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Seasonal behavior in Drosophila melanogaster
requires the photoreceptors, the circadian clock,

and phospholipase C
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Drosophila melanogaster locomotor activity responds to different
seasonal conditions by thermosensitive regulation of splicing of a
3’ intron in the period mRNA transcript. Here we demonstrate that
the control of locomotor patterns by this mechanism is primarily
light-dependent at low temperatures. At warmer temperatures,
when it is vitally important for the fly to avoid midday desiccation,
more stringent regulation of splicing is observed, requiring the
light input received through the visual system during the day and
the circadian clock at night. During the course of this study, we
observed that a mutation in the no-receptor-potential-AP4
(norpAP4?) gene, which encodes phospholipase-C, generated an
extremely high level of 3’ splicing. This cannot be explained simply
by the mutation’s effect on the visual pathway and suggests that
norpAP4! is directly involved in thermosensitivity.
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he period (per) gene in Drosophila melanogaster plays a central

role in the circadian clock, acting as a negative regulator of its
own transcription (reviewed in ref. 1). A number of other positive
and negative transcriptional regulators are interwoven with PER to
generate the circadian cycles observed in behavior, including
TIMELESS (TIM) and the basic helix-loop-helix transcription
factors dCLOCK and CYCLE. In addition, kinases such as
DOUBLETIME regulate PER at the protein level, thereby con-
tributing to the timing mechanism (1).

Under light/dark cycles (LD) 12:12, D. melanogaster behavior is
bimodal, with a small morning locomotor activity peak at “lights
on” [Zeitgeber time (ZT)0] and a larger evening activity peak
around “lights off” (ZT12). Two classic per mutations, per® and per,
alter the free-running period, and under a 24-h Zeitgeber either
advance (per®) or delay into the night phase (per”) the evening peak,
while leaving morning locomotor activity largely unaffected (2).
Thus per function is particularly relevant for this latter phase of
locomotor behavior, and the importance of this response has been
underscored by studies in which elevated temperatures delay the
evening peak under LD cycles and cooler temperatures advance it
(2-4). This is clearly an adaptive response in that under hot
desiccating conditions, the locomotor activity of the fly moves
toward the cooler later parts of the day, generating an apparent
midday “siesta” (4).

Temperature changes regulate the splicing of an intron within the
3" UTR of per, which then determines the position of the evening
locomotor activity peak (4). It might be predicted that the regula-
tion of this event would be tightly controlled, particularly at high
temperatures when inappropriate locomotor behavior could prove
fatal. We therefore examined the levels of per mRNA splicing in a
number of different mutant backgrounds that either eliminate clock
function (per”’ and tim°") or impair light input [cry?, gl%%, and
no-receptor-potential- AP* (norpA™")], and combinations thereof.

The cry®? mutation is considered a nearly null mutation in the
cryptochrome gene, which encodes the dedicated circadian blue-
light photoreceptor (5, 6). Mutations in norpA and glass affect the
visual input pathway. The norpA gene encodes a phospholipase C
(PLC) required for inositol signaling within the phototransduction
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pathway, in which NORPA is activated by photoactivated rhodop-
sin via a G protein complex (7, 8). norpA is primarily expressed
within the rhabdomeres of the compound eye and the retina and
axons of photoreceptor cells (9, 10) and even some tissues lacking
phototransduction (11). The photoreceptors of severe norpA mu-
tants such as norpA™# show no electrophysiological response to
light or PLC activity within the head (10, 12, 13). Thus in norpA™#
mutants, only CRY should be available for circadian entrainment.
However, norpA*#; cry® mutants still entrain to LD cycles, sug-
gesting the existence of some residual norpA-independent com-
pound eye activity (14, 15).

glass (gl) encodes a transcription factor required for the devel-
opment of photoreceptor cells, with the g/¥ mutation eliminating
the ocelli and retinal photoreceptor cells, the HB eyelet, and the
DN1 dorsal neurons (15-17). Because CRY provides the only
remaining photoreception in g/ mutants, gi°” cry? double mutants
are reported to be blind to light, with an unentrainable circadian
clock (15). Thus gl is a more extreme visual mutant than norpA™#!.

