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Nocturnal mosquito
Cryptochrome 1 mediates
greater electrophysiological and
behavioral responses to blue
light relative to diurnal mosquito
Cryptochrome 1
David D. Au1, Jenny C. Liu1, Thanh H. Nguyen1,
Alexander J. Foden1, Soo Jee Park1, Mia Dimalanta1,
Zhaoxia Yu2,3 and Todd C. Holmes1,3*
1Department of Physiology and Biophysics, School of Medicine, University of California, Irvine,
Irvine, CA, United States, 2Department of Statistics, Donald Bren School of Information and
Computer Sciences, University of California, Irvine, Irvine, CA, United States, 3Center for Neural
Circuit Mapping, School of Medicine, University of California, Irvine, Irvine, CA, United States

Nocturnal Anopheles mosquitoes exhibit strong behavioral avoidance to

blue-light while diurnal Aedes mosquitoes are behaviorally attracted to blue-

light and a wide range of other wavelengths of light. To determine the

molecular mechanism of these effects, we expressed light-sensing Anopheles

gambiae (AgCRY1) and Aedes aegypti (AeCRY1) Cryptochrome 1 (CRY) genes

under a crypGAL4-24 driver line in a mutant Drosophila genetic background

lacking native functional CRY, then tested behavioral and electrophysiological

effects of mosquito CRY expression relative to positive and negative CRY

control conditions. Neither mosquito CRY stops the circadian clock as

shown by robust circadian behavioral rhythmicity in constant darkness

in flies expressing either AgCRY1 or AeCRY1. AgCRY1 and AeCRY1 both

mediate acute increases in large ventral lateral neuronal firing rate evoked

by 450 nm blue-light, corresponding to CRY’s peak absorbance in its base

state, indicating that both mosquito CRYs are functional, however, AgCRY1

mediates significantly stronger sustained electrophysiological light-evoked

depolarization in response to blue-light relative to AeCRY1. In contrast, neither

AgCRY1 nor AeCRY1 expression mediates measurable increases in large

ventral lateral neuronal firing rates in response to 405 nm violet-light, the peak

of the Rhodopsin-7 photoreceptor that is co-expressed in the large lateral

ventral neurons. These results are consistent with the known action spectra

of type 1 CRYs and lack of response in cry-null controls. AgCRY1 and AeCRY1

expressing flies show behavioral attraction to low intensity blue-light, but
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AgCRY1 expressing flies show behavioral avoidance to higher intensity blue-

light. These results show that nocturnal and diurnal mosquito Cryptochrome

1 proteins mediate differential physiological and behavioral responses to

blue-light that are consistent with species-specific mosquito behavior.

KEYWORDS

cryptochrome, non-image forming vision, electrophysiology, light-evoked behavior,
mosquito sensory biology, Drosophila melanogaster, Anopheles gambiae, Aedes
aegypti

Introduction

Many insect behaviors are modulated by short wavelength
light (Coombe, 1982; Green and Cosens, 1983; Sumba et al.,
2004; Das and Dimopoulos, 2008; Yamaguchi et al., 2010; Rund
et al., 2012; Sawadogo et al., 2013; Tokushima et al., 2016; Knop
et al., 2017; Sheppard et al., 2017; Farnesi et al., 2018; Padilha
et al., 2018; Alonso San Alberto et al., 2022). It has been long
assumed that insect behavioral light responses rely on image
forming vision through eye photoreceptors that express opsins.
However, insects additionally have non-image forming vision
mediated by photoreceptors that are expressed directly in brain
neurons (Fogle et al., 2011; Ni et al., 2017).

Insect non-imaging forming visual photoreceptors include
ultraviolet, blue, and red-light activated Cryptochrome
(CRY) that was first characterized as the primary circadian
photoreceptor in Drosophila (Emery et al., 1998; Stanewsky
et al., 1998) and violet-light activated Rhodopsin 7 (Rh7,
Ni et al., 2017). Rh7 is an opsin photoreceptor expressed in
central brain neurons that couples to G protein signaling
pathways and also regulates light-evoked circadian photo-
attraction/avoidance behaviors (Ni et al., 2017; Kistenpfennig
et al., 2018; Baik et al., 2019b; Lazopulo et al., 2019). CRY
is a riboflavin-based photoreceptor protein that uses flavin
adenine dinucleotide (FAD) as its light sensing chromophore.
In Drosophila, CRY is expressed in roughly half of all circadian
neurons (Emery et al., 2000; Klarsfeld et al., 2004; Benito et al.,
2008; Sheeba et al., 2008c; Yoshii et al., 2008; Fogle et al., 2011),
which include all of the Pigment Dispersing Factor (PDF)
expressing ventral lateral neurons (LNvs) that also mediate
light-evoked behavioral arousal (Parisky et al., 2008; Shang et al.,
2008; Sheeba et al., 2008c, 2010; Liu et al., 2014; Fogle et al.,
2015; Muraro and Ceriani, 2015; Buhl et al., 2016; Potdar and
Sheeba, 2018; Chaturvedi et al., 2022). While Drosophila only
express light sensitive “type 1” CRYs, other insects also express
light insensitive “type 2” CRYs similar to CRYs expressed in
vertebrates that function as transcriptional repressors (Yuan
et al., 2007; Gegear et al., 2010; Fogle et al., 2011; Damulewicz
and Mazzotta, 2020). The best characterized function of CRYs
in insects is the light activated initiation of the slow (∼1 h) and
irreversible process of circadian clock resetting that has been

well characterized by molecular genetic analysis in Drosophila.
This mechanism occurs by CRY mediated light activated protein
degradation of the heteromultimeric clock protein complex
consisting of TIMELESS (TIM), PERIOD (PER), and CRY
itself, thus relieving repression of the transcriptional activators
CLOCK and CYCLE at E-box promoter sequences upstream
from the tim and per genes (Emery et al., 1998; Stanewsky et al.,
1998; Busza et al., 2004; Koh et al., 2006; Peschel et al., 2009;
Damulewicz and Mazzotta, 2020).

CRY photoactivation also evokes rapid and very long-lasting
(30–40 s) neuronal depolarization and increased spontaneous
action potential firing in large ventral lateral neurons (l-LNvs)
and other CRY expressing neurons (Sheeba et al., 2008b;
Fogle et al., 2011, 2015; Giachello et al., 2016; Baik et al.,
2017, 2019a; Hong et al., 2018; Au et al., 2022). While light-
evoked CRY mediated electrophysiological effects are acute
and reversible in contrast to CRY mediated clock resetting,
CRY on/off electrophysiological kinetic light responses are not
as rapid as those mediated by image-forming opsins. Light-
activated CRY couples to electrophysiological depolarization
and clock resetting through multiple mechanisms including
photoreduction electron transfer events along a chain of CRY
tryptophan residues in close proximity to the FAD chromophore
and CRY protein conformational changes, including the C
terminal tail (Berndt et al., 2007; Bouly et al., 2007; Hoang
et al., 2008; Öztürk et al., 2008; Liu et al., 2010; Ozturk et al.,
2011, 2014; Vaidya et al., 2013; Fogle et al., 2015; Lin et al.,
2018, 2022; Baik et al., 2019a; Chandrasekaran et al., 2021). In
addition to circadian clock resetting, CRY phototransduction
evokes acute behaviors in insects, including arousal (Sheeba
et al., 2008a; Fogle et al., 2015) and short wavelength light
attraction/avoidance behavior (Baik et al., 2017, 2018, 2019b,
2020; Au et al., 2022), which is under circadian modulation.

