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Abstract

Background: Mosquitoes exhibit 24 hr rhythms in flight activity, feeding, reproduction and development. To better
understand the molecular basis for these rhythms in the nocturnal malaria vector Anopheles gambiae, we have
utilized microarray analysis on time-of-day specific collections of mosquitoes over 48 hr to explore the coregulation
of gene expression rhythms by the circadian clock and light, and compare these with the 24 hr rhythmic gene
expression in the diurnal Aedes aegypti dengue vector mosquito.

Results: In time courses from An. gambiae head and body collected under light:dark cycle (LD) and constant dark
(DD) conditions, we applied three algorithms that detect sinusoidal patterns and an algorithm that detects spikes in
expression. This revealed across four experimental conditions 393 probes newly scored as rhythmic. These genes
correspond to functions such as metabolic detoxification, immunity and nutrient sensing. This includes glutathione
S-transferase GSTES, whose expression pattern and chromosomal location are shared with other genes, suggesting
shared chromosomal regulation; and pulsatile expression of the gene encoding CYP6M2, a cytochrome P450 that
metabolizes pyrethroid insecticides. We explored the interaction of light and the circadian clock and highlight the
regulation of odorant binding proteins (OBPs), important components of the olfactory system. We reveal that OBPs
have unique expression patterns as mosquitoes make the transition from LD to DD conditions. We compared
rhythmic expression between An. gambiae and Ae. aegypti heads collected under LD conditions using a single
cosine fitting algorithm, and report distinct similarities and differences in the temporal regulation of genes involved
in tRNA priming, the vesicular-type ATPase, olfaction and vision between the two species.

Conclusions: These data build on our previous analyses of time-of-day specific regulation of the An. gambiae
transcriptome to reveal additional rhythmic genes, an improved understanding of the co-regulation of rhythms in
gene expression by the circadian clock and by light, and an understanding of the time-of-day specific regulation of
some of these rhythmic processes in comparison with a different species of mosquito. Improved understanding of
biological timing at the molecular level that underlies key physiological aspects of mosquito vectors may prove to
be important to successful implementation of established and novel insect control methods.

Background

The mosquito An. gambiae is the primary African
malaria vector, whilst Ae. aegypti is the primary vector
of dengue fever and yellow fever. Mosquito physiology
and behavior are under rhythmic control, organized in a
time-of-day specific manner. Eukaryotic organisms pos-
sess a circadian (“about a day”) clock, regulating daily
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rhythms in biochemistry, physiology and behavior. It is
cell autonomous, and at the molecular level is comprised
of a series of transcriptional-translational feedback loops
(TTFLs), whose completion takes approximately 24 hr
[1]. In An. gambiae daily behavioral rhythms are known
to include dusk mating swarms, nocturnal flight activity,
sugar feeding, blood feeding and oviposition. Late day
larval-pupal ecdysis and late day/early night eclosion are
also rhythmic [2-14].

Ae. aegypti behavioral rhythms have been described
from populations collected or observed in the field from
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around the world as diurnal (often with increased acti-
vity during the first and last few hours of the daytime,
i.e. crepuscular). These diel/circadian rhythms include
flight activity, oviposition, host seeking, human landing/
biting and sugar feeding [14-27].

The role of specific An. gambiae clock genes in the light-
inhibition of blood feeding behavior was revealed by DNA
microarray analysis and RNAi-mediated gene silencing
[10]. Studies of the mosquito canonical clock components
include the cloning of the Ae. aegypti timeless gene (tim,
AAEL006411) [28]; brain in situ hybridization of Ae.
aegypti cycle (cyc, AAEL002049) [29]; the expression profil-
ing of clock genes in Ae. aegypti, An. gambiae, and Culex
quinquefasciatus [24,28,30]; the functional analysis of the
cytochrome proteins, CRY1 (AGAP001958) and CRY2
(AGAP004261) in An. gambiae [31,32]; and geographic
and developmental variations in expression of timeless in
the pitcher plant mosquito, Wyeomyia smithii [33].

Recently, we reported in Rund et al. genome-wide
profiling of rhythmic gene expression in female mated but
non-blood-fed An. gambiae heads and bodies under both
LD (light:dark cycle, 11 hr full light, 11 hr darkness, and 1
hr dawn and dusk transitions) and DD (constant dark)
conditions [30]. This work revealed genes involved in
processes such as immune response, detoxification, tran-
scription, oxidation/phosphorylation, translation, fatty acid
metabolism, glycolysis/gluconeogenesis, olfaction, visual
transduction and cuticle-related genes to be rhythmically
expressed in An. gambiae. Under LD conditions, this
included 1293 and 600 rhythmic genes with a period
length of 20-28 hr in the head and body, respectively,
representing 9.7 and 4.5% of the An. gambiae gene set
[30]. We studied heads and bodies separately because we
expected enrichment (and thus increased detectability) of
different genes in the different body segments; for example
vision and antennal olfaction-related genes in the head,
and genes in the body associated with gut, fat body, and
skeletomuscular functions. Under DD conditions, we
identified 891 rhythmic transcripts in the head and 476 in
the body with an 18.5-26.5 hr period length [30]. A study
of Ae. aegypti mosquitoes performed by Ptitsyn et al. [34],
that profiled rhythmic gene expression analysis in the
heads of female Ae. aegypti mosquito under LD condi-
tions, also revealed transcriptional rhythms in gene ex-
pression across a wide variety of biological processes. Our
analysis of An. gambiae rhythms utilized the COSOPT
algorithm to mine expression data, whilst Ptitsyn et al,
report results from the Fisher's g-test, autocorrelation and
the Pt-test algorithm. The COSOPT cosine-wave fitting
algorithm [35-38] is one of several, and arguably the
method most used to mine gene expression data for genes
rhythmically expressed with a sinusoidal expression pat-
tern [36,37,39-43]. Other methods for identifying sinu-
soidal expression patterns include the recent JTK_CYCLE
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algorithm [44-46] and Fourier transform [47-49]. Investi-
gations in maize, mice and artificially generated transcript
profiles, for example, have demonstrated differing results
in number and identity of genes scored as rhythmic
depending on the algorithm used [39,44]. Additionally,
there are non-sinusoidal yet still 24 hr patterns of expres-
sion, such as pulsatile “spikes” which were noted in maize
and Arabidopsis thaliana circadian transcriptional analysis
using HAYSTACK [39,50], which may be missed by
algorithms searching specifically for sinusoidal expression
patterns. We note male and female An. gambiae mosqui-
toes have an abrupt onset and short duration of elevated
flight activity at dusk under both LD and DD conditions
[13,30], and therefore we hypothesized this could corres-
pond with “spike” gene expression profiles.

Rhythmic genes exhibiting a 24 hr period length are
generated through the intersection of two processes: 1)
The first is an endogenous circadian clock that persists
under constant environmental light and temperature
conditions (true “circadian” expression). The persistence
of behavioral, physiological, and/or gene expression
rhythms under constant conditions is thus indicative of an
endogenous clock. 2) The second is a direct action of the
environmental LD cycle on the organism that generates
additional diel rhythms (rhythms observed under LD but
not necessarily DD conditions) in gene expression and
suppresses a proportion of rhythms generated by the
endogenous circadian clock mechanism. This direct LD
cycle mechanism has been described in Drosophila and
our An. gambiae studies, yet is poorly understood at the
molecular level. It presumably includes photoreception,
including a contribution from the compound eyes
[30,37,48,51].

In this work, we reanalyze our original An. gambiae data
using the more recently developed JTK_CYCLE algorithm,
as well as perform a discrete Fourier transform (DFT)
analysis. We use the consensus from these two methods
along with our original COSOPT analysis to identify more
genes as rhythmic with a high degree of confidence. We
use a pattern matching algorithm novel to biological ana-
lyses to identify genes displaying clear pulsatile “spikes,”
since genes displaying this pattern may be missed by the
other algorithms. Next, we further investigated the inter-
section between light-driven and endogenous clock-driven
expression of rhythmic genes by looking at some unique
patterns in gene expression that are present as mosquitoes
make the transition from LD to DD conditions. We
examine the presence of defined transcriptional regulation
motifs in the 5' upstream regions (presumed promoter
regions) of those genes. Finally, we also reanalyze the Ae.
aegypti gene expression data of Ptitsyn et al using
JTK_CYCLE and compare patterns in ~24 hr rhythmic
gene expression in the head under LD conditions between
An. gambiae and Ae. aegypti across a variety of biological
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functional categories. This is interesting because both
species of mosquitoes are vectors of disease, but may show
different diel/circadian expression patterns owing to dif-
ferences in temporal niche (An. gambiae is strictly night
active and Ae. aegypti primarily day active), evolutionary
lineage, and/or habitat [52,53]. Improving our understan-
ding of the biology of these vectors (and recognizing the
differences between them) is important in generating new
methods of control at a time when there is emerging
resistance of the mosquito to insecticide and resistance of
the malaria parasite to drug treatment [54-56].

