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Summary

Mosquitoes pose widespread threats to humans and other animals as disease vectors [1]. Day- vs.
night-biting mosquitoes occupy distinct time-of-day niches [2, 3]. Here, we explore day- vs. night-
biting female and male mosquitoes’ innate temporal attraction/avoidance behavioral responses to
light and their regulation by circadian circuit and molecular mechanisms. Day-biting mosquitoes
Aedes aegypti, particularly females, are attracted to light during the day regardless of spectra. In
contrast, night-biting mosquitoes Anopheles coluzzii, specifically avoid ultraviolet (UV) and blue
light during the day. Behavioral attraction/avoidance to light in both species change with time-of-
day and show distinct sex and circadian neural circuit differences. Males of both diurnal and
nocturnal mosquito species show reduced UV light avoidance in anticipation of evening onset
relative to females. The circadian neural circuits of diurnal/day- and nocturnal/night-biting
mosquitoes based on PERIOD (PER) and Pigment-Dispersing Factor (PDF) expression show
similar but distinct circuit organizations between species. The basis of diurnal versus nocturnal
behaviors is driven by molecular clock timing, which cycle in anti-phase between day- versus
night-biting mosquitoes. Observed differences at the neural circuit and protein levels provide
insight into the fundamental basis underlying diurnality versus nocturnality. Molecular disruption
of the circadian clock severely interferes with light-evoked attraction/avoidance behaviors in
mosquitoes. In summary, attraction/avoidance mosquito behaviors show marked differences
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between day- vs. night-biting mosquitoes, but both classes of mosquitoes are circadian and light
regulated, which may be applied towards species-specific control of harmful mosquitoes.
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In Brief

Baik et al. show that diurnal vs. nocturnal mosquitoes have distinct attraction and avoidance to
light that is controlled by the circadian clock. They find distinct features of circadian neural circuit
and phasic oscillation of circadian protein in daytime-active vs. nighttime-active mosquitoes that
may underlie diurnality versus nocturnality.
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Results

Mosquito-spread diseases may have contributed to the deaths of half of all the people who
have ever lived [1]. Toxic pesticides are environmentally harmful in contrast to relatively
safe light-based insect control approaches. However, light-based insect controls do not
typically take into consideration the day vs. night behavioral profiles that changes with daily
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light: dark cycles. Insects display a wide range of short wavelength light modulated
behaviors, including attraction/avoidance [4-11]. It has been long assumed that insect
responses to ultraviolet (UV) light are mediated by external photoreceptors including opsins
in the eyes. Mosquitoes and flies additionally express non-opsin photoreceptors including
the blue and UV light sensitive CRYPTOCHROME (CRY) [12]. Recent work in flies shows
that CRY mediates a wide range of behavioral responses to blue and UV light, including
circadian modulated attraction/avoidance [4-6].

Different mosquito species have evolved distinct circadian timing of behaviors according to
their temporal/ecological niches. Some mosquito species are diurnal (i.e., Aedes aegypti)
while others are nocturnal (i.e., Anopheles coluzzii). Numerous mosquito behaviors change
with time-of-day, including flight activity, mating, oviposition, and biting [2, 3, 13-17].
Circadian clocks are light entrained and altered light timing disrupts circadian behaviors [2,
3, 10, 11, 13]. Despite their large impact on health and ecology, little is known about the
basis of diurnality/nocturnality and behavioral timing in mosquitoes. We chose to investigate
diurnal Aedes aegypti (Ae. aegypti) and nocturnal Anopheles coluzzii (An. coluzzii)
mosquitoes based on comparative circadian interest and because both are anthropophilic
mosquitoes that are major vectors of many human diseases.

Light-evoked attraction/avoidance behaviors in diurnal and nocturnal

mosquitoes are species-, sex-, and spectra-dependent, and changes with

time-of-day.

To measure behavioral attraction/avoidance to light in mosquitoes, we developed a custom
designed arena (Figure 1A). 12 hr: 12 hr light: dark (LD) circadian entrained young adult
diurnal (Ae. aegypti) and nocturnal (An. coluzzi) mosquitoes were presented with a choice
of light-exposed versus shaded environments during the subjective daytime (Zeitgeber Time,
ZT 0-12). Light intensity was set to 400 pW/cm?, which is a relatively high-intensity light
that is within a natural physiological and environmental range. Light was continuously kept
on during the subjective daytime (12 hrs; ZT 0-12) then turned off during the subjective
nighttime (12 hrs; ZT 12-24), maintaining the prior LD entrainment and thus the circadian
clock unperturbed.

