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Ben Collins: A Comparative analysis of the effect of light and temperature on 
the Drosophila clock

Abstract

Temperature controls the entrainment of Drosophila melanogaster locomotor 
activity to different seasonal conditions through the regulation of splicing of the 
intron within the 3’ UTR of period (per) mRNA. This analysis of per 3’ splicing 
and behaviour in different genetic backgrounds revealed that at low 
temperatures per splicing is regulated primarily by the light input received via 
the visual system. At higher temperatures, regulation is more stringent, 
requiring the visual system input during the day and the circadian clock at 
night. This is surprising as cryptochrome is assumed to be a circadian 
photoreceptor, yet regulates splicing primarily as a clock component. 
Conversely, the visual component, no-receptor-potential-A, appears to have 
an additional circadian role, probably in thermosensitivity, as a mutation 
generated levels of 3’ splicing that could not be explained by its effect on the 
visual pathway.

This work also resulted in the identification of a unique circadian phenotype. 
per01; e r f  mutants display an evening activity peak anticipating ‘lights off’ in 
light: dark cycles, which should be clock dependent, yet are arrhythmic under 
constant conditions, signifying the absence of a clock. This anticipation is not 
seen in tim01; e r f  mutants, so is probably the result of the light dependent 
degradation of TIMELESS (TIM). Therefore, as per01; e r f  flies have residual 
clock function even in the absence of PER, there must be a PER-independent 
role for TIM.

Finally, the per gene determines species-specific locomotor behaviour. This 
is not down to differential per splicing as an examination of D.pseudoobscura 
and D.virilis failed to discover regulated per splicing in either species. Instead, 
species-specific differences in behaviour seem to be determined by altered 
patterns of per mRNA expression. Thus, light and temperature sensitive per 
splicing has evolved in D.melanogaster, allowing it to ‘fine tune’ behaviour to 
the wide variety of habitats it occupies.
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h hour

LD Light: dark

LL Light: light (Constant Light)
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Chapter one: introduction

1.1

Almost all organisms have an internal clock which is set by daily changes in 

light and temperature, but is able to run with a more-or-less 24 h period even 

in the absence of external cues. This endogenous pacemaker is known as 

the circadian clock, and ensures that an organism wakes, sleeps and eats at 

the correct times. In this way, organisms tailor their behaviour so that they 

perform different activities at the most opportune times of day throughout the 

year. Despite the fact that the ubiquity of clocks indicates their functional 

importance, only recently has it been shown experimentally. The advantage 

of having a clock has been demonstrated most convincingly in cyanobacteria, 

in which bacteria with circadian periods matching their environmental LD 

cycle, were favoured in competition experiments Ouyang et al., 1998). More 

recently, in D.melanogaster it has been shown males without a functional 

clock have reduced reproductive fitness (Beaver et al., 2002).

An indication that a clock is also important in man comes from the common 

experience of ‘jet lag’. Jet lag is more severe when travelling from west to 

east, and increases with distance travelled, indicating that humans can cope 

better with delaying their clocks rather than advancing them (Recht et al., 

1995). A good demonstration of the detrimental effect of jetlag is provided by 

looking at the peculiar American pastime of baseball. Playing a baseball 

match against a team from the other side of the USA can entail crossing six 

time zones. The demand for baseball teams to play several games against 

each other over successive days, and the crammed fixture list, gives very 

little time for recovery on arriving on the other side of the country. The jet lag 

experienced by the travelling team means that home advantage is 

statistically significant. Acclimatisation reduces home advantage, with the 

probability of a team from the east winning a home match decreasing with 

the number of days since the western team arrived. As travel in the opposite
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direction (east-west) has no significant bearing on the likelihood of the home 

team winning, baseball is biased against western teams. (Recht et al., 1995).

Serious research into circadian rhythms has been ongoing for nearly 60 

years, and in the last 20 years it has become possible to dissect the 

molecular basis of the clock (Wager-Smith and Kay, 2000). The clock is a 

complex system involving many different genes, not only in the core 

oscillator, but also in the regulation of inputs and outputs. While many clock 

genes are conserved between species, more complex organisms have more 

complex clocks. Even in D.melanogaster where the core of the clock is well 

understood, many additional genes must be involved in ensuring that the 

clock runs with a 24-h period under a range of different conditions.

1.2 The D.melanogaster period gene

In D.melanogaster, most mutants in circadian rhythmicity are defined by their 

effect on the daily pattern of locomotor activity or adult pupal eclosion. 

Konopka and Benzer (1971) screened ethyl methanesulphonate- (EMS-) 

mutagenised flies for altered locomotor and eclosion rhythms and isolated 

three mutations in a single gene which they named period (per). One 

produced a longer period, one a shorter period, and the third was arrhythmic 

(Konopka & Benzer, 1971). Kyriacou and Hall (1980) observed that these 

mutations also affected the ultradian 60 s rhythm of the courtship song of 

D.melanogaster, demonstrating that one gene could control biological cycles 

acting over vastly different temporal domains.

By late 1984 period had been cloned, sequenced and used to rescue 

behaviour in arrhythmic per01 transformants (reviewed in Rosato and 

Kyriacou, 2001). per is expressed throughout the adult fly, with individual 

tissues containing their own oscillators, or 'peripheral clocks' (Liu et al., 1988; 

Plautz et al., 1997). It has become apparent that the per gene encodes a 

core clock component present across the animal kingdom (Stanewsky, 

2003).
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One of the most startling (but generally ignored) discoveries during this early 

period of molecular work was that the transformation of per01 D.melanogaster 

flies with the per gene from the closely related D.pseudoobscura species 

generated flies which had locomotor activity closely resembling that of 

D.pseudoobscura (Petersen et al., 1988). This demonstrates that species- 

specific differences in behaviour are encoded by per, the first example of a 

complex pattern of behaviour being controlled by a single gene. The 

consequences of this study are discussed further in the introduction to 

Chapter 6.