Results and discussion

Analysis of An. gambiae time course data with COSOPT,
JTK_CYCLE and discrete Fourier transform reveals new
rhythmic probes

Our original analysis [30] of the rhythmic nature of the
mosquito transcriptome used very strict criteria to
reduce the likelihood of false positives, at the expense of
several obvious false negatives. In order to expand this
analysis and identify previously unidentified rhythmic
transcripts, we reexamined our microarray data to iden-
tify novel rhythmic expression patterns at high confi-
dence using an approach of applying multiple algorithms
to the same dataset [34,39,47]. We first reanalyzed our
microarray data from An. gambiae [30], which was
originally analyzed using the COSOPT algorithm, using
DFT and the more recently developed JTK_CYCLE
algorithm. All three of these algorithms search array data
for sinusoidal rhythmic expression patterns, but va-
riations in the methods leads to different results. In
Additional file 1 we provide the number of probes we
identified as rhythmic in each of our four experimental
collection conditions (LD heads, DD heads, LD bodies
and DD bodies) using various statistical cutoff thre-
sholds. Different cutoff values have been used in various
reported studies in an effort to balance the number of
rhythmic genes reported against incidents of false posi-
tives. In our original COSOPT analysis we used a con-
servative cutoff of the multiple means corrected 3
(pMMCP) of p < 0.1, in an attempt to minimize the
occurrences of false-positives. However, in the current
analysis we considered probability values as high as
p < 0.2 [42,57].

In heads under LD conditions, when considering the
least stringent cutoff values, COSOPT (p < 0.2), JTK
cycle (q < 0.1) and DFT (s > 0.3) each returned ~2300
probes determined to be rhythmic. The statistical cutoff
values for COSOPT and JTK_CYCLE match the highest
thresholds values utilized elsewhere, whilst the DFT
value was chosen as it returned approximately the same
number of probes [42,44,57]. When we considered the
overlap of probes found rhythmic by using each of these
three algorithms, 1658 probes were determined to be
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rhythmic by all three methods (Figure 1). Of these 1658
probes, 159 were not identified as rhythmic using the
COSOPT criteria from our previous report [30]. New
rhythmic probes were also identified in LD bodies, DD
heads and DD bodies, where 148, 47 and 32 probes,
respectively, were determined to be rhythmic that
were not identified as such in our previous analysis
(Additional file 2). Note that DFT analysis limits the
number of probes that may be deemed rhythmic under
DD conditions; see methods for more information. We
believe that these newfound rhythmic genes can be
called rhythmic with a high degree of confidence, since
three separate algorithms identified them as such.
Similar to our previous analysis [30] we found additional
rhythmic genes in a range of functional groups domi-
nated by metabolism, but also rich in detoxification,
immunity, and cuticular function (see Additional file 3).
From the LD head analysis, several of these newly found
rhythmic probes reference genes of unknown function,
or map to genomic regions not currently identified as
genes.

Our reanalysis of microarray data using alternate
expression-mining algorithms resulted in the identification

S

DFT s> 0.3 COSOPTp<0.2

Figure 1 Analysis of LD head expression data by various
algorithms reveals high overlap in An. gambiae probes deemed
rhythmic. Venn diagram shows the number of probes in An.
gambiae LD heads identified as rhythmic using the COSOPT,
JTK_CYCLE and DFT algorithms at the statistical cutoffs indicated. A
total of 1658 probes were identified as rhythmic using all three
algorithms, representing 159 new rhythmic probes from those we
identified in Rund et al. 2011 [30]. See Additional file 2 for LD body,
and DD head and body Venn diagrams. The number outside the
Venn diagram, 3443, represents the number of probes with a mean
fluorescent intensity above background that were not scored as
rhythmic by any of the algorithms. See Additional file 3 for list of
probes newly identified as rhythmic.
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of more rhythmic genes that could underlie important
rhythmic mosquito physiological processes — notably,
detoxification, immunity and nutrient sensing genes. All
time course expression profiles, including COSOPT and
JTK_CYCLE outputs, can be viewed on our publically
accessible database, Bioclock [58]. The discovery of more
rhythmic genes adds more evidence in An. gambiae for
rhythmic susceptibility to factors such as insecticide, infec-
tion and environmental challenges, as well as targets for
manipulation to disrupt important rhythmic mosquito
biological processes. Recent work in the closely related
mosquito, Anopheles funestus, has shown that populations
of these important malaria vectors are shifting their biting
times in response to the utilization (and therefore selective
pressure) of insecticide treated bednets [59]. Future investi-
gations into this phenomenon should consider the current
work presented here, as a shift in the expression of one or
several of the genes we report as rhythmic might explain or
underlie the reported shift in behavior.

Detoxification genes newly identified as rhythmic
Detoxification genes newly identified as rhythmic
include the glutathione S-transferase (GST), GSTES
(AGAP009192), which is noteworthy as it joins GSTE3
(AGAP009197) and GSTE2 (AGAP009194), two other
GSTs on division 33B of polytene chromosome arm 3R
[60] that we previously found rhythmically expressed in
LD heads [30]. GSTE?2 is a known resistance gene with a
gene product that has been confirmed to metabolize
DDT [60]. These three genes share nearly identical times
of peak expression, potentially indicating a shared gene
regulatory process. Chromosomal regions of rhythmic
coregulation have also been noted in Drosophila [61]. In
LD bodies we found five more rhythmically expressed
annotated or predicted detoxification genes including
cytochrome P450 6P4 (CYP6P4, AGAP002867) and
GSTD11 (AGAP004378) (Additional file 3). All five of
these detoxification genes we had previously identified
as rhythmic in DD bodies, but not in LD bodies [30].

Immunity and nutrient sensing/feeding genes newly
identified as rhythmic

Further, the list of genes newly found rhythmic under LD
conditions includes components of An. gambiae immune
gene families including the clip-domain serine protease
new to our rhythmic list, CLIPD5 (AGAP002813, head),
and CLIPE6 (AGAPO011785), previously identified as
rhythmic in LD heads and now in LD bodies; the class b
scavenger receptor, agSCRB8 (AGAP004845), previously
identified as rhythmic in the body but now head; and the
serine protease inhibitor (serpin), SRPN5 (AGAP009221),
previously identified as rhythmic in LD and DD heads and
now in LD and DD bodies (Additional file 3).
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Finally, our previous analysis revealed numerous genes
that are involved in nutrient sensing and/or feeding
behavior in various conditions/tissues including the
takeout genes (TOI, AGAP004263; TO2 and/or TO3,
AGAP012703/AGAP004262), adipokinetic hormone recep-
tor (AKHR, synonymous with gonadotropin-releasing
hormone receptor, GPRGNRI, AGAP002156), target of
rapamycin (TOR, AGAP007873), neuropeptide F (NPF,
AGAP004642), and the Anopheles homologues to Drosoph-
ila Lipid storage droplet-1 (LSD1, AGAP002890), SNFIA/
AMP-activated protein kinase (agAMPK, AGAP002686)
and foraging (for, AGAP008863) [30]. In subsequent work,
we revealed time-of-day dependent increases in flight be-
havior in An. gambiae and Ae. aegypti by pharmacological
activation of the protein kinase G (PKG) encoded by the for
gene [14]. This is of particular interest as dengue virus
infection increases Ae. aegypti flight activity behavior [62]
and PKG mediates a phosphorylation event involved in
dengue virus replication [14].

We now find agAMPK (peak phase, ZT 4-ZT 6) and
a predicted forkhead domain transcription factor (in
Drosophila, foxo) (AGAP008606, peak phase ~ ZT 9)
additionally rhythmic in the body; new to the rhythmic
list, the Anopheles homologue to Drosophila sugarbabe
(sug, AGAP006736) was found rhythmic in the body and
peaking at the end of the night phase (ZT 22-ZT 0)
(Additional file 3). Drosophila sug encodes a predicted
zinc finger protein that regulates insulin gene expression
in neurosecretory cells [63], whilst Drosophila FOXO
regulates the insulin receptor pathway [64].

