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ABSTRACT

The circadian clock of mosquitoes can influence physiological and behavioral processes linked to
disease transmission. Currently, we know how clock genes are expressed in the head of the Aedes
aegypti in different light and temperature regimens, but we still do not know anything about the
expression of these genes in the body. The present work aims to contribute to this understanding.
We observed that the expression of clock genes in the body of Aedes can be different from that in
the head. Additionally, we found that temperature cycles have greater influence on the clock genes

of the body of Aedes than light/dark cycles.

Introduction

Since the first organisms appeared on the planet,
they have been subjected to daily cycles of light
and temperature. These selective pressures have led
beings to evolve strategies to adapt to environmental
fluctuations. They developed a daily pacemaker for
controlling their physiological and behavioral
rhythms (Moore-Ede et al. 1982). In the insect
model, Drosophila melanogaster, this clock is com-
posed of a set of genes that regulate themselves, as
well as other genes related to various phenotypes
(reviewed by Patke et al. 2020). Microarray studies
estimate that 10% of the Drosophila genome is cycli-
cally expressed, which underscores the importance
of the clock in controlling a broad spectrum of
cellular pathways. However, when the rhythmic
expression was compared in different tissues, less
than 10% of the genes that cycle in the head were
found to do so in the body (Ceriani et al. 2002;
Claridge-Chang et al. 2001; Keegan et al. 2007;
McDonald and Rosbash 2001).

As in Drosophila, hematophagous mosquitoes exhibit
activity, reproduction, and feeding rhythms under the
control of an endogenous circadian clock (Saunders
2002). Mosquitoes are vectors of important tropical dis-
eases. Their activity and blood-feeding rhythms are cru-
cial for the transmission of various pathogens (Clements
1999; Saunders 2002). Our,, as well as other groups, have
been able to elucidate the expression of the core clock
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genes in the central pacemaker (head) of Aedes aegypti,
the main vector of Dengue, Chikungunya, and Zika arbo-
viruses (Gentile et al. 2009; Leming et al. 2014; Rivas et al.
2018; Teles-de-freitas et al. 2020), but we still do not know
how these genes are expressed in the body. Head and
body comparative studies have shown differences in
clock gene expression in vector insects, such as
Lutzomyia longipalpis and Anopheles gambiae (Meireles-
Filho et al. 2006a, 2006b; Rund et al. 2011, 2013). Since
synchronization of temperature cycles begins in the per-
ipheral tissues mainly located in the body (based on the
Drosophila model, Sehadova et al. 2009) and Aedes aegypti
appears to be more sensitive to temperature cycles than
other mosquitoes (Rivas et al. 2018), we were motivated to
understand how clock genes are expressed in the body of
this vector species. Thus, we now present the expression
in the body of the core genes (period, timeless, crypto-
chrome 2 and cycle) of the circadian clock of Aedes. Our
objective is not to accomplish an exhaustive understand-
ing on Aedes clock, but to provide an initial model about
the way it functions in peripheral tissues, comparing it to
what is already known about the expression of these genes

in the head.

Materials and methods
Mosquitoes

The IBEx (Instituto de Biologia do Exército, Rio de
Janeiro, Brazil) donated the eggs of Ae. aegypti
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(Rockefeller strain). We raised mosquitoes from the egg
stage in LD 12:12 under constant 25°C. Females were
separated from males while newly emerged and still
virgins. In all experiments, we used 1- to 3-day-old
virgin females.

Simulation of light/dark and temperature cycles

For light/dark cycles we used the HLT Powerbus USB
station (Hoenig Lichttechnik Ltd.), with which we
were able to simulate LD12:12 conditions with gra-
dual increases and decreases in light intensity during
dawn and dusk. Light intensity increased from 0 - to
1000 lux, from ZTO0 to ZT1.5, and remained stable in
1000 lux from ZT1.5 to ZT10.5. Establishment of
semi-natural temperature cycles was possible due to
the data generated by the Instituto Nacional de
Meteorologia (INMET) at the equinoxes in Rio de
Janeiro, Brazil; we used the thermal ramp system of
the Solab incubator (SL225/334) - of which mini-
mum and maximum temperature were 20°C and
30°C, respectively. Both the simulation of light/dark
cycles and temperature cycles were based on the
protocol established in our previous studies (Teles-
de-freitas et al. 2020).

