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Abstract

Dengue, yellow fever, Zika, and chikungunya arboviruses are endemic in tropical countries and are trans-
mitted by Aedes aegypti. Resistant populations of this mosquito against chemical insecticides are spreading 
worldwide. This study aimed to evaluate the biological effects of exposure of pesticide-sensitive Ae. aegypti 
larvae (Rockefeller) to conidia of the entomopathogen, Metarhizium brunneum, laboratory strains ARSEF 4556 
and V275, and any synergistic activity of phenylthiourea (PTU). In addition, to investigate the nature of any 
cross-resistance mechanisms, these M. brunneum strains were tested against the Rockefeller larvae and two 
temephos- and deltamethrin-resistant wild mosquito populations from Rio de Janeiro. Treatment of Rockefeller 
larvae with 106 conidia/ml of ARSEF 4556 and V275 fungal strains resulted in significant decreased survival 
rates to 40 and 53.33%, respectively (P < 0.0001), compared with untreated controls. In contrast, exposure to 
104 or 105 conidia/ml showed no such significant survival differences. However, the addition of PTU to the co-
nidia in the bioassays significantly increased mortalities in all groups and induced a molt block. Experiments 
also showed no differences in Ae. aegypti mortalities between the fungal treated, wild pesticide-resistant popu-
lations and the Rockefeller sensitive strain. The results show the efficacy of M. brunneum in controlling Ae. 
aegypti larvae and the synergistic role of PTU in this process. Importantly, there was no indication of any 
cross-resistance mechanisms between Ae. aegypti sensitive or resistant to pesticides following treatment with 
the fungi. These results further support using M. brunneum as an alternative biological control agent against 
mosquito populations resistant to chemical insecticides.
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Aedes aegypti (Linnaeus 1762) is an important vector of flaviviruses 
such as dengue fever, Zika, and yellow fever as well as chikungunya 
fever caused by a togavirus. Aedes aegypti originated from the arid 
regions of Africa but between the 17th and 20th centuries, via inter-
national trading, colonized other tropical regions (Brown et al. 2011, 
2014; Kraemer et al. 2015).

Dengue fever results in a general systemic infection and symptoms 
include aches, rashes, fatigue, and, in the most severe hemorrhagic 

phase, death (Gubler 1998, Simmons et al. 2015). According to the 
Brazilian Ministry of Health, in 2017, the disease incidence in Brazil 
was equivalent to 121.7 cases per 100,000 people (Ministério da 
Saúde do Brasil 2018).

Yellow fever is an acute viral hemorrhagic disease with high mor-
bidity and mortality. In nature, in South America and Africa, trans-
mission occurs between non-human primates and hematophagous 
females of wild mosquitoes, mainly by Haemagogus spp. (Diptera: 
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Culicidae)  and Sabethes spp. (Diptera: Culicidae)  (Monath and 
Vasconcelos 2015). Aedes aegypti is a potential vector of this virus 
and, by its synanthropic and anthropophilic behavior, results in an 
urban cycle of transmission (Couto-Lima et al. 2017). In Brazil, from 
1 July 2017 to 28 February 2018, 723 cases of yellow fever were re-
ported of which 237 people died (Ministério da Saúde do Brasil 2018).

Aedes aegypti can also incubate and transmit Zika virus which 
may cause fever, headache, arthralgia, edema, and retro-orbital pain, 
and be associated with neuropathology and microcephaly in newborn 
babies (Ioos et al. 2014, Plourde and Bloch 2016, Colón-González 
et al. 2017). In February 2016, 25 countries from the continents of 
Asia, Africa, and the Americas reported the occurrence of Zika virus 
in their territories (World Health Organization [WHO] 2016).

The symptoms of Chikungunya fever are similar to those of 
dengue; however, it may also cause more severe and long-lasting 
neuropathological effects (WHO 2016, Burt et  al. 2017). In 
Brazil, in 2016 and 2017, 277,882 and 180,000 probable cases 
of Chikungunya fever were registered, respectively (Ministério da 
Saúde do Brasil 2018).

Since there is no therapeutic cure for these viruses and an ef-
ficient and safe vaccine only exists against yellow fever, the man-
agement of these diseases consists of control of the mosquito 
populations (Shragai et al. 2017, Paixão et al. 2018). Chemical con-
trol for Ae. aegypti primarily uses synthetic insecticides, including 
carbamates, organophosphates, and pyrethroids, with temephos 
and deltamethrin among the most widely used chemical insecticides 
in Brazil (Moyes et  al. 2017, Paiva et  al. 2017 ).  The indiscrimi-
nate use of these substances, however, increases the incidence of re-
sistant individuals, hindering efforts to combat disease transmission 
(Montella et al. 2007, Liu 2015, Viana-Medeiros et al. 2018). It is 
thus necessary to find alternative control strategies that do not affect 
the same cross-resistance mechanisms to those against the synthetic 
insecticides (Poopathi and Tyagi 2006, Von Seidlein et al. 2017).

Previously, the entomopathogenic fungi, Beauveria bassiana 
(Hypocreales: Cordycipitaceae)  and Metarhizium brunneum  (Petch, 
1935), were shown to be viable alternatives for the biological control of 
insect populations resistant to chemical insecticides (Faria and Wraight 
2007, Zimmermann 2007a,b). These fungi are also pathogenic for sev-
eral medically important arthropods, including Argaspersicus sp. (Acari: 
Argasidae) (Pourseyed et  al. 2010), Triatoma infestans (Hemiptera: 
Reduviidae) (Lazzarini et  al. 2006, Luz et  al. 2012), Anopheles 
gambiae (Diptera: Culicidae), Anopheles stephensi (Diptera: Culicidae) 
(Bukhari et al. 2011), and larvae of Ae. aegypti (Gomes et al. 2015).

One important infection mechanism of M. brunneum towards 
terrestrial arthropods consists of adhesion and mechanical penetra-
tion of the exoskeleton, aided by enzymatic activity that can deter-
mine the strain’s virulence (Silva and Messias 1986, Dhar and Kaur 
2010, Butt et  al. 2016). In response to the early stages of fungal 
infection, the host mobilizes humoral and cellular immune systems 
(Butt et  al. 2013) such as the activation of the prophenoloxidase 
(PPO) cascade (Yassine et al. 2012, Ramirez et al. 2018). PPO acti-
vation is triggered by surface molecules from invading microorgan-
isms including lipopolysaccharides, peptidoglycans, and zymosan 
(Cerenius and Söderhäll 2004). This activation involves a cascade 
of serine proteases that converts PPO to phenoloxidase (PO) via 
toxic quinonic intermediaries and results in unpolymerized melanin 
capable of killing pathogens invading mosquitoes (Cerenius and 
Söderhäll 2004, Lu et al. 2014).