Light-activated CRY evoked behavioral changes are
particularly interesting in mosquitoes as mosquito-spread
diseases afflict hundreds of millions of people worldwide. Two
medically important genera include nocturnal Anopheline
and diurnal Aedes mosquitoes. Anopheline mosquitoes are
responsible for over 200 million cases of malaria worldwide.
Aedes mosquitoes are the principal vectors for Dengue virus
(over 90 million cases worldwide) and yellow fever, West Nile
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fever, chikungunya fever, Zika fever, and Japanese encephalitis
(WHO website fact sheet). Insect control methods based on
the sensory physiology of mosquitoes is very appealing as
chemical pesticides are non-specific and environmentally
harmful. The behavior of nocturnal An. gambiae (Ag) and
diurnal Ae. aegypti (Ae) mosquitoes is subject to circadian
regulation, thus enforcing their ecologically distinct temporal
activity patterns (Jones et al., 1967; Taylor and Jones, 1969).
Recently, we found that nocturnal An. coluzzii and diurnal Ae.
aegypti mosquitoes display distinct innate circadian temporal
attraction/avoidance behavioral responses to light. Nocturnal
Anopheles mosquitoes behaviorally avoid short wavelength light
during the day, while diurnal Aedes, particularly females, are
behaviorally attracted to a broad range of light spectra during
the day (Baik et al., 2020). Attraction/avoidance behavioral
responses to light for both species change with time-of-day
and show distinct sex differences that are consistent with
predation and mate swarming activities of females vs. males.
These distinct Anopheles and Aedes mosquito behavioral light
responses appear to be mediated by light activated type 1
Cryptochrome signaling shown by disruption of these behaviors
by prior exposure to constant light (Baik et al., 2020). Further,
attraction/avoidance behavioral responses to light are mediated
by ventral lateral neurons that are characterized by PDF and
PER proteins co-expressed in Drosophila melanogaster and
other insect species. We recently showed that Ae. aegypti
and An. coluzzii mosquito female adult brains also display
characteristics of large- (l-LNvs) and small-ventral lateral
neurons (s-LNvs) marked by PDF and PER co-expression with
similar morphology and projection patterning (Baik et al.,
2020). Putative circadian dorsal neurons (DNs) are seen in both
Ae. aegypti and An. coluzzii mosquito female adult brains, again
identified by similar morphological projections in common
with Drosophila (Baik et al., 2020). Therefore, we employed an
“empty-neuron” model approach using transgenic Drosophila
on a cry-null background to express AgCRY1 and AeCRY1.
In that paper we show mosquito CRY electrophysiological
and behavioral responses to UV and red-light and find by
multiple assays that nocturnal AgCRY1 is significantly more
light sensitive as compared with diurnal AeCRY1. In Au et al.
(2022) we focused on those two light wavelengths because UV
light is the most commonly used part of the light spectrum
for insect control devices using light (“bug lights”) to trap
mosquitoes. We earlier characterized nocturnal and diurnal
mosquito behavioral responses to UV light (Baik et al., 2020).
Red light is of interest because we found distinctly different
nocturnal and diurnal mosquito behavioral responses to red
light (Baik et al., 2020). This followed our unexpected findings
that insect CRYs functionally respond to red light (Baik et al.,
2019a), in contrast to the lack of response of purified insect
CRYs to red light for in vitro biophysical assays. In addition
to CRYs which show spectral absorbance peaks in their base
oxidized states to 365 nm UV light and 450 nm blue light,

another photoreceptor, Rhodopsin 7 (Rh7) is expressed in the
LNv and other brain neurons (Ni et al., 2017; Kistenpfennig
et al., 2018; Baik et al., 2019b). Rh7 exhibits a comparatively
broad spectral absorbance that peaks around 405 nm violet
light. To compare the potential interactions between mosquito
CRYs and Rh7, we tested AgCRY1 and AeCRY1 expressing
transgenic flies for their responses to 450 nm blue light and
405 nm violet light.

Materials and methods

Experimental animals

Drosophila melanogaster flies were raised on standard media
(yeast, cornmeal, agar) at 25 ± 1◦C and 40–60% relative
humidity in 12:12 h Light:Dark cycles. All flies used in
experiments were first isogenized (backcrossed) to the w1118
genetic background for a minimum of six generations. All
behavioral experiments used 3–4-day post-eclosion adult male
flies. We generated pJFRC7 vectors containing cryptochrome
1 from Drosophila melanogaster (Dm), An. gambiae (Ag), and
Ae. aegypti (Ae) in frame with eGFP. Use of the pJFRC7
vector allows for a controlled site-specific PhiC31 genomic
insertion site. DNA constructs were then sent to the vendor
Bestgene for fly embryonic injection and screening for successful
transgenesis. Experimental transgenic flies backcrossed to the
common wild-type w1118 background for a minimum of
6 generations. Genotyping primers were designed with the
following sequences: AeCRY1 Forward: CGA GAA AGT GCA
GGC CAA CAA TC, AeCRY1 Reverse: GT TCT TCA ACT CCG
GCA GAT ATC, AgCRY1 Forward: CAG CCA GTT CAA GTA
TCC GG, and AgCRY1 Reverse: CGG TTC GTG CAC AAA
CTG TG. Experimental transgenic flies were crossed with a cry-
null background (obtained from Jeff Hall, Brandeis University),
then with a crypGAL4-24 driver line for CRY-neuron specific
expression of DmCRY or mosquito CRY1.

Locomotor activity behavioral assay

Adaptations to the behavioral assays from Nitabach et al.
(2002), Chiu et al. (2010), and Nave et al. (2021) were made
for testing constant dark conditions for circadian behavior
following 12 h:12 h light:dark entrainment (LD:DD) tested
under two light intensities of l lux and 400 lux white light.
Adult male flies (2–4 days post-eclosion) were anesthetized over
CO2 and individually loaded into borosilicate activity tubes. The
TriKinetics Locomotor Activity Monitoring System was used to
track fly behavior over a protocol of: 12:12 h Light:Dark (LD)
entrainment for 7 days, then 7 days of constant dark (DD)
conditions. Actograms were generated using Clocklab software.
Average activity education graphs and its statistics were
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measured using FaasX software, then graphed using Microsoft
Excel. Within FaasX, the CycleP analysis toolkit was used to
calculate % rhythmicity from periodogram analysis with the
following scoring criteria for flies in DD: minimum power ≥ 20,
minimum width (h) ≥ 2, Chi-square significance ≥ 0.05 and
calculation of tau. Data are reported as averages ± standard
error mean. Anticipation index measurements during LD were
adapted for the entrainment duration from Harrisingh et al.
(2007) and Sheeba et al. (2010) taking the average activity in
the 3 h preceding lights on (morning anticipation) or lights
off (afternoon/evening anticipation) as a ratio over the average
activity in the 6 h preceding lights on or off for individual
flies over 5 days of LD entrainment. The reported values for
anticipation index are an average of all the flies over the 5 days
of LD entrainment.

Immunocytochemistry

Experimental transgenic flies were dissected for ex vivo
brain preparations after 3–5 days of 12:12 h LD entrainment.
Dissections began approximately 1 h before each ZT time
point measured (ZT5, 11, 17, 23). Immunocytochemistry
(ICC) experiments were performed for all genotypes in a
given experiment, then repeated a minimum of 3 times to
optimize statistical analysis and minimize experimental error.
Dissected brains were placed in chilled 1X PBS, fixed in 4%
paraformaldehyde (PFA) for 30 min, washed 3 × 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 rabbit α-TIM, polyclonal (1:1,000) antibodies overnight
in 4◦C. 3 rinse steps were performed at 10 min intervals with
PBS-Triton-X 0.5% then incubated in goat α-rabbit-Alexa- 594
(1:1,000) secondary antibodies in blocking buffer overnight in
4◦C. Brains were then rinsed 5 times at 15 min intervals in PBS-
Triton-X 0.5% before mounting in Vectashield mounting media
(Vector Laboratories). Sample slides were imaged using a Leica
SP8 confocal microscope. We reproduced the TIM and CRY-
GFP experiments published in Au et al. (2022), Current Biology
and pooled the data with the earlier data for the results and
updated total n’s reported in Figures 1, 2. The n’s for the new
data added to the earlier data are: for ZT 5: DmCRY: 7, AeCRY1:
4, AgCRY1: 9, cry-null: 7; for ZT 11: DmCRY: 10, AeCRY1:
4, AgCRY1: 7, cry-null: 7; for ZT 17: DmCRY: 4, AeCRY1: 16,
AgCRY1: 15, cry-null: 12; for ZT 23: DmCRY: 10, AeCRY1: 14,
AgCRY1: 22, cry-null: 18.

Confocal microscopy and image
processing

For the data in Figures 1, 2, brain samples were imaged
with a Leica SP8 confocal microscope with 594 nm antibody

fluorescence for TIM signal and 488 nm CRY-GFP signal.
FIJI/ImageJ analysis software was utilized for quantification of
ventral lateral neuronal. Maximum intensity projections were
generated using the Z stack tool. Fluorescent quantification of
TIM and CRY-GFP signal were obtained by marking regions-
of-interest on LNv (small and large LNvs) soma identified
by morphology and anatomical positioning within each brain
sample. Fluorescent values for the total number of neurons in a
brain are normalized to the background brain fluorescence, then
measurements of all neurons from all brain samples are averaged
together.