Using a pattern matching algorithm to search for pulsatile
expression patterns

The COSOPT, JTK_CYCLE and DFT algorithms all
search for sinusoidal expression patterns. However,
expression of genes that may have a 24 hr rhythmic but
non-sinusoidal pattern, and contribute to the rhythmic
biology of the organism, may be overlooked by these
three algorithms (i.e. pulsatile expression patterns). For
example, daily onset of flight activity under LD and DD
conditions is abrupt and highly elevated [13,30], and we
hypothesized that there are phase-coincident pulses
(“spikes”) of gene expression associated with such transi-
ent behavior. We therefore utilized a pattern matching
algorithm to search for expression patterns that were
pulsatile, corresponding to spikes in expression with an
interval of 24 hr. While we were unable to identify any
genes with pulsatile expression under DD conditions
(contrary to our hypothesis), we identified 11 genes in
the LD heads and 5 in LD bodies with such a pattern
(see Figure 2A). Some pulsatile genes were still found to
be rhythmic by COSOPT independently, but two of
the body genes, a homologue of Drosophila Npc2d
(AGAP002851) and a putative copper oxidase gene
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Cry2 Cryptochrome 2 - clock gene (AGAP004261)
GO: alcohol metabolic process (AGAP013492)
unknown (AGAP009051)

DMEL: Obst-F obstructor-F (AGAP006434)

DMEL: cIn3 ceroid lipofuscinosis 3 (AGAP003934)
DMEL: Npc2d Niemann-Pick type C-2d (AGAP002851)
GO: oxidation-reduction process (AGAP003738)

DMEL: Indy 'm not dead yet (AGAP007054) 0.68
CYPBM2 cytochrome P450 6M2 (AGAP008212) 0.45
(Unassociated) 0.23
DMEL: Ag5r2 antigen 5-related (AGAP000356) 0.00
DMEL: a arc (AGAP010808) -0.23
(Unassociated) -0.45
(Unassociated) -0.68

DMEL:stops slow termination of phototransduction (AGAP000213)

CELG: pam-1 puromycin-sensitive aminopeptidase (AGAP003926)

Figure 2 Pattern matching algorithm reveals genes with pulsatile expression. A pattern matching algorithm revealed pulsatile expression
patterns of 11 probes in LD heads and 5 probes in LD bodies that were rhythmic with a ¢ > 1.6 and peak-to-trough fold change greater than 1.5
(c is the convolution value between probe signals and the pulsatile template). Two of these genes from LD bodies and five from LD heads had
not been previously identified as rhythmic under those conditions [30]. (A) Hierarchical clustering of genes found rhythmic using the pattern
matching algorithm in LD heads (top) and bodies (bottom). Red indicates higher expression, and green indicates lower expression versus the
mean value for each gene. (B) Gene expression profile from microarray data of one of the new genes found rhythmic in LD heads, cyptochrome
P450 6M2 (CYP6M2). (C) Quantitative real-time RT-PCR (gRT-PCR) validates microarray analysis gene-expression profile of the pulsatile expression of
CYP6M?2 in LD heads. Data are mean + SD compared with expression of RPS7. Day and night are indicated by the horizontal white/black bars.
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(AGAP003738), were not previously identified as rhyth-
mic [30]. Similarly, in the head we found five genes with
pulsatile expression patterns not found as rhythmic in
our previous COSOPT analysis [30]. These are a
homologue to Drosophila antigen 5-related (Ag5r2,
AGAP000356); a homologue to the Drosophila trans-
porter, I'm not dead yet (Indy, AGAP007054); a Drosophila
homologue to arc (a, AGAP010808); a gene predicted to
play a role in alcohol metabolism, AGAP013492 (which
was also detected as rhythmic in DD bodies); and a gene
of unknown function (AGAP009051). Most interesting,
however, was the pulsatile expression of CYP6M2
(AGAP008212) (Figure 2B), a cytochrome P450 mono-
oxygenase that is known to be upregulated in insecticide
resistant mosquitoes [65], and has a gene product de-
monstrated to metabolize pyrethroids [43]. CYP6M?2
was previously identified as rhythmic in Anopheles bod-
ies, but not heads [30]. In order to confirm our micro-
array expression data, we performed qRT-PCR on LD
head samples and indeed, confirmed a pulsatile expres-
sion pattern of CYP6M2 (Figure 2C).

Light regulation of the An. gambiae transcriptome
A significant role of light in regulating gene expression
and behavior in the mosquito is becoming apparent

[10,30]. In this section, we show that there are a large
proportion of An. gambiae genes that have expression at
least partially driven (or suppressed) by the LD cycle.
We show that the odorant binding proteins (OBPs) dis-
play three interesting patterns of gene expression as the
mosquitoes transition from LD to DD conditions, and
propose mechanisms that may underlie the control of
gene expression in this subset of genes. For example,
rhythmic gene expression can be driven by the LD cycle,
the circadian clock, or the interaction of the two
(Figure 3A) [30,37,48,51]. Changes in gene expression
can be induced in An. gambiae through a short light pulse
[10], while changes in host seeking or locomotor activity
patterns in Ae. aegypti and D. melanogaster, respectively,
can be altered through the modification of light regimes
[66,67]. In this section we focus on the mechanism
through which the LD cycle may influence rhythmic gene
expression. Our previous study revealed more genes to be
rhythmic (COSOPT, p < 0.1) under LD conditions than
under DD, specifically 1293 versus 891 in heads and 600
versus 476 in bodies, although some genes were rhythmic
only under DD conditions [30]. We hypothesized that the
difference in the number of genes found rhythmic in the
two conditions is primarily the result of a direct action by
light in driving (or suppressing) rhythmic gene expression
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circadian clock and the LD cycle from our studies and other organisms [30,37,48,50,51,69-72]. CCGs are a subset of rhythmic genes with
expression driven directly by the circadian clock. Light synchronizes or resets the clock, but activity and rhythms in CCGs persist without LD cycle
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light box (LB) and/or clock box (CB) response elements. (C) Hierarchical clustering of additional genes clustering with and displaying a similar LD
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in the mosquito [30] (Figure 3A). At the regulatory level, we  Olfactory genes in particular highlight different potential
propose light box (LB, or light response element) and/or  mechanisms of clock- and light-driven gene regulation
clock box (CB, or clock response element) promoters An. gambiae olfactory genes, and in particular those en-
may drive the rhythmic expression of particular gene(s) coding the OBPs, provided interesting examples of diffe-
[68] (see below for a discussion on this mechanism). rent mechanisms that could underlie rhythmic expression.
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OBPs are soluble proteins that facilitate the activation of
olfactory receptors by transporting odor molecules
through the antennal lymph to the receptors in the olfac-
tory membrane [73-75]. Many of these OBP genes we pre-
viously found to be rhythmic in the head under LD
conditions, peaking around dusk (ZT 12) but not under
DD [30] (no additional OPBs were found rhythmic in the
new expanded rhythmic list, above). Further inspection,
however, revealed three interesting patterns in rhythmic
expression exhibited by the olfactory genes as the mosqui-
toes transitioned from LD to DD conditions (i.e. differ-
ences in gene expression between a 24 hr day in LD, the
first 24 hr day under DD conditions and the second 24 hr
day under DD conditions). We define these expression
patterns as types I, Il and III.

The type I group, OBP6 (AGAP003530; see Figure 3B),
OBP7 (AGAP001556), OBP14 (AGAP002905) and OBP26
(AGAPO012321), showed rhythmic expression under LD
and DD conditions, but with dramatic reduction in
expression under DD conditions versus LD conditions. In
these genes, expression under DD conditions in the first
cycle (24 hr period) was similar to the second cycle (next
24 hr period), with expression increasing during subjective
day and falling during subjective night. These two obser-
vations suggest that expression of these genes is driven by
the action of the circadian clock and the LD cycle through
clock boxes and light boxes working in concert. The Clock
Box (CB) is a cis-acting site that is essential for rhythmi-
city, whereas the Light Box (LB) mediates most of the
light-induced regulation [68].