Although gl°%, norpA¥#, and doubly mutant norpA™#; cry flies
entrain to LD cycles, they do so with altered patterns of locomotor
activity. gl°”, cry?, and norpA™#! all alter the entrainment of the
evening locomotor activity peak (6, 14, 15, 18); for example,
norpAP* mutants take longer to entrain to new LD cycles (18, 19)
and do so with altered patterns of behavior (20). This raises the
possibility that the light input alters the splicing of the per 3" UTR
intron, generating changes in evening activity. Our analysis of these
mutants reveals that the canonical visual input pathway, as well as
the clock and CRY, play important roles in the control of adaptive
circadian behavior through regulation of per splicing. We also reveal
that norpA may regulate per splicing independently of its role within
the visual system.

Materials and Methods

RNA Analysis. RNA was extracted from collections of ~50 adult
heads at 4-h intervals by using Tri-reagent (Sigma) after entrain-
ment to LD 12:12 at either 18 or 29°C. Levels of per splicing and
overall per mRNA levels were determined by using a One-Step
Reverse-Transcription PCR technique (Qiagen, Chatsworth, CA).
To determine the proportion of per transcripts that were spliced,
primers were designed 3" and 5" of the 3" UTR intron, so that both
the spliced and unspliced products were amplified in the same PCR
reaction, allowing accurate quantification of their relative levels.
The primers span the last intron in the per coding sequence to
control for genomic contamination. To determine the overall per
RNA levels, a multiplex PCR reaction was set up, amplifying per
and the constitutively expressed gene rp49 simultaneously. Again,
the primers span introns to control for genomic contamination.
To ensure that quantification was accurate for both the per RNA
cycle and the splice levels of the different products, the reaction was

Abbreviations: LD, light/dark cycles; DD, constant darkness; ZT, Zeitgeber time; PLC,
phospholipase C; TRP, transient receptor potential.
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Table 1. Results of ANOVAs
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Comparison Effect Statistics Ref.
per splicing
WT Canton-S, per®, tim9, cry® and per?®’; cry® at 18 and 29°C Temperature F1, 221 = 156.2, P << 0.0001 1
Genotype X temperature Fs, 221 = 6.2, P < 0.0001 2
Temp. X time Fs, 221 = 3.73, P < 0.005 3
Genotype X time F20, 221 = 0.97, ns 4
Genotype X temp. X time F20,221 = 1.13, ns 5
cryb, per?, tim° and WT, 18°C Genotype F3, 112 =4.7, P <0.01 6
per®’; cry? Temperature F1, 41 = 8.1, P<0.01 7
per?; cry® compared to WT Genotype F1,56 = 10.4, P < 0.01 8
per®'; cryb and WT at 29°C Genotype F1, 29 = 55.6, P << 0.0001 9
per?, tim° and cry®? compared to WT at 29°C Genotype F3, 68 = 16.2, P < 0.0001 10
Time Fs, 68 = 11.0, P << 0.0001 11
DD and LD 12:12 Light X temp. X time Fsg5 = 2.8, P < 0.05 12
LD 6:18 and LD 12:12 Light regime F1,56 = 12.7, P < 0.001 13
norpAP4, gl6% and WT Genotype F2, 127 = 191.9 P << 0.0001 14
norpAP41; cryb and norpAP41 at 18°C Genotype F1,36 = 5.2, P < 0.05 15
WT, 29°C Time F15=3.2,P<0.5 16
norpAP41, 29°C Time F1,5=0.39, n.s. 17
glé%, 29°C Time Fi5=1.22,ns. 18
gl%, glé% cryb and norpAP4! Genotype X temperature F>, 89 = 9.5, P < 0.001 19
Locomotor activity
norpAP41 and cry® at 18°C Genotype Fi25 = 0.21, ns 20
norpAP41, cryb and WT at 18°C Genotype F2100 = 12.8, P << 0.0001 21
norpAP4" and cry® at 29°C Genotype Fi77 = 9.2, P < 0.005 22
cry? and WT at 29°C Genotype F1,140 = 22.6 P << 0.0001 23
per mRNA levels
WT and norpAP4! Time Fs53 = 6.6, P << 0.0001 24
Temperature Fi53=7.7, P < 0.01 25
Genotype X temperature X time Fss53=1.4, ns 26
glé%, WT, and norpAP4! Genotype X temperature X time Fio,61 = 2.5, P < 0.05 27

n.s., not significant.

examined over a range of PCR cycles to ensure both products were
amplifying within the exponential phase, and subsequent reactions
were carried out only over this cycle range. To determine per
splicing levels, the PCR was run for 29 cycles and, for overall per
RNA levels, 23 cycles, for between 250 ng and 1 pg of initial total
mRNA. RNA levels were quantified by running the PCR products
on 2% agarose gels and band intensities quantified by using SCION
IMAGE software (Scion, Frederick, MD). Results show the average
levels of splicing of per mRNA for at least three independent fly
collections per mRNA extractions at each time point.

