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Abstract: Recently, advances have been made in the use of entomopathogenic fungi for the 

control of not only crop pests but also disease vectoring insects. New approaches, for example, 

combining control strategies such as the application of conventional insecticides and biological 

control agents together, are highly promising, especially as many insecticides are compatible 

with entomopathogenic fungi. In this review, we discuss some of the new approaches being 

developed for vector control. Governmental authorities must implement rational integrated vector 

management programs for reducing deaths and suffering caused by insect-vectored diseases. 

Although there are now many alternatives to conventional chemical control methods, the use of 

pesticides is still the mainstay of mosquito control measures. However, mosquitoes are rapidly 

developing resistance to the chemical insecticides in use at the moment. The deployment of 

entomopathogenic fungi for the control of all stages of the mosquito life cycle is an alternative 

strategy currently being investigated by many different research groups. It has been shown that 

entomopathogenic fungi can efficiently kill mosquito larvae and adults in laboratory and field 

conditions. However, an important aspect of this new approach is how to apply these biological 

control agents economically and efficiently. By using combinations of control agents and novel 

application systems, it may be possible to significantly reduce mosquito populations to levels at 

which epidemics of malaria, dengue fever, zika virus, and chikungunya do not occur.

Keywords: entomopathogenic fungi, insect, disease vector, insecticide, biological control, 

dengue, zika

Introduction
Entomopathogenic fungi are common and widely dispersed among insect species.1 

Extensive research has been conducted on a range of Deuteromycete fungal genera 

(Beauveria, Culicinomyces, Tolypocladium, and Metarhizium) for the biocontrol of 

many agricultural pests,2 and although these fungi have a limited impact on natural 

populations of mosquitoes in the field, Beauveria bassiana (Bals. -Criv.) Vuill. 1912 

and Metarhizium anisopliae (Metschn.) Sorokin 1883 have potential for use in vector 

control.1 M. anisopliae and B. bassiana are entomopathogenic fungi whose conidia 

can infect insects by penetrating the cuticle, without needing to be ingested, causing 

death in a matter of days.3 These species are found distributed on a worldwide basis 

and do not harm birds, fish, or mammals.4

The infective process of entomopathogenic fungi is based on three sequential phases 

(Figure 1). The first phase is characterized by adhesion and germination of conidia on 

the insect’s cuticle, following which the germ tube penetrates the integument. Finally, 
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after invading hemocoel, the fungus develops in the 

hemolymph and other internal tissues (colonization), leading 

to death of the host.5

Their specialized mechanism of infection through active 

penetration of the host integument gives these fungi an 

advantage over other biological control agents such as toxin-

producing bacteria, protozoa, and viruses, as direct contact of 

conidia with the cuticle of the host is necessary to initiate the 

process of infection. Therefore, fungi can infect all stages of 

the insect’s developmental cycle from egg to adult, whereas 

other types of pathogenic microorganisms need to be ingested 

to initiate an infection.5 Due to the development of pesticide 

resistance in insects, it is, therefore, extremely important to 

research alternatives for vector control.

One of the major obstacles to the use of filamentous 

fungi for biological control of insect pests is the time inter-

val between the application and the death of the host, when 

compared to that of applications of chemical pesticides. One 

of the common goals in the study of these microorganisms 

is to speed up death of the host and, thus, improve the bio-

control efficiency. Accordingly, efforts have been made to 

improve production and stability of these fungal inocula and 

application technologies.6 Here we describe new approaches 

for vector control, combining entomopathogenic fungi with 

insecticides or plant bioactive compounds applied to black 

cloths for adult mosquito control and encapsulating fungi for 

application against mosquito larvae. Encapsulation technol-

ogy can be used to increase the persistence of fungi and it is 

also  possible to incorporate other insecticidal compounds/

adjuvants within the microcapsules.

Problems associated with the 
control of Aedes aegypti
Dengue fever is one of the most serious viral diseases vec-

tored principally by the mosquito Aedes aegypti (Culicidae, 

Diptera) Linnaeus, 1762, affecting 50–100 million people 

annually.7 Around 500,000 people with severe dengue require 

hospital treatment annually, many of whom are children. 

Sadly, this year’s epidemic in Brazil resulted in a high death 

rate among the older population, 169 deaths so far in the 

state of São Paulo, with nine out of ten victims over the age 

of 60.