The type II group contained OBP2 (AGAP003306),
OBP3 (AGAP001409), OBP4 (AGAP010489; see Figure 3B),
OBP5 (AGAP009629), OBP17 (AGAP003309) and OBP22
(AGAPO010409). The expression levels of these genes is
similar to the type I group with its dramatically reduced
expression in DD versus LD; however, in the LD to DD
cycle transition, expression of these type II genes does not
dampen during subjective day (circadian time, CT 0 — CT
12) under the first cycle in DD relative to subsequent
cycles (Figure 3B). From this, we can deduce that these
genes are all presumably under control of both a CB and a
LB that act in concert to drive rhythmic expression at
higher amplitude than by the clock alone. Under LD condi-
tions, the clock and light work together to drive robust,
high amplitude rhythms in expression. As the mosquitoes
transition from LD to DD, there is an initial transition cycle
in DD where there is still dependency on inputs from the
LD cycle and thus the genes display irregular expression
patterns. Finally, in subsequent cycles in DD, rhythmic
expression is driven entirely by the clock. To see if other
genes might have similar expression patterns, we perfor-
med hierarchical cluster analysis of DD head expression on
the subset of probes identified as rhythmic under LD con-
ditions (in the expanded list, above) to search for additional
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genes with similar expression patterns as these type II
OBPs. We found 13 genes (14 probes) with similar expres-
sion including those for the olfaction gene, sensory neuron
membrane protein 1 (SNMPI1, AGAP002451) [76] and the
detoxification gene, glutathione transferase U3 (GSTUS3,
AGAP009342) [77] (Figure 3C). All of the clustered genes
showed a lower level of expression in DD in the same
manner as the type II group of OBPs. This pattern of
expression under DD conditions suggests that these 13
genes are under control of both a CB and a LB. Indeed, 5
of these genes, the olfaction genes OBP7, OBP22, OBP26
and SNMPI, and the immunity gene, galectin 3 (GALES3,
AGAP004934), have previously been shown to be down-
regulated in the head following acute light treatment
presented during late night [10,78].

The type III group of genes, OBP51 (AGAP006077),
OBP29 (AGAP012331), OBP47 (AGAP007287), OBP54
(AGAP006080, see Figure 3B) and OBP57 (AGAP011368),
are rhythmic only under LD conditions. Under DD condi-
tions we see these genes are expressed at or below the
nadir level of expression observed under LD conditions.
We predict that rhythmic expression of these genes would
be driven exclusively by a LB, with no contribution from
the circadian clock.

For OBP6 (type I) and OBP3 (type II), we confirmed
using qRT-PCR a reduction in expression in DD as com-
pared to LD conditions. In mosquitoes studied con-
currently under different lighting conditions, expression
under DD conditions at CT 12 was found to be at 23 + 5%
and 27 + 34 % (mean * SD) of expression levels under LD
conditions at ZT 12 (Additional file 4A). Furthermore,
when we look at the mean expression level across 44 hrs of
genes rhythmic under LD conditions (in the expanded list,
above), we find that while most probes showed nearly iden-
tical expression between LD and DD heads, significant
variation between LD and DD expression levels does occur
in a smaller subset of genes. The difference in bodies was
more pronounced, where 47% of rhythmic body genes
show >2-fold differential expression in DD compared with
LD (Additional file 4B).

These data reveal a complex interaction between
clock-derived signals and photic signals that act on the
regulation of OBPs in particular, but also on other genes
such as GSTU3 and SCRBI. In fact, specific genes found
in all three groups have been previously reported to
show reductions in their expression following a light
pulse presented during the late night phase of the LD
cycle. These include OBP26 (type I), OBP22 (type II) and
OBP47 (type III) [10]. Moreover, these gene expression
changes are correlated with suppressed feeding behavior,
and in fact, manipulation using RNAi knockdown of
OBP4 (type II group) results in altered blood-feeding
behavior [10]. Clearly, the current findings are particularly
interesting as it highlights the potential for manipulating
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the mosquito olfactory system, and thus perhaps behavior,
through timed light exposure. Indeed, OBPs 47, 3, 7, 17, 4
and 22 that we describe here are likely involved in host
seeking as they are enriched at least 2-fold higher in
female than male antennae [73].

The role of light regulation and the molecular circadian
clock in rhythm generation

To explore further the effect of light on the regulation of
rhythmicity, we also examined in the head the amplitude
of the canonical clock components PER (AGAP001856),
TIM (AGAP008288), CRY2 (AGAP004261), CYC (AGA
P005655) and PDPI1 (AGAP006376), identified as rhyth-
mically expressed in An. gambiae (COSOPT, p < 0.1;
JTK_CYCLE, q <0.05) [30]. For PER, TIM and CRY2, we
find a consistently smaller peak-to-trough amplitude in
the DD compared to LD conditions, a consistent reduc-
tion in the JTK_CYCLE algorithm determination of
amplitude [44], and a sequential reduction in amplitude
between the first and second cycle in DD that is not
apparent between cycles in LD conditions (Additional
file 5). For CYC there was variability between probes in
the condition effect, and for PDPI rhythm amplitude
between conditions was lower. However, no reduction
between the first and second cycle in DD was detected.
This dampening of the key elements of the transcrip-
tional translational feedback loop (TTFL) of the circa-
dian clock in DD has been observed in Drosophila
[79-81].

To understand the potential mechanism through
which light independently regulates these rhythms in
An. gambiae, we must turn to genetic model organisms
such as Drosophila. Genetic deletion of the clock has
revealed that some LD rhythms are independent of the
circadian pacemaker [48]. Amplitude of output processes
does however appear to be coupled to the TTFL of the
clock, but evidence for this dependency is mixed [82,83].
For example, the rhythms in Drosophila clock proteins
PER and TIM, clock controlled gene (CCG) expression
and locomotor behavior, do persist even when their
corresponding per or tim gene expression is artificially
held constant [84].

It is plausible that the small level of dampening in the
rhythms of elements of the TTFL observed in An.
gambiae within the first two cycles in DD could contri-
bute to changes in CCG expression. However, it is
unlikely that it would be the primary cause for the
dramatic loss or reduction in rhythmicity observed for
many CCGs, such as the OBPs.

At least in the rhythms observed in the head, it is likely
that the compound and simple eyes contribute to the
mechanism of light regulation. In Drosophila mutant for
the intracellular photoreceptor dCRY (CRY1 in the mos-
quito), flies are still responsive to light and their LD
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cycle-driven rhythms persist [48]. However, flies with a
mutant phospholipase C component of phototransduction,
NORPA (no receptor potential A), have a loss of light regu-
lated rhythms [48]. In the mammalian clock, discrete
signaling by light and by the clock is apparent in the
regulation of the immediate early genes and/or clock genes
c-fos, mPerl and mPer2 [85]. Light in this case results in
transient gene expression that is associated with resetting
of the clock, and light acts indirectly via the Ca**/cAMP
response element (CRE). In contrast, the clock com-
ponents act upon the E box element(s) in the promoter
regions of these genes.

At least based on precepts primarily from the Drosophila
system, we would propose a model for An. gambiae to
explain our results that consists of: i) separate clock
response element(s) or ‘clock box’ (CB) and light response
element(s) or ‘light box’ (LB) within the promoters of
rhythmic genes; and/or ii) the action of light signaling
impinging upon pathways upstream of the CB but down-
stream of the TTFL. This model is not unreasonable given
the complexity of light/circadian regulation being unco-
vered in genetic model species from several taxonomic
groups [48,50,68,82,83,86,87].

Clock- and light-regulated response element gene promoter
search

In an attempt to identify potential circadian clock- and
light- response elements we next searched for promoter
elements identified in Drosophila as contributing to
rhythmic gene expression. Specifically, we searched the
5kb 5' region upstream of the transcription start sites in
type I OBPs, type II OBPs and the other genes with
similar expression patterns (see Figure 3C), and type III
OBPs, for E boxes (from the very generic CANNTG to
the canonical CACGTG sequence), W boxes, CREs, Per
repeat (PERR) elements, Tim-E-box-like repeat (TER)
elements and PDP1 binding sites (PDP1s) [49,88-95].
We find that all 22 genes show examples of at least two
different consensus sequences within their upstream
region (Additional file 6). We find the occurrence of one
or more TER sequences in the upstream regions of all
genes except for OBPI14 and OBP57 (which we note both
have upstream regions of <1.8 kb). W boxes and CREs
also appear well represented across all groups with at
least one occurrence in 12 and 9 upstream gene regions,
respectively. We note no PERRs or PDP1s were found in
any type III OBPs. These promoter sequences are
considered to be definitive clock regulatory elements
[91,94,95]. PERR elements were found only in type II
genes, with 3 examples of gene upstream regions that
have at least one occurrence. PDP1s appeared in 2 of 4
type I upstream regions and 6 of 13 type II regions.
Surprisingly, the presence of consensus sequences im-
plicated in clock-regulation including W boxes, TER
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elements and canonical E boxes, were found extensively
in the promoter regions of type III genes. Finally, we find
that 9 genes from across all types have a least one occur-
rence of CREs in the upstream promoter regions, which
is not surprising as all type I, II and III genes appear to
be at least partially regulated by the direct action of the
LD cycle. CREs in mammals are critical to transducing
light information to the clock [85], and is plausible that
CREs may also contribute to light-regulated expression
of the OBPs and other genes in the mosquito.