The primers for determining splicing levels were: 5'-AAG ACG
GAG CCG GGC TCC AG (6,421-6,440 bp); and 3'-AAT TGG
ATCCGT GGCGTT GGCTTT CG (fromref. 4; 7373-7358). For
per: 5'-GGT AAT GAA GAA GGG TCA GAC (4,291-4,311);
3’-AGA CGG TCA ACT GCT TCT CG (4,761-4,781); and for
p49: 5'-GTT AGT CCG TGC GCC GTT CG (94-113); 3'-CCT
GTA TGC TGG GCG GAT GG (368-387). per is numbered with
respect to sequence X03636 and rp49, to Y13939.

Behavioral Analysis. Fly stocks were reared at 25°C in LD 12:12, and
locomotor activity was recorded by using the Drosophix (Padova,
Italy) locomotor monitoring system and software (21). One-day-old
male flies were collected and placed in locomotor activity tubes
inside incubators at either 18 or 29°C with an LD 12:12 light cycle.
Flies were then allowed to entrain to this regime for 4 days before
locomotor activity was monitored for at least 3 days in LD. To
compare the behavioral profiles between flies in LD, the activities
of successive days are superimposed, generating an average daily
activity pattern (22). The time bin with the highest mean activity
value for each fly was used as the metric for comparing evening
peaks between genotypes by using ANOVA (STATISTICA, Statsoft,
Tulsa, OK).

Line numbers in the text refer to the results of statistical tests
illustrated in Table 1.
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Results

per Splicing in Clock and cry Mutants. Fig. 1 illustrates the proportion
of per transcripts that were spliced at 18 and 29°C, averaged over
several LD 12:12 cycles in Canton-S WT and per?’, tim%’, cry®, and
per’’; cry? mutant backgrounds. In all backgrounds splicing levels
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Fig.1. Proportion of spliced perin clock mutants. Relative per mRNA splicing
levels = SEM are given for all ZTs. (A) Agarose gel of WT PCR products at 18°C,
indicating the unspliced and spliced products. (B) 18°C; (C) 29°C. Canton-S (@),
per®(0), and tim° (A). (D) 18°C; (E) 29°C. Canton-S (@), cry? (A), and per?’;
cryb (0).
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Fig.2. WT per splicing in altered photoperiods. Average relative per mMRNA

splicing levels = SEM in Canton-S (A). LD 6:18 (J) and LD 12:12 (@). (B) LD 12:12
18°C (@) and 29°C () and during the first day of DD at 18°C (©) and 29°C (O).
LD 12:12 data reproduced from Fig. 1.

fall as the temperature rises, with 40—60% of transcripts spliced at
18°C and 20-45% at 29°C (Table 1, line 1; Fig. 1 B-E). However,
not all genotypes react in the same way to temperature changes
(Table 1, line 2).

The smallest but nevertheless significant effect of temperature on
splicing levels is observed in per’’; cry” (Fig. 1 D and E), suggesting
that the temperature-sensing system for splicing may be compro-
mised in the double mutant (Table 1, line 7). A significant tem-
perature X time effect (Table 1, line 3) reveals that the temporal
patterns of cycling differ among temperatures, and the absence of
any other significant interactions (Table 1, lines 4, 5) suggests that
all genotypes respond similarly. There is very little evidence for a
significant day/night cycle in the proportion of per transcripts that
are spliced at 18°C, but at 29°C, all genotypes reveal a higher level
of splicing post lights off (ZT12) compared to the trough at ZTS.
At 18°C, the per”! and fim”! mutations have no significant effect on
the level of splicing of per mRNA compared to WT (Fig. 1B).
However in cry? flies, splicing levels are significantly elevated (Table
1, line 6), particularly after lights off (Fig. 1D). This is also the case
when per’’; cry? is compared to WT (Table 1, line 8) (Fig. 1D). At
29°C, splicing levels are generally 5-10% higher in per?’, tim®!, and
cry? mutants compared to WT in the light, but 15-20% higher after
lights off at ZT12 (Table 1, lines 10, 11) (Fig. 1 C and E). This
suggests that in the presence of light, splicing levels are reduced due
largely to a clock-independent mechanism. In darkness, the clock
and CRY become critical for maintaining this low splicing level at
high temperatures.

