd.0011109


35. Rohr J, Sarkar N, Balenger S, Jeong BR, Cerutti H. Tandem inverted repeat system for selection of

effective transgenic RNAi strains in Chlamydomonas. Plant J. 2004; 40(4):611–621. https://doi.org/10.

1111/j.1365-313X.2004.02227.x PMID: 15500475

36. Wang YL, Xu ZD, Jiang SJ, Huang KY. Screening of chlorella cell wall-deficient mutants and establish-

ment of transformation system. Acta Hydrobiology Sinica. 2016; 40(2): 370–377.

37. Liu J, He XC, Chen X, Ma B, Wei HT, Yang MF. An efficient method for electrotransformation of Chla-

mydomonas reinhardtii. Journal of Beijing University of Agriculture. 2019; 34(02):9–13.

38. 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: 402–408. https://doi.org/10.1006/meth.2001.

1262 PMID: 11846609

39. Dzaki N, Ramli KN, Azlan A, Ishak IH, Azzam G. Evaluation of reference genes at different developmen-

tal stages for quantitative real-time PCR in Aedes aegypti. Sci Rep.2017; 7:43618. https://doi.org/10.

1038/srep43618 PMID: 28300076

40. Mysore K, Li P, Wang CW, Hapairai LK, Scheel ND, Realey JS, Sun L, et al. Characterization of a yeast

interfering RNA larvicide with a target site conserved in the synaptotagmin gene of multiple disease vec-

tor mosquitoes. PLoS Negl Trop Dis. 2019; 13(5):e0007422. https://doi.org/10.1371/journal.pntd.

0007422 PMID: 31107878

41. Winnepenninckx B, Backeljau T, de Wachter R. Extraction of high molecular weight DNA from mol-

lusks.Trends Genet. 1993; 9 (12): 407.

42. Cheung MK, Au CH, Chu KH, Kwan HS, Wong CK.Composition and genetic diversity of picoeukaryotes

in subtropical coastal waters as revealed by 454 pyrosequencing. ISME J. 2010; 4 (8): 1053–1059.

https://doi.org/10.1038/ismej.2010.26 PMID: 20336159

43. Zimmermann J, Jahn R, Gemeinholzer B.Barcoding diatoms: evaluation of the V4 subregion on the

18S rRNA gene, including new primers and protocols.Org Divers Evol. 2011; 11 (3): 173–192.

44. Edgar RC. UPARSE: highly accurate OTU sequences from microbial amplicon reads.Nat Methods.

2013; 10 (10):996–998.

45. Flynn JM, Brown EA, Chain FJ, MacIsaac HJ, Cristescu ME. Toward accurate molecular identification

of species in complex environmental samples: testing the performance of sequence filtering and cluster-

ing methods. Ecol Evol. 2015; 5(11):2252–2266. https://doi.org/10.1002/ece3.1497 PMID: 26078860

46. Quast C, Pruesse E, Yilmaz P, Gerken J, Schweer T, Yarza P, et al. The SILVA ribosomal RNA gene

database project: improved data processing and web-based tools. Nucleic Acids Res. 2013; 41(Data-

base issue):590–596. https://doi.org/10.1093/nar/gks1219 PMID: 23193283

47. Whittaker RH. Evolution and measurement of species diversity.Taxon.1972; 21 (2/3): 213–251.

48. Lanuza MD, Carbajal JA, Borras R. Identification of surface coat carbohydrates in Blastocystis hominis

by lectin probes. Int J Parasitol. 1996; 26: 527–532. https://doi.org/10.1016/0020-7519(96)00010-0

PMID: 8818733

49. Fan J, Lin H, Wang C, Bai L, Yang S, Chu C, Yang W, Liu Q. Identifying the high-risk areas and associ-

ated meteorological factors of dengue transmission in Guangdong Province, China from 2005 to 2011.

Epidemiol Infect. 2014; 142(3): 634–43. https://doi.org/10.1017/S0950268813001519 PMID:

23823182

50. Shen JC, Luo L, Li L, Jing QL, Ou CQ, Yang ZC, Chen XG. The Impacts of Mosquito Density and Mete-

orological Factors on Dengue Fever Epidemics in Guangzhou, China, 2006–2014: a Time-series Analy-

sis. Biomed Environ Sci. 2015; 28(5): 321–329. https://doi.org/10.3967/bes2015.046 PMID: 26055559

51. Petersen LR, Jamieson DJ, Powers AM, Honein MA. Zika virus. N Engl J Med. 2016; 374:1552–1563.

https://doi.org/10.1056/NEJMra1602113 PMID: 27028561

52. Rasmussen SA, Jamieson DJ, Honein MA, Petersen LR. Zika virus and birth d effects-reviewing the evi-

dence for causality. N Engl J Med. 2016; 374:1981–1987.

53. Spindler KD, Spindler-Barth M, Londershausen M. Chitin metabolism: a target for drugs against para-

sites. Parasitol Res. 1990; 76:238–288.

54. Gamble HR, Mansfield LS. Purification of egg shells from Haemonchus contortus. J Helminthol Soc

Washington. 1992; 59:234–236.