Comparisons between rhythmic gene expression in

Ae. aegypti and An. gambiae

Recently, rhythmic expression profiling of the Ae.
aegypti mosquito was performed in a similar manner to
our An. gambiae transcriptional profiling [34]. With the
publication of these data, we were able to undertake a
detailed comparison of rhythmic gene expression bet-
ween the two species and describe our results in this
final section.

Both species of mosquitoes are vectors of disease, but
may show different diel/circadian expression patterns
owing to differences in temporal niche, evolutionary
lineage [52], and/or habitat [53]. An. gambiae is strictly
nocturnal in its patterns of flight activity, sugar and host
seeking, blood feeding, mating, and ovipostion behavior
[2-4,7-12,14,30,96-100], whilst Ae. aegypti is diurnal, pri-
marily active during the mid-late afternoon (i.e. ~ZT 6-12,
where ZT 12 is defined as lights off) [14-16,20-25,
27,101,102]. If we consider flight activity behavior for
example, An. gambiae is active throughout the night
and rests exclusively during the day, as well as shows a
transient elevation of activity at the end of dusk/early
night phase, coincident with swarming behavior. Ae.
aegypti is most active during the latter half of the day/
light phase, and tends to show peaks in activity at
dawn/early morning and especially so at the end of the
day/dusk (ie. crepuscular); Ae. aegypti shows little or no
activity during the night. Coincident with flight activity,
similar temporal patterns have been shown in the field
and laboratory for biting behavior: with An. gambiae
biting occurring during the night, and Ae. aegypti during
the morning and late afternoon.

A better understanding of the differences and simi-
larities, and thus potentially different physiological or
behavioral responses, in rhythmic gene expression bet-
ween these two species may prove important in the
design and implementation of future control strategies.
As an example, we recently demonstrated that when
Ae. aegypti and An. gambiae females were injected with
a pharmacological protein kinase G (PKG) activator,
8-pCPT-cGMP (Guanosine-3'-5'-cyclic Monophosphate,
8-(4-Chlorophenylthio)), both species showed several
days of increased flight/wing beat activity, but only at
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the times of the 24 hr day of their normal flight activity
profile when they would normally be active [14].

In order to make as similar as possible comparison of
rhythmic gene expression between the two species, from
experiments of slightly different design, we reanalyzed
both datasets using JTK_CYCLE with identical criteria, a
stringent q < 0.05 probability cutoff and a period length
of 20-28 hr. Interestingly, when we look at the distribu-
tion of peak phases (the number of genes which have
their peak in expression at any particular time of the
day) we find that An. gambiae have genes peaking in
expression at all times of the 24 hr day, but an enrich-
ment in the number of genes peaking at the dawn and
dusk transitions. Ae. aegypti, however, has a low percen-
tage of genes with rhythmic expression profiles peaking
during ZT 11-17 (first two-thirds of the night phase)
(Figure 4A). Interestingly, this is coincident with the
nightly Ae. aegypti rest period.

Table 1 presents the number of genes from the various
biological categories that we found rhythmic in An
gambiae (a total of 1400 rhythmic An. gambiae genes), the
number of those genes where an Ae. aegypti homologue is
identified in VectorBase (a total of 1202 An. gambiae
genes had an Ae. aegypti homologue), and the number of
those 1202 Ae. aegypti genes that were rhythmic them-
selves (a total of 539 genes). See Additional file 7 for de-
tails of the 539 common genes. Overall, we confirmed that
the Ae. aegypti transcriptome is highly rhythmic (4475
genes were identified as rhythmic using JTK_CYCLE), and
many genes rhythmic in An. gambiae have homologues
that are also rhythmic in Ae. aegypti.

We then looked at individual categories of genes to
compare their expression patterns between Aedes and
Anopheles, and report here on some of the categories of
rhythmic genes that we found that had interesting diffe-
rences or similarities in expression patterns between the
two species. We hypothesize how differences in diel
expression between the two species could be explained
by differences in known circadian biology between the
two species as has been suggested in other studies be-
tween animals in different temporal niches [24,105-108].
However, we acknowledge that as we are only comparing
two species, this present analysis can only conclusively
show the presence of a difference between the two
species, and not the reason for such differences.

Temporal similarities and differences in V-ATPase gene
expression between An. gambiae and Ae. aegypti

The multi-subunit vesicular-type ATPase (V-ATPase) that
utilizes ATP to actively transport H*, has been detected in
Ae. aegypti in the osmoregulatory tissues, including sto-
mach, malpighian tubules, anterior hindgut and rectum
[109]; in An. fumestus salivary glands [110]; and in the
antennal sensilla of the saturniid moth Antheraea pernyi
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Figure 4 Timing of gene expression in An. gambiae and Ae. aegypti. (A) Peaks of transcriptional expression compared between An. gambiae
and Ae. aegypti. Data are binned according to their time value up to and including the phase indicated. Indicated percentages are the proportion
of genes that are rhythmic JTK_CYCLE, g < 0.05) at that peak phase. For genes with multiple rhythmic probes, only the probe with the lowest g
value was considered. (B) Multiple subunits of the vesicular-type ATPase are rhythmically expressed in both An. gambiae and Ae. aegypti, but in
antiphase. Expression data have been Z-scored. Seven and 10 of the V-ATPase subunit genes are rhythmically expressed and are mostly phase
concordant in An. gambiae and Ae. aegypti, respectively. The peak in expression between the two species, however, are in opposite phases. Ae.
aegypti subunits and An. gambiae V-type proton ATPase catalytic subunit A (VATA, AGAP003153) are named in VectorBase. All other genes shown
are orthologs predicted using the Database for Annotation, Visualization, and Integrated Discovery (DAVID) [103,104]. As Anopheles collection
began at dusk (ZT 12) and Ae. aegypti collection at dawn (ZT 0), the second and third timepoints from the Anopheles collection are appended to
the end of the collection as the last two timepoints for visualization purposes. Inset cartoon is a model of V-type H+ ATPase showing the V; and

Vo complexes. Day and night are indicated by the horizontal white/black bars below the charts. All data shown are from LD heads.

[111]. Importantly, there is evidence for a role of V-
ATPase in Plasmodium infection in Aedes and Anopheles,
and dengue and Japanese encephalitis infections in Aedes
[112-114]. We have previously commented on the rele-
vance of coordinated rhythms in V-ATPase subunit
expression specifically in the bodies of An. gambiae, and
its potential relationship to Plasmodium infection of the
mosquito mid-gut [30,114]. V-ATPase is also thought to
play a crucial role in the function of synaptic vesicles, and
indeed Drosophila mutant for the V, subunit al have im-
paired neurotransmitter release [115-117]. This mutation

also impacts the endolysosomal degradation mechanism in
Drosophila eye photoreceptors [118], and the Drosophila
B-subunit V-ATPase is rhythmic at the protein level in the
eye [119]. In the head under LD conditions, and using
DAVID [103,104] to identify orthologs, we found that 7
genes encoding 7 of the 12 subunits in Anopheles to be
rhythmic and in phase, with all peaking in the late day/
dusk. In Aedes, 12 of the subunit genes (that represent 10
of the 12 subunits) are rhythmic and also expressed at the
same phase, but the peak in expression is in opposite
phase to An. gambiae, occurring around dawn (Figure 4B).
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Table 1 Comparing rhythmic An. gambiae genes to
Ae. aegypti rhythmic genes

Category Rhythmic Aedes Rhythmic
Anopheles homologues Aedes
genes homologues

Chromatin Modification 19 17 8
Detoxification 38 35 18
Immunity 47 40 25
Metabolism 222 207 99
Neuronal/Behavior 43 39 16
Olfaction 29 28 8
Other 106 103 39
Protein Folding/Modification 43 39 21
Proteolysis 47 42 16
Redox 54 51 24
Signal Transduction 79 72 29
Structural 47 43 18
Transcription 68 63 30
Translation 49 46 15
Transport 123 46 49
Unknown 373 319 120
Vision 13 12 4
Totals: 1400 1202 539

The list of An. gambiae genes found rhythmic in An. gambiae heads under LD
conditions from reanalyzed Rund et al. 2011 data [30] with a JTK_CYCLE q

< 0.05 cutoff are compared to Ae. aegypti heads under LD conditions from
Ptitsyn et al. 2011 [34] data also reanalyzed with JTK_CYCLE q < 0.05 cutoff.
For each biological functional category, the number of genes found rhythmic
in An. gambiae, the number of those genes where a homologue was identified
in Ae. aegypti, and finally the number of those homologues that were found
rhythmic in Ae. aegypti is provided.

