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Abstract

Background Larvicides are critical for the control of mosquito-borne diseases. However, even sublethal exposure

to a larvicide can alter development and life history traits, which can then affect population density and disease trans-
mission dynamics. Photosensitive insecticides (PSs) are a promising class of larvicide that are toxic when ingested
and activated by light. We investigated whether the time of day when exposure occurs, or the process of pupation,
affects larval susceptibility to PSI phototoxicity in the mosquito Anopheles gambiae, and whether sublethal exposure
to PSls alters life history traits.

Methods Larvae were treated with lethal concentrations of the PSIs methylene blue (MB) and rose bengal (RB),
and larval survival was measured at various times of day. Additionally, larvae were exposed to two concentrations
of each PSIthat resulted in low and medium mortality, and the life history traits of the surviving larvae were measured.

Results Pupation, which predominantly occurs in the evening, protected larvae from PSI toxicity, but the toxicity

of PSls against larvae that had yet to pupate was unaffected by time of day. Larval exposure to a sublethal concentra-
tion of MB, but not RB, shortened the time to pupation. However, larval exposure to a sublethal concentration of RB,
but not MB, increased pupal mortality. Neither PSI had a meaningful effect on the time to eclosion, adult longevity,
or adult melanization potential.

Conclusions PSls are lethal larvicides. Sublethal PSI exposure alters mosquito development, but does not affect adult
life history traits.

Keywords Larvicide, Vector control, Reactive oxygen species, Pest management, Photoactive, Photodynamic,
Insecticide resistance

Background

Mosquitoes transmit diseases. Malaria alone—a disease
caused by protozoans transmitted by anopheline mos-
quitoes—Kkilled an average of 700,000 people each year
between 2000 and 2021 [1]. A primary method used to
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concurrent use of larval source management has become
critical [6-8].

Larvicides are a highly effective type of larval source
management. By targeting the juvenile life stage of the
mosquito, larvicides have an intragenerational effect
that lowers the density of vector-competent adults, and
a transgenerational effect that suppresses the population
because killed larvae cannot yield offspring [9]. However,
when larvicides are applied to the environment, not all
larvae are exposed to a lethal dose, and those that sur-
vive can have impacted life history traits [10-13]. For
example, Aedes aegypti (Culicidae: Culicinae) larvae
exposed to a sublethal concentration of malathion devel-
oped more slowly and emerge into adults that are more
susceptible to Sindbis virus [14]. Culex quinquefasciatus
larvae exposed to a sublethal concentration of Cinnamo-
mum verum oil developed into less fecund adults that
laid fewer and less viable eggs [15], and Anopheles gam-
biae (Culicidae: Anophelinae) larvae exposed to a sub-
lethal concentration of the monomolecular surface film
Aquatain Mosquito Formulation emerged into adults
that were less likely to lay eggs [16]. In contrast to these
negative effects, a sublethal exposure of Ae. aegypti larvae
to Spinosad resulted in larger adults that laid more eggs
[17]. This latter beneficial effect shows that exposure to a
low dose of an otherwise harmful substance can provide
a benefit to the organism, a phenomenon termed horme-
sis [18—20]. These changes in life history traits following
sublethal larvicidal exposure can alter population density
and disease transmission dynamics [10, 21-23].

Photosensitive insecticides (PSIs) are a class of larvi-
cides that have received relatively little attention. When
PSIs are ingested by a larva and then activated by light,
they generate reactive oxygen species (ROS) that indis-
criminately damage any macromolecule in their vicin-
ity [9]. When sufficient oxidative damage ensues, the
larva dies [24—31]. However, how sublethal PSI exposure
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affects life history traits remains largely unknown. To our
knowledge, only one study [27] has been published on
this topic, which found that Ae. aegypti exposed to a sub-
lethal concentration of curcumin had delayed develop-
ment, decreased pupal survival, an altered sex ratio, and
reduced adult longevity. Considering that around 180
million years of evolution separate the mosquito subfam-
ilies Culicinae and Anophelinae [32, 33], it is uncertain
whether PSIs have similar life history effects across the
mosquito lineage. Moreover, given that PSIs are defined
by their mode of action and not by their chemical class,
it is unknown whether the findings on curcumin for Ae.
aegypti are representative of what occurs after mosqui-
toes are exposed to other PSIs.