A new vaccine should be available this year, but will 

 provide only around 60% protection, which means that 

 control of the insect vector continues to be a high priority. The 

main strategies for the control of A. aegypti are elimination of 

breeding sites and chemical insecticide application.  However, 

these strategies have not prevented regular epidemics of 

dengue fever and new approaches are, therefore, urgently 

needed. One of the main problems associated with chemical 

control is the rapid development of insecticide resistance, 

which is particularly serious in Brazil where A. aegypti larvae 
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Figure 1 Summary of the events involved in the infection cycle of an entomopathogenic fungus attacking an insect host.
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have evolved resistance to the widely used organophosphate 

temephos8 and adult mosquitoes have also evolved resistance 

to pyrethroids cypermethrin and deltamethrin.9

Combined use of entomopathogenic 
fungi and phytochemicals for larval 
control
The insecticidal activity of phytochemicals against mosquito 

larvae has been well documented,10 although no commercial 

products based on phytochemicals are currently being used 

in mosquito control programs. One of the most extensively 

used “natural” plant-derived insecticides is neem, extracted 

from the plant Azadirachta indica.11

Commercially available neem-based insecticides are used 

to control many crop pests, and this is considered as a “green” 

approach to pest control, permitted in organic production 

systems. Among the plant bioactive compounds, neem oil 

is one of the few to have been commercially successful in 

agricultural regimens. Neem tree extracts have also been 

tested for toxicity against mosquito larvae and have been 

shown to kill Aedes, Culex, and Anopheles.12–14

Continuing our search for useful adjuvants to increase 

virulence or persistence of entomopathogenic fungi, we 

demonstrated that neem oil can significantly increase the 

effectiveness of M. anisopliae when applied to water contain-

ing Aedes larvae.15 This type of approach is important when 

aiming for rapid mortality of larvae especially as fungal 

conidia have a limited half-life under field conditions.

The current approach using a combination of phyto-

chemicals and entomopathogenic fungi has multiple  benefits. 

Apart from increasing mortality rates, neem could also 

increase fungal persistence and reduce the chances of resis-

tance development which has been shown to occur when 

using mixtures of control agents.16

Microencapsulation of entomopathogenic 
fungi
Microencapsulation is a technology that uses thin polymer 

layers applied in solid, liquid droplets, or gaseous material, 

which form particles called microcapsules that release their 

contents under specific conditions and at different rates.17

The capsule size is classified into macro (.5,000 µM), 

micro (0.2–5,000 mM), and nanoparticles (,0.2 µm). In 

terms of capsule structure, they are divided into two catego-

ries: capsules in which the core is distinctly concentrated in 

the central region surrounded by a wall of continuous film 

material and capsules in which the core is dispersed in a 

matrix. The first group is identified as reservoir-type system, 

characterizing the “true microcapsules”, while the second 

group is classified as a matrix system, resulting in so-called 

“microspheres”.18

When comparing the two groups, the main difference 

is related to the fact that in the microspheres, part of the 

encapsulated material remains exposed on the surface, which 

does not occur with the true capsules.19 The main aim of 

the encapsulation process is to allow the release of the core 

material slowly over time or during a given event.20

Among the materials used in formation of the encapsulat-

ing matrix are agar, agarose, carrageenan, collagen, alginate, 

chitosan, and cellulose.21 The selection of the appropriate 

encapsulate product is essential; it must have the ability to 

seal and maintain the active material in the capsule structure, 

completely releasing the solvent or other materials used during 

the encapsulation process and providing maximum protec-

tion to the active material against adverse conditions such as 

ultraviolet light, pH, oxygen, and reactive species. It must also 

be soluble in commonly used solvents, retaining the desired 

properties following release of the active material.

Alginates are commonly used as encapsulation materials, 

which, primarily due to their gelling properties, are respon-

sible for an important effect on the stability of the capsules.22 

Chemically, alginate is composed of linear chains of α-l-

glucuronic acid and β-d-mannuronic acid, which in the pres-

ence of ions such as Ca++ form hydrogels, films, beads, and 

microparticles with a high encapsulation capacity.23 Alginate 

has been widely used as an encapsulate of microorganisms, 

mainly due to low toxicity, biodegradability, economy, and 

ease of handling.24,25

Encapsulation of microorganisms protects the biocontrol 

agents and increases their shelf life. Furthermore, with the 

use of microencapsulation technology and modifications 

of the polymeric matrix, microspheres can be developed to 

achieve the desired release profile.25

Pereira and Roberts26 investigated the production of 

conidia of the fungi M. anisopliae and B. bassiana using 

an alginate formulation, and confirmed that this prevented 

degradation of the encapsulated fungi. In another study, 

cross-linked alginate microcapsules coated with calcium and 

cashew gum were prepared and injected with plant essential 

oil (extracted from Croton zehntneri Pax et Hoffm.) with 

 larvicidal activity, in order to preserve the active  ingredient, 

prolong the release time, and increase toxicity. It was observed 

that the polymer matrix provided effective protection, with 

the material remaining active for up to 70 days.27 Accordingly, 

microencapsulation could help in the develop ment of bio-

pesticides, incorporating entomopathogenic fungi. The lack 
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of an adequate formulation has impeded the large-scale use 

of entomopathogenic fungi against mosquito larvae.