The double mutant per?’; cry® shows a highly significant increase
in splicing of ~20% throughout the day/night cycle compared to
WT (Table 1, line 9) (Fig. 1E). Thus, at high temperature, either the
presence of the circadian photoreceptor CRY or a functional
circadian clock is sufficient to largely repress daytime splicing. With
both eliminated, daytime splicing levels are elevated. In contrast,
repression of splicing in the absence of light requires the circadian
clock plus CRY. It seems somewhat counterintuitive that CRY,
which is activated by light (5, 6, 23), plays a more prominent role in
repressing splicing at night than it does during the day (Fig. 1E).

CRY is likely to be a dedicated circadian photoreceptor (5) yet
at 29°C, splicing is repressed during the light phase even in cry? (Fig.
1E). This suggests that the light input to the splicing machinery
cannot be primarily mediated by CRY. To confirm that light
represses splicing, we investigated the effects that short photope-
riods and constant darkness (DD) have on splicing levels in WT.
Fig. 2 illustrates these results for LD 12:12, LD 6:18, and DD at
18°C. There is a significant effect of reducing photoperiod on the
splicing level with an elevated level of splicing in DD compared to
LD 12:12 (Table 1, line 12) (Fig. 2B), and similarly in LD 6:18,
splicing levels are enhanced (Table 1, line 13) (Fig. 24). Similar
results have been observed by others (33). Because the repression
of splicing by light in LD 12:12 at 29°C does not require the presence
of CRY, we investigated whether the visual system played a role in
setting the splicing level by examining the splicing of per transcripts
in the mutants g/% and norpA™*.
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Fig. 3. Splicing in visual mutants. Relative per mRNA splicing levels + SEM.
(A) 18°C; (B) 29°C, Canton-S (m), cry? (A), norpAP47 (¢), and norpAP4'; cryb (¢).
(C) 18°C and (D) 29°C. Canton-S (), cry® (), g/% (m), and g/®% cry® (O).
Canton-S and cry? data are reproduced from Fig. 1.

per Splicing in Visual Mutants. Fig. 3 shows that the proportion of per
mRNA transcripts that are spliced at both temperatures is increased
in both the norpA™* and gl®” backgrounds compared to WT (Table
1, line 14). At 18°C, ~65% of per transcripts are spliced in norpA™#
and ~60% in gl°%, whereas at 29°C, these levels fall to ~55% and
~40%, respectively. Apart from a marginal difference between
norpAT*; cry?, and norpA*#! at 18°C (Table 1, line 15), there are no
significant effects for either norpA™# or gl®¥ when combined with
cry? (Fig. 3). These results indicate that the visual system rather than
CRY is primarily responsible for the light-dependent repression of
splicing. Unlike WT (Table 1, line 16), per splicing levels do not rise
after lights off at 29°C in either norpA™! (Table 1, line 17) or glo%
(Table 1, line 18).

Interestingly, in gl°”, there is a 20% difference between the
splicing levels at different temperatures (60-40%), whereas in
norpAP# | this difference is reduced to 10% (65-55%) (Table 1, line
19). The difference in gl is similar to that seen in WT (45-25%).
Thus per splicing in norpA™! is relatively insensitive to temperature
changes. It is also clear that the level of splicing in norpA™# is
significantly higher at all times and temperatures than gl°’. There-
fore, the effect of norpA™# on splicing is greater than that of g/5%
despite gl°% being the more severe visual mutant.

Locomotor Activity and Splicing Levels. Locomotor activity profiles
of all genotypes were also monitored at 18 and 29°C (Fig. 4).
Because each genotype shows a higher level of splicing at 18 than
at 29°C, it would be predicted that this would generate an earlier
evening activity peak at 18°C. As illustrated in Fig. 4 A-C, this
is the case for WT, cry? and norpA*#, but not for norpA*#; cry?
or gl°? (Fig. 4 D and E), where despite elevated splicing levels at
higher temperatures (Fig. 3), there is no difference in the phase
of activity. gl% cry? does not entrain to LD cycles at 25°C (15),
so was not included in this analysis.