We investigated whether exposure to the PSIs meth-
ylene blue (MB) and rose bengal (RB) alters the devel-
opment and life history traits of the African malaria
mosquito An. gambiae (Culicidae: Anophelinae). From
the results we can confirm that photoactivated PSIs are
lethal to larvae, but reveal that pupation during the pho-
toperiod protects larvae from an otherwise lethal PSI
concentration. Moreover, exposure to a sublethal PSI
concentration led to altered larval and pupal develop-
ment, but these effects did not carry across metamor-
phosis to affect the adult mosquito.

Methods

Larval rearing and maintenance

Anopheles gambiae Giles 1902 sensu stricto (G3 strain;
Diptera: Culicidae) were raised in an environmental
chamber under a controlled 12-h:12-h ambient light:dark
cycle at 27 °C and 75% relative humidity. Eggs were
hatched in 16” x 14” plastic containers with distilled
water at a depth of ~1.5”, and the larvae were fed a mix-
ture of 2.8 parts koi food to 1 part baker’s yeast. All of
the experiments were initiated at the fourth-instar larval
stage and were conducted at 27 °C (Fig. 1).
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Fig. 1 Experimental design for the measurement of Anopheles gambiae life history traits following larval exposure to a photosensitive insecticide

(PSI)
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Incubation of larvae with PSls, photoactivation, and larval
survival

Stock solutions of 2.5 mM trihydrate methylene blue
(Sigma-Aldrich, St. Louis, MO) and 2.5 mM disodium
salt rose bengal (Thermo Fisher Scientific, Waltham,
MA) were prepared by dissolving the chemicals in ultra-
violet-sterilized, deionized water. Stock solutions were
then wrapped in aluminum foil and stored in the dark, at
room temperature.

To expose mosquitoes to PSIs, 10 fourth-instar larvae
were added to each well of a clear 6-well plate. As much
water as possible was removed, and 5 mL of water con-
taining MB or RB was immediately added. When exam-
ining the effects of time of day and pupation on PSI
toxicity, lethal concentrations of 20 uM MB and 50 uM
RB were used. For the life history experiments, sublethal
concentrations of 0.5 uM and 1 pM MB, and 5 uM and
10 uM RB, were used. RB was used at higher concentra-
tions because it is less phototoxic than MB [31]. As an
untreated control, larvae were incubated in water with-
out a PSL.

After placing larvae in the PSI solution, the well plate
was wrapped in aluminum foil and incubated for 2 h in
the dark at 27 °C. For experiments assessing the effects
of time of day and pupation on PSI toxicity, larvae were
incubated at three different times of day. Zeitgeber nota-
tion is used to indicate this, where zeitgeber time (ZT) 0
represents the beginning of a light phase of a 12-h:12-h
light—dark cycle. Larvae were incubated beginning at ZT
23 (morning), ZT 5 (afternoon), and ZT 10 (evening). For
experiments assessing life history traits, larvae were incu-
bated between ZT 0 and ZT 5.

Following incubation in the dark, the lid of the well
plate was removed, and the plate was placed on a white
surface that was~15 cm directly underneath a 5000-
lumen light-emitting diode (LED) lamp (5000 Lumen
Portable LED Work Light; Husky, Pacific, MO). The
time when the lamp was turned on was noted as minute
0 of the photoperiod. Larval survival was then moni-
tored every 20 min for 2 h by removing the plate from
underneath the lamp, for no more than 2 min, to count
surviving larvae. Larval survival was determined via a
mechanical stimulus test that used a plastic pipette as a
probe; larvae that responded to the stimulus were classi-
fied as alive and those that did not were classified as dead.
Following the completion of the 2-h photoperiod, the
lid was placed back on the well plate and the plate was
transferred to the ambient lighting of the environmental
chamber. This ambient lighting was insufficiently bright
to activate PSIs but sufficiently bright to maintain the
mosquitoes’ diurnal cycle.