Recent studies on the effect of inhibition of PO by phenylthiourea 
(PTU) on the infectivity of entomopathogenic agents have been under-
taken by Tokarev et al. (2018). They showed that Nosema pyrausta-
resistant (Dissociodihaplophasida: Nosematidae)  populations of 

Galleria mellonella (Lepidoptera: Pyraloidea)  were more suscep-
tible to conjugated treatments with PTU and Bacillus thuringiensis 
(Bacillales: Bacillaceae) when compared to the controls. The applica-
tion of PTU as a synergistic agent in insect pest population control 
needs additional studies as well as elucidation of any possible impact 
on non-target species.

In the present study, the development and mortality of the Ae. 
aegypti Rockefeller population treated with fungal strains were 
standardized, since these mosquitoes are used as a sensitive reference 
population in studies of resistance to chemical insecticides (David 
et al. 2018, Garcia et al. 2018). Experiments were also performed to 
evaluate the synergistic effect of PTU, a strong competitive inhibitor 
of the enzymatic oxidation of DOPA by PO (Ryazanova et al. 2012). 
Subsequently, studies of fungal pathogenicity used sublethal doses of 
M. brunneum ARSEF 4556 and strain V275 against the larvae of two 
temephos- and deltamethrin-resistant wild Ae. aegypti populations.

Materials and Methods

Insects
The eggs of Ae. aegypti were supplied by the Laboratory of 
Physiology and Control of Vector Arthropods (LAFICAVE-IOC, Rio 
de Janeiro, Brazil). The insects were maintained in accordance with 
the Ethical Principles of Animal Experimentation approved by the 
Committee of Ethics in Animal Experimentation of Fiocruz (CEUA) 
and the Ministry of Science and Technology and Innovation (https://
www.mctic.gov.br/mctic/opencms/institucional/concea), according 
to the protocols defined by the ‘American Association for Animal 
Science’, ‘Federation of European Laboratory Animal Science 
Associations’, and ‘International Council for Animal Science and 
Association for Assessment and Accreditation of Laboratory Animal 
Care International’.

For the assays, Rockefeller strains (temephos/deltamethrin sus-
ceptible) and two populations resistant to temephos (an organophos-
phate insecticide) and deltamethrin (a pyrethroid insecticide) were 
used. These two latter strains are named, Nova Iguaçu (second gener-
ation) and Paquetá (third generation), whose 95% (RR95) temephos-
resistance ratios are 8.1 and 9.8, respectively (Dias 2015, Borges 2018), 
with both previously analyzed by LAFICAVE (http://www.ioc.fiocruz.
br/laficave/Laficave/Laficave.html). Additionally, Nova Iguaçu and 
Paquetá populations are also resistant to deltamethrin (pyrethroid), 
RR95 = 44.4 and 40 (Dias 2015, Borges 2018), respectively, and both 
mosquito-resistant populations showed also high pyrethroid-resistant 
kdr allele frequencies (Borges 2018, Brito et al. 2018).

For egg hatching, a filter paper containing around one thousand 
adherent eggs was immersed in a beaker of dechlorinated water 
at 37°C and then placed in an incubator at 26°C for 50 min. The 
hatched larvae were then transferred to a tray containing 300 ml of 
water with 300 mg of shredded fish feed (Poytara Tropical Flakes®, 
Rio de Janeiro, Brazil). The larvae were maintained at 26°C until the 
third instar (L3) used in all bioassays.

Fungal Strains
The ARSEF 4556 and V275 strains of M.  brunneum were main-
tained on Saburaud Dextrose Agar medium and conidia harvested 
from 14-d-old sporulating cultures (Greenfield et al. 2015). The co-
nidia were suspended in a solution of 0.03% Tween 80 and filtered 
through a funnel with gauze. The suspension was then centrifuged at 
2,000g for 10 min and the conidia resuspended in 0.03% Tween 80. 
The conidia were counted in a hemocytometer (Neubauer) for the 
preparation of the bioassays.
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Bioassays
The experiments were carried out in disposable 50-ml plastic cups 
each containing 10 ml dechlorinated water with 10 third-instar Ae. 
aegypti larvae. Experimental groups of Rockefeller strain larvae 
were inoculated with 250 μl of the diluted conidia suspensions in 
0.03% Tween 80, to obtain final concentrations of 104, 105, or 106 
conidia/ml used in the bioassays. In the control larval groups, water 
alone was added (negative control, NC) or 0.03% Tween 80 (surfac-
tant control, SC) instead of the conidial suspensions. The trays con-
taining the cups were maintained at 26 ± 1°C and the groups were 
periodically monitored for viability and for counting larvae, pupae, 
and adults. The bioassays were made in triplicates, repeated at least 
twice and followed for 7 d, by which time all adults had emerged in 
the control groups.

In the experiments using PTU (Sigma, São Paulo, Brazil), 10 mg 
PTU was solubilized by vigorous vortexing in 1 ml water, and then 
centrifuged at 5,000 × g for 30  s. Subsequently, the saturated su-
pernatant was removed and 10 μl was added to those groups (final 
concentration < 1  mg/L) of experimental Rockefeller larvae also 
receiving 106 or 105 conidia/ml. The bioassays with PTU were ex-
tended from 7 to 8 d for the evaluation of any delays or interrup-
tion of molting. In these tests, there was an additional control group 
in which saturated solution of PTU was added without the conidia 
(PTU control [PTUC]).

In experiments to evaluate any Ae. aegypti cross-resistance 
against M.  brunneum in the two temephos/deltamethrin-resistant 
populations of Ae. aegypti, Paquetá and Nova Iguaçu, larvae were 
tested with a 106/ml conidial concentration. The reactions of these 
resistant strains were compared with those of the temephos-sensitive 
Rockefeller larvae. The relative mortality was calculated by the 
mean of the difference in mortality of each replicate counted daily 

for groups of the resistant population in relation to the average mor-
tality verified each day in the susceptible population.