From Fig. 54, the average proportion of per transcripts that are
spliced at 18°C rises from WT (45%) to cry” (50%) to gl (60%)
to norpAP#* (65%), and at 29°C from WT (25%) to gl% and cry®
(=35%) to norpAP* (55%). 1f the per splicing level is the only
determinant of evening locomotor peak position, then a similar
progression in the timing of this peak would be expected. The
evening activity peaks of these different genotypes at 18 and 29°C
are compared in Fig. 5B. It can be seen that for norpA™ | cry?, and
WT, there is an inverse relationship between average splicing levels
and the position of the activity peak at 18°C, with norpA™* and cry?
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Fig.4. Locomotor Activity profilesin LD 12:12. Activity is shown at 18°C(gray
line) and 29°C (black line) + SEM. (A) Canton-S. (B) cry®. (C) norpAP4!. (D)
norpAP4T; cry®. (E) glass®Y.

having similarly advanced activity peaks compared to WT (Table 1,
lines 20, 21). At 29°C, the same inverse relationship holds, with
norpAP*! advanced compared to cry” (Table 1, line 22), which is in
turn earlier than WT (Table 1, line 23). Thus, those genotypes that
show temperature-dependent changes in their evening activity
generally display a correlation between average per splicing levels
and the timing of the evening activity peak of the following day.
Conversely, norpA™; cry? and gl°”%, which show no significant
differences in the phase of evening activity at different tempera-
tures, have high splicing levels but relatively delayed evening activity
peaks.

Underlying per mRNA Cycles. These observations raise the question
of why the splicing level does not always relate to the timing of the
evening locomotor activity peak, as in gl®” and norpA*#; cry”. Thus
the per RNA profiles of gl°% and norpA™*! were compared to WT
(Fig. 6). Because per does not cycle in cry? whole head homogenates
(6), the underlying cycle in this background was not examined. Fig.
6 reveals that WT and norpA”#! show similar profiles (Table 1, lines
24-26), with an earlier per mRNA peak and higher overall level of
per at the lower temperature. In contrast, there is no cycle in gl*¥
at either temperature, and levels of per are significantly different
from WT and norpA™ (Table 1, line 27).

Discussion

Setting the Splicing Level. To entrain locomotor behavior to differ-
ent seasons, the fly’s clock must respond to changes in both light and
temperature. This is mediated through a molecular switch, whereby
increases in temperature repress the splicing of an intron within the
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Fig. 5. Splicing levels and evening activity peak positions. (A) Average per
splicing levels across all time points. (B) Average evening peak position at 18
(m) and 29°C ([@).
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Fig.6. per mRNA cycles. (A) Agarose gel showing Canton-S per and rp49 PCR
products at 29°C. per mRNA levels are shown relative to rp49 + SEM in
Canton-S (@), norpAP41 (¢), and g/% (m) at 18°C (B) and 29°C (C). Results for
Canton-S confirm those of ref. 4; note different y axis scales for A and B.

3" UTR of per, delaying the onset of evening locomotor activity (4).
Light also represses splicing, with higher splicing levels seen in
shorter photoperiods (Fig. 2A4), allowing locomotor activity to be
fine-tuned to any given set of photoperiodic and temperature
conditions. During the first day of DD, the level of splicing rises
continuously (Fig. 2B). This is presumably because at the beginning
of DD, the level of splicing is set low from the previous day’s light
input. Normally the light from the next day maintains this repressed
level of splicing, but because this light input is absent, the repression
of splicing is lifted, leading to a gradual rise in splicing levels.

The most obvious source for light input into the splicing ma-
chinery is the circadian photoreceptor CRY. However, analysis of
the splicing levels in cry? shows that, although this mutation has an
effect on splicing levels at 18°C, this effect is marginal and is seen
only after lights off. This implies first, that any function of CRY in
the repression of splicing is not via the activation of this molecule
by light (24); second, because CRY is relatively dispensable for
circadian locomotor rhythmicity per se (6, 23), it also suggests that
any minor role in splicing at low temperature is unrelated to the
functioning of the clock. As the temperature rises, PER, TIM, and
CRY all become involved in the regulation of per mRNA splicing.
At 29°C, all three mutants show the same splicing phenotype, with
~30% of transcripts spliced during the day, but at night splicing is
enhanced to ~45%. Although PER, TIM, and CRY are known to
associate in light conditions (6, 23, 25, 26), CRY and TIM can also
associate in darkness (25), so it is not unexpected that the elimi-
nation of any one of the three proteins has a similar effect. Night
time is also when the levels of these proteins are at their highest (1),
and therefore any effects would be maximal.