Expression of circadian clock genes

Female mosquitoes were kept for two days under set
conditions (Table 1). On the third day, we collected
ten individuals every 4 h, over 24 h. For almost all
regimens the set conditions were the same as those of
the day of collection. The only exception was mos-
quitoes in free running. They were subjected to two
days under gradual LD cycles at 25°C and then col-
lected on the first day under DD at 25°C. For each
experiment, there were six time points and this pro-
cedure was repeated three or four times. Total RNA
of the bodies was extracted by the TRIzol method
(Invitrogen, Carlsbad, CA), and ¢cDNA was synthe-
sized with TagMan Reverse Transcription Reagents

Table 1. Conditions under which mosquitoes were entrained and
collected.

Synchronization days Collect days

3rd day under DD 25°C

DD at 25°C 1st and 2nd days under
gradual LD 25°C

gradual LD at 1st and 2nd days under
25°C gradual LD 25°C

DD with 1st and 2nd days under DD
seminatural with seminatural TC
TC

gradual LD with 1st and 2nd days under 3rd day under gradual
seminatural gradual LD with LD with seminatural
TC seminatural TC TC

3rd day under gradual
LD 25°C

3rd day under DD with
seminatural TC
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(Applied Biosystems, Foster City, CA) following the
methods described by Teles-de-freitas et al. (2020).
The final cDNA concentration was Ing/uL. Then, we
made a relative quantification via real-time PCRs
(qPCRs), using Power SYBR Green PCR Master Mix
(Thermo Fisher, Waltham, MA) in a StepOnePlus
Real-Time PCR System (Thermo Fisher, Waltham,
MA). We amplified per, tim, cry2, cyc, and rp49
genes using oligonucleotides designed by Gentile
et al. (2009). We wused the rp49 gene as
a constitutive control and calculated the relative
mRNA abundance with the comparative Cr method
(Pfaffl 2001). The values obtained for the relative
abundance of mRNA were plotted in Excel graphs.
We also calculated if the expression of the relative
abundance of the genes varied significantly through-
out the 24 h period of each regimen. We considered
a gene presented rhythmic expression if the mRNA
abundance differed significantly among the six time-
point samples using a One-Way ANOVA (p = .05).
All  statistical analyses were conducted with
GraphPad Prism 5 (Prism, La Jolla, CA).

Results

The purpose of our research is to understand how
clock genes are expressed in the body of Aedes
aegypti. To this end, we used the same strain
(Rockefeller), as well as light/dark and temperature
cycles previously used by our group in the study of
clock gene expression in the head of Aedes aegypti
(Teles-de-freitas et al. 2020). We intended to com-
pare the data obtained from the body with the
expression described in the head of A. aegypti.

Initially, we subjected mosquitoes to a regimen
under which their main environmental cues were
absent, that is, constant dark and temperature (DD
25°C), in order to observe the expression of period
(per), timeless (tim), cryptochrome 2 (cry2), and cycle
(cyc) in the body. We noted only per presented cyclic
expression, with an expression peak at CTI13 and
trough at CT5. The other clock genes were arrhyth-
mic under this condition (Figure 1, Table 2). When
we maintained the temperature constant (25°C), but
added the 12 h light/12 h dark cycle (gradual LD 25°
C), we observed a pattern very similar to that pro-
duced under DD 25°C, that is, the expressions of tim,
cry2, and cyc were arrhythmic in the body, but the
expression of per cycled with a peak in ZT13 and
trough at ZT5 (Figure 2, Table 2).