Development of new mosquito control methods through 

the use of microorganisms should be based on principles 

that make field application efficient and practical, with eco-

nomically viable products and long shelf life. In this regard, 

further work should be carried out in order to understand the 

factors directly related to virulence, persistence, and viabil-

ity of entomopathogenic fungi, when they are subjected to 

microencapsulation technology.

Adult mosquito control using 
fungus-impregnated surfaces
Conventional adult disease vector control relies on three 

methods of application: 1) indoor residual spraying, 2) space 

spraying, and 3) long-lasting insecticidal (bed) nets (LLINs). 

Indoor residual spraying and LLINs have been highly suc-

cessful in Africa for the control of mosquito species that 

vector malaria.28 Spraying of persistent insecticides onto 

surfaces which the mosquitoes land has saved thousands of 

lives. Insecticides can be sprayed onto the walls of houses or 

applied to bed nets. Only pyrethroid insecticides are approved 

for use on LLINs.

Conversely, the development of insecticide-resistant 

mosquito populations is rapidly becoming one of the most 

serious problems facing the authorities.29 Entomopatho-

genic fungi can be used against mosquito populations that 

have already developed resistance to conventional chemical 

insecticides.30,31 Even so, biological control strategies will 

not replace chemical control. However, it should also be 

remembered that strategies for chemical control of dengue 

vectors are very different from those used against malaria 

vectors due to distinct behavioral differences between the 

species. Dengue mosquitoes do not blood feed at night, but 

they do so in the morning and at nightfall. Currently, in Brazil, 

adult A. aegypti management is carried out using chemical 

insecticides that are normally applied using ultra-low-volume 

space spraying equipment.

We have proposed that entomopathogenic fungi could 

be viable alternatives to chemical control methods, but can 

also be used in combination with chemical insecticides. This 

approach could prolong the useful lifetime of insecticides. 

The combined use of fungi and insecticides can increase 

efficiency by synergism, reducing the time to kill.32,33

One of the most important aspects of using fungi for 

 vector control is the development of efficient delivery 

 methods. An alternative to spraying is the application of 

fungal propagules to surfaces onto which mosquitoes are 

known to land. One method which has been tested in Africa 

is the use of fungus-impregnated cloths hung from the ceil-

ings of houses.34 Recently, fungi have also been applied to 

the inside of clay water storage pots.35 As mosquitoes pass 

through the eaves of houses when attempting to find their 

human hosts, fungus applied to eave curtains could also be 

effective for the infection of adults.36

Our group has concentrated on the use of small black 

 cotton cloths (∼8×6 cm) impregnated with conidia as a 

potential delivery system for use in intra- and extra-domicile 

situations. This is a simple delivery system for biological 

 control of adult mosquitoes, directed at their known behav-

ioral preferences for resting/landing on dark surfaces.37 

We believe this approach can be cost-efficient and highly 

 effective. We have shown this method to be effective under 

field simulation conditions, significantly reducing the survival 

times of female A. aegypti.38

We initially tested fungus-impregnated black cotton cloths 

hung in large cages into which female A. aegypti had been 

released. The survival curves of control and fungus-treated 

insects were significantly different.39,40 The longer the cloths 

are left in the cages with the mosquitoes, the shorter the life 

span of the insects. This shows that there is a time–dose-

dependent inoculum pickup.40

It is important to note that the fungus-impregnated cloths 

did not alter the landing behavior of the mosquitoes. This has 

been confirmed by studies which have shown that mosquitoes 

are not repelled by fungus-treated surfaces.41 However, we did 

observe low landing/resting frequencies during scotophase. 

Landing on dark surfaces could be a defense mechanism 

of the adult mosquitoes against predators, as they are very 

difficult to be seen when resting on these surfaces during 

daylight hours.

A 39%–57% reduction in malaria mosquito survival was 

seen when using fungus-treated baffles attached to the eaves 

of houses or fungus-treated strips of cloth placed around 

an occupied bed net.42 Using a different approach, which 

did not involve exposing humans to potential allergies from 

close contact with fungal conidia, bait stations were set up 

in the field around villages, containing attractive baits and 

fungi. The results of this study showed that 95% of female 

Anopheles arabiensis that entered the bait stations became 

infected with fungi within 14 days of exposure.43 The idea 

of combining entomopathogenic fungi with attractive baits 

is an interesting approach to maximize the chances of the 

vector coming into contact with the fungus. This approach 

has been successfully commercialized for cockroach 

control.44
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Tests carried out in simulated field conditions in Australia 

showed that exposure of A. aegypti to B. bassiana caused a 

reduction in survival (59%–95%), blood-feeding behavior, 

and fecundity.45

The next section will further describe the combined use 

of fungi and conventional insecticides.