Diurnal versus nocturnal mosquito species exhibit striking differences in their light-evoked
attraction/avoidance behavior. Diurnal Ae. aegyptifemales are behaviorally attracted to UV
light during the day (Figure 1B and 1H) and remain in the same general spatial area at night
that they occupied previously during the day (Figure 1B, 1H, and 11). In contrast, nocturnal
An. coluzziifemales strongly avoid UV light during most of the daytime and occupy the
previously illuminated spatial area at night that they avoided during the day (Figure 1C, 1H,
and 11). Both species females shift behavioral attraction/avoidance as dusk approaches in
anticipation of the simulated night (Figure 1B, 1C, 1D, and 1F). We observe this change in
behavior despite the that the light stimulus remains constant during the daytime, indicating
that this is likely a circadian-modulated behavior in anticipation of approaching nighttime.
The “anticipatory” afternoon behavioral shift begins around mid-afternoon (~ZT7) for
diurnal Ae. aegypti females (Figure 1B and 1D). In contrast, nocturnal An. coluzzii, females
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show sharp decreases in UV light avoidance starting about an hour before dusk (~ZT11)
(Figure 1C and 1F).

Mosquitoes are highly sexually dimorphic; male mosquitoes’ primary needs are to feed on
nectar and to mate, while females additionally need to seek blood-meal hosts and
oviposition sites. Male mosquitoes swarm earlier in anticipation of females [14-16]. The
timing of male swarm roughly coincides with or precedes the timing of female anticipatory
behavioral shift we observed in UV light attraction/avoidance (Figure 1D and 1F) [14].
Thus, we considered the possibility of sex differences for light environmental preference.
Diurnal Ae. aegypti males are attracted to UV light during the late subjective daytime
(Figure 1B and 1E), but to a significantly lesser extent than females, which are attracted to
UV light throughout the entire day. Nocturnal An. coluzzii males strongly avoid UV light,
similar to An. coluzziifemales (Figure 1C and 1H). Both species show sex-specific
differences in timing of “anticipatory” behavioral shifts in attraction/avoidance to light
approaching dusk. Ae. aegyptilight attraction peaks earlier in males (~ZT10) than in
females (~ZT 12) (Figure 1B, 1D, and 1E). Similarly, as dusk approaches An. coluzzii males
show earlier behavioral shift in avoidance/attraction than females in anticipation of dusk
(Figure 1C, 1F, and 1G). Sex-dependent differences persist even after the UV light is turned
off, which simulates the subjective nighttime (ZT 12-24). Nighttime preference for
previously UV light exposed environment is significantly higher in females, compared to
males in both species (Figure 11).

The color spectral preference of attraction/avoidance behavior varies between different
insect species [4, 5, 8, 9, 18]. A diptera Drosophila melanogaster avoids short wavelength
light during midday, but not long wavelength light. [4-6]. We examined spectral dependence
of mosquito attraction/avoidance to light, using intensity-matched visible short wavelength
blue light and visible long wavelength red light for comparison with UV light behavior at
same light intensity (400 uW/cm?). Diurnal Ae. aegypti females are attracted to both blue
and red lights during the day, comparable to their UV light attraction (Figure S1A, S1C, and
S1E). In contrast, nocturnal An. coluzzii females, which strongly avoid UV light (Figure 1),
avoid blue light during the day but to a significantly lesser extent than UV light (Figure S1B
and S1E). Significantly different from their avoidance to blue and UV light, female An.
coluzzii are attracted to red light (Figure S1D and S1E). During the nighttime, females of
both species prefer environments with prior UV light exposure, significantly higher than
their weaker nighttime preference for areas with prior blue or red light exposure (Figure
S1F). We conclude that behavioral attraction/avoidance to light are wavelength-dependent
and differ in both overall valence and anticipation of dusk between nocturnal and diurnal
mosquito species.

Diurnal versus nocturnal mosquitoes have similar yet distinct circadian

neuronal circuits.