So, how does the PER protein generate circadian rhythms? The underlying 

oscillation of per mRNA is driven by a negative feedback loop involving its 

own protein (Hardin et al., 1990), that is maintained even under conditions of 

constant darkness (DD). Thus the core of the clock is a negative feedback 

loop where PER protein drives cycles of its own transcription. Fluctuations in 

per mRNA are controlled by the rate of per transcription, and the short half- 

life of per mRNA enables it to be part of a feedback loop (Hardin et al., 1992). 

Feedback loops such as this form the basis of all clocks identified to date 

(Dunlap, 1998).

A simple view of the clock might therefore be that of an input, central 

oscillator and output, as shown in figure 1.1. The per feedback loop then 

forms the basis of the central oscillator of the clock.
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Central OscillatorINPUT

e.g. daily changes in 
light (mediated by 
CRY), temperature

OUTPUT

daily changes in 
output genes

e.g. daily changes in 
PER, TIM levels

Figure 1.1: A schematic view of the circadian clock Inputs to the clock perturb 

the central oscillator which then alters the expression of output genes.

Although PER protein is also expressed in glia and in the eye of the fly, 

normal pacemaker function requires the expression of PER only within the 

lateral neurons (LNvs) (Ewer et al., 1992; Vosshall et al., 1995; Shafer et al.,

2002). The location of these clock neurons within the Drosophila brain is 

shown in figure 1.2.

Figure 1.2 Location of D.melanogaster pacemaker neurons (from 

Helfrich-Forster et al., 1995). PER is expressed within the dorsal neurons (DN), 

dorsal lateral neurons (LNd) and ventral lateral neurons (LNvs). Other structures staining for 

PER expression are the glial cells. Figure shows left-hand side of the brain, with optic lobe 

outermost.



Within the per gene is a motif encoding 270 aa, known as the PAS domain, a 

dimerisation domain common to basic helix-loop helix transcription factors 

initially identified in PER, ARNT and SIM. In vitro, mutations in the PAS 

domain of PER such as per1- alter the dimerisation efficiency either with PER 

itself, or its partner molecule TIMELESS (TIM), resulting in a longer period 

(Huang et al., 1993; Gekakis et al., 1995).

The original tim mutant tim01, exhibits arrhythmic eclosion and locomotor 

rhythms, much like the previously characterised per01 mutant (Sehgal et al. 

1994; Vosshall et al., 1994). tim mutants also show altered per expression, 

suggesting that tim acts upstream of per in the clock (Sehgal et al., 1994). 

The identification of TIM also helped elucidate how PER drives the clock, as 

in tim01 mutants the PER protein product fails to enter the nucleus. The PER 

and TIM proteins have been shown to dimerise both in vivo and in vitro 

(Rutila et al., 1996; Saez and Young 1996). Thus PER and TIM are believed 

to dimerise to enter the nucleus where they appear to down-regulate their 

own transcription (Vosshall et al., 1994). The association between PER and 

TIM could most easily be understood if both proteins carried PAS 

dimerisation domains, but TIM apparently does not (Sehgal et al., 1995; 

Vodovar et al., 2002).

1.3 PER/TIM dimerisation, nuclear entry and negative autoregulation

Both PER and TIM proteins are required to generate molecular rhythms as in 

per01 and tim01 mutants neither per nor tim RNA cycles (Myers et al., 1995, 

Sehgal et al., 1995). In both wild-type and short period mutant lines such as 

pers, per and tim mRNAs cycle in phase with each other, several hours 

ahead of their protein products in both LD and DD (Myers et al., 1995; 

Sehgal et al., 1995). Initially it was thought that the delay between RNA and 

protein was fundamental to the clock as it would be required to allow the 

negative autoregulation of per and tim expression by their own protein 

products. If protein and RNA cycled in phase, it was assumed that the 

feedback loop would break down as the proteins would immediately inhibit
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their own transcription (Hardin 1992). It turns out that the delay between 

transcription and translation, of per at least, is not fundamental to the clock, 

but is probably only necessary to generate a 24 h period (Suri et al., 2000).

In the tim01 mutant, the level of PER is reduced to a low level similar to that 

seen in wild-type flies late in the day or in constant light (Price et al., 1995). 

In contrast, TIM protein can still accumulate in per01 flies. This demonstrates 

that PER requires TIM for stability, but TIM is stable in the absence of PER. 

The stability of TIM is instead dependent on light, and TIM levels fall rapidly 

in response to both light pulses and 'lights on'. This light induced 

degradation of TIM is one way in which the environment regulates the clock 

and ensures that it is reset on a daily basis (Hunter-Ensor et al., 1996, Zeng 

et al. 1996, Myers et al., 1996).

The dimerisation of PER and TIM is essential before either can enter the 

nucleus (Saez and Young, 1996). In tim01 mutants, PER accumulation and 

nuclear localisation is blocked (Vosshall et al., 1995), suggesting that TIM is 

required for PER stability and transport into the nucleus (Sehgal et al., 1995). 

The light-degradation of TIM therefore limits the accumulation of PER and 

nuclear translocation of the PER/TIM complex. This means the PER protein 

accumulates over several hours in the cytoplasm of the pacemaker neurons, 

and can enter the nucleus only during a narrow time window. This prevents 

the premature inhibition of per RNA expression (Vosshall et al., 1994, Curtin 

et al., 1995, Kay and Millar, 1995, Reppert and Sauman, 1995, Sehgal et al.,

1995).