As V-ATPase subunit gene expression is rhythmic, our
analysis highlights the possibility that susceptibility by
Aedes to dengue and Japanese encephalitis viruses may
vary by time of day. Furthermore, if the rhythms are in
similar phase in Aedes bodies as they are in their heads, it
is likely that these mosquitoes up-regulate their V-ATPase
at times when significant osmotic changes induced by
a blood or sugar meal at differing if not opposite times
of the day from Anopheles may occur, concordant with
known differences in behavioral rhythms. Finally, as
V-ATPase plays an important role in synaptic activity, it is
possible that neuronal activity is modulated in a time-of
-day manner in the two species, yet in opposite phases,
again concordant with the differing times of behavioral
activity in each mosquito.

Temporal similarities in vision gene expression between An.
gambiae and Ae. aegypti

We next looked at genes involved in the visual transduc-
tion pathway, using the Drosophila visual signaling path-
way [120-122] as a model to identify mosquito orthologs,
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and identify genes rhythmic in both Anopheles and
Aedes (Figure 5). The eye specific ninaA/cyclophilin-r
(AGAP009991/AAEL009421) encoding an eye-specific
cyclophilin which is involved in rhodopsin transport from
the endoplasmic reticulum [123], peaks in expression
in both Anopheles and Aedes in the early morning
phase. Particularly interesting is the inaD signaling com-
plex. The inaD protein organizes components of the
phototransduction cascade into a signaling complex that
contains, among other components, the kinase/myosin
hybrid, ninaC (AGAP009730/AAEL000596). Expression
of ninaC is rhythmic in both species, peaking at mid- to
late night. In Anopheles, but not Aedes, expression of inaD
(AGAP002145/AAEL008705) itself, as well as another
gene encoding a component of the signaling complex,
retinophilin (rtp, AGAP003547/AAEL000457) is rhythmic
[30]. In Aedes however, the major light-gated ion channel,
trp (AAEL005437), is rhythmic, peaking in expression in
the early morning. Expression of trp (AGAP000348)
was not detected on our An. gambiae microarray. Finally,
in both Anopheles and Aedes, stops (AGAP000213/
AAEL005443) is rhythmically expressed, peaking at
mid-day. The PLCP regulator, STOPS, is critical for
maintaining protein, but not mRNA, levels of NORPA
[124] suggesting conserved rhythmic control of visual sig-
nal transduction could be tightly regulated by NORPA
through rhythmic expression of norpA as well as through
STOPS. The rhythmic gene expression of visual transduc-
tion proteins in Anopheles and Aedes might contribute to
a conserved time-of-day specific gating mechanism for
tuning sensitivity to photic activation of the mosquito vis-
ual system irrespective of temporal niche (i.e. nocturnal
versus diurnal) to match the daily changes in light levels.
This is consistent with electrophysiological studies in nu-
merous other insect species [125]. Organisms that fail to
adjust their sensitivity to light in a time-of-day manner
will have visual systems too insensitive during the night
and overly sensitive during the day [125].

Temporal differences in aminoacyl-tRNA synthetases and
olfaction gene expression between An. gambiae and

Ae. aegypti

We next compared gene expression between the puta-
tive aminoacyl-tRNA synthetases that “prime” amino
acids to tRNA, and the olfaction genes OBPs and
odorant receptor coreceptor (orco), between the two mos-
quito species. In An. gambiae, we found significant
rhythmic co-regulation with 11 rhythmic aminoacyl-
tRNA synthetases (q < 0.05) that all peak approximately
in phase toward the later part of the night in LD heads
(Figure 6). In An. aegypti, we find 15 aminoacyl-tRNA
synthetases are rhythmic (Figure 6), and that there is an
enrichment in genes peaking in expression towards the
middle of the day (antiphasic to Anopheles) but with
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several exceptions (genes peaking in expression at
other times of the day). Observed rhythms in
aminoacyl-tRNA synthetases would suggest that mos-
quitoes have increased protein synthesis activity dur-
ing their behavioral inactive periods. This could
correspond with the rebuilding of cellular products
while the mosquito rests, as well as anticipation of
large amounts of protein synthesis involved in egg de-
velopment that follow a blood meal. Our results indi-
cate there may be rhythmic control at the
translational level which produces, enhances or modi-
fies 24 hr rhythms downstream of gene expression.
As the peak in expression of the aminoacyl-tRNA
synthetases is different between the nocturnal An.
gambiae and diurnal Ae. aegypti, we hypothesize that
in both species, expression of aminoacyl-tRNA syn-
thetases is upregulated prior to the mosquitoes’ in-
active phase in preparation for increases in protein
synthesis while the mosquito is in a rest state.

A similar pattern of co-regulation existed in the
olfactory genes that we examined. In An. gambiae there
appears to be very tight regulation among the 17 rhythmic
OBPs (q < 0.05), with a majority peaking in expression
around dusk. However, the 15 rhythmic OBPs in Ae.
aegypti peak in expression at various times of the day,
instead of clustering around a particular phase of the
LD cycle. This finding may be related to when there
may be temporal segregation of behaviors requiring the
detection of discrete odors. Finally, we compared the ex-
pression of the gene encoding the master olfactory
heterodimer required for all odorant receptor transduc-
tion, odorant receptor coreceptor (orco) between the two
species (AGAP002560/AAEL005776) [128]. Note in An.
gambiae, orco is also known as odorant receptor 7 (OR?).
We find that orco (q = 0.06) peaks in An. gambiae at ZT
10, which is immediately prior to dusk (ZT 12) and the
onset of nocturnal behavioral activities involving olfaction,
i.e. host seeking, blood feeding, nectar feeding and oviposition
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Figure 6 Multiple aminoacyl-tRNA synthetases and olfaction genes are rhythmic in both An. gambiae and Ae. aegypti. Expression profiles
of all aminoacyl-tRNA synthetases and OBPs that were detected as rhythmic (g < 0.05), and orco (q = 0.06). An. gambiae appears to have tighter
co-regulation of gene expression than Ae. aegypti. Expression data have been Z-scored. Aminoacyl-tRNA synthetases predicted using DAVID
[103,104], Ae. aegypti OBPs from Zhou et al. [127], and An. gambiae OBPs are annotated in VectorBase. All data from LD heads. As Anopheles
collection began at dusk (ZT 12) and Ae. aegypti collection at dawn (ZT 0), the second and third timepoints from the Anopheles collection are
appended to the end of the collection as the last two timepoints for visualization purposes. Day and night are indicated by the horizontal white/

Olfaction

An. gambiae
orco
OBPs

[ e
Ae. aegypti

C S e

[3-12]. However, orco peaks in the morning at ZT 3 in
Ae. aegypti, which may be consistent with this species
being most active during the day time [15,16,21,25,101].

Conclusions

Mosquitoes exhibit 24 hr time-of-day specific rhythms
in flight activity, feeding and reproductive behaviors and
developmental processes. To understand the molecular
basis for these rhythms in An. gambiae, we have utilized
microarray analysis on 48 hr time courses collected from
female heads and bodies. Recent studies have highlighted
a broad diversity of 24 hr rhythmic gene expression in
nocturnal An. gambiae and diurnal Ae. aegypti mosqui-
toes, although no previous comparison of rhythmic
genome-wide expression between the two temporally
segregated species has been made. In An. gambiae, many
genes are rhythmic only in an environmental LD cycle
suggesting direct regulation of gene expression by light,
whilst others are rhythmic under DD conditions, revea-
ling regulation by the endogenous circadian clock. In
time courses from An. gambiae head and body under
LD and DD conditions, we applied three algorithms that
detect sinusoidal patterns and an algorithm that detects
spikes in expression. This revealed across four experi-
mental conditions 393 probes newly scored as rhythmic.
These genes correspond to functions such as metabolic
detoxification, immunity and nutrient sensing. Included
are GSTES, whose expression pattern and chromosomal
location are shared other with other GSTs, and suggests
shared chromosomal regulation; the pulsatile expression

of CYP6M?2, a cytochrome P450 that metabolizes pyre-
throid insecticides; and the Anopheles homologue to
Drosophila sugarbabe, a regulator of insulin synthesis.
Time course expression profiles and cosine wave-fitting
algorithm data for all probes can be viewed on our publi-
cally accessible database, Bioclock [58]. In total, between
the present study and our previous we have revealed under
LD conditions, 1424 and 726 rhythmic genes with a period
length of 20-28 hr in the head and body, respectively; and
under DD conditions, 928 rhythmic genes in the head and
510 in the body with an 18.5-26 hr period length.