We anatomically mapped the circadian neuronal network in the central brain of female
diurnal and nocturnal mosquitoes. Insect circadian neuronal circuits are defined by the cyclic
expression of highly conserved clock protein PERIOD (PER) that drives rhythmic changes
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in physiology and behavior. Pigment-Dispersing Factor (PDF) is a highly conserved
neuropeptide co-expressed with PER in the small- and large-lateral ventral neurons (LNvs)
which modulate circadian- and light-mediated behaviors such as locomotion, sleep, arousal,
and light attraction/avoidance in Drosophila melanogaster[4, 5, 19-21]. Antibodies against
Drosophila PER labels circadian neurons in a broad range of other insects [22—24]. The use
of Drosophila PER or PDF antibodies has been validated in insects that are much more
distantly related to Drosophila than mosquitoes are (i.e., in lepidopteran Antheraea pernyi
silk moths and in hymenopteran Apis mellifera honeybees) while Drosophila melanogaster
and mosquitoes are more closely related dipterans [23, 24]. Thus we reasoned that
Drosophila PER and PDF antibodies can effectively label PER and PDF proteins in
mosquitoes.

We find PER and PDF are co-expressed in the lateral ventral area in both Ae. aegypti and
An. coluzziifemale adult brains (Figure 2 and S2, and Table S1). These PDF* and PER*
neurons can be further distinguished as large- (I-LNvs) and small-lateral ventral neurons (s-
LNvs) (Figure 2 and S2). Other neuronal groups include putative dorsal neurons (DNs)
(Figure 2 and S2). There are large neuronal arbors in the optic lobes and dorsal projections
to the DNs from the PDF* LNvs [21] (Figure 2, S2, S3E-H and S4E-H, Movie S1, and
Movie S2). In An. coluzzii, the PDF* LNv dorsal projections continue medially to the pars
intercerebralis (P1) region; this projection pattern is not observed in Ae. aegypti (Figure 2,
S3A-D and S4A-D). Another species-specific feature is that the contralateral projection of
PDF* LNvs crosses the midline in the early daytime in An. coluzzii, but not in Ae. aegypti
(Figure 2, S3A-D and S4A-D). Approximately ~5 PER*/PDF~ neurons in the medial-
anterior region of Ae. aegyptifemale brains, which we call medial-anterior neurons (m-
ANSs) here, are not detected in An. coluzzii (Figure 2 and S2). Another species-specific
neuronal group includes approximately ~7 PER*/PDF~ neurons in the PI region in Ar.
coluzzii, which are not detected in Ae. aegypti (Figure 2 and S2, and Table S1). Thus, there
are both similar and species-distinct features of the circadian neuronal circuits of diurnal Ae.
aegypti and nocturnal An. coluzzii.

Molecular clock of diurnal versus nocturnal mosquitoes in PDF* LNv

circadian neurons oscillate in an anti-phasic manner.

To examine the timing of molecular clock underlying diurnal and nocturnal mosquitoes, we
measured PER and PDF protein oscillation over 24 hrs at 6 hr intervals in the brains of Ae.
aegyptiand An. coluzzii female mosquitoes. PER protein cycles robustly in both Ae. aegypti
and An. coluzzii circadian neurons. PER*/PDF* LNv axonal projections undergo structural
remodeling with time-of-day for both An. aegyptiand An. coluzzii (Figure S3A-D and
S4A-D). Notably, PER oscillates in opposite phases between diurnal Ae. aegyptiversus
nocturnal An. coluzziiPDF* LNv circadian neurons (Figure 3). PER protein levels peak in
late night/early day in PDF* s-LNv and I-LNv of the diurnal mosquito Ae. aegypti (Figure
3A, 3C, and 3D). In contrast, PER protein levels peak in late day/early night in PDF* s-LNv
and I-LNv of the nocturnal mosquito An. coluzzii (Figure 3B, 3E, and 3F). In addition to
PER oscillation, PDF protein levels in s-LNv and I-LNv of nocturnal An. coluzzii oscillate
with its peak expression in early night (Figure S41 and S4J). In contrast, PDF protein levels
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peak in early day in s-LNv and I-LNv of diurnal Ae. aegypti, but its oscillation is less clear
(Figure S3I and S3J). Diurnal and nocturnal mosquitoes have distinct circadian clock protein
phases and circadian neuronal architecture in the brain that suggest a possible mechanism
for diurnality and nocturnality.

