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Abstract

Ultraviolet (UV) radiation is a key limiting factor for biological pest control with entomopathogenic fungi. While little
is known about the impact of UV on Metarhizium anisopliae Metchnikoff (Sorokin) (Hypocreales: Clavicipitaceae)
conidia in aquatic mosquito-breeding sites, this study determined the effect of UV-B on the viability and virulence
of M. anisopliae sensu lato (s.l.) strain IP 46 in the laboratory against Aedes aegypti (L.) (Diptera: Culicidae) larvae.
Conidia were treated in cups under defined water depths (0, 1, 2, and 3 cm) to six different UV-B doses (0, 0.657,
1.971, 3.942, 7.884, 11.826, or 15.768 kJ m2) at 27 + 2°C. The ability of treated conidia to germinate up to 24 h
postexposure on PDAY + benomyl + chloramphenicol medium at 25 + 1°C was adversely affected by higher doses
of UV-B radiation regardless of the water depth. Germination, however, did not fall below 70% regardless of the
test conditions. In fact, conidial virulence against second-instar larvae was not affected by either the water depth
(F,5,=0.3, P=0.85) or any tested levels of UV-B radiation (F,, < 1.2, P> 0.39) including those distinctly higher than
might be expected for tropical sites. These findings strengthen previous observations that IP 46 has significant
potential for use against A. aegypti larvae, even when exposed to elevated UV-B irradiance levels in the small
breeding sites that are common for this important vector.
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Introduction for M. anisopliae survival and clearly affected in vitro development
and virulence of this and other fungi in target pests (Fernandes et al.
2015). However, recent studies confirmed that UV-B does not impair
the activity of M. anisopliae conidia on A. aegypti adults that are sub-

Emerging viral diseases that cause Chikungunya, Zika, and Mayaro
fevers are transmitted by mosquitoes and have spread alarmingly
across Latin America. Dengue fever remains a serious widespread . o
human threat (Weaver et al. 2018). The aquatic immature stages of 'sequentl'y exp 9sed to UV radiation (Falvo eF al. 2016)' Addmor'1ally,
the main vector of these arboviruses, Aedes aegypti (L.) (Diptera: in aquatic habitats, water may protect M. anisopliae and other micro-
Culicidae), often develop in small, transient human-made breed-
ing sites (Wong et al. 2011) whose water levels vary according to

ambient temperature, humidity, and exposures to rainfall, sunlight,

organisms against UV-B damage, and the impact of UV-B radiation
on M. anisopliae decreases with deeper water columns (Braga et al.
2001, Hider et al. 2007).

and wind. The success of a mycoinsecticide against A. aegypti larvae will
. . o depend on the survival and virulence of applied fungal propagules;
The entomopathogenic fungus  Metarbizium  anisopliae : ) ) . ) -
(Metchnikoff) (Hypocreales: Clavicipitaceae) Sorokin is effective this concern s especially acute for small breeding sites with low
against A. aegypti eggs, larvae, and adults (Lacey 2017). Ultraviolet

(UV) radiation, especially UV-B (280-320 nm), is a key limiting factor

water levels. The effects of UV-B exposures on the larvicidal activity
of M. anisopliae conidia in small mosquito-breeding sites still remain
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unknown. This study’s goals were to evaluate, under laboratory condi-
tions, whether the depth of water covering M. anisopliae conidia might
protect conidia from UV-B exposure, and the impact of water depth on
the germination and virulence of conidia for A. aegypti larvae.

Materials and Methods

Origin and Rearing of A. aegypti and Preparation

of Larvae

The colony originated from larvae collected in 2012 in Goiania,
Brazil, and maintained as noted by Falvo et al. (2016). Recently
molted (12-24 h) second-instar larvae (L2) were separated and kept
overnight without feeding before use in the experiments.

Origin and Culture of the Fungus

M. anisopliae s.l. strain IP 46 was isolated in 2001 from central Brazilian
soil (Rocha et al. 2013) and cultured on potato dextrose agar in a Petri
dish (90 x 10 mm) for 15 d at 25 = 1°C and 12 h photophase (Falvo
et al. 2016) before harvesting conidia with a spatula for use here.