Light-evoked neuronal
electrophysiology

Previously established whole-cell current-clamp protocols
from Baik et al. (2019a) were modified to run our light-evoked
potential electrophysiology experiments. Adult male fly brains
were dissected in external recording solution consisting of:
122 mM NaCl, 3 mM KCl, 1.8 mM CaCl2, 0.8 mM MgCl2,
5 mM glucose, 10 mM HEPES, 7.2 pH, and calibrated to an
osmolarity of 250–255 mOsm. The internal recording solution
consists of: 102 mM Kgluconate, 17 mM NaCl, 0.085 mM
CaCl2, 1.7 mM MgCl2 (hexahydrate), 8.5 mM HEPES, 0.94 mM
EGTA, 7.2 pH, and is calibrated to an osmolarity of 232–235
mOsm. Custom multichannel LED source (Prizmatix/Stanford
Photonics, Palo Alto, CA, United States) fitted to the Olympus
BX51 WI microscope was used as the primary light source for
our electrophysiology experiments. LED peak wavelengths are
as follows: UV (365 nm), violet (405 nm), blue (450 nm), and
red (635 nm), and all exposures were set to an intensity of 200
µW/cm2 by use of a Newport 842-PE Power/Energy meter. Each
LED was triggered on and off for each sweep with TTL pulses
programmed by pClamp (Molecular Dynamics) data acquisition
software. The light-evoked potential protocol is as follows: 50 s
of dark for baseline recording, 5 s of colored-light stimulation,
then 95 s of inter-pulse darkness for recovery back to baseline.
The protocol repeats five times per recording. For analysis,
sweeps are averaged, and baseline adjusted to pre-pulse signal,
then low-pass noise filtered using Gaussian and Butterworth
filters in the ClampFit 10 software (Molecular Dynamics). Our
light-evoked potential protocol captures averaged light-evoked
changes in membrane potential (Fogle et al., 2011; Baik et al.,
2019a; Au et al., 2022), thus providing a kinetically robust
light-evoked potential.

Light attraction/avoidance behavioral
assay

Standard LD light choice assays were conducted
using behavioral protocols developed in previous studies
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FIGURE 1

Transgenic mosquito CRY1 expression does not alter the overall pattern of cyclic TIM expression. Immunocytochemistry average fluorescent
value of TIM expression over 12:12 h LD at ZT5, 11, 17, and 23 time points in LNvs (small + large) expressing (A) DmCRY (ZT5, n = 38; ZT11,
n = 26; ZT17, n = 29; ZT23, n = 33), (B) AeCRY1 (ZT5, n = 15; ZT11, n = 10; ZT17, n = 26; ZT23, n = 26), (C) AgCRY1 (ZT5, n = 29; ZT11, n = 27;
ZT17, n = 37; ZT23, n = 44), and (D) negative control cry-null (ZT5, n = 41; ZT11, n = 26; ZT17, n = 29; ZT23, n = 52). Fluorescent quantification
of TIM signal was obtained by marking regions-of-interest on LNv soma identified by morphology and anatomical positioning within each brain
sample. Fluorescent values for the total number of neurons in a brain are normalized to the background brain fluorescence, then
measurements of all neurons from all brain samples are averaged together. (E) Comparison summary between genotypes for each time point
measurement of average TIM fluorescence. Mann-Whitney U-tests with FDR adjustment were performed for statistical comparison. Data are
represented as mean ± SEM for. *p ≤ 0.1, **p ≤ 0.05, ***p ≤ 0.01.

(Baik et al., 2017; Au et al., 2022). The locomotor activity of
individual flies was measured using the TriKinetics Locomotor
Activity Monitoring System via dual infrared beam-crossing,
recording total crosses in 1-min bins. Individual flies housed
on glass tubes have a choice of exposure to a lighted side or
in a dark side blocked by aluminum foil of the two infrared
sensor tube. Percentage activity and statistics were measured
using Microsoft Excel. Custom LED fixtures were built using
Waveform Lighting blue and red LEDs with a narrow peak

wavelength of 450 and 405 nm, respectively, and intensity-
tuned to 10 and 400 µW/cm2 for low and high intensity light
exposures, respectively.

Quantification and statistical analysis

All reported values are represented as mean ± SEM.
Values of n refer to the total number of experimental
flies tested over all replicates of an experiment (minimum
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FIGURE 2

AeCRY1 and DmCRY shows lower protein levels during day and higher GFP-CRY during night, while AgCRY1 expression remains high
throughout all time points. Immunocytochemistry average fluorescent value of GFP-CRY expression over 12:12 h LD at ZT5, 11, 17, and 23 time
points in LNvs (small + large) expressing (A) DmCRY (ZT5, n = 38; ZT11, n = 26; ZT17, n = 29; ZT23, n = 33), (B) AeCRY1 (ZT5, n = 15; ZT11,
n = 10; ZT17, n = 26; ZT23, n = 26), and (C) AgCRY1 (ZT5, n = 29; ZT11, n = 27; ZT17, n = 37; ZT23, n = 44). Fluorescent quantification of
GFP-CRY signal was obtained by marking regions-of-interest on LNv soma identified by morphology and anatomical positioning within each
brain sample. Fluorescent values for the total number of neurons in a brain are normalized to the background brain fluorescence, then
measurements of all neurons from all brain samples are averaged together. (D) Comparison summary between genotypes for each time point
measurement of average GFP-CRY fluorescence. Mann-Whitney U-tests with FDR adjustment were performed for statistical comparison. Data
are represented as mean ± SEM. *p ≤ 0.1, **p ≤ 0.05, ***p ≤ 0.01.

of three replicates). Firing frequency values are calculated
as a ratio of spikes during the 5 s of lights on/average
baseline firing rate binned in 10 s increments. Statistical
tests were performed using Minitab, Matlab, and Microsoft
Excel software. Statistical analysis began with performing an
Anderson-Darling normality tests to determine normality of
data. Variance was determined using F-tests for normally
distributed data, then significance was determined using two-
sample, one-tailed T-tests with alpha values of 0.5 before
pairwise correction. Significance for non-normal data was

determined by Mann-Whitney U-tests. Spike firing and
membrane potential quantifications were performed using
custom Matlab scripts and Clampfit software. Multi-comparison
tests leading to Type I error/false positives were mitigated
by a more stringent test of p-value adjustment based on
false discovery rate (FDR, Benjamini and Hochberg, 1995,
see also Au et al., 2022). A standard FDR threshold of 0.1
was then implemented in order to indicate significance as an
expected proportion of false positives that is no greater than
10%.
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Results

Anopheles gambiae and Aedes aegypti
expression is not sufficient to alter
diurnal/nocturnal behavior or stop
circadian rhythmicity

Diurnal Aedes aegypti (Ae. aegypti) and nocturnal Anopheles
gambiae (An. gambiae) mosquitoes are anthropophilic
mosquitoes that occupy opposite day/night temporal niches.
To determine whether heterologous CRY1 expression might
disrupt the circadian clock, we compared circadian behavior in

constant darkness (DD) in UAS-flies on a cry-null background
expressing either Drosophila CRY (DmCRY), AeCRY1,
AgCRY1 under the crypGAL4-24 (drives expression in all cells
that ordinarily express CRY, Zhao et al., 2003) vs. negative
control cry-null flies using two white light intensities of 1
and 400 lux. The expression of AgCRY1 is not sufficient to
confer nocturnal activity at either 1 or 400 lux white light
(Figures 3, 4) in Drosophila, in contrast to the robust nocturnal
behavior seen in Anopheles mosquitoes (Baik et al., 2020). For
low-intensity 1 lux LD entrainment, there are no significant
differences in % rhythmicity between DmCRY, AeCRY1, and
AgCRY1 expressing flies (Figure 3). In contrast, cry-null flies
show significantly less % rhythmicity relative to DmCRY,

FIGURE 3

AgCRY1, AeCRY1 expressing flies and control groups maintain high rhythmicity in constant dark conditions after entrainment in low 1 lux LD
white light. (A–D) Actogram plots containing 5 days of 12:12 h LD entrainment in 1 lux white light conditions followed by 5 days of constant dark
(DD) conditions for flies expressing: (A) DmCRY (n = 80; τavg,DD≈24.7, poweravg,DD≈125.3, widthavg,DD≈4.5), (B) AeCRY1 (n = 93; τavg,DD≈24.8,
poweravg,DD≈150.6, widthavg,DD≈5.0), (C) AgCRY1 (n = 91; τavg,DD≈25.1, poweravg,DD≈137.8, widthavg,DD≈5.1), (D) cry-null (n = 88;
τavg,DD≈23.8, poweravg,DD≈90.5, widthavg,DD≈3.9). (E) Quantification of fly rhythmicity (red) to arrhythmicity (white) in DD. Pairwise t-tests were
used to determine significance: *p ≤ 0.1, **p ≤ 0.05, ***p ≤ 0.01.
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FIGURE 4

AgCRY1, AeCRY1 expressing flies and control groups maintain high rhythmicity in constant dark conditions after entrainment in moderately high
400 lux LD white light. (A–D) Actogram plots containing 5 days of 12:12 h LD entrainment in 400 lux white light conditions followed by 5 days
of constant dark (DD) conditions for flies expressing: (A) DmCRY (n = 66; τavg,DD≈24.7, poweravg,DD≈153.2, widthavg,DD≈4.9), (B) AeCRY1
(n = 30; τavg,DD≈24.6, poweravg,DD≈160.3, widthavg,DD≈5.0), (C) AgCRY1 (n = 44; τavg,DD≈25.4, poweravg,DD≈137.0, widthavg,DD≈4.9), (D)
cry-null (n = 88; τavg,DD≈23.6, poweravg,DD≈84.5, widthavg,DD≈3.3). (E) Quantification of fly rhythmicity (red) to arrhythmicity (white) in DD.
Pairwise t-tests were used to determine significance: *p ≤ 0.1, **p ≤ 0.05, ***p ≤ 0.01.