Statistical Analysis
The graphs were created using Graphpad prism ver. 6.03 to ana-
lyze the survival (A) and the developmental course of larvae (B), 
pupae (C), and adults (D). The statistical significances from punc-
tual analyses were performed using the Suissa and Shuster test with 
the R program and UNIX platform comparing the experimental 
groups with the surfactant (Figs. 1 and 2), PTU (Figs. 3 and 4), or 
Rockefeller (Fig. 5 and Table 1) controls, to evaluate survival differ-
ences and occurrence of remaining juvenile stages (unmolted) of Ae. 
aegypti. This test was also used to assess the daily survival difference 
between the sensitive (Rockefeller) and resistant (Nova Iguaçu and 
Paquetá) populations of Ae. aegypti (Fig. 5). The Gehan–Breslow–
Wilcoxon statistical test, from programs Graphpad prism ver. 6.03 
and PAST 3.20, was used to compare the whole curves that quanti-
fied insect survival (A) and the development of larvae (B) and adults 
(D) (Figs. 1–4 and Table 1). In all bioassays, the differences were only 
considered statistically significant for values of P <0.05.

Results

Effects of Metarhizium brunneum ARSEF 4556 and 
V275 on Aedes aegypti Larvae (Rockefeller)
The bioassays with strain ARSEF 4556 of M.  brunneum showed 
no significant effects on Ae. aegypti survival in concentrations of 
104 or 105 conidia/ml (Fig. 1A and D). In contrast, treatment with 
106 conidia/ml induced significant effects on survival from the third 
day after treatment, with 58.33  ± 4.01% survival (P  <  0.0001), 

Fig. 1. Activity of M. brunneum strain ARSEF4556 (104, 105, or 106 conidia/ml) on Ae. aegypti (Rockefeller population) survival (A), and development of larvae 
from third instar (B), to pupae (C) and to adults (D) after the treatments; bars represent the SEM. NC, negative control; SC, surfactant control. The Gehan–
Breslow–Wilcoxon statistical test was used to determine the whole survival and development curves in comparison with the SC (significance P < 0.05).
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Fig. 3. Activity of M. brunneum strain ARSEF4556 (105 and106 conidia/ml) combined with PTU on Ae. aegypti (Rockefeller population) survival (A) and devel-
opment of larvae from third instar (B), to pupae (C) and to adults (D) after the treatment; bars represent the SEM. NC, negative control; SC, surfactant control; 
PTUC, PTU control. The Gehan–Breslow–Wilcoxon statistical test was used to determine assessed the whole survival and development curves in comparison 
with SC and PTUC (significance P < 0.05).

Fig. 2. Activity of M. brunneum strain V275 (104, 105, or 106 conidia/ml) on Ae. aegypti (Rockefeller population) survival (A), and development of larvae from third 
instar (B), to pupae (C) and to adults (D) after the treatment; bars represent the SEM. NC, negative control; SC, surfactant control. The Gehan–Breslow–Wilcoxon 
statistical test was used to determine the whole survival and development curves in comparison with the SC (significance P < 0.05).
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Fig. 4. Activity of M. brunneum strain V275 (105 and106 conidia/ml) combined with PTU on Ae. aegypti (Rockefeller population) survival (A) and development of 
larvae from third instar (B), to pupae (C) and to adults (D) after the treatment; bars represent the SEM. NC, negative control; SC, surfactant control; PTUC, PTU 
control. The Gehan–Breslow–Wilcoxon statistical test was used to determine assessed the whole survival and development curves in comparison with SC and 
PTUC (significance P < 0.05).

Fig. 5. Relative mortality of insects of the temephos/deltamethrin resistant populations from Nova Iguaçu (A, B) and Paquetá (C, D) in comparison with a sus-
ceptible population (Rockefeller) of Ae. aegypti. The insects were treated from third-instar larvae with the concentration of 106 conidia/ml of strain ARSEF4556 
(A, C) and V275 (B, D) of M. brunneum. The bars represent the SEM. The Suissa and Shuster statistical test was used to determine the significance of treatment 
mortality in relation to SC and no significant differences were found. The x-axis corresponds to the average of the mortality verified each day for the Rockefeller 
population, while each point of the graph corresponds to the positive or negative difference between the averages of the mortality of the resistant populations 
in relation to the sensitive population (Rockefeller).
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decreasing from the fifth to seventh day, to 43.33 ± 4.22 and 40.00 ± 
4.47% (P < 0.0001) (Table 1 and Fig. 1A), respectively. Similarly, 
with M. brunneum strain V275, there was no significant effects on 
survival of Ae. aegypti treated with 104 or 105 conidia/ml, with only 
a weak effect on survival, 10.00  ± 4.47% (P  =  0.1182),with the 
latter concentration (Fig. 2A and D). The group treated with V275 
106 conidia/ml, on the first day, showed a survival rate of 76.67 ± 
5.58% (P  <  0.0001), decreasing to 63.33  ± 4.94% and 53.33  ± 
6.67% on the third and seventh days, respectively (P  <  0.0001) 
(Table 1 and Fig. 2A).

Despite the early mortality of strain V275-treated larvae (106 co-
nidia/ml), detected on the first day of testing (Fig. 2A and Table 1), 
on subsequent days, mortality was higher, although not significantly 
(P > 0.05), in insects treated with ARSEF 4556 (Table 1). The statis-
tical analyses of the whole survival curve of Ae. aegypti indicated a 
significant difference (P < 0.0001) between strains ARSEF 4556 and 
V275 M. brunneum activity (Table 1). However, a significant differ-
ence (P < 0.0001) between both strains was only detected after the 
first day of treatment when the punctual analysis of daily survival 
was used (Table 1).

Furthermore, in treatments with ARSEF 4556 104 or 106 conidia/
ml, 3.33  ± 3.33% and 5.00  ± 2.24% of insects, respectively, re-
mained as pupae at least up to the last day (seventh) of treatment (P 
> 0.05) (Fig. 1C). However, with V275 only 106 conidia/ml induced 
insects to remain as pupae (6.67 ± 3.33%) (Fig. 2C), but no insects 
remained as larvae (Figs. 1B and 2B). In all experiments, no statis-
tical differences in insect development or survival between negative 
and surfactant controls were detected (P > 0.05).

Effects of Metarhizium brunneum ARSEF 4556 and 
V275 + PTU on Aedes aegypti Larvae (Rockefeller)
There was no significant activity on Ae. aegypti Rockefeller larvae 
with 104 or 105 conidia/ml of fungi and only partial mortality with 
106 conidia/ml, so that additional experiments were conducted using 
only 105 or 106 conidia/ml with the inclusion of PTU. The addition 
of PTU increased the activity of the entomopathogenic fungus in all 
groups.