Studies in Drosophila Schneider 2 (S2) cells show that PER and TIM 

accumulate in the cytoplasm if independently expressed, but co-expression 

causes immediate nuclear entry (Saez and Young, 1996). S2 cells are 

polyclonal, derived from an unknown subset of embryonic tissues, and do not 

normally express PER or TIM. Using this assay, it was therefore possible to 

determine the regions of TIM essential for the protein-protein interaction and 

nuclear translocation. Within both PER and TIM there are also cytoplasmic 

localisation domains (CLDs), which are encoded within the regions of
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heterodimerisation, and become 'hidden' on dimerisation, thus regulating 

nuclear entry. The CLD allows the daily, regulated nuclear entry of PER and 

TIM to drive the expression of their RNAs in a rhythmic manner (Saez and 

Young, 1996). In per1 flies, nuclear entry is delayed as the association 

between TIM and PER1 is weaker than usual. This means that it takes 

longer for sufficient amounts of the PER/TIM complex to enter the nucleus, 

producing the longer period (Curtin et al., 1995; Gekakis et al. 1995).

1.4 bHLH transcription factors dCLOCK and CYCLE

Once within the nucleus, the role PER and TIM is to repress their own 

transcription, per and tim expression is regulated at both the transcriptional 

and post-transcriptional level. An in vivo luciferase assay was used to see 

which elements are required to generate the correct temporal expression 

pattern of per expression (Stanewsky et al., 1997). This revealed that both a 

promoter element and a transcript element are required for wild-type per 

expression. Although expression is rhythmic with only one of these 

elements, neither individual cycle matches wild-type per. Only in combination 

do they confer a normal per RNA cycle on the luciferase reporter gene in 

terms of phase and amplitude (Stanewsky et al., 1997). The promoter 

contains a 69 bp enhancer element, which includes a vital E-box (Hao et al.,

1997), which gives a clue as to how PER and TIM regulate their own 

expression. The E-box is the binding site for basic-Helix-Loop-Helix (bHLH) 

transcription factors, and, as neither PER nor TIM contains a consensus 

bHLH domain, they must regulate their own transcription by disrupting 

associated transcription factors (Huang et al., 1993; Darlington et al., 1998).

These positive regulators of per and tim are the PAS-bHLH transcription 

factors, dClock (dC/A) (Darlington et al., 1998; Allada et al., 1998; Lee et al.,

1998) and cycle (eye) (Rutila et al., 1998). dClock was initially identified as 

the mutation Jerk, heterozygotes of which display an altered period, and a 

relatively high level of arrhythmicity, whereas homozygous mutants are all 

arrhythmic, owing to low levels of PER and TIM. Jerk was shown to be a
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homologue of the murine circadian mutant Clock, and therefore is now 

referred to as d C lo c k  (ddk"*) (Allada et al., 1998).

In order to regulate per and tim transcription, dCLK dimerises with CYC, a 

homologue of the mammalian BMAL1 transcription factor, eye, like dC//c, is 

essential for rhythmic expression of per and tim (Rutila et al., 1998). In 

mammals BMAL1 and CLOCK associate to activate transcription from 

canonical CACGTG E-boxes. The Drosophila homologues also physically 

interact (Darlington et al., 1998; Lee et al., 1998) to regulate the expression 

of per and tim. As homozygotes, cycle mutants are arrhythmic owing to a 

lack of per and tim cycling and reduced levels of PER/TIM proteins. dCLK 

and CYC thus drive the expression of PER and TIM from E-box sequences 

within the per/tim promoters, a process inhibited by the PER/TIM dimer 

(Darlington et al., 1998; Lee et al., 1998).

While both eye and dC//c are required for the clock to function, only the levels 

of dCLK, its phosphorylation and association with the PER/TIM complex are 

under circadian regulation (Lee et al., 1998; Rutila et al., 1998). CYC is 

constitutively expressed, yet in vivo most PER/TIM is not associated with 

either CYC or CLK. The primary role of CYC in the clock is probably as the 

preferred partner of dCLK, as within the adult head, most dCLK is found in 

association with CYC. Presumably CYC (and dCLK) have some other 

biological functions so there is no excess ‘free’ CYC interfering with the clock 

(Bae et al., 2000). eye does not need to cycle as the fluctuating levels of 

dCLK limit its activity (Rutila et al., 1998).

Unlike per and tim, there is little if any delay between the RNA and protein 

cycles of dClk (Lee et al., 1998; Rutilla et al. 1998). The cycle of dClk RNA is 

clock controlled as in the absence of PER and/or TIM, dClk levels do not 

fluctuate. The levels of dClk RNA rise as PER/TIM enters the nucleus at 

night, and if this nuclear entry is delayed, then so is the increase in dClk RNA 

and protein levels (Lee et al., 1998, Bae et al., 1998; Darlington et al., 1998). 

Therefore the clock requires that dCLK and CYC regulate PER and TIM
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levels, and that PER and TIM also regulate dCLK levels (Bae et al. 1998; Lee 

et al., 1998).

The opposite phases of the per/tim and dClk/cyc RNA cycles and their 

mutual regulation ensures that when the levels of one pair of proteins are at 

their lowest, the others will be at their highest, maintaining perpetual daily 

RNA and protein oscillations. The negative feedback loop, and the resultant 

protein and RNA cycles are shown in figure 1.3.

a K

Figure 1.3. The dCLK/CYC and PER/TIM feedback loop, a) p e r  and TIM

proteins regulate their own transcription by inhibiting the action of dCLK/CYC on the E-boxes 

of the per and tim loci. In this way, PER/TIM and dCLK levels cycle on a daily basis, out of 

phase with each other, b). In order for this to operate, when the levels of dCLK are at their 

highest, the levels of PER/TIM must be at their lowest. For further details, see text.