AeCRY1, and AgCRY1 expressing flies (Figure 3). Similarly,
at the higher-intensity 400 lux LD entrainment, there are no
significant differences in % rhythmicity between DmCRY,
AeCRY1, and AgCRY1 expressing flies, while again cry-null
flies show significantly less % rhythmicity relative to DmCRY,
AeCRY1, and AgCRY1 expressing flies (Figure 4). Thus,
AgCRY1 nor AeCRY1 expression disrupts the circadian clock
in Drosophila. Further analysis shows that AgCRY1 expressing

flies show significantly longer period length (tau, τ) in constant
darkness compared with DmCRY, AeCRY1, and cry-null
following 1 and 400 lux light entrainment (Supplementary
Figure 1) and that cry-null flies show significantly shorter
period length than DmCRY, AeCRY1, and AgCRY1 expressing
flies following 1 and 400 lux light entrainment (Supplementary
Figure 1). Further, AgCRY1 expressing flies show significantly
less morning anticipatory behavior and significantly greater
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evening anticipatory behavior compared with DmCRY,
AeCRY1, and cry-null during 1 and 400 lux light entrainment
(Supplementary Figure 2). In an earlier paper, we also found
that circadian clock function measured by free running behavior
in constant darkness and morning anticipatory behavior are not
well correlated (Sheeba et al., 2010). Previous work from the
Helfrich-Forster group concluded that eye photoreceptor inputs
are primarily responsible for modulating morning anticipation
in the absence of a functional circadian clock (Schlichting et al.,
2015). However, the present results suggest that Cryptochromes
may also modulate morning and evening anticipation, and
perhaps this is not surprising that Cryptochromes from
opposing temporal niches for diurnal vs. nocturnal animals
might drive differences in anticipatory behavior.

Upon photoactivation, DmCRY resets the circadian
molecular clock by binding with the clock protein TIMELESS
(TIM) and setting it for degradation (Emery et al., 1998;
Stanewsky et al., 1998; Koh et al., 2006). The circadian
clock cycles in anti-phase fashion comparing diurnal Aedes
mosquitoes (PER levels in the s-LNv peak at ZT23) vs.
nocturnal Anopheles mosquitoes (PER levels in the s-LNv peak
at ZT11, Baik et al., 2020). To determine if diurnal AeCRY1 or
nocturnal AgCRY1 is sufficient to set the circadian clock to its
peak timing of TIM protein expression, transgenic flies were
entrained for at least 3 days of 12:12 h Light: Dark (LD) and
immunocytochemistry experiments were used to measure TIM
levels at time points ZT5, ZT11, ZT17, and ZT23. Fluorescent
TIM signals were quantified in the ventral lateral neuronal
subgroup (LNvs) and showed peak signal at ZT23 and the
lowest signals at ZT5 and ZT11 for control DmCRY, AeCRY1,
and AgCRY1 expressing flies (Figures 1A–C). Negative control
cry-null flies show a similar TIM expression pattern in the
LNvs (Figure 1D). Fluorescent measurements of TIM signal
during ZT17 are significantly different and are more than
twofold greater in flies expressing AeCRY1 than AgCRY1,
suggesting diurnal AeCRY1 is less light sensitive than nocturnal
AgCRY1. However, TIM signal at ZT5, ZT11, and ZT23 does
not differ between AeCRY1 and AgCRY1 flies (summary of
TIM measurements, Figure 1E). Transgenic expression of
mosquito CRY1 in flies also includes N-terminal fusion of
eGFP for protein expression verification. DmCRY expression
measured by eGFP signal shows low expression during ZT5 and
ZT11 with peak expression during ZT23 (Figure 2A). AeCRY1
expression is markedly higher than DmCRY, but exhibits a
similar cycling pattern with ZT5 and ZT11 showing the lowest
protein levels, and ZT17 and ZT23 showing the highest protein
levels (Figure 2B). AgCRY1 protein expression is consistently
high during all time points (Figure 2C), but the levels are within
an order of magnitude compared with DmCRY and AeCRY1
protein expression levels (summary of CRY-GFP measurements,
Figure 2D). In summary, AeCRY1 and AgCRY1 expression in
flies does not disrupt the circadian clock nor alter the timing

of the TIM expression peak. Between genotype differences in
absolute protein levels may be due to codon usage or differences
in protein stability of different CRY proteins.

Anopheles gambiae and Aedes aegypti
mediate blue-light-evoked increases in
electrophysiological action potential
firing frequency

Drosophila ventral lateral neurons are circadian/arousal
neurons that drive CRY-dependent acute electrophysiological
light responses (Holmes et al., 2007; Sheeba et al., 2008b; Fogle
et al., 2011, 2015; Giachello et al., 2016; Baik et al., 2017, 2019a;
Hong et al., 2018; Au et al., 2022). We expressed AeCRY1,
AgCRY1, and control DmCRY in cry-null genetic background
flies with the UAS/GAL4 expression system, then measured the
light on/light off ratio of action potential firing frequency in
response to 200 µW/cm2 450 nm blue-light from whole-cell
patch-clamp recordings of l-LNvs in transgenic flies. For these
experiments, we used the crypGAL4-24 driver line that drives
expression in all CRY neurons (Zhao et al., 2003).

Positive control DmCRY expression driven by the
crypGAL4-24 line mediates robust and significant increases
in action potential firing frequency (FF) in the l-LNvs in
response to 200 µW/cm2 blue-light (450 nm) relative to cry-null
negative controls (Figure 5A, blue column vs. gray column)
and mediates significant sustained increases in firing frequency
in response to blue-light (Figure 5A). AeCRY1 driven by the
crypGAL4-24 line also shows significant increases in FF in the
l-LNvs in response to 200 µW/cm2 blue-light relative to cry-null
negative controls (Figure 5A, orange column vs. gray column).
However, after adjusting for false discovery rate (FDR), there is
no significance difference observed between these two groups.
This is unlike AgCRY1 driven by the crypGAL4-24 line, which
shows robust and significant increases in FF in the l-LNvs
in response to 200 µW/cm2 blue-light relative to cry-null
negative controls (Figure 5, purple column vs. gray column)
even after adjusting for FDR, suggesting a greater blue light
response for AgCRY1 compared to AeCRY1. Further, the
AgCRY1 blue-light FF response does not significantly differ
from the DmCRY blue-light FF response (purple column
vs. blue column, Figure 5A). Comparing the 200 µW/cm2

blue-light-evoked FF ratio during stimulus and subsequent 10 s
bins post-stimulus up to 40 s, AgCRY1 FF is significantly greater
than AeCRY1 FF 30 s post-stimulus (Figure 5E), but again,
does not show significance after FDR adjustment. The positive
control DmCRY FF is significantly greater than the cry-null
negative control FF during stimulus and at the 10 and 30 s bins
(Figure 5B).

Previous work shows that light activated CRY mediates
changes in membrane potential through the voltage gated
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FIGURE 5