At 29°C and in the presence of light, the levels of splicing in per?’;
cry? are elevated above those of either single mutant, which are
themselves similar to WT. This suggests that the presence of either
PER or CRY is required for light to repress splicing at 29°C. After
lights off, the elevated levels of splicing of per are very similar in
per’, tim%, cry?, and per®’; cry? (Fig. 1 C and E). Therefore PER,
TIM, and CRY probably work together to repress splicing in the
dark at 29°C. An alternative view for the virtually identical per??,
tim®!, and cry® splicing levels at 29°C is that this reflects a masking
effect of light, so that exogenous LD cycles have a greater effect on
splicing at night compared to WT, which shows a modest but
significant day-night rhythm. Such stronger masking effects on
locomotor behavior have also been observed in cry? mutants (27),
but any mechanism that might relate or explain these observations
remains obscure.

The examination of whole head homogenates means that the
majority of biological material is derived from the eyes so may not
represent exactly what occurs in the pacemaker neurons. The eyes
are peripheral clocks, and the cry” mutation stops the cycling of the
clock in whole head homogenates, although cycling continues in the
pacemaker cells (6). One possibility is that the splicing observed in
cry? does not truly reflect the role of CRY in setting splicing levels
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but is instead a consequence of the clock having stopped in the eyes,
thus explaining why per’’, tim?!, and cry” all show the same splicing
phenotype. However, if this splicing phenotype is simply what
happens when the clock stops, then per?’; cry” should show the same
splicing phenotype as either single mutant. This is not the case,
because the daytime splicing in per?’; cry? at 29°C is dramatically
elevated compared to either single mutant. Thus the splicing
phenotypes of per?’, tim”", and cry” cannot simply be a result of the
clock having stopped. This means that it is the presence of these
proteins, rather than their clock-dependent cycling, which is im-
portant to the regulation of per splicing levels.

In gl°%, there is no per mRNA cycle in whole head homogenates
(Fig. 6). This means that in the majority of cells in the gl°” head, the
clock has either stopped or cells have become desynchronized. If
the former is true, then splicing levels of g should resemble those
of per’! or tim%!, and this is clearly not the case. If the latter is true,
this could prevent the observation of any splicing rhythm, but the
level of splicing observed should still represent the average level of
splicing in this mutant background, which is clearly significantly
different from W'T. In any case, splicing levels observed in all visual
mutants are likely to represent the effect of removing visual
photoreception, because these elevated levels are similar to those
observed in WT in DD.

norpAP#*! and gi®” have considerably higher splicing levels than
WT and cry® mutants at both temperatures, indicating that
information received via the visual system rather than CRY
drives this repression of splicing, which is borne out by analysis
of g% cry? and norpA*#!; cry? double mutants. The splicing levels
of gl%% and gl cry® are similar at both temperatures, which is also
true of norpA and norpA¥#; cry® at 29°C. At 18°C, there is slightly
more spliced per RNA in norpA™; cry? than in the norpAP#
single mutant, reflecting the earlier result where cry” showed a
marginal enhancement of splicing at cooler temperatures. These
results also demonstrate that unspecific genetic background
effects are not responsible for this marginal effect of cry?,
because the double mutant background should make any inter-
acting loci heterozygous. This lack of significant background
effects in determining overall splicing levels has been confirmed
by examining several natural European D. melanogaster lines. All
mutants studied here show the same significantly enhanced
splicing patterns when compared to any of the wild-caught
isolates (B.H.C. and C.P.K., unpublished observations).