Constant light exposure disrupts circadian protein expression and the

timing of behavioral attraction/avoidance to UV light in mosquitoes.

Constant light condition (LL) disrupts circadian clock gene expression and rhythmic
behaviors in many animals, including mosquitoes [2, 3, 29, 30]. In Drosophila melanogaster,
LL disrupts the core clock protein oscillation, behavioral valence, and circadian timing of
attraction/avoidance to light via a circadian UV/blue light sensor, CRY [5, 6, 30]. In
mosquitoes, LL condition disrupts the cycling of core circadian genes and clock modulation
of behaviors including locomotor rhythm, anticipation behavior, and timing of oviposition
[3, 10, 31-34].

By using LL circadian clock disruption, we tested whether the circadian clock modulates the
valence and timing of behavioral attraction/avoidance to light. Following LD entrainment,
female mosquitoes were exposed to constant UV light (UV LL) for 3-5 days. Then we
measured circadian protein levels corresponding to species-specific PER peak times using
anti-PER and anti-PDF immunocytochemistry. Similar to LL-induced disruption at mRNA
level [34], PER protein levels were severely reduced in mosquito brains following UV LL
compared to LD in both Ae. aegyptiand An. coluzzii (Figure 4A-D). In many brains, PER
protein levels in LNvs could not be quantified because there was no visible PER staining
following UV LL (not shown).

Drosophila melanogaster has UV light avoidance that peaks in the midday, coinciding with
their low locomotor activity “siesta”, followed by behavioral shift from avoidance to
attraction in anticipation of dusk, similar to mosquitoes. In Drosophila, this shift in
attraction/avoidance is disrupted in flies with core clock gene knockout, circadian neuronal
silencing, or with LL-induced circadian clock disruptions [5, 6]. To examine the functional
link between the circadian clock and behavioral attraction/avoidance to light, we measured
the behavioral preference under the clock-disrupting UV LL condition. During UV LL, both
mosquito species lack clear time-of-day dependent changes in UV attraction/avoidance
behavior, including the anticipatory behavioral shift approaching dusk (Figure 4E-4H). Ae.
aeqypti females show attraction to UV light regardless of time-of-day (Figure 4E and 4G).
An. coluzziifemales show loss of day versus night differences in avoidance/attraction, and
overall lack any clear valence for either light environments under UV LL condition (Figure
4F and 4H). LL-induced circadian clock disruption severely disrupted the timing of UV-
evoked attraction/avoidance behavior in both diurnal and nocturnal mosquitoes, which
strongly resembles findings in Drosophila using either the same LL protocol or tests of
genetic clock gene nulls [5, 6].
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Discussion

Different mosquito species have evolved to occupy distinct temporal niches, likely to
minimize inter-species competition and optimize their chance of mating, biting, and overall
survival. In addition to diurnality versus nocturnality, Ae. aegyptiand An. coluzzii are
behaviorally and ecologically unique. Diurnal Aedine mosquitoes are aggressive biters that
maintain relatively high activity levels and take multiple blood meals within a same
gonotropic cycle [3, 34, 35]. In contrast, nocturnal Anopheline mosquitoes are relatively
quiescent especially during the day and mainly target defenseless hosts that are sleeping at
night [2, 15]. The timing of species- and sex-specific behavioral attraction/avoidance to light
we describe here coincides with the ecological timing of these mosquito species’ increased
flight activity, mating, and host seeking behaviors [2, 3, 13-17]. In instance, the sex-specific
difference in An. coluzziibehavioral attraction/avoidance to light are mainly observed in the
late afternoon and nighttime, which is the most ecologically relevant and active time for this
species.

We find that diurnal Ae. aegyptiare attracted to a wide range of light spectra during the
daytime while nocturnal An. coluzzii are strongly photophobic to short wavelength light.
Our results suggest that the timing and spectra must be considered when targeting specific
mosquitoes. For instance, the use of high intensity UV light during the day may not be
effective in attracting nocturnal mosquitoes. Controlling the timing and light spectra may
allow targeting of specific mosquito species using environmentally friendly light-based
approaches [36].