All of the trials were conducted in duplicate well plates,
and for each well plate exposed to a photoperiod, an
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identical well plate was maintained in darkness (darkness
plate) as a control. These darkness plates were sequen-
tially (i) incubated with PSIs for 2 h while wrapped in
aluminum foil and survival was measured at the end of
the incubation (this coincided with darkness incubation
of experimental plates); (ii) covered in aluminum foil for
another 2 h and survival was measured again at the end
of this second incubation (this coincided with the end of
the photoperiod of experimental plates); and (iii) trans-
ferred to the ambient light of the environmental chamber
[31].

Larval survival after the photoperiod, and time to pupation
Beginning with the conclusion of the photoperiod (or
darkness period when there was no photoperiod), larval
survival and time to pupation were measured daily. Lar-
val survival was determined as described above. Pupation
was recorded by counting the number of pupae, which
were then transferred to~1"-deep water in a container
covered with a fine-mesh marquisette top. If there were
multiple pupae within a treatment on the same day, they
were pooled in the same container. Pupation was meas-
ured until all the larvae had either pupated or died. Each
day, one drop of larval food was added to each well that
contained larvae.

Pupal survival, time to eclosion, and adult longevity

Pupal survival, time to eclosion, and adult survival were
measured daily. Pupal survival was determined by per-
turbing the water and recording movement; pupae that
swam in the water were classified as alive and those that
did not were classified as dead. Pupal survival was meas-
ured until all of the pupae had either eclosed or died.
Time to eclosion was measured as the number of days
it took for adult emergence. Adult survival was deter-
mined by lightly perturbing the water in the container
and recording movement; adults that moved were classi-
fied as alive and those that did not were classified as dead.
Adult survival was measured until all of the mosquitoes
had died. Adults were fed 10% sucrose ad libitum from
soaked cotton balls that were changed daily.

Melanization potential of hemolymph

The melanization potential of the hemolymph in
the adults was measured by quantifying the conver-
sion of 3,4-dihydroxy-L-phenylalanine (L-DOPA) to
dopachrome by the enzyme phenoloxidase (PO) [34]. In
this spectrophotometric assay, the change in optical den-
sity at 490 nm (OD,y,) is proportional to the amount of
active PO in the hemolymph, and because PO is the rate-
limiting enzyme in the melanization pathway, this value
represents the melanization potential of the mosquito.
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Larvae were incubated in either no PSI, 1 uM MB, or
10 uM RB. For each treatment, half of the larvae were
exposed to a photoperiod whereas the other half were
not. Larvae were then allowed to pupate and eclose,
and hemolymph was collected from adults between 1
and 4 days post-eclosion [34]. For each trial, mosqui-
toes for each treatment were age-matched. To collect
hemolymph, a 0.6-mL microfuge tube with a 5-mm inci-
sion at the bottom was nested into a 1.5-mL microfuge
tube. Approximately 25 adults were cold-anesthetized,
pierced in the thorax with a 0.2-mm-diameter minutien
pin, and placed inside the 0.6-mL tube. The nested tubes
were then centrifuged at 5000 relative centrifugal force
for 5 min at 4 °C, which resulted in the collection of 1-2
pL hemolymph at the bottom of the 1.5-mL tube. Hemo-
lymph samples were immediately stored at -20 °C until
further use.

To spectrophotometrically measure melanization
potential, each hemolymph sample was diluted 1:50 with
sterile deionized water and 10 pL of this solution was
added to a cuvette containing 90 pL of 4 mg/mL L-DOPA
(Sigma, St. Louis, MO, USA). The OD,4, was then meas-
ured 30 min later, using a BioPhotometer Plus spectro-
photometer (Eppendorf, Hamburg, Germany). A negative
control that measured the auto-oxidation of L-DOPA
was also conducted, where 10 pL of water was added to
a cuvette containing 90 uL of 4 mg/mL L-DOPA, and
OD,y, was measured 30 min later. Auto-oxidation of
L-DOPA was undetectable.

Sampling and statistical analysis

For each parameter measured, each treatment was
evaluated over a minimum of eight independent tri-
als, using fourth-instar larvae originating from at least
two different egg batches. An exception to this was the
melanization experiment, where a minimum of four
biological replicates were conducted. Each experiment
(except melanization) began with at least 120 larvae per
treatment, and the exact samples sizes for each param-
eter measured are presented in the figures. Larvae that
died during the dark incubation period were omitted
from the analysis. Survival curves were compared using
the logrank Mantel Cox test. Time to pupation, time
to eclosion, and melanization potential were analyzed
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using the Mann—Whitney U-test. All data analysis was
completed in GraphPad Prism version 9.4.1, and sta-
tistical differences were deemed significant at P<0.05.
Life history trait experiments, except for melanization,
were done in sequence. That is, larvae that survived
were examined for pupation traits and adult survival.
All data collected in this manuscript are included in
Additional File 1: Data.