In vitro (Lee et al., 1999) and in vivo (Bae et al., 2000), PER and TIM, 

together or alone interact with the dCLK/CYC complex, impairing its E-box 

interaction without breaking the dCLK/CYC association. There is also 

evidence that the dCLK-CYC complex represses dClk expression (Glossop

per/tim

0 12 24

dCLK mRNA and 
Protein
PER/TIM Protein 

per/tim mRNA
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et al., 1999). This means that when the PER/TIM complex interacts with the 

dCLK/CYC complex, it also produces an increase in dClk expression 

(Glossop et al., 1999), so in fly heads PER/TIM and CLK/CYC associate only 

during the night or early morning (Lee et al., 1998). The level of dCLK rises 

outside this time window, resulting in a rise in per/tim mRNA levels during the 

day.

Recent evidence suggests that once within the nucleus, PER no longer 

requires TIM to function (Rothenfluh et al., 2002). In S2 cells in the absence 

of TIM, PER lacking the CLD can enter the nucleus alone and repress CLK 

function. A construct encoding the PERACLD protein increases the 

incidence of arrhythmia in wild-type flies, which indicates the importance for 

rhythmicity of the delay in nuclear entry of the PER protein, and that PER 

alone is able to repress RNA expression (Rothenfluh et al., 2000). As a 

result, it may be that the primary role of TIM within the clock is to stabilise 

and transport PER into the nucleus, and to ensure that this process is 

regulated by light.

At dawn, the PER/TIM dimer is broken down, but monomers of PER persist 

within the nucleus for ~6 h. Once TIM has been degraded, there is not an 

immediate increase in per and tim levels, indicating that PER can repress 

transcription on its own. In the tim*31 mutant, the PER/TIM complex remains 

nuclear for an extended period of time which produces an ultra long free- 

running period of -33 h. The levels of per and tim also remain high during 

this time, and only fall once the TIMUL protein has been degraded by light. 

This indicates that the PER/TIMUL complex is defective in repressive function, 

and once TIMUL is degraded, the wild-type PER protein is able repress 

transcription alone (Rothenfluh et al., 2000).

The interaction between the PER/TIM and dCLK/CYC complexes generates 

the circadian feedback loop shown in figure 1.4.
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Pertlm

PER TIM

Nucleus

Cytoplasm

Cytoplasm Nucleus

Figure 1.4 Nuclear localisation and the PER/TIM negative feedback 

loop. For details, see text
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To conclude this section, the levels of per and tim transcription are under the 

control of the bHLH transcription factors dCLK and CYC (figure 1.4a). PER 

and TIM proteins begin to accumulate in the late evening and early night, 

where TIM stabilises PER and allows it to enter the nucleus (figure 1.4b). 

Once inside the nucleus, PER either with TIM or alone inhibits the induction 

of transcription of per and tim by the dCLK/CYC complex, and stimulates 

dClk expression. As a result, the levels of per and tim fall, leading to 

subsequent falls in the protein levels. This then lifts repression, and so the 

cycle can start again. TIM is degraded in a light-dependent manner, and is 

required for the stability of PER, so PER cannot accumulate until the evening 

under LD. This provides a vital delay, which ensures that per and tim 

transcription is not immediately inhibited by the action of the PER/TIM dimer. 

In DD, PER and TIM post-transcriptional controls take over and PER and TIM 

are degraded appropriately to generate the 24 h cycle.

In order to entrain this clock to a 24 h period, and adapt to seasonal changes 

in photoperiod and temperature, the core clock components are then 

regulated by a number of other elements, usually via phosphorylation, which 

can either increase or decrease the activity and stability of a given protein. 

Several kinases have been identified which alter the phosphorylation state of 

both PER and TIM.

1.5 DOUBLETIME/Casein Kinase Is and PER phosphorylation

doubletime (dbt) is the homologue of human casein kinase le, and is the 

gene which is mutated in the tau hamster (Ralph and Menaker, 1988; Lowrey 

et al., 2000). dbt is also known as discs overgrown, which is an essential 

developmental gene, and as a result, null mutants of dbt are embryonic lethal 

(Zilian et al., 1999). dbt expression is not under circadian regulation at either 

the RNA or protein level, and DD has no effect on dbt levels or its 

phosphorylation (Kloss et al., 1998; 2001). Although null mutants are not 

viable, mutants which produce short and long periods have been identified

15



and shown to change the phosphorylation status of PER, altering its stability 

(Kloss et al., 1998; Price et al., 1998; Suri et al., 2000).

DBT is expressed within the adult brain, photoreceptors and LNvs, and 

interacts with PER in vitro and in Drosophila S2 cells (Rothenfluh et al.,

2000). Evidence suggests that DBT acts on PER and not TIM as the 

phosphorylation pattern of TIM in dbt mutants appears identical to that of 

wild-type flies (Suri et al., 2000). This is borne out by the analysis of the 

arrhythmic d b fr mutant, in which crosses to short period mutants restore 

rhythmicity in -70% of flies (Rothenfluh et al., 2000). tirrf alleles do not 

rescue the rhythmicity of this line, indicating that the interaction is between 

DBT and PER not TIM. In this case, per5 must decrease and d b fr increase 

PER stability. Because PER is not degraded in d b fr mutants, the levels of 

monomeric TIM remain low as the PER/TIM dimer is always present to 

represses transcription (Rothenfluh et al., 2000).

The effect of DBT phosphorylation on PER stability can be determined by 

examining the effect of different dbt mutations. In pupal lethal d b f  (low 

levels, but not loss-of-funotion DBT) mutants, PER is constitutively expressed 

in early pupae suggesting that DBT phosphorylation destabilises PER. In 

these mutants, tim RNA still cycles in LD as even though there is an excess 

of stable PER monomers, in LD cycles TIM is still degraded, regulating the 

nuclear entry of the PER/TIM dimer (Rothenfluh et al., 2000).