Then we exposed the mosquitoes to constant dark-
ness, but this time we added the temperature cycles
to the regimen, which we usually call DD with
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Figure 1. Expression of circadian clock genes in the body of Ae. aegyptiin DD 25°C. The graphs show the expression of per (period), cyc
(cycle); cry2 (cryptochrome2) and tim (timeless). We used three replicates, with a pool of 10 individuals/group. The vertical bars represent
the standard deviation. The black horizontal bars indicate the darkness constants and the orange bars the constant temperature (25°C).
Symbols R~ and A- represent rhythmic genes and arrhythmic genes, respectively, in accordance with the One-Way ANOVA statistical

test.

Table 2. Statistical analysis of the circadian expression of clock genes in the body of Ae. aegypti.

Gene
per cyc cry2 tim

DD 25°C Fss 5.02 124 0,62 1.09

P <0.005 0.35 (ns) 0.68 (ns) 0.42 (ns)
gradual LD 25°C Fsis 1145 0.16 0.91 0.84

P <0.001 0.97 (ns) 0.50 (ns) 0.54 (ns)
DD with seminatural Tc Fsqs 11.34 1.20 2.02 58.88

P <0.001 0.37 (ns) 0.15 (ns) <0.001
gradual LD with seminatural Tc Fs24 31.06 24.38 14.60 18.24

P <0.001 <0.001 <0.001 <0.001

One-way analysis of variance. ns = non-significant rhythmicity of mRNA transcription. We highlighted in bold the rhythmic gene expressions.

seminatural TC. Under these conditions, we observed
some differences in the expression of the analyzed
genes when compared to the DD 25°C and gradual
LD 25°C regimens. Under DD with seminatural TC,
although c¢ry2 and cyc maintained the arrhythmic
pattern, tim presented cyclic expression in the body
with a peak between ZT9 and ZT13, and a trough
between ZT1 and ZT5. We also noted that period

continued to present cyclic expression in DD with
seminatural TC. However, interestingly, this gene had
a peak of expression at ZT17 and a trough at ZT 1
under these conditions (Figure 3, Table 2).

Our next step was to unite the two environmental
indicators. We subjected mosquitoes to 12 h light/12 h
dark cycles and temperature cycles simultaneously (gra-
dual LD with seminatural TC). Under these conditions,
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Figure 2. Expression of circadian clock genes in the body of Ae. aegypti in gradual LD 25°C. The graphs show the expression of per
(period), cyc (cycle); cry2 (cryptochrome2) and tim (timeless). We used three replicates, with a pool of 10 individuals/group. The vertical
bars represent the standard deviation. In the horizontal bars, white, black, and orange colors indicate the light phase, dark phase, and
constant temperature (25°C), respectively. R~ represents rhythmic genes and A- represents in accordance with the One-Way ANOVA

statistical test.

all of the genes analyzed curiously exhibited cyclic
expression in the body of Aedes aegypti; per had a peak
of expression at ZT17 and a trough at ZT5, while tim
presented a peak of expression at ZT13 and a trough at
ZT5. The expression of cry2 produced a trough at ZT9
and a unique peak at ZT1, and cyc exhibited a peak of
expression between ZT1 and ZT5 and a trough at ZT13
(Figure 4, Table 2).

Discussion

Circadian clocks impose daily periodicity on many phy-
siological and behavioral processes in a wide variety of
organisms. In animals, several tissues are known to
contain circadian pacemakers. In mammals, coordina-
tion is performed in the head by the central clock of the
suprachiasmatic nucleus (SCN) by means of pathways
that include endocrine, neural, and even thermal signals
(Albrecht 2012; Buhr et al. 2019; Schibler et al. 2015; Yoo

et al. 2004). In insects, the knowledge about central and
peripheral clocks is almost exclusively derived from
studies done on Drosophila. Unlike mammals, most
peripheral pacemakers in Drosophila are autonomous,
and their synchronization is accomplished through
exposure to signals such as light — which can penetrate
the translucent exoskeleton - or temperature (Ito and
Tomioka 2016). However, before this study, nothing was
known about the expression of clock genes in peripheral
tissues of Aedes aegypti, an insect so important for the
transmission of various diseases.