Results

Pupation decreases the phototoxicity of PSls

We previously discovered that it takes around 2 h for lar-
vae to ingest a sufficient quantity of a PSI for it to reach
maximal phototoxicity [31]. By using a 2-h incubation
and subsequent 2-h photoperiod, we exposed larvae to
lethal concentrations of MB and RB and then examined
whether PSI toxicity varied across the morning (ZT 23),
the afternoon (ZT 5), or the evening (ZT 10).

Time of day did not meaningfully affect the survival
of larvae exposed to 20 uM MB or 50 pM RB followed
by a photoperiod (Additional File 2: Fig. S1), but pupa-
tion during the photoperiod—which almost exclu-
sively occurred in the evening (Additional File 3: Fig.
S2)—protected mosquitoes from PSI-mediated death
(Table 1). When exposed to 20 uM MB and 50 uM RB
and a photoperiod, larval survival was only 6% and 37%,
respectively, whereas the survival of larvae not exposed
to a PSI was 99%. However, when exposed to MB or RB
and a photoperiod, the survival of the mosquitoes that
pupated during the experiment was>96%, which was
similar to the survival of pupae not exposed to a PSI.
Since ~20% of mosquitoes pupated in the evening, we
re-analyzed survival by only considering ZT 10 (when
pupation was occurring) and compared the survival of
larvae to the survival of larvae and pupae combined
(larvae plus those mosquitoes that pupated during the
experiment). We found that, at the end of the photoper-
iod, the total survival of mosquitoes (larvae and pupae
together) was>10% higher than the survival of larvae
alone (logrank, MB: y*> = 72.57, df = 1, P<0.0001; RB:
X° = 2255, df = 1, P < 0.0001; Fig. 2). This indicated
that pupation protected the mosquitoes that had been
exposed to a PSL

Table 1 Survival of Anopheles gambiae larvae and pupae after treatment with methylene blue and rose bengal for 2 h followed by a

2-h photoperiod

No photosensitive insecticide

Methylene blue (20 uM)

Rose bengal (50 uM)

No. mosquitoes Survival No. mosquitoes Survival No. mosquitoes Survival
Larvae 9708 99% 2595 6% 2322 37%
Pupae 410 98% 162 96% 161 99%
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Fig. 2A-C Survival of larvae and pupae following exposure to a PSI
and a photoperiod in the evening. In the evening [zeitgeber
time (ZT) 10], larvae were incubated either without a PSI (A),
in 20 uM methylene blue (MB) (B), or in 50 uM rose bengal (RB) (C)
for 2 h in the dark before survival was measured throughout a 2-h
photoperiod. Mosquitoes that pupated during either the darkness
incubation or the photoperiod were omitted from the Larvae group,
whereas both larvae and those that pupated are included in the
Larvae+Pupae group. Data were analyzed using the logrank Mantel
Cox test. ns Not significant P>0.05, ****P < 0.0001. Whiskers indicate
the 95% confidence interval (Cl). n Number of mosquitoes

Pupation and larval mortality are unaffected by exposure
to a photoperiod or an inactive PSI

In preparation for testing whether PSI phototoxicity
affects mosquito life history traits, we examined whether
a photoperiod or an inactive PSI alters short-term or
long-term survival. Based on prior experiments [31],
we chose concentrations of each PSI that we predicted
would cause low (0.5 uM MB and 5 uM RB) and medium

Page 5 of 15

(1 uM MB and 10 pM RB) mortality following photoacti-
vation, and we used these concentrations for the remain-
der of this study to measure life history traits.

Exposure to a 2-h photoperiod, but no PSI, did not
affect larval survival or time to pupation relative to mos-
quitoes not exposed to a photoperiod (Fig. 3). Moreover,
exposure to a PSI, but no photoperiod, did not affect lar-
val survival or time to pupation relative to mosquitoes
not exposed to a PSI (Additional File 4: Fig. S3). The one
exception was a 0.5-day increase in the average time to
pupation following exposure to 10 uM RB in the dark.