DBT is always associated with PER in vivo, and remains nuclear in per01 and 

tim01 mutants. This indicates that DBT follows PER in and out of the nucleus 

at the appropriate times of the day as part of a PER/TIM/DBT complex (Kloss 

et al., 2001). In d b f  mutants in LL, both DBT and TIM are absent, but there 

is no increase in PER phosphorylation (Price et al., 1998). In tim01 mutants, 

or in timUL mutants after exposure to light, PER becomes phosphorylated 

through the PER-DBT association. This indicates that within the complex 

TIM prevents the phosphorylation of PER by DBT (Kloss et al., 2001). This 

then provides a mechanism for the daily resetting of the clock as at sunrise
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TIM is degraded, which then frees PER for DBT phosphorylation, causing 

PER degradation at the beginning of the day (Kloss et al., 2001).

The regulation of the stability of PER by DBT is vital for the correct function of 

the clock. The db f mutant delays the nuclear accumulation of PER, and in 

DD it produces a period 6 h shorter than that seen in wild-type flies (Bao et 

al., 2001). As nuclear accumulation is delayed even later in comparison to 

per5 flies, db f presumably has an effect on period which differs from that of 

per5. In db f flies, the level of per mRNA increases later and decreases 

earlier than in wild-type flies. The most simple explanation is that db f 

reduces nuclear PER levels earlier, prematurely derepressing its own RNA 

expression. This then accelerates per accumulation, and reduces the period 

(Bao et al., 2001).

In mammalian cell cultures it has recently been shown that the degradation of 

PER occurs after ubiquitination via the proteosome (Akashi et al., 2002; 

Yagita et al., 2002). F-box/WD40 proteins are known to target 

phosphorylated substrates in to the ubiquitin-proteosome pathway which is 

involved in the degradation of PER. There are three of these proteins within 

Drosophila, only one of which, SLIMB, has a clear circadian phenotype. 

SLIMB is found as a doublet within Drosophila cells, and there is evidence 

that a phosphorylated form of the protein associates with PER (Grima et al., 

2002; Ko et al., 2002).

The role of Slimb seems to be in the degradation of PER once it has been 

phosphorylated by DBT. SLIMB preferentially interacts with, and Slimb 

overexpression increases the degradation of, DBT-phosphorylated PER, 

while RNAi knockout of SLIMB expression blocks PER degradation in the 

presence of DBT in S2 cells. This is mediated by the F-box as 

overexpression of SLIMB(AF), a mutant lacking the F-box, allows high levels 

of phosphorylated PER to accumulate in the presence of DBT. Slimb also 

alters the free running rhythm of the D.melanogaster clock with ~60% of flies 

overexpressing Slimb arrhythmic in DD. The overexpression of Slimb(AF) 

produces a similar phenotype to d b f mutants, with the evening peak not
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occurring until after lights off, indicating there is a reduction in the 

degradation of PER (Ko et al., 2002).

dbt is only one of a number of casein kinases within D.melanogaster and it is 

not the only one with a clock function. The catalytic subunit of Casein Kinase 

2a (CK2a) is expressed within the cytoplasm of circadian pacemaker 

neurons and phosphorylates PER in vitro (Lin et al., 2002). Heterozygous 

mutants of CK2 have lengthened periods due to delayed PER nuclear entry 

and levels of PER are increased. Like dbt, CK2a null mutants are 

homozygous lethal (Lin et al., 2002). Homologues of this gene play a role in 

the clocks of Neurospora and Arabidopsis (Suguano et al., 1998, 1999; Yang 

et al., 2001) and in the response to UV light in all eukaryotes, suggesting 

CK2a has a highly evolutionarily conserved function (Lin et al., 2002).

As well as being part of the clock, doubletime, Slimb and casein kinase 2 are 

all components of the wingless developmental pathway. A fourth component 

of this pathway, shaggy (sgg), the orthologue of glycogen synthase kinase-3, 

also has a circadian role (Martinek et al., 2001). While DBT phosphorylation 

delays PER/TIM nuclear transfer, SGG has the opposite effect. SGG 

phosphorylates TIM and sgg overexpression advances nuclear entry, 

shortening the period of locomotor activity. SGG must either advance the 

PER/TIM association or nuclear localisation through TIM phosphorylation. 

As a result, the period is extended in sgg underexpressing lines as a higher 

level of PER/TIM is required before translocation occurs (Martinek et al.,

2001).

1.6 Light entrainment of the clock

The initial response to light, the degradation of TIM, appears to be 

independent of visual photoreception (Hunter-Ensor et al., 1996; Lee et al., 

1996; Myers et al., 1996; Zeng et al., 1996). It seems instead to be 

dependent on a dedicated circadian photoreceptor, cryptochrome (cry), 

which has been demonstrated to associate with PER and TIM in a light- 

dependent manner (Stanewsky et al., 1998; Emery et al., 1998; Ceriani et al.,
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1999; Rosato et al., 2001). CRY then seems to mediate the light dependent 

degradation of TIM, and also associates with the PER/TIM complex as it 

moves in and out of the nucleus (Stanewsky et al., 1998; Emery et al., 1998; 

Ceriani et al., 1999; Rosato et al., 2001). The role of CRY in the clock is fully 

discussed in the introduction to Chapter 5.

1.7 A model of the clock

A model of the core of the clock, and the roles of PER, TIM, dCLK, CYC, 

DBT, and CRY is shown in figure 1.5.

During the day light activates CRY, which leads to the degradation of TIM. In 

the absence of TIM, PER protein is unstable and is degraded by a pathway 

involving Slimb following DBT phosphorylation. This means that during the 

day dCLK and CYC are able to drive per and tim RNA transcription (figure 

1.5a).