In experiments with ARSEF 4556, 106 conidia/ml + PTU, on the 
first day, the survival was only 23.33 ± 8.82% (P < 0.0001), with 
all insect killed after 3 d (P < 0.0001, Table 1, Fig. 3A). With 105 
conidia/ml + PTU, killing was significant from the first day with a 
survival rate of 90.00 ± 0% (P = 0.0134) which on the third day de-
creased to 76.67 ± 5.58% (P = 0.0001), reaching 70.00 ± 10.00% 
(P < 0.0001) on the sixth to final day (Fig. 3A). In addition, in this 
group treated with 105 conidia/ml + PTU, 26.67 ± 4.22% of insects 

remained in the larval stage (P = 0.0004), while 16.67 (P = 0.001) ± 
6.67% remained as pupae until the last day of the test (Fig. 3B and 
C). Thus, only 26.66% of larvae became adults by the end of the 
assay (Fig. 3D).

Assays of larvae treated with V275 at 106 conidia/ml + PTU, after 
the first day, had a survival rate of 86.67 ± 2.12% (P = 0.0038) (Fig. 
4A) which on the third day decreased to 43.33 ± 8.82% (P < 0.0001) 
and from the sixth to the final day was reduced to 26.67 ± 4.22% 
(P < 0.0001) (Fig. 4A). The 105 level was less pathogenic than the 
106 with 86.67 ± 6.67% surviving, after the third day, decreasing 
to 83.33 ± 8.82% (P = 0.01) from fourth to the final day (Fig. 4A). 
There was no significant difference between this group (ARSEF 
V275 at 105 conidia/ml + PTU) and the control treated only with 
PTU. This group with a concentration of 105 + PTU had 33.33 ± 
2.12% (P = 0.0004) of larvae remaining at the end of the experi-
ment (day 8) (Fig. 4B). With both 106 and 105 conidia/ml of ARSEF 
V275 + PTU, 16.67% (±2.12% and 5.58%, respectively) insects re-
mained as pupae (P = 0.001) (Fig. 4C), reducing the number of mos-
quitoes that became adults suitable for reproduction by the end of 
the experiment (Fig. 4D).

The group treated with only PTU solution had, at the end of the 
test, a survival rate of 86.67 ± 6.67% (P = 0.0134) and a total of 
3.33 ± 2.12% remaining as pupae (P > 0.05) (Fig. 4A and C). In the 
bioassays containing PTU, the strain ARSEF 4556 was significantly 
(P ≤ 0.0027) more lethal against Ae. aegypti than V275 on all days 
analyzed (Table 1).

Effects of Metarhizium brunneum ARSEF 4556 
and V275 on Temephos/Deltamethrin-Resistant 
Populations of Aedes aegypti
Since 104 and 105 conidia/ml failed to kill the Rockefeller temephos/
deltamethrin-sensitive larvae, assays with temephos/deltamethrin-
resistant populations of Ae. aegypti from Nova Iguaçu and Paquetá 
were carried out with 106 conidia of ARSEF 4556 and ARSEF V275/
ml. The relative mortality was calculated by the difference between 
mortality found in each replicate of the resistant populations in rela-
tion to the average of mortality verified in Rockefeller, for each day 
analyzed. No significance statistical differences were found between 
the temephos/deltamethrin-resistant Nova Iguaçu and Paquetá mos-
quitoes compared with the sensitive Rockefeller population (Fig. 5) 
treated with the two strains of the entomopathogenic fungi.

In comparison with the bioassays with Rockefeller, the tests with 
ARSEF 4556 and the Nova Iguaçu mosquitoes, on the third and 
fifth days, mortalities were nonsignificantly higher (15.00 ± 8.03%, 
P = 0.095 and 15.00 ± 7.03%, P = 0.1214, respectively) and on the 

Table 1. Comparative activity of strains ARSEF4556 and V275 of M. brunneum (106 conidia/ml) on Ae. aegypti (Rockefeller population) 
survival in the absence (−) or presence (+) of PTU

Daysa 4556 Survival (±SE%) V275 Survival (±SE%) 4556 × V275, P value

−PTU +PTU −PTU +PTU −PTU +PTU

1 100.00 ± 0 23.33 ± 8.82 76.67 ± 5.58 86.67 ± 3.33 <0.0001 <0.0001
3 58.33 ± 4.01 0 ± 0 63.33 ± 4.94 43.33 ± 8.82 0.6816 <0.0001
5 43.33 ± 4.22 0 ± 0 56.67 ± 5.58 26.67 ± 6.67 0.1706 0.0027
6 40.00 ± 4.47 0 ± 0 53.33 ± 6.67 26.67 ± 6.67 0.1647 0.0027
7 40.00 ± 4.47 0 ± 0 53.33 ± 6.67 26.67 ± 6.67 0.1647 0.0027
Curveb – – – – <0.0001 <0.0001

Significant differences in bold (n = 12).
aSuissa and Shuister – punctual survival analysis.
bGehan–Breslow–Wilcoxon – whole survival curve analysis.
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seventh day the result was lower (−6.67 ± 5.58%, P = 0.7917), but 
also nonsignificantly (Fig. 5A). With V275, on the first and third 
days, resulted in a higher mortality rate (9.98 ± 9.88%, P = 0.2093 
and 11.67 ± 9.92, P = 0.2093, respectively) and on fifth and sev-
enth days a lower activity (−5 ± 5.42%, P = 0.5313 and −3.33 ± 
5.78, P  =  0.7917, respectively). As observed with the Ae. aegypti 
population of Nova Iguaçu, the population of Paquetá, also re-
sistant to temephos and deltamethrin, did not differ significantly 
from the Rockefeller (sensitive) population in relation to mortality 
when treated with the 106 conidia of ARSEF 4556 or V275 strains of 
M. brunneum (Fig. 5C and D), indicating the absence of any cross-
resistance mechanisms between Ae. aegypti sensitive to resistant to 
pesticides following treatment with the fungal strains.

Discussion

In the present study, although strain 4556 killed more mosquitoes 
than v275 strain (106 conidia/ml), from the third to the last day of 
the test, these punctual differences were not significant (Table 1). 
However, on the first day of testing, the V275 showed an early and 
statistically significant virulent effect compared to ARSEF 4556 
(Table 1). The statistical analysis of the whole survival curve also 
indicated a significant difference in the temporal course of insecti-
cide activity of ARSEF 4556 in comparison with V275 (Table 1). 
Thereby, the current study supports the findings of earlier studies 
that M. brunneum strain ARSEF4556 is more aggressive than V275 
against Ae. aegypti (Greenfield et al. 2015, Alkhaibari et al. 2016). It 
appears that conidia of this strain are more virulent independent of 
the country of origin or resistance to chemical pesticides.