Comparison of the control mosquitoes in the two sets
of experiments—low PSI concentration (experimental
set 1) and medium PSI concentration (experimental set
2)—showed that the average number of days to pupa-
tion for control larvae that were not exposed to either
a PSI or a photoperiod was 1.7 days in experimental set
1 but 2.3 days in experimental set 2 (Fig. 3). This differ-
ence arose because the experimental sets were conducted
several months apart, and used mosquitoes reared at
different larval densities, which resulted in some basal
differences between the experimental sets. As a result,
throughout this study, the data from exposure to low
PSI concentration could not be compared to those from
exposure to the medium concentration.

Pupation accelerates following sublethal exposure to MB
but not RB
Environmental stressors can have carryover effects that
affect development and life history traits [10-20, 23, 35—
39]. Considering this, and that pupation protects mos-
quitoes from MB and RB phototoxicity, we hypothesized
that a sublethal PSI exposure accelerates development.
We confirmed that photoactivated MB at concentra-
tions of 0.5 uM and 1 pM was toxic to larvae yet left
enough larvae alive for the measurement of subsequent
development (Fig. 4A, C). Since all of the larvae were
incubated for a sufficiently long period of time to inter-
nalize MB [31], all of them experienced internal oxidative
damage as a result of the photoperiod. However, because
more larvae died when exposed to 1 uM MB than when
exposed to 0.5 pM MB, we infer that oxidative damage
was greater when larvae were exposed to the higher MB
concentration. Specifically, the mortality of larvae incu-
bated in 0.5 uM and 1 pM MB was 1% and 12%, respec-
tively, when exposed to a photoperiod, but only 1% and
0% in the absence of a photoperiod. Of the larvae that
were exposed to 0.5 pM and 1 uM MB and survived the
photoperiod, 10% and 74% died by 1 day later, respec-
tively, and 42% and 74% died by 12 days later (Fig. 4A, C).
However, when larvae were not exposed to a photoper-
iod, incubation in 0.5 uM and 1 uM MB killed 0% and 3%
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for the larvae that pupated in A and C, respectively. B, D Data were analyzed using the Mann-Whitney U-test (ns P> 0.05); whiskers indicate the SEM.

n Number of mosquitoes; for other abbreviations, see Figs. 1 and 2

of larvae by 1 day later, respectively, and 35% and 42% by
12 days later (Fig. 4A, C).

Although both concentrations of MB were toxic, only
exposure to 1 uM MB followed by a photoperiod led to
a change in the time to pupation (Fig. 4B, D). The aver-
age time to pupation after exposure to 0.5 pM MB with
or without a photoperiod was the same, 1.4 days (Mann—
Whitney U-test, U = 2348, P=0.3733), but the average
time to pupation after exposure to 1 pM MB changed
from 2.5 days when not exposed to a photoperiod to
1.7 days when exposed to a photoperiod (Mann—Whit-
ney U-test, U = 10156, P<0.0001). In summary, larvae
exposed to 1 pM MB and a photoperiod pupated more
quickly, and we speculate that their accelerated develop-
ment protected these mosquitoes from PSIs.

When we tested RB, both 5 uM and 10 uM RB were
phototoxic to larvae while still leaving enough surviving
larvae to measure life history traits (Fig. 5A, C). As seen
for MB, a higher concentration of RB caused higher pho-
totoxicity. At the conclusion of the photoperiod, the mor-
tality of larvae incubated in 5 pM and 10 pM RB was 0%
and 10%, respectively, whereas in the absence of a photo-
period all of the larvae survived. Of the larvae that were
exposed to 5 uM and 10 pM RB and survived the photo-
period, 16% and 26% died by 1 day later, respectively, and

46% and 55% died by 12 days later (Fig. 5A, C). However,
when larvae were not exposed to a photoperiod, expo-
sure to 5 pM and 10 uM RB killed 0% and 2% of larvae
by 1 day later, respectively, and 21% and 30% by 12 days
later.