At night, CRY is no longer activated by light, so TIM is not degraded. As the 

levels of TIM increase, it dimerises with and stabilises PER. PER, TIM, DBT 

and CRY form a complex which is able to translocate into the nucleus. 

Within the nucleus, PER inhibits the action of dCLK and CYC, turning off the 

transcription of per and tim RNA. This produces a subsequent fall in PER 

and TIM protein levels. When TIM is degraded by light at dawn, this 

repression is lifted and the clock resets itself for a new day. While it is in the 

nucleus, PER also stimulates the transcription of dC//c mRNA, creating a 

second feedback loop (figure 1.5).
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Figure 1.5 A model of the D.melanogaster circadian clock (see text)
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1.8 VRILLE, PDP1 and the second circadian feedback loop

Recently two basic zipper (bZip) transcription factors vrille (vri) and Par 

Domain Protein 1 (Pdp1) have been shown to control tiClk expression and 

form a second circadian feedback loop (Blau and Young, 1999; Cyran et al., 

2003; Glossop et al., 2003).

Both vri (Blau and Young, 1999) and Pdp1 (Cyran et al., 2003) are expressed 

within the pacemaker cells of the brain. The promoter regions of both genes 

contain consensus E-box sequences, so RNA expression is controlled by the 

dCLK-CYC complex and oscillates in phase with per and tim (Blau and 

Young, 1999; Cyran et al., 2003; Glossop et al., 2003). As the expression of 

both Pdp1 and vri are under the control of dCLK/CYC, their mRNA's also 

cycle in phase with each other. However, peak levels of Pdp1 are reached 3- 

6 h later, presumably owing to differences in RNA stability (Cyran et al.,

2003). These differences are carried over into the protein cycle, where the 

peak level of VRI is reached earlier than that of PDP1 (Cyran et al., 2003).

vri and Pdp1 share highly conserved DNA binding domains, suggesting that 

they bind to the same target sequences (Cyran et al., 2003). vrille is >85% 

homologous to the mammalian E4BP4 protein, and therefore would be 

expected to bind to a similar consensus sequence (Glossop et al., 2003). 

Mobility shift assays confirm that vrille can bind to the multiple E4BP4 binding 

sites which are present within the dClk promoter (Glossop et al., 2003).

PDP1 and VRI have antagonistic effects on dClk expression. 

Overexpression of vri reduces the level of dCLK, leading to a reduction of per 

and tim expression and an elongated period (Blau and Young, 1999). A 

similar effect is seen in flies heterozygous for the Pdp1 locus which also have 

longer free-running periods, and a reduced amplitude of dClk mRNA 

oscillations (Cyran et al., 2003). Thus it appears that PDP1 enhances and 

VRI represses dCLK expression.
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The repressive capacity of VRI has been demonstrated by overexpressing vri 

in eye01 mutants, where the level of dClk mRNA normally remains at the peak 

level at all times. If vri expression is induced by heat shock in these mutants, 

dClk mRNA levels fall, indicating that vri acts directly to repress d d k  

expression (Glossop et al., 2003).

As PDP1 and VRI compete for the same binding sites within dClk, the ratio of 

PDP1 to VRI determines the cycle of dClk mRNA (Cyran et al., 2003). The 

difference between the protein cycles of VRI and PDP1 (VRI phase leads 

PDP1) ensures that dCLK levels cycle. When VRI levels are at their highest, 

PDP1 levels have not yet peaked. Therefore VRI represses dClk expression 

so at this time the levels of dCLK are at their lowest. As the level of VRI falls, 

the level of PDP1 is still rising, so the level of dCLK also begins to rise. This 

means that vri, Pdp1 and dClk form a second feedback loop in the 

D.melanogaster clock (Cyran et al., 2003) as shown in figure 1.6

vri and Pdp1 are also likely to control the expression of other mRNA's which 

cycle in phase with dClk. There is evidence that VRI regulates the 

expression of CRY as the cry locus contains several E4BP4 binding sites. 

VRI is able to bind to these sites, and the overexpression of vri reduces the 

abundance of the cry transcript in vivo (Glossop et al., 2003).
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Figure 1.6. Two feedback loops of the D.melanogaster circadian clock. 

Adapted from Cyran et al., 2003. Figure 1.6 shows a model of how the two 

feedback loops now identified in the D.melanogaster clock interact, per and tim expression 

is under the control of the CLK/CYC dimer, and in turn, the PER/TIM complex inhibits the 

action of CLK/CYC on per and tim transcription. dCLK and CYC also drive the transcription 

of vri and Pdp1. VRI protein inhibits and PDP1 enhances dClk expression. As VRI and 

PDP1 compete for the same binding sites within the dClk locus, the relative levels of these 

two proteins determines the cycle of dClk. As dClk expression and activity is regulated by 

the protein products of the mRNA expression it controls, the two feedback loops ensure that 

the levels of all the RNAs and proteins cycle on a daily basis (Cyran et al., 2003, see text).

1.9 Temperature entrainment of the clock

In order to be in tune with the environment, the circadian clock must respond 

to changes in temperature. Temperature pulses, like light pulses, induce 

rapid falls in the levels of PER and TIM proteins. This heat-induced 

degradation of the proteins seems to be the initial response to elevated 

temperatures (Sidote et al., 1998). This then alters per and tim cycling 

because of the disruption of the feedback loop, and in turn changes the 

phase of locomotor activity. However, light and heat pulses affect behaviour
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in different ways. For instance, a light pulse at night leads to a significant 

period of reduction in TIM and then PER levels. In contrast, heat pulses 

induce an immediate reduction in PER and TIM levels, followed by rapid 

cycling of PER and TIM (Sidote et al., 1998). Additionally, heat pulses at 

night have no effect on the per and tim mRNA levels. One possibility is that 

TIM responds to both light and heat, whereas PER only responds to heat. 