We explored the interaction of light and the circadian
clock and highlight the regulation of OBPs that are
important components of the olfactory system. We re-
veal that OBPs have unique expression patterns as mos-
quitoes make the transition from LD to DD conditions,
and propose a model for the three distinct patterns of
expression that we observe. Finally, we compared rhyth-
mic expression between time courses of An. gambiae
and Ae. aegypti heads collected under LD conditions
using a single cosine fitting algorithm, and report dis-
tinct similarities and differences in the temporal regu-
lation of genes involved in key processes such as protein
synthesis (specifically tRNA priming), the V-ATPase and
in the sensory modalities of olfaction and vision. We
propose that the similarities and differences shared
between the two species may in part reflect their distinct
temporal niches, although they also have differences in
habitat and evolutionary lineages which likewise could
be underlying the differences we report [52,53].
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These data build on our previous analyses of the time-
of-day specific regulation of the An. gambiae transcrip-
tome. Improved understanding of the molecular basis
for circadian- and light-regulated rhythms that underlie
key physiological aspects of mosquito vectors may prove
to be important to successful implementation of
established and novel vector control methods. Rhythmic
changes in genes associated with susceptibilities to
immune and insecticidal challenges, sensory physiology
and feeding behavior may provide opportunities for new
control strategies, including gene manipulation by gene-
ration of transgenic mosquitoes [129,130]. Other impor-
tant implications of such extensive rhythmic regulation
includes the efficacy of sterile insect technique/patho-
gen-resistant strains, where differences in diel timing of
mating between reared and wild populations would limit
their success [129-132]. Moreover, the use of insecticide
impregnated bed nets may be acting as a selective pres-
sure that is modifying the age/genetic composition of
the population and the time when nocturnal anopheline
vectors initiate host-seeking behavior such that it occurs
at a different time of the night [59,133]. These conside-
rations illustrate the need for a better understanding of
the circadian biology of these disease vector species.

Methods

Microarray gene expression data

An. gambiae microarray data collection and analysis were
originally reported in Rund et al. 2011 [30]. In that study,
female mated, but not blood-fed, Pimperena S molecular
form mosquitoes were collected every 4 hr over 48 hr
under either LD or DD conditions, heads separated from
bodies, RNA extracted, and RNA expression levels
determined using the Affymetrix platform (Plasmodium/
Anopheles Affymetrix GeneChips, Affymetrix 900511).
Expression data is deposited in GEO Express (accession
no. GSE22585), VectorBase Expression Data BioMart
[134] and are graphically available and easily searchable at
our website, Bioclock [58].

Ae. aegypti microarray data collection and analysis was
originally reported in Ptitsyn et al. 2011 [34]. In this
study, female mosquitoes (as a mixed population from
11 separate F; colonies originally derived from wild
caught populations from Chiapas, Mexico) were col-
lected in duplicate every 4 hr over 24 hr under LD
conditions, RNA extracted from heads, and RNA ex-
pression levels determined using Agilent microarrays
described in Xi et al. [135]. Normalized gene expression
data as 44 hr profiles was available as supplementary
material to their publication [34], and reanalyzed and
presented here as a derivative work in accordance with
the terms of the Creative Commons 2.0 license and the
BioMedical Central open access charter.
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Application of COSOPT, JTK_CYCLE and discrete Fourier
transform algorithms for generating a consensus
rhythmic gene list

An. gambiae microarray data comprised two replicate
samples. Only An. gambiae expression profiles where
mean fluorescent intensity > 20 (which would exclude
99% of Plasmodium falciparum probes contained on
the microarray) in both replicates were considered. No
fluorescent intensity cutoff was applied to Ae. aegypti
probes.

Software implementations of the COSOPT [30,35-38,
42,43] and JTK_CYCLE [44-46] algorithms were used as
previously described. Briefly, COSOPT measures the
goodness-of-fit between experimental data and a series
of cosine curves with varying phases and (user defined)
period lengths. Multiple means corrected p (pMMC})
values are determined by scrambling experimental data
and re-fitting it to cosine curves to determine probability
that the observed data matches a cosine curve by chance
alone. JTK_CYCLE is a nonparametric statistical algorithm
designed to identify and characterize cycling variables in
large data sets. It applies the Jonckheere-Terpstra-Kendall
(JT) test and Kendall’s tau (rank correlation), finding the
optimal combination of period and phase that minimizes
the p-value of Kendall tau correction between the experi-
mental time series and each tested cyclical ordering, this
being derived from cosine curves. JTK_CYCLE generates
period length and phase estimates, as well as corrects for
multiple comparisons post hoc (the p-value for a given
probe is converted to a more stringent Benjamini-
Hochberg q-value, which takes into consideration the
possible false positive rate across all probes.) A measure
of rhythm amplitude is also determined and reflects the
1-cycle median sign-adjusted deviation from the me-
dian in relation to the optimal cosine pattern [for a per-
fect cosine wave, this is amplitude/sqrt(2), where
amplitude is defined as the median absolute deviation
from the median].

For COSOPT and JTK_CYCLE, only probes with an
average computed period length of between 18.5 - 26.5 hr
for constant condition experiments or 20-28 hr for LD
experiments in both replicate time courses were consid-
ered. The multiple means corrected p (pMMCP) value, p,
was used as the described COSOPT cutoff value. In this
paper, described p value cutoffs are the averages of the
two COSOPT-generated p values from each of the repli-
cate time courses.

For JTK _CYCLE, the Benjamini-Hochberg g-value
was used as the described JTK_CYCLE cutoff value.
JTK_CYCLE accounts for replicate samples, thus only one
q value is generated.

For discrete Fourier transform (DFT), the relative
amplitude of the 24 hr period frequency component was
calculated with the discrete Fourier transform [136].
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First the time series data was transformed by
X = [DFT(x)|

where x is the time series signal and X is a vector of the
sinusoidal amplitudes. To mitigate the effects of the mean
fluorescent intensity, X[0] was set to zero. Note that since
the sampling rate is 4 hr with a window of 48 hr, X has
seven tuples and each value defines the amplitude of an
N/48hr embedded frequency where N is the index. Thus,
as period lengths deviate farther from 24 hr, they are less
likely to be discovered by this method. This becomes
particularly apparent under DD conditions.

The relative amplitude of the 24 hr period (1/24 hr
frequency) component characterized the presence of that
sinusoid in the data. This was calculated by

s = X[2]/ 1|

ensuring that the value would range between zero and
one. For any described s value cutoff, the average of the
s values returned from the two replicate time courses is
considered.

Pattern matching to search for pulsatile expression
patterns

Pulsatile patterns were discovered by convolving a tem-
plate with the expression signals [137]. The template,
which corresponds to spikes in expression, 24 hr apart,
was defined mathematically as

T=[10 —04 —04 —04 —04 —04 1.0

These values were chosen such that convolution with
unity (constitutive, non-cyclic expression) is 0 and the
peak samples are weighted more than the valleys. Prior
to convolution, the signals were gamut normalized then
reduced by the mean value of the signal. Convolution
yielded a c value for each of the 13 time points; the
maximum c value was used to represent the maximum
pulsatile expression for each given expression pattern
across the 13 time points. Expression profiles were
considered pulsatile where ¢ > 1.6 and where peak-to
-trough fold change > 1.5 in both replicates. The ¢ value
cutoff was determined through manual inspection as the
threshold at which no apparent false-positives were
detected. Note c¢ has a magnitude and a sign. High-
magnitude, positive values reflect a good match to the
template whereas small magnitude values reflect a poor
match to the template.

Gene annotation

Where possible, we used the An. gambiae identifications from
our previous report [30]. For genes not previously annotated,
we used the same naming conventions. Briefly, genes were
annotated primarily from information stored at VectorBase,
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often using the closest homologue from Ae. aegypti (AAEG:),
Cx. quinquefasciatus (QQUL), D. melanogaster (DMEL:) or
Caenorhabditis elegans (CELG:) (in that order), but also
using published literature and the Database for Annotation,
Visualization and Integrated Discovery (DAVID) to match
putative An. gambiae genes to enzymatic pathways
[103,104,134]. Where no An. gambiae or orthologous gene
name was available, InterProScan [138] was used to anno-
tate genes; a representative InterPro or the associated Gene
Ontology (GO) term may be provided. Ae. aegypti gene
names were identified in a similar manner. Ae. aegypti
OBPs were identified from Zhou et al. 2008 [127]. Gene
annotations correspond with the July 3, 2012 VectorBase
release. Genes that have been previously annotated by
others in An. gambiae, but not in VectorBase, appear in
the text with an ‘ag’ prefix.