Contrary to what was observed with MB, exposure
to RB did not alter the time to pupation (Fig. 5B, D).
The average time to pupation after exposure to 5 uM
RB was 1.8 days in the dark and 1.9 days in the light
(Mann—Whitney U-test, U = 2996, P=0.9169). At 10 uM
RB, the average time to pupation was 2.8 days in the
dark and 2.6 days in the light (Mann—Whitney U-test,
U = 32903, P=0.3389).

Pupal mortality increases following exposure to RB

but not MB

An accelerated pupation timeline may have a cost, and
therefore, we hypothesized that pupal mortality would
be higher when the larvae had been exposed to 1 yM MB
and a photoperiod. To examine this, we tracked pupal
mortality in the same populations of mosquitoes that
were exposed to MB or RB. The presence or absence of a
photoperiod did not affect pupal mortality in larvae that
were not exposed to a PSI (Fig. 6A, B), indicating that any
effects seen were due to PSI exposure.
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Larval exposure to photoactivated MB did not alter
pupal mortality (Fig. 6C, D). For pupae that developed
from larvae incubated in 0.5 pM MB, mortality was 8%
for those exposed to a photoperiod and 10% for those
that were not (logrank x* = 0.3062, df = 1, P=0.5800). For
pupae that developed from larvae incubated in 1 uM MB,
mortality was 22% for those exposed to a photoperiod
and 21% for those that were not (logrank y* = 0.02908,
df = 1, P=0.8646). Therefore, neither the internal dam-
age caused by MB photoactivation nor the accelerated
time to pupation affected pupal survival.

Contrary to what was observed with MB, larval expo-
sure to photoactivated RB increased pupal mortal-
ity (Fig. 6E, F). For pupae that developed from larvae
incubated in 5 pM RB, mortality was 65% for those that
had been exposed to a photoperiod and 25% for those
that had not (logrank y* = 21.30, df = 1, P<0.0001). For
pupae that developed from larvae incubated in 10 uM
RB, mortality was 29% for those that had been exposed
to a photoperiod and 17% for those that had not (logrank
)(2 = 11.58, df = 1, P=0.0007). Therefore, the internal
damage caused by the oxidative stress generated by RB
photoactivation led to higher pupal death.

In summary, although larval exposure to photoacti-
vated MB did not affect pupal mortality, larval exposure

1,2and 3

to photoactivated RB increased pupal mortality. Further-
more, the accelerated pupation rate of larvae treated with
1 uM of photoactivated MB was not accompanied by an
increase in pupal mortality.

Eclosion and adult longevity are unaffected by PSI stress
experienced as larvae

The effects of larval exposure to environmental stressors
can either (i) carry over across metamorphosis to shape
adult phenotypes, (ii) decouple across ontogeny to only
affect the juvenile life stages, or (iii) affect neither juvenile
nor adult phenotypes if conventional recovery occurs [10,
38-40]. Therefore, we used the same population of mos-
quitoes that developed into pupae to investigate whether
larval exposure to a photoactivated PSI affects the time to
eclosion or adult longevity. The presence or absence of a
photoperiod did not affect the time to eclosion (Fig. 7A,
B) or adult longevity (Fig. 8A, B) for mosquitoes that
were not exposed to a PSI, indicating that any effects seen
were due to PSI exposure.

Larval exposure to MB or RB did not affect the time-
line to eclosion (Fig. 7C—F) or adult longevity (Fig. 8C-F)
regardless of photoactivation or PSI concentration. For
all treatments, the average time to eclosion was 1 day
following pupation. The median survival of adults that
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Fig. 5A-D Pupation and mortality of larvae exposed to sublethal concentrations of RB. A Proportion of larvae that pupated or died

following incubation with 5 uM RB and exposure to darkness (Dark) or a photoperiod (Light). B Average time to pupation for the larvae that pupated
in A. C Proportion of larvae that pupated or died following incubation with 10 uM RB and exposure to darkness (Dark) or a photoperiod (Light). D
Average time to pupation for the larvae that pupated in C. B, D Data were analyzed using the Mann-Whitney U-test (ns, P> 0.05); whiskers indicate
the SEM. n Number of mosquitoes; for other abbreviations, see Figs. 1,2 and 3