A wide range of behaviors in mosquito and other insects are temporally modulated by light,
including mating, seeking a blood-meal, biting, oviposition, flight activity, and sleep [2, 3,
13-17]. Light treatments that alter circadian function also disrupts biting, flight activity, and
oviposition behaviors in mosquitoes [2, 3, 10, 11, 13]. Both Ae. aegyptiand An. coluzzii
exhibit behavioral shifts in attraction/avoidance in anticipation of dusk, despite no change in
light stimulus itself. Our characterization of light-evoked attraction/avoidance behavior in
mosquitoes shows timing features that suggest that these processes are under circadian
regulation, similar to that of Drosophila melanogaster [4-6]. The disruption of circadian
protein expression and loss of UV-evoked attraction/avoidance anticipatory behavior under
clock-disrupting LL condition is clear evidence that UV attraction/avoidance is a circadian
clock-modulated behavior. The timing of anticipatory behavioral shift in UV avoidance/
attraction is distinct between diurnal versus nocturnal mosquitoes, supporting the idea that
change in avoidance/attraction behavior may contribute to temporal niches occupied by each
species.

In the more extensively studied circadian neural network, that of Drosophila melanogaster,
there are ~150 circadian neurons [37]. In comparison, we find that Ae. aegyptiand An.
coluzzifhas only about ~80-90 circadian neurons total. The largest difference between flies
and mosquitoes is that both mosquitoes have only a few DNs (~90 DNs in flies vs. only ~4
in the two mosquito species tested). LNvs on the other hand, are much more abundant in
both mosquitoes tested than in flies (~10-11 LNvs in flies vs. ~25-30 in mosquitoes).
Another interesting group of neurons are the mosquito species-specific neuronal groups, m-
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AN of Ae. aegyptiand Pl neurons of An. coluzzii, which are not PER* in Drosophila. Pl
neurons in many other insect species express PER (Reviewed in [27]). In Drosophila
melanogaster, Pl neurons are not PER™, yet are circadian rhythmic due to clock neuronal
inputs [38, 39]. PDF is a critical neural peptide in circadian neuronal signaling working in
close neuronal proximity. In Drosophila melanogaster, PDF* s-LNv axon terminal structures
undergo temporal oscillation to modulate circadian neural signaling [39, 40]. Similarly, we
find that axon terminals of PDF+ LNvs of both mosquito species undergo structural
remodeling according to time-of-day. Further investigation of the circadian neural circuit
dynamics may reveal the principles of clock coding mechanism of mosquitoes.

In addition to circuit-level differences, PER protein oscillates in anti-phasic manner between
diurnal and nocturnal mosquitoes. Anti-phasic oscillation is not observed at the DNA and
mRNA levels [34, 35, 41, 42]. It has been demonstrated in cyanobacteria, Drosophila, and
mice that post-translational modification of core circadian proteins modulate the protein
stability, and phasic expression and nuclear translocation, which is essential in timing of the
clock and its behavioral outputs [30, 43—-49]. Our qualitative analysis suggests nuclear PER
peaks at opposite times between diurnal versus nocturnal mosquitoes: PER peaks in the late
nighttime (~ZT23) in Ae. aegyptiversus in the late daytime (~ZT11) in An. coluzzii (Figure
3), which can be further confirmed with nuclear markers. Furthermore, the circadian clock in
nonsuprachiasmatic nuclei neurons and periphery tissues cycle in opposite phases in diurnal
versus nocturnal mammals [50-52]. These findings along with our findings of the circuit-
level differences and anti-phasic oscillation of core circadian proteins point to a potential
mechanism underlying diurnal versus nocturnal behaviors.

STARXMETHODS
RESOURCE AVAILABILITY

Lead Contact—Further information and requests for resources and reagents should be
directed to and will be fulfilled by the Lead Contact, Prof. Todd C. Holmes
(tholmes@uci.edu).

Materials Availability Statement—While this study did not generate new unique
reagents, further information and requests for resources should be directed to and will be
fulfilled by the Lead Contact.