Some heterogeneity found among results from different experi-
ments to evaluate the activity of M. brunneum may be related to 
the variation in stability, virulence, and/or conidia production which 
depend on the fungal strain, number of subcultures and the nutri-
ents in the culture medium (Frigo and Azevedo 1986, Shah et  al. 
2007, Hutwimmer et al. 2008, Ansari and Butt 2011, Petlamul and 
Prasertsan 2012, Riaz et al. 2013).

The main forms of infection from entomopathogenic fungi in ter-
restrial insects consists of the attachment of conidia on to the cuticle, 
involving a diversity of adhesin-like proteins, followed by germina-
tion and penetration, promoted by subtilisins, trypsins and cysteine 
proteases (Yassine et al. 2012, Ramirez et al. 2018). In contrast, the 
main route of infection by fungi in aquatic larvae involves the inges-
tion of conidia and the subsequent synthesis of proteases Pr1 and 
Pr2, which with simultaneous action of high levels of hydrogen and 
oxygen reactive species, triggers apoptosis in the midgut epithelial 
cells and entry of fungi (Butt et  al. 2013). Generally, in response 
against invading organisms, insects and other arthropods have effi-
cient defense mechanisms, involving physical structures such as the 
cuticle itself, antibacterial molecules and defensive cells (Hultmark 
1993, Pedrini 2018). Molecules on the surface of fungi can also acti-
vate the PPO cascade and the products generated with oxidation of 
phenolic groups show potent antifungal activity (Hajek and St. Leger 
1994, Alkhaibari et al. 2016).

PTU is an inhibitory agent of the PPO cascade, although its mech-
anism of action in insects is not yet completely understood (Hajek 
and St. Leger 1994, Cerenius and Söderhäll 2004, Lu et al. 2014). 
The toxicity of PTU to humans is controversial but considered po-
tential, so it must be handled with care (Wheatcroft et al. 1972).

In the current work, experiments added PTU in the test water to-
gether with ARSEF 4556 or V275 M. brunneum conidia and larvae 
of Ae. aegypti. A significant increase in mortality was observed in all 
the experimental groups treated with fungi and PTU, and there was 

also an effect on the molting process (Figs. 3 and 4). Furthermore, 
the results illustrated again the greater effectiveness of M. brunneum 
strain ARSEF 4556 against the survival of Ae. aegypti, in comparison 
with V275 (Table 1).

Previously, Beresky and Hall (1977) applied PTU to Ae. 
aegypti parasitized by Neoaplectana carpocapsae  (Rhabditida: 
Steinernematidae)  and verified its interference with the im-
mune system, inhibiting melanin synthesis in vitro and delaying 
melanization and encapsulation against the nematode.

Studies with Galleria mellonella melanocytic populations, 
obtained by laboratory selection, have also shown that these in-
sects, with higher PO activity, are more resistant to the fungus, 
B. bassiana (Dubovskiy et al. 2013). In contrast, however, the same 
effect was not observed in M. brunneum-treated melanocytic larvae 
(Dubovskiy et al. 2013). Recent results also show that B. bassiana 
spores previously treated with PPO become less virulent to insects, 
due to increased spore hydrophobicity and reduced adhesion to the 
cuticle (Zhang et al. 2017).

In the present study, strain ARSEF 4556 remained the most ef-
fective, killing all insects while still in the larval phase, at the highest 
conidia concentration (106/ml). Also, with 105 conidia/ml, less than 
30% of the insects emerged to adults at the end of the experiment, 
taking into account both dead insects and surviving unmolted juven-
iles (Figs. 3 and 4). In mosquitoes treated with V275, although mor-
tality was lower, the effect of molting inhibition was evident at both, 
105 and 106 conidia/ml (Table 1 and Fig. 4). These results suggest 
that inhibition of the prophenoloxidase cascade in insects by PTU 
may cause immunosuppression and even affect the development of 
Ae. aegypti.

Cell line 4a-3B, from A. gambiae, can express protein from the 
PPO cascade under stimulus by 20-hydroxyecysone, suggesting a 
probable immune regulation mediated by the ecdysteroid hormone 
in insects (Müller et al. 1999). The synergistic effect of PTU applied 
with fungi, not only increases microbial pathogenicity and has in-
sect control potential, but can also interrupt the molting process, 
inhibiting metamorphosis and, consequently, the reproductive ac-
tivity of mosquitoes.

Results of experiments in the present paper, using temephos- 
and deltamethrin-resistant Nova Iguaçu and Paquetá Ae. aegypti, 
failed to show cross-resistance or an increase in susceptibility to 
M. brunneum treatment. In contrast, studies with Anopheles gambiae 
resistant to pyrethroid insecticide showed that these were more sus-
ceptible to both, M. brunneum and B. bassiana, in comparison with 
a non-resistant population. (Howard et  al. 2010). In our results, 
both resistant populations, Nova Iguaçu and Paquetá, showed no 
statistically significant differences in mortalities relative to the sus-
ceptible population (Rockefeller), for both strains of M. brunneum, 
ARSEF 4556 and V275 (Fig. 5). Similar results were obtained with 
temephos-resistant Ae aegypti populations that were sensitive to 
methoprene, an analogue of juvenile hormone (Braga et al. 2005). 
Moreover, a recent paper showed that the resistance to pyrethroids 
may persist in populations of Ae. aegypti for long periods after the 
interruption of the use of these insecticides (Macoris et al. 2018).

In conclusion, M. brunneum ARSEF 4556 and strain V275 are 
virulent for Ae aegypti irrespective of whether the larvae are re-
sistant or sensitive to insecticides and do not discriminate between 
which insecticides the mosquitoes are resistant to. Furthermore, PTU 
works synergistically with the more virulent strain of M. brunneum 
(ARSEF 4556) resulting in 0% mosquito survival and can also delay 
larval development—reducing number of generations of mosquitoes 
which could be quite important in wet seasons when mosquitoes 
breed rapidly and transmit diseases. These results confirm that the 
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M.  brunneum, ARSEF 4556 and V275 entomopathogenic fungal 
strains, could be used as viable alternatives in the control of Ae. 
aegypti in integrated management programs and may even provide 
a substitute for chemical insecticides in endemic arboviruses areas 
where the mosquito resistance to organophosphates and pyrethroids 
may persist.