AeCRY1 and AgCRY1 mediate electrophysiological responses to blue-light. Light-evoked (A) FF ratio comparison of blue-light (450 nm, 200
µW/cm2) excited l-LNvs expressing: DmCRY (blue, n = 27) and negative control cry-null (gray, n = 22), AeCRY1 (orange, n = 12), and AgCRY1
(purple, n = 16). Light-evoked (B–E) post-stimulus FF comparison of blue-light (450 nm, 200 µW/cm2) excited l-LNvs expressing: DmCRY (blue,
n = 27) and negative control cry-null (gray, n = 22), AeCRY1 (orange, n = 12), and AgCRY1 (purple, n = 16). Traces represent the average last 60 s
of each recording for (B) DmCRY vs. cry-null, (C) AeCRY1 vs. cry-null, (D) AgCRY1 vs. cry-null, and (E) AeCRY1 vs. AgCRY1. Black + indicates
two-sample t-test p ≤ 0.05 between AgCRY1/cry24 and DmCRY/cry24. Black N indicates two-sample t-test p ≤ 0.05 between AgCRY1/cry24
and AeCRY1/cry24. Black • indicates two-sample t-test p ≤ 0.05 between AeCRY1/cry24 and cry-null. Red indicates FDR adjusted p ≤ 0.1
between DmCRY/cry24 and cry-null. Red x indicates p ≤ 0.1 between AeCRY1/cry24 and DmCRY/cry24. Red indicates FDR adjusted p ≤ 0.1
between AgCRY1/cry24 and cry-null. Data are represented as mean ± SEM. For black significance symbols: One symbol; p ≤ 0.05, two symbols;
p ≤ 0.005, three symbols; p ≤ 0.001. For red significance symbols: One symbol; p ≤ 0.1, two symbols; p ≤ 0.05, three symbols; p ≤ 0.01.
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potassium channel beta subunit and modulation of potassium
channels (Fogle et al., 2011, 2015; Giachello et al., 2016;
Baik et al., 2017, 2018, 2019a; Hong et al., 2018; Tabuchi
et al., 2021). To determine whether mosquito CRY expression
alters LNv basal electrophysiological processes, we plotted basal
l-LNv firing rates, basal resting membrane potential values
and firing mode (tonic vs. burst firing) across the time of
day of the recordings (Figure 6). The range of l-LNv firing
rates and the average resting membrane potentials from the
present set of whole-cell patch-clamp recordings for DmCRY
expressing neurons are similar to previously reported values
around –40 mV (the mean is −37 mV, Figures 6B,D,F). Basal
firing rates and resting membrane potentials for DmCRY
expressing flies are significantly lower than cry-null, AeCRY1
and AgCRY1 expressing flies (Figures 6E,F). The majority
of the l-LNv recordings are from neurons during the day
between ZT6-ZT12 and include a few recordings for the first
few hours of night up until ZT16. None of the genotypes
shows clear time of day differences in basal firing rate or
membrane resting potential. However, these experiments were
not designed to test time of day distributions as the present
data cluster during midday. There are relatively few nighttime
recordings and recordings from early morning and late night
are not represented. Previous publications designed to test
this question, including several of our own, show firing rates
trending high at the beginning of day that tend to decrease
at night (Cao and Nitabach, 2008; Sheeba et al., 2008b, 2010;
Flourakis et al., 2015; Smith et al., 2019). Consistent with most
earlier publications, we observe predominantly tonic action
potential firing in l-LNv recordings (Holmes et al., 2007; Cao
and Nitabach, 2008; Sheeba et al., 2008b, 2010; McCarthy et al.,
2011; Seluzicki et al., 2014; Flourakis and Allada, 2015; Flourakis
et al., 2015; Fogle et al., 2015; Buhl et al., 2016, 2019; Baik
et al., 2017, 2019a; Li et al., 2018; Smith et al., 2019; Au et al.,
2022). Burst firing as the predominant firing mode in l-LNv
has been reported by another group (Muraro and Ceriani,
2015; Fernandez-Chiappe et al., 2021), however, they do not
systematically address firing mode as a function of time of
day.

Light-evoked averaged potentials are more kinetically
reliable than light onset and CRY mediated action potential
firing (Fogle et al., 2011; Baik et al., 2019a; Au et al., 2022).
The blue-light-evoked response of DmCRY relative to the
cry-null negative control shows strong depolarization then a
slowly tapering sustained response over the 10 s following
light stimulus offset (Figure 7A) with a qualitatively similar
response recorded from neurons expressing AeCRY1 relative to
the cry-null negative control (Figure 7B). In contrast, the blue-
light-evoked response of neurons expressing AgCRY1 relative
to the cry-null negative control show sustained significant
depolarization during lights on, followed by a very long

sustained depolarization response that lasts tens of seconds
(Figure 7C). The blue-light response of AgCRY1 relative to
AeCRY1 exhibits a significantly longer and more sustained
membrane depolarization event lasting for tens of seconds
evoked by a 5 s pulse of 200 µW/cm2 blue-light relative
to the shorter-lasting AeCRY1 evoked blue-light potential
(Figure 7D). The significantly higher AgCRY1 blue-light-
evoked depolarization for most of the duration of the evoked
potential occurs after approximately 15 s post-stimulus relative
to AeCRY1 (Figure 7D). These results, particularly the similar
duration of the evoked potential blue-light response between
AeCRY1 and DmCRY, suggest no direct relationship between
CRY expression levels (Figure 3) and the magnitude of the
physiological light response (Figures 2, 5, 6), confirming earlier
findings concerning this (Baik et al., 2017, 2019a,b; Au et al.,
2022). The AgCRY1 blue-light-evoked potential is significantly
greater than that for the cry-null negative control for almost the
entire duration up to 40 s from the stimulus onset (Figure 7C),
while the much weaker AeCRY1 evoked potential is only
significantly higher than the cry-null negative control for the
first few seconds following stimulus onset (Figure 7B), but
after FDR adjustment, it does not show significant differences.
AgCRY1 confers a more sustained light response than DmCRY
(Figures 7A,C). Representative voltage traces showing light-
evoked depolarization and increased action potential firing
frequency in patch-clamp recordings of l-LNvs during the 5 s
of blue-light stimuli and 60 s post-light stimulus for positive
control DmCRY/cry24, AeCRY1/cry24, AgCRY1/cry24, and
negative control cry-null flies are shown in Figure 8, where
the blue bar indicates 5 s of 200 µW/cm2 450 nm blue-light
stimulus.

As expected, there are no significant differences in light-
evoked FF between all four CRY genotypes in response to
200 µW/cm2 violet-light (405 nm) (Figure 9A), as there is a
trough of the CRY action spectra around 405 nm and Rh7 and
other opsin photoreceptors are activated in this range of the
color spectra (Ni et al., 2017; Sakai et al., 2017; Baik et al.,
2019b). The depolarization magnitude and duration of DmCRY,
AeCRY1, AgCRY1, and negative control cry-null responses
to violet-light are similar and indistinguishable from cry-null
and are at a lower magnitude of FF ratio and depolarization
magnitude and duration relative to intensity matched blue-
light stimuli (compare Figure 9 vs. Figure 5). The violet-
light-evoked increases in l-LNv firing frequency (Figures 9B–
E) and light-evoked depolarization (Figure 10) during and
after the violet-light stimulus are weak and do not differ
systematically between the different CRY genotypes. These
results are consistent with earlier findings that CRY is not
activated by violet-light and is consistent with earlier findings
that Rh7 is the primary non-image forming visual violet-light
photoreceptor in LNvs (Ni et al., 2017; Sakai et al., 2017;
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FIGURE 6

Basal firing rate and membrane potential are higher in all groups compared to the control DmCRY group and neither parameter exhibit
time-of-day dependent effects. (A) Average basal firing rates and (B) average basal membrane potential before blue light stimulus plotted
against the relative time-of-day of the recording for DmCRY (blue, n = 27), AeCRY1 (orange, n = 12), AgCRY1 (purple, n = 16), and cry-null (gray,
n = 21). (C) Average basal firing rates and (D) average basal membrane potential before violet light stimulus plotted against the relative
time-of-day of the recording for DmCRY (n = 8), AeCRY1 (n = 10), AgCRY1 (n = 10), and cry-null (n = 9). (A,C) Recordings that exhibit burst firing
are denoted by a black square and cross for each respective genotype’s color. (E,F) Box-and-whisker plot summary of the average (E) basal
firing rate and (F) basal membrane potential for DmCRY [(n = 35) total, n (ZT0–12) = 30; n (ZT12–16) = 5], AeCRY1 [(n = 22) total,
n (ZT0–12) = 20; n (ZT12–16) = 2], AgCRY1 [(n = 26) total, n (ZT0–12) = 14; n (ZT12–16) = 12], and cry-null [(n = 30) total, n (ZT0–12) = 22;
n (ZT12–16) = 8]. Median values are denoted by a solid black line within each box of the plot. Black * indicates FDR adjusted two-sample t-test
p ≤ 0.01 vs. DmCRY/cry24. Data are represented as a range of means in a sample set ± maximum and minimum values within the set. One
significance symbol; p ≤ 0.1, two significance symbols; p ≤ 0.05, three significance symbols; p ≤ 0.01.
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FIGURE 7