Combined use of entomopathogenic 
fungi and conventional insecticides 
for adult control
This is an interesting approach, as the combined use of insecti-

cides with fungi can significantly reduce vector survival times, 

even when using “sublethal” concentrations of insecticides. 

Many insecticides are compatible with entomopathogenic fungi 

and our research group has been testing the combined effects 

of imidacloprid (IMI) with M. anisopliae. Germination and 

growth assays of the fungus in the presence of the insecticide 

demonstrated that there were no adverse effects of the insecti-

cide on these two parameters.46 The use of so-called sublethal 

concentrations of insecticide (defined as a concentration that 

causes no statistically significant alteration in the survival 

curves, when compared to the controls) reduced mean survival 

times from 3 to 2 days.33 It should be remembered that our aim 

is not necessarily to cause rapid mortality of the mosquito, but 

maximize the chances of the fungus to initiate an infection. 

Furthermore, studies of fungal infections of malaria mosquitoes 

have shown that relatively small changes in survival rates were 

sufficient to significantly reduce vectorial capacity.6

Dengue virus infected insects could be more susceptible 

to fungal infection, as A. aegypti became immunocompro-

mised due to downregulated expression levels of numerous 

immune signaling molecules and antimicrobial peptides,47 a 

fact that could benefit the use of entomopathogenic fungi as 

biological control agents.

Insecticides have the capacity to increase stress and alter 

insect behavior, which may lead to improved performance 

of entomopathogens.48,49 IMI is not currently being used as a 

chemical control agent of adult or mosquito larvae, but has been 

tested against three mosquito species, including A. aegypti.50 

Another study demonstrated that neonicotinoids such as IMI 

were toxic to larval and adult A. aegypti, although IMI was only 

considered to be an interesting candidate for larval control.51

Our results show the positive effect of sublethal concen-

trations of IMI on fungal virulence. Significant differences 

were observed in mean survival percentages following short-

term contact with fungus-impregnated filter paper + IMI, 

when compared to the results for mosquitoes exposed to 

the fungus alone. Although we consider M. anisopliae to 

be highly virulent against A. aegypti, it is important to take 

into consideration the necessity to optimize the chances of 

initiating a fungal infection, for which we are now testing 

synthetic attractive baits to work in harmony with the fungus. 

One should remember that any small reduction in mosquito 

survival can have significant consequences of the transmis-

sion of arboviruses.

Conclusion
Here we demonstrate the potential of some of the new 

approaches to mosquito control based on the use of entomo-

pathogenic fungi. When considering larval control, it is 

important to remember that dengue mosquitoes normally 

oviposit in water with low levels of organic material, dif-

ferent from Culex, which have a preference for stagnant 

water. This can be considered an advantage for the control 

of Aedes, as oviposition sites can be readily identified and 

treated with insecticides, whereas Culex can cover huge areas, 

for example, swampland, as breeding sites. In that case, it 

would be difficult to target these areas with entomopathogenic 

fungi and the quantities of inoculum needed would be econo-

mically prohibitive. The use of technologies such as micro-

encapsulation of fungal conidia is an interesting approach 

for the control of the aquatic stage of the vectors’ life cycle. 

However, much work is still needed before large-scale field 

tests can be carried out. Combining low concentrations of 

insecticides or phytochemicals with conidia in microcapsules 

could not only increase efficiency of the fungus, but could 

also increase their shelf life.

Targeting adult dengue mosquitoes with entomopatho-

gens would appear to be complicated, as these entomopatho-

gens cannot replace conventional insecticides applied to bed 

nets. Dengue mosquitoes are daytime feeders; therefore, 

treating bed nets would be ineffective. However, spraying 

walls with fungi could be an interesting approach, although 

less-random strategies could be more efficient. The use of 

black cloths treated with fungal conidia is currently being 

tested in the field by our group in a first-of-its-kind project 

to reduce dengue mosquito populations. Again, the fungi can 

be formulated with conventional insecticides to reduce time 

to kill and we are also testing synthetic attractants attached 

to the cloths in order to increase the time the mosquitoes 

spend resting on these fungus-treated surfaces. The results 

are very promising and with new formulation technology, 

we hope that the black cloths can be left in the field for up 

to 1 month. Efficient control of A. aegypti is not simple and 

the best options are combinations of control strategies in 

“integrated vector management”.
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