We selected four of the most important clock genes in
Aedes aegypti and observed their expression in the mos-
quito body. We observe that the expression of the ana-
lyzed genes was very similar in DD 25°C and gradual LD
25°C. Under these conditions, only period presented
cyclic expression, showing a peak and a trough at the
same time in both regimens - ZT13 and ZT5, respec-
tively, while the other genes, tim, cyc, and cry2, were
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Figure 3. Expression of circadian clock genes in the body of Ae. aegypti in DD with seminatural TC. The graphs show the expression of
per (period), cyc (cycle); cry2 (cryptochrome2) and tim (timeless). We used three replicates, with a pool of 10 individuals/group. The
vertical bars represent the standard deviation. The black horizontal bar indicates the constant dark. The bar in gradient colors shows
the temperature cycles (red = 30°C, orange = 25°C, blue = 20°C). Symbols R~ and A- represent rhythmic genes and arrhythmic genes,

respectively, in accordance with the One-Way ANOVA statistical test.

arrhythmic (Figures 1 and 2, Table 2). These results
suggest that the expression of per in the body is regulated
endogenously by the circadian clock even in the absence
of environmental factors and that the addition of gra-
dual LD cycles, alone, was not able to alter the expres-
sion of any of the analyzed genes.

The expression of the genes in the body was quite
similar in LD and DD 25°C. However, we observed
many differences when we compared these findings
with those of the head under both conditions. Most of
the analyzed genes presented cyclical expression in the
head under LD and DD at 25°C (except for tim in LD,
which was of borderline statistical difference) (Gentile
et al. 2009), but we found only period presented cyclical
expression in the body under these conditions (Figures 1
and 2, Table 2). Furthermore, even period presented
a different expression phase in the body, compared to

the head. This gene showed a peak of expression at ZT'17
in LD and DD in the head (Gentile et al. 2009).

The fact that we observed almost no changes in the
body of Aedes when comparing the gene expression
under LD and DD at 25°C suggests that LD cycles are
a weak Zeitgeber in the body, at least for the clock genes
analyzed. On the other hand, in the body of Anopheles
gambiae, per, tim, cyc, and cry2 presents cyclical expres-
sion under LD with constant temperature and seem to
suffer more from the effects of this environmental indi-
cator (Rund et al. 2011, 2013). Hence, it is possible that
the lack of sensitivity to synchronize its peripheral clock
with the LD cycles is specific to Aedes aegypti and should
not be extrapolated to other mosquitoes.

Alternatively, we observed that temperature cycles
seem to have a greater influence than light/dark
cycles on clock genes in the body of Aedes. This is
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Figure 4. Expression of circadian clock genes in the body of Ae. aegypti in gradual LD with seminatural TC. The graphs show the
expression of per (period), cyc (cycle); cry2 (cryptochrome2) and tim (timeless). We used four replicates, with a pool of 10 individuals/
group. The vertical bars represent the standard deviation. The white horizontal bar indicates the light phase, while the black bar shows
the dark phase. The bar in gradient colors shows the cycles of temperature (red = 30°C, orange = 25°C, blue = 20°C). Symbols R~ and A-
represent rhythmic genes and arrhythmic genes, respectively, in accordance with the One-Way ANOVA statistical test.

because the DD with seminatural TC regimen was
able to both promote the cyclic expression of timeless
and shift the expression peak of period (Figure 3,
Table 2). Under this condition, the expression peaks
of per and tim in the body occurred, respectively, at
ZT17 and ZT13-17. Both genes showed the same
peak of expression under DD with seminatural TC
when we analyzed the head of Aedes (Teles-de-freitas
et al. 2020).