AgCRY1 mediate significantly greater and sustained membrane depolarization in responses to blue-light compared to AeCRY1. Light-evoked
(A–D) membrane potential comparison of blue-light (450 nm, 200 µW/cm2) excited l-LNvs expressing: DmCRY (blue, n = 27) and negative
control cry-null (gray, n = 22), AeCRY1 (orange, n = 12), and AgCRY1 (purple, n = 16). Blue bar on membrane potential plots indicates the timing
of the 5 s of blue-light stimuli and black scale-bar indicates 5 s. Traces represent the average last 60 s of each recording for (A) DmCRY vs.
cry-null, (B) AeCRY1 vs. cry-null, (C) AgCRY1 vs. cry-null, and (D) AeCRY1 vs. AgCRY1. Black • indicates two-sample t-test p ≤ 0.05 between
AeCRY1/cry24 and cry-null. Black N indicates two-sample t-test p ≤ 0.05 between AgCRY1/cry24 and AeCRY1/cry24. Black x indicates
two-sample t-test p ≤ 0.05 between DmCRY/cry24 and AeCRY1/cry24. Black n indicates two-sample t-test p ≤ 0.05 between AgCRY1/cry24
and cry-null. Black N indicates two-sample t-test p ≤ 0.05 between AgCRY1/cry24 and AeCRY1/cry24. Red indicates FDR adjusted p ≤ 0.1
between DmCRY/cry24 and cry-null. Red x indicates p ≤ 0.1 between AeCRY1/cry24 and DmCRY/cry24. Red indicates FDR adjusted p ≤ 0.1
between AgCRY1/cry24 and cry-null. Red indicates FDR adjusted p ≤ 0.1 between AgCRY1/cry24 and AeCRY1/cry24. Data are represented as
mean ± SEM. For black significance symbols: One symbol; p ≤ 0.05, two symbols; p ≤ 0.005, three symbols; p ≤ 0.001. For colored significance
symbols: One symbol; p ≤ 0.1, two symbols; p ≤ 0.05, three symbols; p ≤ 0.01.
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FIGURE 8

Representative voltage traces of l-LNvs electrophysiological responses to blue-light stimuli for all genotypes. Representative voltage traces of
the last 60 s of a patch-clamp recording of l-LNvs subjected to 5 s of blue-light stimuli for (A) DmCRY/cry24, (B) AeCRY1/cry24, (C)
AgCRY1/cry24, and (D) cry-null flies. Blue bar indicates 5 s of 200 µW/cm2 blue-light stimulus.
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FIGURE 9

AeCRY1 and AgCRY1 FF ratios shows weak responses to violet-light. Light-evoked (A) FF ratio comparison of violet-light (405 nm, 200 µW/cm2)
excited l-LNvs expressing: DmCRY (blue, n = 8) and negative control cry-null (gray, n = 9), AeCRY1 (orange, n = 10), and AgCRY1 (purple,
n = 10). Light-evoked (B–E) post-stimulus FF comparison of violet-light (405 nm, 200 µW/cm2) excited l-LNvs expressing: DmCRY (blue, n = 8)
and negative control cry-null (gray, n = 9), AeCRY1 (orange, n = 10), and AgCRY1 (purple, n = 10). Traces represent the average last 60 s of each
recording for (B) DmCRY vs. cry-null, (C) AeCRY1 vs. cry-null, (D) AgCRY1 vs. cry-null, and (E) AeCRY1 vs. AgCRY1. Black * indicates two-sample
t-test p ≤ 0.05 between DmCRY/cry24 and cry-null. Black + indicates two-sample t-test p ≤ 0.05 between AgCRY1/cry24 and DmCRY/cry24.
Data are represented as mean ± SEM. For black significance symbols: One symbol; p ≤ 0.05, two symbols; p ≤ 0.005, three symbols; p ≤ 0.001.

Baik et al., 2019b). Representative voltage traces showing light-
evoked depolarization and increased action potential firing
frequency in patch-clamp recordings of l-LNvs during the
5 s of violet-light stimuli and 60 s post-light stimulus for

positive control DmCRY/cry24, AeCRY1/cry24, AgCRY1/cry24,
and negative control cry-null flies are shown in Figure 11, where
the violet bar indicates 5 s of 200 µW/cm2 405 nm violet-light
stimulus.
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FIGURE 10

AeCRY1 and AgCRY1 RMP mediate weak membrane-evoked responses to violet-light. Light-evoked (A–D) membrane potential comparison of
violet-light (405 nm, 200 µW/cm2) excited l-LNvs expressing: DmCRY (blue, n = 8) and negative control cry-null (gray, n = 9), AeCRY1 (orange,
n = 10), and AgCRY1 (purple, n = 10). Violet bar on membrane potential plots indicates the timing of the 5 s of violet-light stimuli and black
scale-bar indicates 5 s. Traces represent the average last 60 s of each recording for (A) DmCRY vs. cry-null, (B) AeCRY1 vs. cry-null, (C) AgCRY1
vs. cry-null, and (D) AeCRY1 vs. AgCRY1. Red indicates FDR adjusted p ≤ 0.1 between DmCRY/cry24 and cry-null. Red indicates FDR adjusted
p ≤ 0.1 between AgCRY1/cry24 and cry-null. Data are represented as mean ± SEM. For red significance symbols: One symbol; p ≤ 0.1, two
symbols; p ≤ 0.05, three symbols; p ≤ 0.01.
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FIGURE 11

Representative voltage traces of l-LNvs electrophysiological response to violet light stimuli for all genotypes. Representative voltage traces of
the last 60 s of a patch-clamp recording of l-LNvs subjected to 5 s of violet-light stimuli for (A) DmCRY/cry24, (B) AeCRY1/cry24,
(C) AgCRY1/cry24, and (D) cry-null flies. Violet bar indicates 5 s of 200 µW/cm2 violet-light stimulus.
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Diurnal/nocturnal mosquito CRY1s
confer species-specific and
intensity-dependent behavioral
attraction/avoidance responses to blue
and violet-light

Diurnal mosquitoes are behaviorally attracted to short-
wavelength light (UV, blue), while nocturnal mosquitoes
behaviorally avoid short wavelength light (Baik et al., 2020).
CRY1 is a strong photoreceptor candidate to drive these species-
specific attraction/avoidance behavioral light responses. In our
recent study Au et al. (2022) testing transgenic Drosophila
that express diurnal AeCRY1 or nocturnal AgCRY1 in a cry-
null genetic background, we find that AeCRY1 expressing flies
show strong photo-attraction behavioral responses to a wide
intensity range (1–400 µW/cm2) of UV (365 nm) light. In
contrast, nocturnal AgCRY1 expressing flies show discernable
photo-attraction behavioral responses to UV light at very low
intensities (1 µW/cm2) but show significant photo-avoidance
behavioral responses to higher UV light intensities (at 10 and
400 µW/cm2 of UV light). Here, we examine the role for CRY1s
for conferring day- vs. night-active mosquito species-specific
light choice behaviors to other wavelengths by performing blue
(450 nm) and violet (405 nm) light choice behavioral assays
with flies expressing DmCRY, AgCRY1, AeCRY1 under the
crypGAL4-24 promoter at low (10 µW/cm2) and high (400
µW/cm2) light intensities using an environmental light choice
preference test. At low intensity (10 µW/cm2) 450 nm blue-
light, cry-null flies show significantly greater attraction to blue-
light relative to all CRY expressing fly groups (Figures 12A–C).
Flies expressing DmCRY, AgCRY1, or AeCRY1 show weak or no
behavioral attraction to low intensity blue-light (Figures 12A–
D). The average% activity of flies in the blue lit environment
over the first 30 min shows no significant differences between
flies expressing DmCRY, AeCRY1, or AgCRY1 (Figure 12E).

In contrast, at higher intensity 400 µW/cm2 450 nm blue-
light, the genotypes behavioral light responses diverge: DmCRY
expressing flies exhibit relatively neutral responses to the blue
lit environment, showing moderate photo-attraction for 15 min
of blue-light exposure, then moderate photo-avoidance to 400
µW/cm2 450 nm blue-light for the next 15 min (Figure 13A).
AeCRY1 expressing flies show significantly greater behavioral
attraction to high intensity blue-light relative to cry-null and
AgCRY1 expressing flies at many time points (Figures 13B,D).
AgCRY1 expressing flies exhibit the greatest significant light
avoidance to the high-intensity blue-light exposed environment
relative to other genotypes (Figures 13A–E). This is confirmed
by average% activity plots for each CRY expressing genotype
showing that AeCRY1 expressing flies have significantly greater
activity in higher intensity blue-light than either AgCRY1 or
DmCRY, and that AgCRY1 have significantly the least amount

of activity in high intensity blue-light relative to AeCRY1 or
DmCRY (Figure 13E).