Acknowledgments
The authors thank Luciana dos Santos Dias (IBEX-RJ-Brazil) for technical 
assistance and to Dr. Fernando A. Genta (IOC-FIOCRUZ) for the suggestions 
that improved the paper. T.B. was supported by grants funded jointly by the 
Biotechnology and Biological Sciences Research Council, the Department for 
Environment, Food and Rural Affairs, the Economic and Social Research 
Council, the Forestry Commission, the Natural Environment Research Council 
and the Scottish Government, under the Tree Health and Plant Biosecurity 
Initiative. N.A.R. was supported by  Fundação Carlos Chagas Filho de Amparo 
à Pesquisa do Estado do Rio de Janeiro (FAPERJ), Brazil (E-26/201.787/2017) 
and R.P. (Fellowship) by Coordenação de Aperfeiçoamento de Pessoal de 
Nível Superior (CAPES), Brazil.

References Cited
Alkhaibari, A. M., A. T. Carolino, S. I. Yavasoglu, T. Maffeis, T. C. Mattoso, 

J. C. Bull, R. I. Samuels, and T. M. Butt. 2016. Metarhizium brunneum 
blastospore pathogenesis in Aedes aegypti larvae: attack on several fronts 
accelerates mortality. PLoS Pathog. 12: e1005715.

Ansari,  M.  A., and T.  M.  Butt. 2011. Effects of successive subculturing 
on stability, virulence, conidial yield, germination and shelf-life of 
entomopathogenic fungi. J. Appl. Microbiol. 110: 1460–1469.

Beresky,  M.  A., and D.  W.  Hall. 1977. The influence of phenylthiourea on 
encapsulation, melanization, and survival in larvae of the mosquito 
Aedes aegypti parasitized by the nematode Neoaplectana carpocapsae. J. 
Invertebr. Pathol. 29: 74–80.

Borges, P. F. C. 2018. Monitoramento e controle de mosquitos vetores: Uma 
proposta para avançar no conhecimento e no controle de Aedes aegypti e 
Aedes albopictus. PhD thesis, Instituto Oswaldo Cruz – FIOCRUZ, Rio de 
Janeiro, Brazil. pp. 171.

Braga,  I.  A., C.  B.  Mello, I.  R.  Montella, J.  B.  Lima, A.  D.  E.  J.  Martins, 
P. F. Medeiros, and D. Valle. 2005. Effectiveness of methoprene, an insect 
growth regulator, against temephos-resistant Aedes aegypti populations 
from different Brazilian localities, under laboratory conditions. J. Med. 
Entomol. 42: 830–837.

Brito, L.  P., L. Carrara, R. M. de Freitas, J. B.  P. Lima, and A.  J. Martins. 
2018. Levels of resistance to pyrethroid among distinct kdr alleles in Aedes 
aegypti laboratory lines and frequency of kdr alleles in 27 natural popula-
tions from Rio de Janeiro, Brazil. Biomed Res. Int. 2018: 2410819.

Brown,  J.  E., C.  S.  McBride, P.  Johnson, S.  Ritchie, C.  Paupy, H.  Bossin, 
J.  Lutomiah, I.  Fernandez-Salas, A.  Ponlawat, A.  J.  Cornel, et  al. 2011. 
Worldwide patterns of genetic differentiation imply multiple ‘domestica-
tions’ of Aedes aegypti, a major vector of human diseases. Proc. Biol. Sci. 
278: 2446–2454.

Brown, J. E., B. R. Evans, W. Zheng, V. Obas, L. Barrera-Martinez, A. Egizi, 
H. Zhao, A. Caccone, and J. R. Powell. 2014. Human impacts have shaped 
historical and recent evolution in Aedes aegypti, the dengue and yellow 
fever mosquito. Evolution 68: 514–525.

Bukhari,  T., W.  Takken, and C.  J.  Koenraadt. 2011. Development of 
Metarhizium anisopliae and Beauveria bassiana formulations for control 
of malaria mosquito larvae. Parasit. Vectors 4: 23.

Burt,  F.  J., W.  Chen, J.  J.  Miner, D.  J.  Lenschow, A.  Merits, E.  Schnettler, 
A. Kohl, P. A. Rudd, A. Taylor, L. J. Herrero, et al. 2017. Chikungunya 
virus: an update on the biology and pathogenesis of this emerging path-
ogen. Lancet. Infect. Dis. 17: e107–e117.

Butt, T. M., B. P. Greenfield, C. Greig, T. G. Maffeis, J. W. Taylor, J. Piasecka, 
E. Dudley, A. Abdulla, I. M. Dubovskiy, I. Garrido-Jurado, et  al. 2013. 

Metarhizium anisopliae pathogenesis of mosquito larvae: a verdict of acci-
dental death. PLoS ONE 8: e81686.

Butt,  T.  M., C.  J.  Coates, I.  M.  Dubovskiy, and N.  A.  Ratcliffe. 2016. 
Entomopathogenic fungi: new insights into host-pathogen interactions. 
Adv. Genet. 94: 307–364.

Cerenius, L., and K. Söderhäll. 2004. The prophenoloxidase-activating system 
in invertebrates. Immunol. Rev. 198: 116–126.

Colón-González,  F.  J., C.  A.  Peres, C.  Steiner  São  Bernardo, P.  R.  Hunter, 
and I. R. Lake. 2017. After the epidemic: Zika virus projections for Latin 
America and the Caribbean. Plos Negl. Trop. Dis. 11: e0006007.

Couto-Lima,  D., Y.  Madec, M.  I.  Bersot, S.  S.  Campos, M.  A.  Motta, 
F.  B.  D.  Santos, M.  Vazeille, P.  F.  D.  C.  Vasconcelos, R.  Lourenço-de-
Oliveira, and A. B. Failloux. 2017. Potential risk of re-emergence of urban 
transmission of Yellow Fever virus in Brazil facilitated by competent Aedes 
populations. Sci. Rep. 7: 4848.

David,  M.  R., G.  A.  Garcia, D.  Valle, and R.  Maciel-de-Freitas. 2018. 
Insecticide resistance and fitness: the case of four Aedes aegypti popula-
tions from different Brazilian regions. Biomed Res. Int. 2018: 6257860.