Data and Code Availability Statement—The datasets generated during this study are
available at Mendeley Data Repository (http://dx.doi.org/10.17632/f862zzmj8m.1).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mosquito rearing and maintenance—Mosquitoes were reared at 27°C, 70%-80%
relative humidity with a photoperiod of 12 hrs:12 hrs light: dark cycle. Mosquito larvae were
fed Tetramin Tropical fish food (Tetra GMBH, Melle Germany). All larvae were kept in
plastic containers until pupation, then transferred into a small paper cup containing
deionized water and moved to a 30cm? Bugdorm mosquito cage to eclose. Emerged
mosquitoes were fed 10% sucrose ad libitum and allowed to mate prior to all experiments.
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METHOD DETAILS

Light Attraction/Avoidance Behavior Assay—All mosquitoes were reared in standard
12 hr: 12 hr light: dark (LD) schedule in 27°C, and 80% humidity in large cages with access
to 10% sucrose diet. Adult mosquitoes (0-5 days post-eclosion) were entrained to LD
schedule for minimum of 3 days prior to testing. Individual mosquitoes were each placed
into 25mm diameter x 125 mm length Pyrex glass tubes (25mm diameter x 125mm length,
TriKinetics) plugged with cotton “flugs” (Genesee) on either side. Flugs were soaked with
10% sucrose providing a food source, while simultaneously allowing airflow sufficient for
multi-day survival of the mosquitoes in the tubes. Tubes containing individual mosquitoes
were placed in humidity-, temperature-, and light-controlled incubator and allowed to
acclimate for a full day. One half of the tubes were covered with infrared (IR) filters (LEE
Filters 4 x 4” Infrared (87C) Polyester Filter), providing the mosquitoes with a choice of a
shaded environment (IR filtered) versus light-exposed (not covered with IR filter) during the
12 hrs of light (daytime). Philips TL-D Blacklight ultraviolet light (UV) source with narrow
peak wavelength of 365 nm and intensity of ~400 pW/cm?2 was used for UV light. Blue (450
nm, Supernight) and red (630 nm, Supernight) LED strips set at ~400 pW/cm?2 was used as
blue and red light sources. Light intensities were determined by a Newport 843-R Power/
Energy Meter with Newport 818-UV Sensor. Additionally, IR LED strips (Infrared 850 nm
3528 LED Strip Light, 78/m, 8mm wide, by the 5m Reel) placed on aluminum heat sink was
placed under the entire setup which allowed dark imaging of mosquitoes. With each light
source, same LD schedule as the LD entrainment schedule prior to experiment was
continued to minimize any disturbance to the circadian time. For constant light (LL) light
choice assay, the UV light was constantly left on. Webcam (Microsoft Q2F-00013 USB 2.0
LifeCam) took pictures at 10 min intervals for 3-5 days of experiment. Each mosquito’s
preference in the light-exposed versus shaded side of the tube was analyzed by the ImageJ
program. Preference for the light-exposed or the shaded-environment, quantified as
preference %. Each experiment was repeated a minimum of three times for each group.
Related to Figure 1, Figure 4, and Figure S1.

Immunocytochemistry—All mosquitoes were reared in standard 12 hr: 12 hr light: dark
(LD) schedule at 27°C, and 80% humidity in large cages, with access to 10% sucrose diet.
Mosquito brains were dissected 5-10 days post-eclosion at times specified in the
manuscript. All dissections, staining, and imaging were carried out in an exact same manner
for all conditions for fair comparison. Brains were dissected in 1X PBS in the dark with dim
red light source, fixed in 4% paraformaldehyde (PFA) for 30 min, washed 3X 10 min in
PBS-Triton-X 1%, incubated in blocking buffer (10% Horse Serum-PBS-Triton-X 0.5%) at
room temperature before incubation with mouse a-PDF C7, monoclonal (1:10,000) and
rabbit a-PER, polyclonal (1:1,000) antibodies overnight in 4° C. Primary antibody
incubated brains were then washed 3X 10 min in PBS-Triton-X 0.5% then incubated in goat
a-mouse-Alexa 488 (1:500) and goat a-rabbit-Alexa-594 (1:500) secondary antibodies in
blocking buffer overnight in 4°C. Brains were washed 5X 15min in PBSTriton-X 0.5%
before mounting in Vectashield mounting media (Vector Laboratories). Microscopy was
performed using Zeiss LSM700 confocal microscope. All settings for confocal microscope
was kept the same across all samples, including laser power, gain, objective (20x), averaging
per frame (x2), etc. Then fluorescence intensities were analyzed and represented as raw
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images using Imaris and ImageJ (not manipulated by Photoshop or any other photo
manipulation program). All representative images in this manuscript are also raw images,
not manipulated for intensity, gain, etc. unless noted otherwise in the figure legend and
normalized to background fluorescence in areas outside of the imaged brain. Each condition
was carried out over a minimum of 3 separate tests to further minimize any experimental
variability. Related to Figure 2, Figure 4, Figure S2, Figure S3, Figure S4, and Table S1.