At low intensity 405 nm violet-light (10 µW/cm2),
DmCRY and AgCRY1 expressing flies both show behavioral
photo-attraction to the low intensity violet lit environment
(Figures 14A,C,D), while cry-null and AeCRY1 expressing
flies show less behavioral photo-attraction to the violet lit
environment (Figures 14B,D). The average% activity plots
for each CRY expressing genotype shows AeCRY1 expressing
flies show significantly the least behavioral activity in low
intensity violet-light while DmCRY expressing flies show
significantly the most behavioral activity in low intensity violet-
light (Figure 14E). Control cry-null and DmCRY expressing
flies both behaviorally avoid high intensity violet-light (400
µW/cm2, Figure 15A), except during the first 10 min of violet-
light exposure for DmCRY expressing flies. The behavioral
responses to high intensity violet-light are divergent between
AgCRY1 and AeCRY1 expressing flies: AgCRY1 expressing flies
behaviorally avoid high intensity violet-light while AeCRY1
expressing flies are behaviorally attracted to high intensity
violet-light, consistent with the previously reported general
attraction of Ae. aegypti mosquitoes to all visible light
wavelengths (Figures 15A–E, see also Baik et al., 2020). The
average% activity plots for each CRY expressing genotype
shows that AeCRY1 expressing flies show significantly the
greatest behavioral activity in high intensity violet-light while
AgCRY1 expressing flies show significantly the least behavioral
activity in high intensity violet-light (Figure 15E). Taken
together for responses to varying intensities of violet-light,
these complex behavioral effects may be due either to direct
effects through mosquito CRY proteins or possibly due to
unknown CRY interactions with the major violet-light sensor
Rh7 that co-expresses in the LNv subgroups to mediate multi-
photoreceptor inputs for light attraction/avoidance behavioral
responses (Ni et al., 2017; Baik et al., 2018, 2019b), or image
forming photoreception in the eyes Altogether, these results
indicate the blue and violet-light intensity-dependent light
attraction/avoidance behaviors significantly diverge between
AeCRY1 and AgCRY1 expressing flies and that these behavioral
results are consistent with the distinct diurnal and nocturnal
mosquito attraction/avoidance responses to short-wavelength
light. Taken together, the data provides further support to our
conclusions that CRY photoreceptors mediate species-specific
physiological and behavioral light responses (Baik et al., 2020;
Au et al., 2022).

Discussion

This work was motivated by our recent findings that diurnal
Ae. aegyptimosquitoes and nocturnalAn. coluzzii (gambiae sub-
family) mosquitoes exhibit very different attraction/avoidance
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FIGURE 12

All transgenic groups exhibit little or no behavioral attraction to low-intensity blue-light. (A–D) Blue attraction/avoidance behavior is measured
by % activity in a dark shaded environment vs. a low-intensity (10 µW/cm2) blue-light-exposed environments (450 nm) during the light phase of
a standard 12:12 h LD cycle. Preference is calculated by percentage of activity in each environment over total activity for each time bin for (A)
DmCRY (blue, n = 53) vs. cry-null (red, n = 53), (B) diurnal AeCRY1 (orange, n = 46) vs. cry-null, (C) nocturnal AgCRY1 (purple, n = 47) vs. cry-null,
and (D) AeCRY1 vs. AgCRY1. All plots are shown from ZT0 to 30 min in 1-min bins. (E) Quantified mean % activity of flies in blue environment
across the first 30 min for low-intensity blue-light environments. Black ∗ indicates two-sample t-test p ≤ 0.05 between DmCRY/cry24 and
cry-null. Black • indicates two-sample t-test p ≤ 0.05 between AeCRY1/cry24 and cry-null. Black � indicates two-sample t-test p ≤ 0.05
between AgCRY1/cry24 and cry-null. Black N indicates two-sample t-test p ≤ 0.05 between AgCRY1/cry24 and AeCRY1/cry24. Data are
represented as mean ± SEM. One significance symbol; p ≤ 0.05, two significance symbols; p ≤ 0.005, three significance symbols; p ≤ 0.001.
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FIGURE 13

AgCRY1 flies behaviorally avoid high intensity blue-light. (A–D) Blue attraction/avoidance behavior is measured by % activity in a dark shaded
environment vs. a high-intensity (400 µW/cm2) blue-light-exposed environments (450 nm) during the light phase of a standard 12:12 h LD
cycle. Preference is calculated by percentage of activity in each environment over total activity for each time bin for (A) DmCRY (blue, n = 52)
vs. cry-null (red, n = 51), (B) diurnal AeCRY1 (orange, n = 39) vs. cry-null, (C) nocturnal AgCRY1 (purple, n = 46) vs. cry-null, and (D) AeCRY1 vs.
AgCRY1. All plots are shown from ZT0 to 30 min in 1-min bins. (E) Quantified mean % activity of flies in blue environment across the first 30 min
for high-intensity blue-light environments. Black ∗ indicates two-sample t-test p ≤ 0.05 between DmCRY/cry24 and cry-null. Black n indicates
two-sample t-test p ≤ 0.05 between AgCRY1/cry24 and cry-null. Black • indicates two-sample t-test p ≤ 0.05 between AeCRY1/cry24 and
cry-null. Black N indicates two-sample t-test p ≤ 0.05 between AgCRY1/cry24 and AeCRY1/cry24. Black + indicates two-sample t-test p ≤ 0.05
between AgCRY1/cry24 and DmCRY/cry24. Black x indicates two-sample t-test p ≤ 0.05 between AeCRY1/cry24 and DmCRY/cry24. Data are
represented as mean ± SEM. One significance symbol; p ≤ 0.05, two significance symbols; p ≤ 0.005, three significance symbols; p ≤ 0.001.
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FIGURE 14

All transgenic groups exhibit weak-moderate behavioral attraction to low-intensity violet-light. (A–D) Violet attraction/avoidance behavior is
measured by % activity in a dark shaded environment vs. a moderately low-intensity (10 µW/cm2) violet-light-exposed environments (405 nm)
during the light phase of a standard 12:12 h LD cycle. Preference is calculated by percentage of activity in each environment over total activity
for each time bin for (A) DmCRY (blue, n = 43) vs. cry-null (red, n = 42), (B) diurnal AeCRY1 (orange, n = 35) vs. cry-null, (C) nocturnal AgCRY1
(purple, n = 36) vs. cry-null, and (D) AeCRY1 vs. AgCRY1. All plots are shown from ZT0 to 30 min in 1-min bins. (E) Quantified mean % activity of
flies in violet environment across the first 30 min for moderately low-intensity violet-light environments. Black ∗ indicates two-sample t-test
p ≤ 0.05 between DmCRY/cry24 and cry-null. Black n indicates two-sample t-test p ≤ 0.05 between AgCRY1/cry24 and cry-null.
Black + indicates two-sample t-test p ≤ 0.05 between AgCRY1/cry24 and DmCRY/cry24. Black x indicates two-sample t-test p ≤ 0.05 between
AeCRY1/cry24 and DmCRY/cry24. Black N indicates two-sample t-test p ≤ 0.05 between AgCRY1/cry24 and AeCRY1/cry24. Data are
represented as mean ± SEM. One significance symbol; p ≤ 0.05, two significance symbols; p ≤ 0.005, three significance symbols; p ≤ 0.001.
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FIGURE 15

AeCRY1 flies exhibit behavioral attraction to high intensity violet-light. (A–D) Violet attraction/avoidance behavior is measured by % activity in a
dark shaded environment vs. a high-intensity (400 µW/cm2) violet-light-exposed environments (405 nm) during the light phase of a standard
12:12 h LD cycle. Preference is calculated by percentage of activity in each environment over total activity for each time bin for (A) DmCRY
(blue, n = 35) vs. cry-null (red, n = 40), (B) diurnal AeCRY1 (orange, n = 34) vs. cry-null, (C) nocturnal AgCRY1 (purple, n = 40) vs. cry-null, and
(D) AeCRY1 vs. AgCRY1. All plots are shown from ZT0 to 30 min in 1-min bins. (E) Quantified mean % activity of flies in violet environment across
the first 30 min for high-intensity violet-light environments. Black N indicates two-sample t-test p ≤ 0.05 between AgCRY1/cry24 and
AeCRY1/cry24. Black ∗ indicates two-sample t-test p ≤ 0.05 between DmCRY/cry24 and cry-null. Black n indicates two-sample t-test p ≤ 0.05
between AgCRY1/cry24 and cry-null. Black • indicates two-sample t-test p ≤ 0.05 between AeCRY1/cry24 and cry-null. Black + indicates
two-sample t-test p ≤ 0.05 between AgCRY1/cry24 and DmCRY/cry24. Black x indicates two-sample t-test p ≤ 0.05 between AeCRY1/cry24
and DmCRY/cry24. Data are represented as mean ± SEM. One significance symbol; p ≤ 0.05, two significance symbols; p ≤ 0.005, three
significance symbols; p ≤ 0.001.
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behavioral responses to different light spectra that vary by time
of day; and that these light driven behaviors are modulated by
CRY in mosquitoes (Baik et al., 2020). We considered multiple
hypotheses that might account for the distinct physiological
light responses of diurnal and nocturnal mosquitoes and
tested the simplest and most tractable hypothesis: informed
by earlier work showing that Drosophila CRY codes for light
avoidance responses to high intensity short wavelength light
(Baik et al., 2017, 2018, 2019b), we tested the hypothesis
that there are species-specific differences in the CRY light
responses between Ae. aegypti and An. gambiae -family
mosquitoes, predicting that nocturnal An. gambiae CRY1
exhibits stronger electrophysiological and behavioral responses
to blue-light than Ae. aegypti CRY1. For the present work,
the comparison between blue and violet-light responses is
logically dictated by the relative spectral absorbance profiles
of two non-imaging forming photoreceptors, CRY and Rh7
(Ni et al., 2017, p. 7; Sakai et al., 2017). Rh7 exhibits a broad
absorption spectrum that peaks in the violet range while the
base state of CRY shows a trough in the violet range of the
spectra.