Dhar,  P., and G.  Kaur. 2010. Production of cuticle-degrading proteases by 
Beauveria bassiana and their induction in different media. Afr. J. Biochem. 
Res. 4: 65–72.

Dias,  L.  S. 2015. Avaliação da persistência e efeito do Spinosad no 
desenvolvimento e reprodução de populações brasileiras de Aedes aegypti 
(Diptera: Culicidae) resistentes aos inseticidas Temephos e Deltametrina. 
MSc thesis, Instituto Oswaldo Cruz – FIOCRUZ, Rio de Janeiro, Brazil.

Dubovskiy,  I.  M., M.  M.  Whitten, O.  N.  Yaroslavtseva, C.  Greig, 
V. Y. Kryukov, E. V. Grizanova, K. Mukherjee, A. Vilcinskas, V. V. Glupov, 
and T. M. Butt. 2013. Can insects develop resistance to insect pathogenic 
fungi? Plos One. 8: e60248.

Faria, M. R., and S. P. Wraight. 2007. Mycoinsecticides and mycoacaricides: a 
comprehensive list with worldwide coverage and international classifica-
tion of formulation types. Biol. Control. 43: 237–256.

Frigo, S. M., and J. L. Azevedo. 1986. Meios de cultura e produção de conídios 
em Metarhizium anisopliae (Metsch) Sorokin. An. Esc. Super. Agric. Luiz 
de Queiroz. 43: 285–293.

Garcia, G. A., M. R. David, A. J. Martins, R. Maciel-de-Freitas, J. G. B. Linss, 
S.  C.  Araújo, J.  B.  P.  Lima, and D.  Valle. 2018. The impact of insecti-
cide applications on the dynamics of resistance: the case of four Aedes 
aegypti populations from different Brazilian regions. Plos Negl. Trop. Dis. 
12: e0006227.

Gomes, S. A., A. R. Paula, A. Ribeiro, C. O. Moraes, J. W. Santos, C. P. Silva, 
and R.  I.  Samuels. 2015. Neem oil increases the efficiency of the 
entomopathogenic fungus Metarhizium anisopliae for the control of 
Aedes aegypti (Diptera: Culicidae) larvae. Parasit. Vectors 8: 669.

Greenfield,  B.  P.  J., A.  Peace, H.  Evans, E.  Dudley, M.  A.  Ansari, and 
T. M. Butt. 2015. Identification of Metarhizium strains highly efficacious 
against Aedes, Anopheles and Culex larvae. Biocontrol Sci. Technol. 25: 
487–502.

Gubler, D. J. 1998. Dengue and dengue hemorrhagic fever. Clin. Microbiol. 
Rev. 11: 480–496.

Hajek, A. E., and R. J. St. Leger. 1994. Interactions between fungi pathogens 
and insect hosts. Annu. Rev. Entomol. 39: 293–322.

Howard, A. F., C. J. Koenraadt, M. Farenhorst, B. G. Knols, and W. Takken. 
2010. Pyrethroid resistance in Anopheles gambiae leads to increased sus-
ceptibility to the entomopathogenic fungi Metarhizium anisopliae and 
Beauveria bassiana. Malar. J. 9: 168.

Hultmark,  D. 1993. Immune reactions in Drosophila and other insects: a 
model for innate immunity. Trends Genet. 9: 178–183.

Hutwimmer,  S., S.  Wagner, M.  Affenzeller, W.  Burgstaller, and H.  Strasser. 
2008. Algorithm-based design of synthetic growth media stimulating vir-
ulence properties of Metarhizium anisopliae conidia. J. Appl. Microbiol. 
105: 2026–2034.

Ioos,  S., H.  P.  Mallet, I.  Leparc  Goffart, V.  Gauthier, T.  Cardoso, and 
M. Herida. 2014. Current Zika virus epidemiology and recent epidemics. 
Med. Mal. Infect. 44: 302–307.

Kraemer,  M.  U., M.  E.  Sinka, K.  A.  Duda, A.  Q.  Mylne, F.  M.  Shearer, 
C. M. Barker, C. G. Moore, R. G. Carvalho, G. E. Coelho, W. Van Bortel, 

D
ow

nloaded from
 https://academ

ic.oup.com
/jm

e/article/57/2/454/5574698 by guest on 07 February 2024



462 Journal of Medical Entomology, 2020, Vol. 57, No. 2

et al. 2015. The global distribution of the arbovirus vectors Aedes aegypti 
and Ae. albopictus. Elife 4: e08347.

Lazzarini, G. M., L. F. Rocha, and C. Luz. 2006. Impact of moisture on in vitro 
germination of Metarhizium anisopliae and Beauveria bassiana and their 
activity on Triatoma infestans. Mycol. Res. 110: 485–492.

Liu, N. 2015. Insecticide resistance in mosquitoes: impact, mechanisms, and 
research directions. Annu. Rev. Entomol. 60: 537–559.

Lu, A., Q. Zhang, J. Zhang, B. Yang, K. Wu, W. Xie, Y. X. Luan, and E. Ling. 
2014. Insect prophenoloxidase: the view beyond immunity. Front. Physiol. 
5: 252.

Luz, C., J. Rodrigues, and L. F. Rocha. 2012. Diatomaceous earth and oil en-
hance effectiveness of Metarhizium anisopliae against Triatoma infestans. 
Acta Trop. 122: 29–35.

Macoris, M. L., A. J. Martins, M. T. M. Andrighetti, J. B. P. Lima, and D. Valle. 
2018. Pyrethroid resistance persists after ten years without usage against 
Aedes aegypti in governmental campaigns: lessons from São Paulo State, 
Brazil. PLos Negl. Trop. Dis. 12: e0006390.

Ministério da Saúde do Brasil. 2018. Monitoramento dos casos de dengue, 
febre de chikungunya e doença aguda pelo virus Zika até a semana 
epidemiológica 23 de 2018. SVS-MS. 49: 1–14.

Monath, T. P., and P. F. Vasconcelos. 2015. Yellow fever. J. Clin. Virol. 64: 160–173.
Montella, I. R., A. J. Martins, P. F. Viana-Medeiros, J. B. Lima, I. A. Braga, 

and D. Valle. 2007. Insecticide resistance mechanisms of Brazilian Aedes 
aegypti populations from 2001 to 2004. Am. J.  Trop. Med. Hyg. 77: 
467–477.