Unlike the clock and ¢ry? mutants, there is no day-night differ-
ence in splicing levels at 29°C in either gi°’ or norpA™*. One
possibility is that visual system structures are required for the
repression of splicing even in the dark, hence the overall elevated
splicing levels in norpA™#! and gl%% at all times. This would be
surprising, because such a role would obviously have to be light
independent. More likely, the light input received through the eyes
sets the splicing level during the day, and the clock maintains this
repression at night. Thus, if the visual input is removed or reduced,
as in DD, g%, or norpA™* mutants, or in shorter photoperiods,
then the subsequent splicing level is set higher. The difference in
roles between cry and the visual system on per splicing levels may
also partly explain recent observations that cry” mutants are able to
adapt the timing of locomotor activity to long and short photope-
riods, whereas flies with defective visual photoreception, including
gl%%, are not (27).

norpA and the Thermal Signal for per Splicing. Interestingly, although
gl%% is the more severe visual mutant (15), norpA®# has significantly
higher per splicing levels than gl°” at both 18 and 29°C. Additionally,
whereas the difference between splicing levels at 18 and 29°C is
maintained in g/ mutants (=65% and ~45% of transcripts spliced
vs. ~45% and 25% in WT at 18 and 29°C, respectively), this is
greatly reduced in norpA™ (65% and 55%). One possible expla-
nation for this is that norp4 may be a signaling molecule in the
temperature-sensing pathway for the clock. The patterns of loco-

Collins et al.

motor activity support a role for norpA in temperature sensing, with
the norpAP* fly’s locomotor patterns seemingly more sensitive to
high temperatures than WT (Fig. 4). Additionally, norpA™# evening
locomotor activity peaks early at both 18 and 29°C, and per mRNA
splicing shows a corresponding elevation compared to WT. These
are responses associated with low temperatures in WT D. melano-
gaster, and therefore norpA™* mutants behave as if they have an
impaired ability to detect high temperatures. norpA*# flies still
detect temperature changes (witness the altered evening peaks and
splicing levels); they just react as if the temperature is colder than
it actually is.

Thus, the enhanced per splicing seen in norpA*# may reflect a
direct link between norpA-encoded PLC signaling and the temper-
ature sensitivity of the splicing mechanism, independent of norpA
visual function. In the phototransduction cascade, rhodopsin acti-
vates a G-protein isoform that in turn activates the PLC encoded
by norpA. As a result of this activation, Ca>" permeable light-
sensitive channels are opened, including members of the transient
receptor potential (TRP) class (reviewed in ref. 28). Recently it has
been demonstrated that AANKTM1, a D. melanogaster TRP chan-
nel, is activated by temperatures from 24 to 29°C (29). In addition,
D. melanogaster painless mutant larvae have a disrupted TRP
channel and display defective responses to thermal stimuli (30).
Because several TRP family members act as thermal sensors in
mammals, TRP channels appear to have an ancient heat-sensing
function that is retained in both vertebrates and invertebrates (29,
30). Given that we have identified a heat-sensing role for norpA4, and
norpA is known to activate TRP channels in photoreception, it is not
unreasonable to suppose that norpA plays a general role in re-
sponses to temperature stimuli.

per splicing levels may also impact on aspects of behavior other
than the timing of evening locomotor activity. For instance, the
free-running period of norpA™# is ~1 h shorter than WT (20). The
splicing levels of per mRNA are greatly elevated in this background,
and elevated splicing is predicted to advance the PER protein cycle
(4) and thus speed up the clock. In fact, the splicing mechanism
should have the effect of speeding up the clock at colder temper-
atures and slowing it down at high temperatures, thereby providing
a potential basis for temperature compensation.

The Relationship Between Splicing and Evening Activity. From Fig.
5B, it can be seen that the position of the evening activity peak at
different temperatures moves in different mutant backgrounds. For
WT, norpAP#, and cry”, the level of splicing appears to correlate
with the position of the evening activity peak at different temper-
atures. At 18°C, there is a small but significantly greater relative
amount of spliced per RNA in cry? than in WT, resulting in the
earlier evening activity peak seen in cry? flies. This difference in per
splicing is greatest after lights off at both temperatures (Fig. 1 D and
E). This is when PER levels will be rising, because TIM is present
for PER stabilization (31), so enhancement of PER accumulation
by elevated per splicing is likely to have its most noticeable effect
around dusk or early evening. A similarly consistent situation is seen
in norpA™*!: there is more spliced per mRNA present at 18°C (65%)
than 29°C (55%), accounting for the earlier peak of evening activity
at 18°C. Additionally these levels are higher than those seen in
either WT (45% and 25% per transcripts spliced at each temper-
ature) or cry? (55% and 40%) and relates to the earlier phases of
locomotor activity seen in norpA*# compared to the other geno-
types. However, at 18°C there is more spliced per in norpA*#! than
in cry?, but the evening activity peak occurs at the same time. The
simplest explanation is that there is a limit to how early the evening
activity peak can occur, no matter what the per splicing level,
because splicing alters the accumulation of PER protein; this is
limited by the light-dependent degradation of TIM (4). Therefore,
in general, the level of splicing determines when the peak level of
locomotor activity will occur, as previously reported (4).