However, the deletion of a region within the C-domain of PER alters the 

response of transgenic flies to light pulses, suggesting that there is a direct 

effect of light on the PERIOD protein as well (Sidote et al., 1998).

Heat pulses delivered to the fly in this way are not an accurate reflection of 

what goes on in the wild. Instead it is the effect of temperature and 

photoperiod on the RNA cycles of per (and to a lesser extent, tim) which 

provides a truer picture of how the clock adjusts to new climactic and 

seasonal conditions (Majercak et al., 1999; J.Majercak pers. comm), as 

discussed in the introduction to Chapter three.

1.9.1 Temperature compensation

A problem for the molecular clock is that it is a series of chemical reactions 

and protein interactions, and so like any biological system, it should run 

faster or slower depending on the temperature. Obviously a clock which tells 

different times in different climates or changes with the seasons is of no use, 

so the clock has an in-built mechanism to cope with temperature fluctuations 

so that it always keeps time across the organisms physiological range. This 

is known as ‘temperature compensation’, and a well temperature 

compensated clock will maintain a period close to 24 h across a wide a range 

of climates (for a review see Hall, 1997).

Pittendrigh first identified temperature compensation as a ‘functional 

prerequisite of a good clock’ long before the isolation of the first circadian 

mutant. By examining the time of eclosion of D.pseudoobscura at different 

temperatures he found that this was unaffected by 10°C drops in temperature 

(Pittendrigh, 1954; Zimmerman et al., 1968). Thus he demonstrated that the

24



circadian clock of flies was temperature compensated. Mammalian clocks 

were later shown also to be temperature compensated (Menaker, 1959; 

Menaker and Wisner, 1983; Francis and Coleman, 1988). Temperature 

compensation is therefore also a fundamental property of the clocks of warm

blooded organisms, enabling them to cope with daily fluctuations in body 

temperature.

A number of mutants of per and tim have been identified which affect both 

the period length and temperature compensation but per seems to be the key 

gene. For example, the delay in nuclear entry of per1 is temperature 

sensitive and alters the temperature compensation phenotype of the fly. At 

higher temperatures the interaction between PER1 and TIM is weaker than 

between TIM and wild-type PER (Gekakis et al., 1995). timSL restores 

temperature compensation and the 24 h period of the perL mutation, and also 

reduces the delay in nuclear accumulation to wild-type periods (Rutila et al.,

1996).

It is also possible that the DBT phosphorylation of PER is required for 

temperature compensation (Bao et al., 2001). When d b f  is combined with 

per5, the resultant double mutant regains its temperature compensation (Bao 

et al., 2001). timnt, a long period mutant displays an increase in period with 

temperature by increasingly delaying/abolishing the nuclear accumulation of 

PER. A tim+ transgene restores the temperature compensation phenotype, 

while leaving a long period, suggesting that tim+ is also required for 

temperature compensation (Matsumoto et al., 1999). The rescue of the 

temperature compensation by one copy of tim could be because one copy of 

tim has enough function to take over driving the clock and interact normally 

with PER, but because there is less tim transcribed from only one copy of the 

gene, the period is longer as it takes longer for TIM to accumulate. The most 

curious feature of this mutation is that the timnt phenotype is rescued by the 

overexpression of per, which is probably because although TIMnt is less 

stable, in excess PER it can translocate into the nucleus (Matsumoto et al.,

1999).
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Although the mechanism of temperature compensation is not yet well 

understood, a well temperature compensated clock is clearly important to 

D.melanogaster. Evidence for this comes from a study of the temperature 

compensation of variants of the Thr-Gly repeat region within the per gene. In 

natural populations of D.melanogaster, there is length polymophism within 

per which encodes threonine and glycine repeats (Thr-Gly repeat region). 

This region is involved in determining the species specificity of song cycles 

(Wheeler et al., 1991) and the thermostability and temperature compensation 

of circadian rhythms (Yu et al., 1987; Ewer et al., 1991). Although a per gene 

lacking this region is able to rescue the rhythmicity of per01 mutants, the 

quality of rescue decreases as the temperature is increased (Yu et al., 1987). 

The role of the Thr-Gly repeat appears to be structural, as in wild populations 

-99% of individuals carry a number of repeats within a series of 14-17-20-23. 

Repeat lengths outside this series e.g. (Thr-Gly)21 are uncommon, 

suggesting that the (Thr-Gly)$ repeat motif has a functional role within the 

protein (Costa et al., 1992).

The two most abundant alleles that encode 17 and 20 Thr-Gly variants, are 

distributed along a latitudinal cline from North Africa up into Northern Europe 

(Costa et al. 1992). As there is no longitudinal distribution cline, changes in 

climate from North to South are probably responsible for this distribution. 

The (Thr-Gly)u and (Thr-Gly)2o alleles show differing abilities for temperature 

compensation, and this may determine their distribution, in that the (Thr- 

Gly)2o allele is better temperature compensated and is more abundant in 

Northern Europe. This is presumably because the North of Europe is more 

temperate, and the fly is likely to encounter a wider range of temperatures. 

The (Thr-Gly)i7 allele is less well temperature compensated, but at 29°C it 

has a free running period very close to 24 h, and is more abundant in 

Southern Europe (Sawyer et al., 1997).
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1.10 RNA cycling and entrainment

In wild-type flies there is a ~6 h delay between per/tim transcription and 

translation which was for a long time assumed to be vital for the maintenance 

of daily molecular rhythms (Hardin, 1992). It has subsequently been shown 

that both the cycling of per mRNA and the delay between RNA and protein 

cycles are not required for rhythmicity, but are required to generate normal 

behaviour and a 24 h period (Cheng et al., 1998; Suri et al., 2000).