55. Mansfield LS, Gamble HR, Fetterer RH. Characterization of the eggshell of Haemonchus contortus—I.

Structural components. Comp Biochem Physiol B. 1992; 103(3):681–686. https://doi.org/10.1016/

0305-0491(92)90390-d PMID: 1458842

56. Zhu YC, Specht CA, Dittmer NT, Muthukrishnan S, Kanost MR, Kramer KJ. Sequence of a cDNA and

expression of the gene encoding a putative epidermal chitin synthase of Manduca sexta. Insect Bio-

chem Mol Biol. 2002; 32: 1497–1506. https://doi.org/10.1016/s0965-1748(02)00070-x PMID:

12530217

PLOS NEGLECTED TROPICAL DISEASES Recombinant Chlorella control mosquito populations

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0011109 January 26, 2023 20 / 21

https://doi.org/10.1111/j.1365-313X.2004.02227.x
https://doi.org/10.1111/j.1365-313X.2004.02227.x
http://www.ncbi.nlm.nih.gov/pubmed/15500475
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1006/meth.2001.1262
http://www.ncbi.nlm.nih.gov/pubmed/11846609
https://doi.org/10.1038/srep43618
https://doi.org/10.1038/srep43618
http://www.ncbi.nlm.nih.gov/pubmed/28300076
https://doi.org/10.1371/journal.pntd.0007422
https://doi.org/10.1371/journal.pntd.0007422
http://www.ncbi.nlm.nih.gov/pubmed/31107878
https://doi.org/10.1038/ismej.2010.26
http://www.ncbi.nlm.nih.gov/pubmed/20336159
https://doi.org/10.1002/ece3.1497
http://www.ncbi.nlm.nih.gov/pubmed/26078860
https://doi.org/10.1093/nar/gks1219
http://www.ncbi.nlm.nih.gov/pubmed/23193283
https://doi.org/10.1016/0020-7519%2896%2900010-0
http://www.ncbi.nlm.nih.gov/pubmed/8818733
https://doi.org/10.1017/S0950268813001519
http://www.ncbi.nlm.nih.gov/pubmed/23823182
https://doi.org/10.3967/bes2015.046
http://www.ncbi.nlm.nih.gov/pubmed/26055559
https://doi.org/10.1056/NEJMra1602113
http://www.ncbi.nlm.nih.gov/pubmed/27028561
https://doi.org/10.1016/0305-0491%2892%2990390-d
https://doi.org/10.1016/0305-0491%2892%2990390-d
http://www.ncbi.nlm.nih.gov/pubmed/1458842
https://doi.org/10.1016/s0965-1748%2802%2900070-x
http://www.ncbi.nlm.nih.gov/pubmed/12530217
https://doi.org/10.1371/journal.pntd.0011109


57. Zimoch L, Merzendorfer H. Immunolocalization of chitin synthase in the tobacco hornworm. Cell Tissue

Res. 2002; 308: 287–297. https://doi.org/10.1007/s00441-002-0546-7 PMID: 12037585

58. Qin XN, Ren XY, Xie XY, Chen YH, Xia QF, Kang X.Isolation and identification of gut microbiota of

Aedes albopictus larvae from Haikou and surrounding areas,China. Chin J Vector Biol Control. 2022;

33(2):201–206.

59. Liu QY. Sustainable vector management strategy and practice: achievements in vector-borne diseases

control in new China in the past seventy years.Chin J Vector Biol Control.2019; 30(4):361–366.

60. Wang CH, Wang YY, Sun YY, Xie XT. Effect of antibiotic treatment on toxin production by Alexandrium

tamarense. Biomed Environ Sci. 2003; 16(4):340–347. PMID: 15011965

61. Fu M, Yan T, Li J, Yu RC, Zhou MJ. The effect of Alexandrium tamarense on development of Argopec-

ten irradians concentricus larvae. Mar Sci. 2000; 24 (3): 8–11.

62. John U, Litaker RW, Montresor M, Murray S, Brosnahan ML, Anderson DM. Formal revision of the Alex-

andrium tamarense species complex (Dinophyceae) taxonomy: the introduction of five species with

emphasis on molecular-based (rDNA) classification. Protist. 2014; 165(6):779–804. https://doi.org/10.

1016/j.protis.2014.10.001 PMID: 25460230

63. Guan W, Bao M, Lou X, Zhou Z, Yin K. Monitoring, modeling and projection of harmful algal blooms in

China. Harmful Algae. 2022; 111:102164. https://doi.org/10.1016/j.hal.2021.102164 PMID: 35016768

PLOS NEGLECTED TROPICAL DISEASES Recombinant Chlorella control mosquito populations

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0011109 January 26, 2023 21 / 21

https://doi.org/10.1007/s00441-002-0546-7
http://www.ncbi.nlm.nih.gov/pubmed/12037585
http://www.ncbi.nlm.nih.gov/pubmed/15011965
https://doi.org/10.1016/j.protis.2014.10.001
https://doi.org/10.1016/j.protis.2014.10.001
http://www.ncbi.nlm.nih.gov/pubmed/25460230
https://doi.org/10.1016/j.hal.2021.102164
http://www.ncbi.nlm.nih.gov/pubmed/35016768
https://doi.org/10.1371/journal.pntd.0011109