The level of splicing of the per intron cannot be the only
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determinant of evening peak position, because the relationship
between the per splicing level and evening activity peak position
breaks down in norpAP#; cry® and gl°%, where there are different
levels of splicing at the two temperatures but no corresponding
difference in the evening peak position. When we analyzed the
underlying per mRNA cycles of g%, norpA™#, and WT flies at 18°C
and 29°C (Fig. 6), it was found that whereas per levels cycle in
norpAP* and WT, this cycle is lost in gl°. If there is no underlying
per RNA cycle, then there is no mRNA peak to be advanced or
delayed by splicing.

At the cellular level, although g/ is not a clock component, when
mutated, it eliminates a number of clock-expressing cells within the
head, including the eyes, ocelli, H-B eyelet, and the DNIs (15).
Despite this, the primary effect on the clock is to remove most of
the visual entrainment pathway, but the clock in the key pacemaker
cells of g/ mutants must still be functional, because behavior still
entrains to LD cycles and remains rhythmic in DD. It is significant
that the crosstalk between different classes of clock cells is essential
for the generation of robust behavioral rhythms (32). Thus loss of
the overall per mRNA rhythm may be a consequence of disrupting
this network in g/%%, and, while leaving the basic system intact, this
affects the more subtle temperature-sensitive aspects of entrain-
ment. A similar argument based on an interruption of the entrain-
ment network can also be proposed to explain the corresponding
results with norpAP#; cry? double mutants, because in this case per
mRNA is assumed to be noncycling because of the cry? background.
However, the locomotor behavior of cry” single mutants remains
thermosensitive even though overall per mRNA is noncycling. Thus,
only when the photoreceptive pathway and mRNA cycle are both
compromised (as in g/ and norpA™*; cry?) is locomotor behavior
insensitive to temperature-dependent changes in per splicing levels.

A Model as to How Light and Temperature Set the Splicing Level. Fig.
7 shows a model of how light and temperature may set the
splicing level of the clock. How temperature is detected by the
splicing machinery is not yet clear, but there is compelling
evidence that norpA plays a role. At low temperatures, the
splicing level is primarily set by light via the visual system rather
than CRY, which is then remembered during the night. In longer
periods of darkness such as in DD, this memory decays, and
splicing levels begin to rise. Thus the visual system represses
splicing by enhancing the effects of an unknown repressor
molecule(s) that is sensitive to temperature change and the
norpA PLC. At high temperatures, the regulation of splicing is
more stringent and complex and recruits the circadian clock.
Again, the light input received through the visual system sets the
low splicing level during the day. This appears to also depend on
the presence of at least two of the three molecules, PER, TIM,
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Fig.7. A model for how the clock and visual system set the splicing level. For
description, see text.

or CRY, because elimination of any one of these gives a barely
detectable daytime rise in splicing, reflecting the very low levels
of PER, TIM, and CRY at this time (23, 31). However, elimi-
nation of both PER and CRY in the per?’; cry? double mutant
lifts all light-dependent repression during the day.

At night, the level of splicing set during the day by the visual
system is again remembered and maintained by the clock at night.
If per, tim, or cry is eliminated, then this repression of splicing is lost
at night, generating the day/night difference in splicing levels. In
g’ cry® or norpA™; cry’, because there is no visual light input
during the day, there is no splicing level for the clock to remember,
and therefore there is no day/night difference in splicing levels.
Thus at high temperature, the visual system activates the repressor
molecule during the day, and the clock maintains this activation at
night. We assume that recruiting the clock at high temperature to
inhibit per splicing is required to ensure that the fly’s locomotor/
foraging behavior is adaptive and does not encroach on those times
of the day when there would be a significant risk of desiccation.

Note Added in Proof. We have learned that a similar paper to ours is in
press (33).
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