Moyes,  C.  L., J.  Vontas, A.  J.  Martins, L.  C.  Ng, S.  Y.  Koou, I.  Dusfour, 
K. Raghavendra, J. Pinto, V. Corbel, J. P. David, et al. 2017. Contemporary 
status of insecticide resistance in the major Aedes vectors of arboviruses 
infecting humans. PLoS Negl. Trop. Dis. 11: e0005625.

Müller, H. M., G. Dimopoulos, C. Blass, and F. C. Kafatos. 1999. A hemocyte-
like cell line established from the malaria vector Anopheles gambiae ex-
presses six prophenoloxidase genes. J. Biol. Chem. 274: 11727–11735.

Paiva, D. R., D. P. Lima, N. P. Avvari, E. J. Arruda, I. Cabrini, M. R. Marques, 
E. A. D. Santos, F. C. Biaggio, D. P. Sangi, and A. Beatriz. 2017. A potent 
larvicidal agent against Aedes aegypti mosquito from cardanol. An. Acad. 
Bras. Cienc. 89: 373–382.

Paixão, E. S., M. G. Teixeira, and L. C. Rodrigues. 2018. Zika, chikungunya 
and dengue: the causes and threats of new and re-emerging arboviral dis-
eases. BMJ Glob. Health 3: e000530.

Pedrini,  N. 2018. Molecular interactions between entomopathogenic fungi 
(Hypocreales) and their insect host: perspectives from stressful cuticle and 
hemolymph battlefields and the potential of dual RNA sequencing for fu-
ture studies. Fungal Biol. 122: 538–545.

Petlamul, W., and P. Prasertsan. 2012. Evaluation of strains of Metarhizium 
anisopliae and Beauveria bassiana against Spodoptera litura on the basis 
of their virulence, germination rate, conidia production, radial growth and 
enzyme activity. Mycobiology 40: 111–116.

Plourde,  A.  R., and E.  M.  Bloch. 2016. A literature review of Zika virus. 
Emerg. Infect. Dis. 22: 1185–1192.

Poopathi, S., and B. K. Tyagi. 2006. The challenge of mosquito control strat-
egies: from primordial to molecular approaches. Biotec. Mol. Biol. Rev. 
1: 51–65.

Pourseyed,  S.  H., M.  Tavassoli, I.  Bernousi, and K.  Mardani. 2010. 
Metarhizium anisopliae (Ascomycota: Hypocreales): an effective alterna-
tive to chemical acaricides against different developmental stages of fowl 
tick Argas persicus (Acari: Argasidae). Vet. Parasitol. 172: 305–310.

Ramirez, J. L., C. A. Dunlap, E. J. Muturi, A. B. F. Barletta, and A. P. Rooney. 
2018. Entomopathogenic fungal infection leads to temporospatial modu-
lation of the mosquito immune system. Plos Negl. Trop. Dis. 12: e0006433.

Riaz, A., F. A. Shah, and T. M. Butt. 2013. Intra-specific variability among 
Metarhizium anisopliae strains in their ability to produce blastospores in 
liquid culture media. Pak. J. Bot. 45: 1099–1103.

Ryazanova, A. D., A. A. Alekseev, and I. A. Slepneva. 2012. The phenylthiourea 
is a competitive inhibitor of the enzymatic oxidation of DOPA by 
phenoloxidase. J. Enzyme Inhib. Med. Chem. 27: 78–83.

Shah, F. A., N. Allen, C. J. Wright, and T. M. Butt. 2007. Repeated in vitro 
subculturing alters spore surface properties and virulence of Metarhizium 
anisopliae. FEMS Microbiol. Lett. 276: 60–66.

Shragai, T., B. Tesla, C. Murdock, and L. C. Harrington. 2017. Zika and chi-
kungunya: mosquito-borne viruses in a changing world. Ann. N. Y. Acad. 
Sci. 1399: 61–77.

Silva,  J.  C., and C.  L.  Messias. 1986. Virulence of mutants and revertants 
of Metarhizium anisopliae var. anisopliae toward Rhodnius prolixus. J. 
Invertebr. Pathol. 48: 368–374.

Simmons, C. P., K. McPherson, N. Van Vinh Chau, D. T. Hoai Tam, P. Young, 
J. Mackenzie, and B. Wills. 2015. Recent advances in dengue pathogenesis 
and clinical management. Vaccine 33: 7061–7068.

Tokarev, Y. S., E. V. Grizanova, A. N. Ignatieva, and I. M. Dubovskiy. 2018. 
Greater wax moth Galleria mellonella (Lepidoptera: Pyralidae) as a re-
sistant model host for Nosema pyrausta (Microsporidia: Nosematidae). J. 
Invertebr. Pathol. 157: 1–3.

Viana-Medeiros, P. F., D. F. Bellinato, and D. Valle. 2018. Laboratory selection 
of Aedes aegypti field populations with the organophosphate malathion: 
negative impacts on resistance to deltamethrin and to the organophos-
phate temephos. PLoS Negl. Trop. Dis. 12: e0006734.

Von Seidlein, L., A. S. Kekulé, and D. Strickman. 2017. Novel vector control 
approaches: the future for prevention of Zika virus transmission? Plos 
Med. 14: e1002219.

Wheatcroft, E. J., C. Penelope, and C. Thornburn. 1972. Toxicity of the taste 
testing compound phenylthiocarbamide. Nature New Biol. 235: 93–94.

World Health Organization (WHO). 2016. Zika virus and complications: 
2016 Public Health Emergency of International Concern [updated 2017 
March, cited 2018 August 10]. (www.who.int/emergencies/zika-virus/en/).

Yassine, H., L. Kamareddine, and M. A. Osta. 2012. The mosquito melanization 
response is implicated in defense against the entomopathogenic fungus 
Beauveria bassiana. Plos Pathog. 8: e1003029.

Zhang, J., W. Huang, C. Yuan, Y. Lu, B. Yang, C. Y. Wang and E. Ling. 2017. 
Prophenoloxidase-mediated ex vivo immunity to delay fungal infection 
after insect ecdysis. Front. Immunol. 8: 1–14.

Zimmermann,  G. 2007a. Review on safety of the entomopathogenic fungi 
Beauveria bassiana and Beauveria brongniartii. Biocontrol Sci. Technol. 
17: 553–596.

Zimmermann, G. 2007b. Review on safety of the entomopathogenic fungus 
Metarhizium anisopliae. Biocontrol Sci. Technol. 17: 879–920.

D
ow

nloaded from
 https://academ

ic.oup.com
/jm

e/article/57/2/454/5574698 by guest on 07 February 2024

http://www.who.int/emergencies/zika-virus/en/