QUANTIFICATION AND STATISTICAL ANALYSIS

Mosquito preference behavior was quantified as present or not present in light-exposed
versus shaded sides of the tube. This binary preference for each 10 min time point over 3-5
days was averaged per individual mosquito (n= individual mosquito). Individual preferences
were then further averaged for each group. Preference behavior statistical measurements
including significance were analyzed by t test using Microsoft Excel and Sigma Plot.
Related to Figure 1, Figure 4, and Figure S1.

For immunocytochemistry, fluorescence levels were analyzed using Imaris software
(Bitplane). Spherical region of interest was selected for each cell based on anatomical
location and size. Fluorescence was quantified for each region by the Imaris software. Each
species time point was collected for minimum of three repetitions. Each n represents one
brain. Reported quantification values reflect the average fluorescence intensity levels and
error bars indicate S.E.M. Statistical measurements includeing significance was defined
using t test using Microsoft Excel and Slgma Plot. Related to Figure 3, Figure 4, Figure S3
and Figure S4.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Diurnal/nocturnal mosquitoes have distinct circadian neural circuit and PER
cycling

Diurnal vs. nocturnal mosquitoes have distinct clock-modulated light
preferences

Light preference is dependent on mosquito sex and species, time of day, and
color

Circadian clock modulates timing and valence of mosquito light responses
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Figure 1. UV light-evoked attraction/avoidance responses in diurnal and nocturnal mosquitoes
are specie- and sex-dependent.

(A) Schematic of mosquito light-evoked attraction/avoidance preference behavioral assay
setup.

(B-C) Attraction/avoidance behavior to UV light, measured by % of preference in UV-
exposed versus shaded environment throughout 12 hr: 12 hr UV light: dark for (B) female
Ae. aeqypti (dark green; n=110) and male Ae. aegypti (light green; n=61), and (C) female
An. coluzzii (brown; n=64) and male An. coluzzii (orange; n=47).

(D-G) Attraction/avoidance behavior to UV light, measured by % of preference in UV-
exposed versus shaded-environment during Zeitgeber time (ZT) 6-12 for (D) female Ae.
aeqypti, (E) male Ae. aegypti, (F) female An. coluzzii, and (G) male An. coluzzii.
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(H-1) Average attraction/avoidance behavioral preference to UV light-exposed versus
shaded-environment by Ae. aegypti and An. coluzziifemale and male mosquitoes for (H)
daytime, light violet background indicates illuminated area; and (1) nighttime, light violet
background indicates previously illuminated area. Data are represented as mean = S.E.M. *p
< 0.05; **p < 0.01; ***p < 0.001 vs. female. See also Figure S1.
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Aedes aegypti

B Anopheles coluzzii

green outline = PDF*

Figure 2. Schematic representation of Aedes aegypti and Anopheles coluzzi circadian neuronal
circuits.

(A-B) lllustrations of representative adult female central brains and their neuronal
expression of PER and/or PDF with projections depicted in black. Asterisk (*) indicates
groups distinct for each species. PDF* neurons are indicated with green outline. (A) Ae.
aegyptis-LNv in yellow, I-LNv in violet, DNs in orange, and m-AN in light blue. (B) An.
coluzzif s-LNv in yellow, I-LNv in violet, DNs in orange, and Pl neurons in dark blue. See
also Figure S2, Figure S3, Figure S4, Table S1, Video S1, and Video S2.
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Anopheles coluzzii
ZT17

5 um

PDF* I-LNv PER
expression

Figure 3. Diurnal versus nocturnal mosquito PER expression in PDF* LNv neurons oscillate in
anti-phasic manner.

(A-B) Representative confocal images of adult female (A) Ae. aegyptiand (B) An. coluzzii
mosquito lateral ventral neurons (LNv) immunocytochemistry stained with a—PER
(magenta) and a—PDF (green) antibodies at ZTs 5, 11, 17, and 23. *Scale bars indicate 5

gm.