developed from larvae exposed to 0.5 pM MB and a pho-
toperiod was 20 days; when the photoperiod was omit-
ted, it was 22 days (logrank y* = 1.642, df = 1, P=0.2001).
The median survival of adults that developed from larvae
exposed to 1 pM MB, with or without a photoperiod,
was 21 days (logrank y* = 0.04393, df = 1, P=0.8340).
Similarly, the median survival of adults that developed
from larvae exposed to 5 pM RB was 21 days with a
photoperiod and 23 days without (logrank y* = 4.415,
df =1, P=0.0356). Finally, the median survival of adults
exposed to 10 pM RB was 21.5 days with a photoper-
iod and 21 days without (logrank y* = 0.004110, df = 1,
P=0.9489). Although the two survival curves for 5 pM
RB were statistically significantly different, the changes
were small. Moreover, because this effect was not
repeated at 10 uM, we concluded that the stress experi-
enced by larvae exposed to photoactivated PSI did not
carry over and meaningfully affect either the timeline to
eclosion or adult longevity.

Adult melanization potential is unaffected by larval PSI
stress

Melanization is a biochemical cascade that mosqui-
toes deploy as part of their humoral immune response

[41, 42]. Melanization is accomplished via the conver-
sion of tyrosine to melanin precursors by PO and other
enzymes, followed by the cross-linking of proteins on
the surface of a pathogen. This generates ROS such
as quinones and semiquinones, which cause oxida-
tive stress that needs to be tolerated by the mosquito
[43]. Because photoactivation of a PSI exposes larvae
to ROS, we investigated whether a sublethal exposure
to photoactivated PSI during the larval stage affects the
melanization potential of adult mosquitoes.

Measuring the activity of PO—the rate-limiting
enzyme in the melanization biochemical cascade—
revealed that larval exposure to 1 uM MB or 10 uM RB,
with or without a photoperiod, did not affect the mel-
anization potential in the hemolymph of adult mosqui-
toes (Mann—Whitney U-test, NT: U = 30, P = 0.2723;
MB: U =15, P =0.8990; RB: U = 35, P > 0.9999; Fig. 9).
Thus, we concluded that the stress experienced by
the larvae exposed to photoactivated MB or RB did
not alter the strength of the melanization immune
response.
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Discussion

As a holometabolous insect, a mosquito undergoes com-
plete remodeling during its metamorphosis [32, 38]. This
allows the mosquito to independently adapt to the differ-
ent ecological niches that it occupies in its juvenile and

adult life stages [40]. However, some environmental fac-
tors alter larval development, and these changes can have
effects that carry over to modify adult life history traits
[10-20, 23, 35-39]. Here, we investigated how exposing
mosquito larvae to a sublethal concentration of two PSIs
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of mosquitoes; for other abbreviations, Figs. 1,2 and 3

affects development, survival, and melanization potential
(Fig. 10). We discovered that exposure to photoactivated
MB decreases time to pupation but does not affect pupal
survival, whereas exposure to photoactivated RB does
not affect time to pupation but decreases pupal survival.
Neither PSI meaningfully affects time to eclosion, adult
longevity, or adult melanization potential. Altogether,
these findings demonstrate that PSIs affect the immature
stages of the mosquito, but that these effects do not carry
over into adulthood.

PSIs are not just toxic to An. gambiae, they are also
toxic to Ae. aegypti, which is distantly related to An.
gambiae [31]. Aedes aegypti that survived sublethal

exposure to the PSI curcumin had delayed develop-
ment, decreased pupal survival, a lower probability
of eclosion, and reduced adult longevity [27]. These
detrimental sublethal effects differ from those that
we observed after exposing An. gambiae to sublethal
concentrations of MB and RB. Possible explanations
for these different effects include (i) different chemi-
cal classes of PSIs have different effects on life history;
(i) members of the two branches of the mosquito lin-
eage to which these species belong—Culicinae and
Anophelinae—respond differently to PSIs; or (iii) both
of the aforementioned are true. Our earlier finding that
the amount of MB or RB required to kill Ae. aegypti is
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less than that required to kill An. gambiae suggests that
there could be interspecific differences between how
a sublethal dose affects life history traits [31]. Impor-
tantly, in An. gambiae, adult longevity—which is an
important determinant of vector competence [21]—is
unaffected by larval exposure to a PSI.