Exposure of Conidia to UV-B at Differing
Water Depths
Plastic cups (3.9 ¢cm height x 4 cm diameter) were sterilized by
exposure to UV radiation (UV-C Lamp G30TS8, Philips, Amsterdam,
Netherlands) for 20 min. One ml of an aqueous suspension contain-
ing 6 x 10 conidia/ml was placed into each cup. One cup was kept
overnight in a desiccation chamber with silica gel at 4°C to dry a layer
of conidia onto the cup’s bottom (water level 0 cm). Three other cups
were filled with sterile distilled water (SDW) to final water depths in
the cups of 1, 2, and 3 c¢m, respectively. All cups were covered with
a 0.13-mm thick cellulose diacetate film (JCS Industries, La Mirada,
CA) that blocked radiation below 290 nm (excluding UV-C, which
is absent in the biosphere) while passing UV-B (290-320 nm) (Braga
et al. 2001). Cups were then incubated for 16 h at 25°C in darkness
to allow complete settling of conidia (at a final 8.5 x 107 conidia/
c¢m?) onto the bottom. Eight cups were prepared for each water level
to test six UV-B radiation doses and with two control cups pre-
pared as presented below. Cups with settled conidia were exposed
in a UV-B chamber (133 x 86 x 50 cm) to radiation with four UV
lamps (UVB-313 EL, Q-Lab Corporation, Cleveland, OH). The
Quaite weighted UV-B irradiance (1,152 mW m2) was determined
as previously described (Quaite et al. 1992, Braga et al. 2001). UV-B
irradiance was measured with a USB 2000 + Rad Spectroradiometer
(Ocean Optics, Dunedin, FL). The distance between the UV lamps
and the bottom of the cups was 28 cm. Conidia in the cups were
exposed for 10 min, 30 min, 1 h, 2 h, 3 h, or 4 h, and received total
doses of 0.657, 1.971, 3.942, 7.884, 11.826, and 15.768 kJ m=2,
respectively. Ambient conditions inside the chamber were 27 + 2°C
and 50 = 10% RH. For each of the four water levels (0-3 cm), one
positive control cup with conidia was completely wrapped with alu-
minum foil and exposed to UV-B for the longest (4 h) period. Other
unwrapped positive control cups containing conidia under each of
these water levels were left outside the chamber at 27 = 2°C for 4 h.
After UV-B exposure, cups with water levels of 0, 1, and 2 cm were
filled with SDW to a final volume of 30 ml (the 3-cm height of the
highest water level tested). The conidia in each cup were re-suspended
with a pipette to standardize the suspension. A final concentration of
2 x 107 conidia/ml was adjusted in all cups that corresponded to the
lethal concentration LC, at an 8-d exposure (calculated according to
Preisler and Robertson 1989, Supplementary Table S1).

In Vitro Assays on Germination

After irradiation, 50 pl of suspended conidia were taken from
each cup and diluted in 950 pl of Tween 80, 0.01% (v/v) to a final
10° conidia/ml. Germination tests were performed as reported by
Fernandes et al. (2007).

In Vivo Assays on Mortality

Ten L2 were added into each cup with suspended nonirradiated
(positive control) or irradiated conidia at 2 x 107 conidia/ml and
incubated at 25 = 1°C and 12 h photophase. Ten L2 were kept in
30 ml of SDW without conidia (negative control). Every 2 d, larvae
were fed as mentioned by Falvo et al. (2016). Mortality was recorded
daily for up to 10 d. Dead larvae were transferred to Petri dishes
(55 x 15 mm) containing 0.6% water-agar amended with 0.025%
chloramphenicol, 0.0002% thiabendazole, 0.0005% crystal violet
(all w/v), and the pH adjusted to 5.5. Dishes were then incubated at
25 + 1°C and 12 h photophase. The development of mycelium and
new conidia was monitored for up to 10 d.

Data Analyses

The percent germination of conidia and larval mortality were calcu-
lated for four independent repetitions and then arcsine-square root
transformed. Then the effects of water level and UV-B radiation on
germination and mortality were examined with analysis of variance
and SNK test (Statistica) at P < 0.05. The values of mean germin-
ation presented here followed by different letters (A-B) were sig-
nificantly different. The lethal times to kill 50 and 90% (LT, and
LT,,)
ent values, and values compared based on their confidence intervals
(Throne et al. 1995).

of the larvae were calculated with Probit analysis for depend-

Results

Effect of UV-B Radiation on Germination

The percent germination of water-suspended conidia after expos-
ure at different water levels (0, 1, 2, and 3 cm) and UV-B radiation
doses (0, 0.657, 1.971, 3.942, 7.884, 11.826, and 15.768 k] m=2),
24 h after incubation on medium appear in Fig. 1a. There was a
significant general effect of the water level tested on germination
(F,4,=6.7,P <0.001; 1 cm [A]; 3 cm [AB]; 0 and 2 cm [B]), and also
a significant general effect of the irradiation dose regardless of the
water level on germination (F, = 9.5, P < 0.001; 0, 0.657; 1.971,
3.942; 7.884 and 11.826 k] m~2 [A] and 15.768 k] m2[B]). At spe-
cific water levels, germination of conidia tested without water (level
0 c¢m) after 24-h incubation varied from 82.1 =+ 1.5% (15.7 k] m~)
to 97.6 = 1.2% at 0 k] m~ (in the aluminum foil covered control).
At a 1-cm water level, germination varied from 96.5 = 0.6% (1.97
kJ m=2) to 99.7 = 0.1% (0.657 kJ m~2). At a 2-cm water level, ger-
mination ranged from 72.8 = 10.8% (15.7 k] m™) to 97.3 = 0.9%
(3.942 k] m~2). Finally, at the highest water level tested at 3 cm, ger-
mination varied from 89.5 + 2% (15.7 k] m2) to 99.1 =+ 0.1% (in the

aluminum foil covered control).