(C-F) PERIOD expression levels over 24 hrs time for Ae. aegypti (ZT5, n=27; ZT11, n=17;
ZT17,n=6, ZT23, n=7) (C) s-LNv and (D) I-LNv, and An. coluzzii (ZT5, n=13; ZT11,
n=31; ZT17, n=9, ZT23, n=8) (E) s-LNv and (F) I-LNv. Data are represented as mean +
S.E.M. See also Figure S2, Figure S3, Figure S4, Video S1, and Video S2.
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Figure 4. Constant UV light exposure disrupts circadian protein expression and clock
modulation of attraction/avoidance behavioral responses to UV light in mosquitoes.

(A-B) Representative confocal images of anti-PER (magenta) and anti-PDF (green)
immunocytochemistry stained adult female mosquito brains under 12 hr: 12 hr light: dark
(LD) or following constant UV light (LL) exposure for (A) Ae. aegyptiand (B) An. coluzzii.
*Scale bars indicate 5 um.

(C-D) Average fluorescence intensity of circadian neurons under LD (light violet) versus LL
(magenta) conditions for Ae. aegypti ZTICT 23 (LD, n=7; LL, n=13) (C) and An. coluzzii
ZT/CT 11 (LD, n=31; LL, n=6) (D).

(E-F) Attraction/avoidance behavior to UV light, measured by % of preference in UV-
exposed versus shaded during UV LL for female (E) Ae. aegyptiand (F) An. coluzzii.
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(G-H) Average attraction/avoidance behavioral preference to light-exposed versus shaded-
environments during subjective daytime (light violet) versus nighttime (dark violet) under
LD or LL conditions for (G) Ae. aegyptiand (H) An. coluzzii female mosquitoes. Data are
represented as mean + S.E.M. *p < 0.05; **p < 0.01; ***p < 0.001 vs. LD or day. See also
Figure S2.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Mouse anti-PDF C7, monoclonal

Developmental Studies Hybridoma Bank at U
of lowa

Cat# PDF-C7-C

Goat anti-mouse Alexa Fluor 488

Invitrogen

Cat# A-11001

Rabbit anti-PER, polyclonal

Michael Rosbash, Brandeis University

n/a

Goat anti-rabbit Alexa Fluor 594 Invitrogen Cat# A-11037
Chemicals, Peptides, and Recombinant Proteins

Paraformaldehyde Alfa Aesar/Fisher Scientific Cat# AA433689L
Triton-X Fisher Scientific Cat# T8787

PBS VWR International Cati# 12001766

Horse Serum

Fisher Scientific

Cat# MT35030CV

Glycerol

Fisher Scientific

Cat#G33-500

TetraMin Tropical Tablets

Tetra GMBH, Melle, Germany

Product No. 16110

Deposited Data

Raw and analyzed data

This paper

http://dx.doi.org/10.17632/f862zzmj8m.1

Experimental Models: Organisms/Strains

Aedes aegypti (Orlando strain)

Leslie Vosshall, Rockefeller University

Orlando strain

Anopheles coluzzii (Ngousso strain)

Bradley White BEI Resources

BEI Resources # MRA-1279

Software and Algorithms

SigmaPlot 11 Systat Software, Inc https://systatsoftware.com/products/sigmaplot/
ImageJ Fiji https://imagej.nih.gov/ij/
Imaris Bitplane, Oxford Instruments https://imaris.oxinst.com/
iSpy64 DeveloperInABox © www.developerinabox.com
Other

Webcam Microsoft Cat# Q2F-00013

Pyrex glass tubes TriKinetics Cat# PGT25%x125

Cotton Flugs Genesee Cat# 49-102

Red light Supernight Cat# BOODTOAW30

Blue light Supernight Cat# SYNCHKG048722
UV light Philips Cat# TL-D/08

Power adaptor, Power supply for LED strip

Lighting EVER

Cat# 5000028-US

Light Meter

Newport Corp.

Cat# 843-R

Light Sensor

Newport Corp.

Cat# 818-UV

IR filters

B & H Foto & Electronics Corp.

Cat# B&H # LE87C44

Incubator

Percival Scientific, Inc.

Cat# DR-36VL
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