Moreover, although temperature cycles appear to
have greater influence than light/dark cycles on the
regulation of the clock in the body of Aedes, it is likely
that they do not act alone. The fact that all analyzed
genes recovered their cyclical expression under gradual
LD with seminatural TC (Figure 4, Table 2) suggests that
for the full functioning of the clock in the body there
must be synergy between temperature cycles and light/
dark cycles. To reinforce this hypothesis, when mosqui-
toes are under LD with seminatural TC, rather than

under the other conditions observed previously, the
expression of clock genes in the head and the body is
more similar. We highlight only one exception: cry2.
This gene showed a clear difference when we compared
its expression in the head with that in the body of
mosquitoes under LD with seminatural TC (Figure 4,
Table 2) (Teles-de-freitas et al. 2020). In the head, cry2 is
known to present an expression peak at ZT1 and
another one at ZT17 under LD with seminatural TC
(Teles-de-freitas et al. 2020). However, we observed
only one peak of expression at ZT1 in the body under
the same condition (Figure 4, Table 2).

Gentile et al. (2009) had suggested that cry2 expres-
sion in the head of Ae. aegypti is controlled by two
different circadian response elements, one responsible
for the morning peak and the other for the evening peak.
They proposed that cry2 had distinct promoter regions,
where different transcriptional factors would bind
depending on the time of day. The morning peak of
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cry2 is viewed as being controlled by the same transcrip-
tional factors of cyc, while the afternoon peak is viewed
as being controlled by factors responsible for the tran-
scription of per, tim, and other genes. This would justify
why, in the head, the morning peak of cry2 occurred at
the same time as the expression peak of cyc, while the
evening peak of cry2 was similar to the expression peak
of per. However, in the body, cry2 showed only one peak
at ZT1, which is similar to the expression of cyc in LD
with seminatural TC. The fact that c¢ry2 did not present
an afternoon peak, while period and timeless kept their
canonical expressions in LD with seminatural TC, sug-
gests that at least in the body the regulation mechanism
of cry2 is different from the previously proposed model
of the clock regulation in the head (Figure 4, Table 2).

In summary, the results obtained from the expression
of clock genes in the body of Aedes aegypti differ con-
siderably from those in its head. First, because, unlike
what occurs in the head, clock genes in the body seem to
be more affected by temperature cycles than by light/
dark cycles (Rivas et al. 2018; Teles-de-freitas et al.
2020). Secondly, in DD 25°C, all clock genes analyzed
cycled in the heads (Gentile et al. 2009). On the other
hand, in the body, we observed rhythmicity for all genes
only in LD with seminatural TC. Thus, it is possible that,
contrasting to the central pacemaker in the brain, per-
ipheral clocks are much more dependent on environ-
mental factors, especially temperature cycles. Due to the
epidemiological importance of the vector Aedes aegypti,
increasingly diverse research groups around the world
are studying its peripheral tissues, such as fat bodies,
ovaries, testis, etc. But most of these studies are not
concerned with the circadian clock of peripheral tissues
in Aedes. This is at least curious, since for many insects
the circadian clock controls genes involved in growth,
development, immunity, response to insecticides,
among other phenotypes (Leming et al. 2014;
Matthews et al. 2016; Price et al. 2011; Ptitsyn et al.
2011; Roberts et al. 1974; Zhang et al. 2017).

Here we show for the first time how clock genes are
expressed in the body of Aedes aegypti. Our experiments
were not designed toprovide an exhaustive understand-
ing of the expression the clock genes of Aedes; rather,
their findings were intended to serve as an initial model
of the functioning of the clock genes in the body, in
relation to what is already known about the expression
of the clock genes in the head. We think that upcoming
studies focusing on clock genes in specific tissues in the
body will also be interesting.

The clock gene expression in the body not only differs
from what is known about the heads of Aedes but it also
seems to be more sensitive to temperature cycles than to
light/dark cycles. It leads us to question why most studies

that investigate peripheral tissues in Aedes insist on expos-
ing these mosquitoes to constant temperatures (Matthews
et al. 2016; Price et al. 2011; Zhang et al. 2017). We believe
investigations using gradual temperature cycles — which
are closer to what is found in nature than the constant
temperature conditions traditionally used in experi-
ments — will allow us to better perceive the effects on the
physiology and development of mosquitoes.
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