Hierarchical cluster analysis

Hierarchical cluster analysis was performed using
Cluster 3.0 and visualized using Java TreeView [139,140].
Data were log, transformed, mean centered and nor-
malized across the time course for each gene and clus-
tered (centroid linkage). For An. gambiae, only probes
that had a mean fluorescence intensity across all 13
timepoints >20 were analyzed.

Real-time quantitative RT-PCR (qRT-PCR) analysis

Total RNA was treated with DNasel (Qiagen, Valencia,
CA) and used for cDNA synthesis using a High Capacity
c¢DNA reverse transcriptase kit (Applied Biosystems,
Foster City, CA) primed with random hexamers. PCR
thermocycling and qRT-PCR were performed as previ-
ously described [35] using SYBR green reagents with an
Applied Biosystems 7500 Fast Real-Time PCR System
and quantification based on the generation of standard
curves or the delta-delta CT method. Dissociation
curves to test for primer dimers were generated using
dissociation curve software (Applied Biosystems).
Normalization of genes was calculated relative to riboso-
mal protein S7 (RPS7). Real-time quantitative RT-PCR
Primer sequences (5 — 3’): RPS7 (AGAP010592) F:
CATTCTGCCCAAACCGATG, R: AACGCGGTCTCTT
CTGCTTG, from Dana et al. 2005 [141]; CYP6M?2
(AGAP008212) F: GTATGATGCAGGCCCGTATAG R:
GCCATAATGAAACTCTCCTTCG from Miiller et al
2007 [142]; OBP3 (AGAP001409) F: GATTCGTGCT
GGAGCTCGAG, R: GTAAAAAGTAGTGCACCGGGT
CC; OBP6 (AGAP003530) F: CATGCTTAATGGATC
TAACACAAAC, R: GCGACTTCACAGCGATCC from
Biessmann et al. 2005 [14:3].

Promoter search analysis
A search for defined consensus sequences [49,88-94] was
performed at the University of Notre Dame Genomics
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and Bioinformatics Core Facility using a custom written
Perl script on the upstream regions of type I OBPs, type II
OBPs and the other genes found clustering with those
OBPs (see Figure 3) and type III OBPs. In general, we uti-
lized the promoter element search criteria of Claridge-
Chang et al. [49]. The upstream region of each gene of
interest (up to 5kb unless there was overlap with the pre-
dicted coding region of another gene) was downloaded
from VectorBase [134]. See Additional file 6 for specific
consensus sequences and search criteria.

Comparison of genes rhythmic in An. gambiae versus

Ae. aegypti

In order to make as similar as possible comparison of
rhythmic gene expression between the two species, from
experiments of slightly different design, we reanalyzed
both datasets using JTK_CYCLE with a stringent q < 0.05
probability cutoff of genes with a 20-28 hr period. Using
the list of gene homology maintained at VectorBase,
homologues to all rhythmic An. gambiae genes were iden-
tified in Ae. aegypti. Homologues were then compared
against the rhythmic Ae. aegypti gene list and matches
noted. For both An. gambiae and Ae. aegypti the probe
with the lowest q value was considered. The Ae. aegypti
homologues considered were the homologues listed in
VectorBase with the highest percent identity that were
rhythmic (q < 0.05).

Additional files

Additional file 1: Rhythmic An. gambiae probes, by statistical test
cutoff value. Only probes with a mean fluorescent intensity >20 across
the time course were analyzed. Probes indicated as rhythmic using
COSOPT or DFT were found rhythmic in both of the two replicate runs.
In JTK_CYCLE and COSOPT, only probes where period length under LD
conditions was between 20 hr to 28 hr or in DD conditions between 18.5
hr - 265 hr are reported. Note DFT performed on 24 hr signal for all runs,
see methods for more details.

Additional file 2: Analysis of expression data by various algorithms
reveals overlap in An. gambiae probes deemed rhythmic. Venn
diagrams show the number of probes in LD bodies and DD heads and
bodies identified as rhythmic using the JTK_CYCLE, DFT and COSOPT
algorithms at the statistical cutoffs indicated. In LD bodies, a total of 808
probes were identified as rhythmic using all three algorithms,
representing 148 new rhythmic probes from those identified previously
[30]. In DD heads, a total of 517 probes were found rhythmic using all
three conditions (47 new probes). In DD bodies, a total of 332 probes
were identified as rhythmic using all three algorithms (32 new probes).
Note DFT analysis limits the number of probes that may be deemed
rhythmic under DD conditions; see methods for more information. See
Figure 1 for LD head Venn diagram. See Additional file 3 for list of probes
newly identified as rhythmic. The numbers outside the Venn diagrams
represent the number of probes with a mean fluorescent intensity above
background that were not scored as rhythmic by any of the algorithms.

Additional file 3: An. gambiae probes found rhythmic by COSOPT,
JTK_CYCLE and DFT but not in the original COSOPT analysis. List of
probe identities for LD heads, DD heads, LD bodies and DD bodies
found rhythmic with pMMCB < 0.2 (COSOPT), g < 0.1 JTK_CYCLE), and s
> 0.3 (DFT), but that were not found rhythmic using the original COSOPT
statistical cutoff of pMMC < 0.1 [30]. Only probes where the mean
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fluorescent intensity was >20 across all timepoints were considered.
Annotation, probe ID, COSOPT pMMCP and peak phase (ZT), JTK_CYCLE
g and peak phase (ZT) and DFT s values are provided. Probes that do not
map to current genes are marked as “unassociated.” Probes that map to
more than one gene are marked with an asterisk.

Additional file 4: An. gambiae gene expression changes in LD
versus DD conditions. (A) gRT-PCR confirmation of reduction in
expression in OBP3 and OBP6 under DD versus LD conditions. Values are
mean + SD of gene expression as a percentage normalized to the LD
value of 100%. Female mated, non-blood fed mosquitoes, 5-7 day post
emergence from mosquitoes reared concurrently under different lighting
conditions were collected under LD conditions or DD conditions (from
mosquitoes placed in darkness for 24 hr) at ZT/CT 12. (B) Average gene
expression changes between LD and DD conditions as measured by
microarray analysis across 44 hr. The average expression level averaged
across all 12 time points was analyzed in both LD and DD, and the fold
change difference in expression level between LD and DD determined.
Most probes showed similar expression levels between LD and DD.
However, significant variation occured in a subset of genes. This was
especially pronounced in bodies, where 47% of the rhythmic genes had
>2 fold difference in expression levels between LD and DD conditions.

Additional file 5: Amplitude measures for An. gambiae clock genes
expressed in the head under LD and DD conditions. Amplitudes
calculated as peak divided by nadir normalized fluorescence values and
where peak-to-nadir occurred with an interval of 8-16 hr. The JTK_CYCLE
amplitude value reflects the 1-cycle median sign-adjusted deviation from
the median in relation to the optimal cosine pattern.

Additional file 6: Promoter sequence search of light- and circadian-
driven gene expression. Specific promoter search criteria and the
results of searching for defined response elements [49,88-95] in the 5kb
5' region upstream of the transcription start site of type | OBPs, type Il
OBPs and the other genes found clustering with those OBPs (see

Figure 3), and type Il OBPs. The table provides the gene name,
VectorBase ID and the number and identity of consensus sequences
found in the 1kb and 5kb upstream region of the genes. For some
genes, the full 5kb region was not available, as it would overlap with the
predicted coding region of another gene. In such cases, only the region
that did not overlap was considered; the number of base pairs
considered is provided in the “Upstream region (bp)” column.

Additional file 7: Rhythmic genes in heads under LD conditions
that are common to both An. gambiae and Ae. aegypti. 539 genes
were identified as rhythmic (g < 0.05) in both An. gambiae and Ae.
aegypti. For each pair of homologous rhythmic genes, an An. gambiae
annotation, JTK_CYCLE phases and q values, probe IDs and gene IDs are
provided. For both An. gambiae and Ae. aegypti the probe with the
lowest g value is provided. The Ae. aegypti homologues to An. gambiae
that are provided in the table are those listed in VectorBase with the
highest percent identity, that were also found rhythmic.
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