We recently published a related study comparing the
effects of expressing the light sensitive CRYs from Ae.
aegypti (AeCRY1), An. gambiae (AgCRY1), and Drosophila
melanogaster (DmCRY, a positive control in a cry-null
Drosophila melanogaster genetic background) in Au et al.
(2022). While DmCRY is included as a positive control for
the physiological assays, we acknowledge that DmCRY is a
native protein in flies while mosquito CRYs are heterologously
expressed. AeCRY1 is much less light sensitive than either
AgCRY1 or DmCRY as shown by numerous physiological
assays including partial behavioral rhythmicity seen in AeCRY1
expressing flies following constant light exposure (Au et al.,
2022) and herein. Remarkably, expression of nocturnal AgCRY1
confers low survival to constant white light exposure as does
expression of AeCRY1 to a much lesser extent, which may
contribute to enforcing species-specific time-of-day behavioral
activity. In that study, we show that AgCRY1 mediates
significantly stronger electrophysiological cell autonomous
responses to 365 nm ultraviolet (UV) light relative to AeCRY1
(Au et al., 2022). Further, AgCRY1 expression mediates
electrophysiological and behavioral sensitivity to 635 nm red-
light while AeCRY1 does not, consistent with species-specific
mosquito red-light responses (Baik et al., 2020; Au et al.,
2022). AgCRY1 and DmCRY mediate intensity-dependent
avoidance behavior to UV light at different light intensity
thresholds, while AeCRY1 does not, thus mimicking mosquito
and fly behaviors (Au et al., 2022). These findings along
with the present findings showing physiological responses
to blue and violet-light collectively highlight CRY as a
key non-image forming visual photoreceptor that mediates

physiological and behavioral light-responses in a species-specific
fashion.

Several mechanisms mediate inter-protein signaling
following CRY light activation. For CRY mediated clock
resetting in Drosophila, there is clear evidence that light
activation leads to conformational changes in the CRY
c-terminal tail that signal to downstream proteins (Busza et al.,
2004; Dissel et al., 2004; Ozturk et al., 2011). However, CRY
mediated light-evoked increases in action potential firing rate
is still observed in flies that express a C-terminal truncated
form of CRY (Fogle et al., 2011). This response remains
relatively poorly resolved as it has not yet been examined
using evoked potential analysis of membrane depolarization,
a method that shows greater kinetic details of light evoked
electrophysiological responses (Baik et al., 2019a; Au et al.,
2022). The other CRY signaling mechanism involves inter-
protein redox transfer for which the voltage-gated potassium
beta subunit acts as a redox sensor and couple light activated
CRY to changes in potassium channel activity (Fogle et al.,
2015; Baik et al., 2017, 2018, 2019b; Hong et al., 2018). CRY
phototransduction is mediated by light-evoked changes in the
FAD redox state from an oxidized base state that absorbs UV
(365 nm peak) and blue-light (450 nm) peak to its FAD•-
anionic semiquinone semi-reduced state that also absorbs UV
(Berndt et al., 2007; Bouly et al., 2007; Hoang et al., 2008;
Öztürk et al., 2008; Lin et al., 2018). Photoactivation of the
CRY FAD•- anionic semiquinone semi-reduced state yields the
FADH• neutral radical state (Liu et al., 2010) which absorbs
a broad peak between 580–640 nm (yellow to red) and a
sharper peak at 325 nm (UV). We have yet to explore CRY
physiological light responses to 325 nm UV light. Red-light
photoactivation of the CRY FADH• neutral radical state
is best characterized in plant CRYs, but more recent work
shows that insect CRYs are also physiologically activated
by red-light. This indicates that the CRY FADH• neutral
radical state occurs in vivo (Öztürk et al., 2008; Baik et al.,
2019a; Au et al., 2022). Most of the biophysical work done
on the spectral absorbance properties of insect CRY proteins
uses purified protein preparations. It appears that purified
insect wild type CRYs do not absorb red-light when not in
native cellular conditions (Berndt et al., 2007; Ozturk et al.,
2011, 2014; Vaidya et al., 2013; Lin et al., 2018). It remains
to be determined whether downstream signaling proteins
like voltage-gated potassium subunits contribute further to
species-specific differences in mosquito physiological light
responses.

An alternative hypothesis for species-specific physiological
light responses is based on comparative neuroanatomical
analysis of diurnal Ae. aegypti mosquitoes and nocturnal
An. coluzzii mosquitoes, differences in species-specific neural
circuits, including PDF and PER expressing neurons may
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dictate attraction/avoidance behavioral light responses. Using
antibodies against the well conserved PDF and PER proteins,
which cross-react across a wide range of insect species,
there are both similar and species-distinct features of PDF
and PER expressing neural circuits of Ae. aegypti and An.
coluzzii mosquitoes. PDF and PER proteins are co-expressed
in the ventral lateral area in both Ae. aegypti and An.
coluzzii mosquito female adult brains that can be identified
as large- (l-LNvs) and small-ventral lateral neurons (s-LNvs)
based on their morphological projections common to the
very well characterized brains of Drosophila melanogaster and
other insect species (Baik et al., 2020). These include the
large PDF + neuronal arbors in the optic lobes that likely
project from the l-LNvs and PDF + dorsal projections to the
putative dorsal neurons (DNs) that likely project from the
s-LNvs for both mosquito species (Renn et al., 1999; Baik
et al., 2020). There are noteworthy differences between Ae.
aegypti and An. coluzzii mosquito female adult brains for their
PDF and PER neural circuits, notably that for An. coluzzii,
PDF + putative s-LNv dorsal projections continue medially to
the pars intercerebralis (PI) region, a major neuroendocrine
center in insect brains (de Velasco et al., 2007). The PI
region integrates feeding and circadian information in insulin-
like peptide expressing PI neurons (Barber et al., 2016). In
contrast, this distinct s-LNv to PI neural projection is absent
in Ae. aegypti mosquito female adult brains (Baik et al., 2020).
Another species-specific difference between Ae. aegypti and
An. coluzzii mosquitoes is a midline crossing contralateral
projection of PDF + putative l-LNvs that is detected in An.
coluzzii mosquito female adult brains, but is not detected in
Ae. aegypti adult female brains (Baik et al., 2020). There are
entire neuronal groups that can be found in one mosquito
species but not the other, notably ∼5 PER + /PDF- neurons
that are detected in the medial-anterior region of Ae. aegypti
female brains but are not seen in An. coluzzii mosquito
female adult brains (Baik et al., 2020). Reciprocally, there are
∼7 PER + /PDF- neurons in the PI region in An. coluzzii
that are not detected in Ae. aegypti (Baik et al., 2020).
These similarities and differences in diurnal vs. nocturnal
mosquito PDF and PER expressing neural circuits are intriguing
and while we cannot yet determine at present how much
they may contribute to attraction/avoidance behavioral light
responses; the results herein indicate that CRY1s themselves
are sufficient to confer similar species-specific light responses
observed in behaving mosquitoes. It would be interesting
to express diurnal Aedes mosquito CRY1 in a nocturnal
Anopheles mosquito and see how this transgenic mosquito
behaves in response to different light wavelengths using the light
attraction/avoidance assay, along with the reciprocal experiment
of expressing nocturnal Anopheles CRY1 in diurnal Aedes
mosquitoes.

These findings have interesting implications for
evolutionary aspects of behavior and speciation. Many

insects express two forms of CRY: light sensitive CRY1s and
light insensitive CRY2s which act as transcriptional repressors
(Yuan et al., 2007). The evolutionary divergence between CRY1s
and CRY2s appear to have occurred prior to the Cambrian
radiation as multiple cry genes are found in sponges, an
early metazoan that precedes the evolution of animal opsins
(Rivera et al., 2010). Different mosquito species have evolved
distinct circadian timing of behaviors according to their
temporal/ecological niches, including diurnal (Ae. aegypti) and
nocturnal (An. coluzzii). Numerous mosquito species-specific
behaviors change with time-of-day, including flight activity,
mating, oviposition, and biting (Bidlingmayer, 1994; Ditzen
et al., 2008). Such behaviors enforce speciation (Wilson, 1975).
Due to their large impact on health and ecology, more work
on the basis of diurnality/nocturnality, behavioral timing and
how species-specific niches are enforced in mosquitoes is
merited.
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