Effect of Irradiated Conidia on Larval Mortality

Larvae treated with conidia that were previously irradiated with
UV-B or not (positive control) started to die within the first 24 h
after treatment. Mean cumulative mortalities after the 10-d expos-
ure period ranged from 60 = 14.1% (7.884 k] m™2) at a 2-cm water
level to 90 = 5.1% (7.884 k] m? without water and 15.7 k] m~2 at a
2-cm water level and for the positive control at a 1-cm water level;
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Fig. 1. (a) Cumulative mean germination (+SE) of Metarhizium anisopliae s.l.
IP 46 conidia, in different water levels (0-3 cm) and then exposed to UV-B
doses from 0 (controls) to 15.768 kJ m-2 and subsequently inoculated on
potato dextrose agar medium supplemented with 1 gl-' yeast extract, 0.002%
(w/v) benomyl and chloramphenicol (0.05%, w/v) and incubated for 24 h at
25 + 1°C and 12 h photophase and (b) cumulative mean mortality (+SE) of
Aedes aegypti second-instar larvae treated with 2 x 107 conidia/ml, prepared
as mentioned, 10 d after incubation at 25 + 1°C and 12 h photophase. Different
capital letters (A-B) in panel a indicate significant differences found for
germination of conidia exposed to UV-B doses and water levels (P < 0.001).

Fig. 1b). There was no significant effect of UV-B dose regardless of
the water level (0 up to 3 cm) tested (F,,, < 1.2, P 2 0.39) nor any
effect of water level on larval mortality (F,, = 0.3, P = 0.85). Lethal
times to kill 50 and 90% of the larvae treated with UV-B irradiated
conidia at different doses and kept at different water levels varied
from 3.1 d (11.826 k] m2 at a 2 cm level) to 8.15 d (0.657 k] m~
at a 3-cm level) for values of LT, and from 8.8 d (11.826 kJ m?)
to 19.7 d (3.942 kJ m™) at a 2-cm level for values of LT, with-
out significant difference among either the values of LT, and LT,
(Fig. 2a and b).

Discussion

The efficacy of M. anisopliae species against different developmental
stages of A. aegypti is well known (Scholte et al. 2004, Lacey 2017).
M. anisopliae s.l. strain IP 46 was isolated from central Brazil and
belongs in the M. anisopliae complex (Rocha et al. 2013). This isolate

Fig. 2. Lethal times (days) to kill 50% (a) or 90% (b) of Aedes aegypti second-
instar larvae treated with Metarhizium anisopliae s.|. IP 46 (2 x 107 conidia/
ml) adjusted previously at water levels up to 3 cm and exposed to UV-B doses
up to 15.768 kJ m2.

is particularly well known for its ovicidal activity against A. aegypti
(Luz et al. 2007). There is, however, also evidence of larvicidal and
adulticidal activity of IP 46 (Silva et al. 2004, Leles et al. 2010, Falvo
et al. 2016) that makes this fungus a promising candidate for mos-
quito control. Our findings about the impact of conidial concentra-
tions on this strain’s larvicidal activity represented an important
basis for testing the impact of UV-B on conidia and, in turn, on their
virulence for larvae (Supplementary Table 1S). Posterior in vivo tests
were run with a conidial concentration of IP 46 that, without any
previous irradiation, was expected to kill most larvae (LC, ) during
the tests, and permitted us to determine any harmful effect of UV-B
on conidial virulence against these larvae.

The viabilities of IP 46 conidia or conidia suspended in water
and subsequently exposed to UV-B irradiation was clearly affected
by increasing UV-B doses. However, in vitro germination continued
to be elevated at all test conditions and was only notably diminished
at the highest UV-B levels tested (15.768 k] m2). This highest irradi-
ation level distinctly exceeded those measured previously in field
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sites in metropolitan Goidnia on midday during August (706 mW
m~? corresponding to 2.55 k] m™ h') and October 2015 (911 mW
m~ corresponding to 3.28 kJ m~ h-') where and when A. aegypti
occurs commonly (Falvo et al. 2016). Our findings, however, made
clear that an overlying water layer up to 3 cm deep provided no
clear protection against UV-B or detrimental effect of UV-B for sedi-
mented conidia.

A. aegypti larvae are bottom feeders and frequently develop in
small breeding sites with low water volumes where they may be peri-
odically exposed to intense solar radiation (Wong et al. 2011). In
these habitats, larvae can be infected by sedimented conidia from
mycoinsecticial Metarhizium granular formulations whether those
infections occur by direct cuticular contact of after conidial inges-
tion. Interestingly, A. aegypti adults treated with IP 46 conidia and
subsequently exposed to the same UV-B doses used in this study were
no less susceptible to fungal infection than fungus-treated adults
that were not exposed to UV-B (Falvo et al. 2016); this high efficacy
of conidia even after exposure to UV-B against adults and larvae
strengthens our belief in the potential of this fungus for multistage
control of A. aegypti.

This is the first study to show the remarkable larvicidal outcome
of terrestrial M. anisopliae s.l. conidia sedimented in small water
volumes and stressed by UV-B against A. aegypti larvae.

Supplementary Material

Supplementary data are available at Journal of Medical Entomology
online.
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