Although the effects of both MB and RB are limited to
the juvenile mosquito stages, their effects on develop-
ment differ. Both MB and RB generate ROS in response
to light in a process termed intersystem crossing [44—
47], yet when these PSIs are ingested by larvae they end
up in different locations in the body: MB crosses the
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midgut epithelium and disperses throughout the hemo-
coel, whereas RB accumulates in the larval gut [31]. PSI
localization within the larvae determines which tissues
are damaged upon photoactivation and could explain
why MB accelerates pupation but does not affect pupal
mortality, whereas RB increases pupal mortality but does
not affect the time to pupation. By globally damaging
the mosquito, the stress associated with MB exposure
may accelerate pupation so that the MB and the dam-
aged tissue in the hemocoel can be shed with the exu-
viae, thereby normalizing pupal and adult survival. This

pupation-mediated shedding scenario is similar to what
occurs when carboxylate-modified fluorescent micro-
spheres are injected into the larval hemocoel [48]. How-
ever, since RB is confined to the gut, it is unclear whether
RB—or the gut damage it causes—is similarly shed dur-
ing pupation. If it is not, this may hamper pupal devel-
opment and subsequently lead to an increase in pupal
mortality.

An alternative explanation to phenotypic differences
following MB and RB exposure is that RB may alter the
gut microbial community. PSIs are antibacterial [49-51],
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and the gut microbiota is critical for insect development
[52-56]. Even though pupae do not feed, they do have
a pupal microbiome [57, 58], and it is possible that the
close contact between RB and the gut microbiota may
have a detrimental effect on pupae. Disruption of the gut
microbiota by a PSI is not unexpected since other types
of pesticides are known to have this effect [51, 59-64].
Therefore, the RB-mediated increase in pupal mortal-
ity may be indirectly caused by damage to the mosquito
microbiota.

Conclusions

PSIs, such as MB and RB, are promising larvicides that
kill mosquitoes at ecologically relevant concentrations
[31]. By generating ROS in response to light, PSIs degrade
rapidly upon photoactivation, so they do not accumulate
in the environment. Moreover, because of their non-spe-
cific mechanism of action, i.e., general oxidative damage,
they are less likely to select for resistant mosquito pop-
ulations [9]. To the best of our knowledge, prior to the
present study, it was unknown whether PSIs affect the life
history traits of An. gambiae. Here, we demonstrated that
pupation protects An. gambiae larvae from PSI toxicity.
Furthermore, larvae that survived sublethal exposure to
a PSI had an altered developmental timeline and pupal
survival, but the pupae that survived did not carry over
detrimental effects into adulthood. Altogether, PSIs are
promising larvicides that effectively kill mosquitoes with-
out having hormetic effects on the survivors. Therefore,
PSIs are strong candidates for the control of mosquito
populations and the curbing of mosquito-borne disease.

Abbreviations

MB  Methylene blue

PSI Photosensitive insecticide
RB Rose bengal

ROS  Reactive oxygen species
ya) Zeitgeber time
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Additional file 2: Figure S1. Larval survival following a photoperiod and
photosensitive insecticide (PSI) exposure at different times of the day.
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20 uM methylene blue (MB) (B), and in 50 uM rose bengal (RB) (C). Larval
survival was measured throughout a 2-h photoperiod. Whiskers indicate
the 95% confidence interval (Cl). n Number of mosquitoes.
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and PSI exposure at different times of the day. Larvae were incubated
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period (0 min), and throughout the succeeding 2-h photoperiod
(120 min). Whiskers indicate the 95% Cl. n Number of mosquitoes.

Additional file 4: Figure S3. Pupation and mortality of larvae that were
not exposed to a photoperiod. A In the absence of a photoperiod (Dark),
proportion of larvae that pupated or died following incubation in either
no PSI,in 0.5 uM MB, or in 5 uM RB. B Average time to pupation for the
larvae that pupated in A. C In the absence of a photoperiod (Dark),
proportion of larvae that pupated or died following incubation in either
no PSI,in 1 uM MB, or in 10 uM RB. D Average time to pupation for the
larvae that pupated in C. B, D Data were analyzed using the Kruskal-Wallis
test, followed by Dunn’s multiple comparison test (ns P>0.05, ** P<0.01);
whiskers indicate the SEM. n Number of mosquitoes.
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