In db t1 and D b f  long period mutants, there is almost no advance in the 

phase of the per and tim RNA cycles ahead of their proteins, but these flies 

remain rhythmic (Suri et al., 2000). In these dbt mutants, PER stability is 

increased, so that in LD cycles PER and TIM disappearance is delayed. This 

increases the time during which per and tim transcription is repressed, so 

that the levels of RNA rise at the same time as the levels of proteins. In DD 

these dbt mutants have a longer period because there is no longer light 

induced degradation of TIM and therefore the lag between RNA and protein 

is restored. This indicates that the delay between RNA and proteins is not 

required for the robust cycling of per/tim RNA, but may be required to 

generate a 24 h period. It also suggests that the delay before nuclear entry 

is sufficient to prevent the levels of PER and TIM negatively autoregulating 

their own transcription and shutting down the clock (Suri et al., 2000).

Rhythmicity does not require a cycle of per expression as constitutive 

transgenic per expression within the photoreceptors, does not prevent 

rhythmic PER expression in either LD or DD (Cheng and Hardin, 1998). This 

means that the cycling of TIM is sufficient to drive PER rhythms. This is 

confirmed by examining per over-expression which produces high levels of 

PER, and an early peak in PER levels, but nuclear entry is only slightly 

advanced, because TIM levels are limiting. Although constitutive PER 

expression is sufficient for rhythmicity, locomotor activity is weaker than 

usual, and a stable free-running period is not maintained (Cheng and Hardin,

1998).
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A tim RNA cycle is also not required to generate rhythms in TIM protein. In 

DD at 18°C the tim RNA cycle quickly breaks down, but the protein continues 

to cycle (Majercak et al., 1999). In tim01 lines, heat shock control of tim 

expression for a 30 minute period each day is enough to give (aberrant) 

rhythmic behaviour (Suri et al., 1999).

Although flies can be rhythmic in the absence of per and tim mRNA cycles, 

these cycles are required to generate normal rhythmic locomotor behaviour. 

A direct link between the mRNA cycle and locomotor activity was 

demonstrated by heat-inducing per expression. In this case, heat induction 

shifts the phase of D.melanogaster locomotor behaviour (Edery et al., 1994; 

Frisch et al., 1994). Therefore the regulation of the RNA cycle can be used 

to alter patterns of behaviour. It has subsequently been suggested that the 

regulation of per RNA levels in response to temperature changes is one way 

in which the fly is able to alter behaviour to cope with different seasonal 

conditions (Majercak et al., 1999; discussed in Chapter 3).

The level and cycle of per mRNA is controlled by photoperiod and 

temperature, adjusting the clock to different seasonal conditions. The key 

light signal controlling per RNA cycles is 'lights off, as the level of per peaks 

~4 h after this event (Qiu and Hardin, 1996). The cycling of peris dependent 

on there being at least 6-8 of darkness every day - without this, the levels of 

per are similar to those seen in per01 and tim01 flies, an intermediate level 

between the peak and trough amounts. As a result, it seems that a period of 

daily darkness is required for normal clock function. In short photoperiods 

(^LD 8:16), the per peak occurs no later than ZT20, and therefore is no 

longer four hours after lights off. As TIM is light sensitive, it may be that this 

is the minimum amount of darkness required to allow TIM to accumulate, 

stabilise PER, and translocate into the nucleus to run the clock (Qiu and 

Hardin, 1996).

Upon entering a new photoperiod, the RNA peak entrains to the new regime 

within one day and locomotor activity within two days, with the evening peak
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occurring ~1 h prior to the lights off signal. This is because the mRNA level 

peaks ~5 h after this so it can only have an effect on locomotor activity on the 

subsequent day (Qiu and Hardin, 1996). There seems to be a link between 

the molecular and behavioural peaks as there is a constant phase difference 

between them even in different light regimes (Qiu and Hardin, 1996). 

Temperature changes also alter the cycling of both per and tim RNA. At low 

temperatures in LD, the position of the peak RNA level of both per and tim is 

advanced. Additionally, the overall level of per RNA is increased, while that 

of tim is reduced (Majercak et al., 1999). This means that the RNA cycle acts 

as a memory of the previous day’s daylight and temperature conditions.

At the protein level, temperature also modulates the cycle. This is difficult to 

see in LD, but in DD, although the RNA cycles are advanced for 2-3 days at 

cold temperatures, the PER/TIM cycle is only advanced during the first day of 

DD (Majercak et al., 1999). Therefore, in LD cycles, the effect of the cold 

induced per mRNA advance is counterbalanced by the light induced 

degradation of TIM (TIM is required for PER stability). At higher 

temperatures, PER accumulates to higher levels, even though the level of 

per RNA is lower, as the TIM level is elevated and therefore more PER is 

stabilised (Majercak et al., 1999). Temperature and light also regulate the 

splicing of an intron within the 3' UTR of per (Majercak et al., 1999 and 

reported herein). This regulation of splicing modifies the cycling of per RNA 

in a seasonal manner, and determines the position of the evening activity 

peak, as discussed at the beginning of Chapter 3.

1.11 Clock outputs

In order to control behaviour, the clock must affect the expression of other 

genes at the transcriptional and post-transcriptional level. A number of 

genes involved in the output pathway of the clock have been identified by 

looking for mutants with normal cycling of PER and TIM and distorted or 

arrhythmic behaviour.

lark is a vital RNA binding protein, which is required for circadian eclosion but 

not circadian locomotor behaviour (Newby & Jackson, 1993). Lark seems to

29



function as a repressor protein which limits the hours during which adult flies 

can eclose. Null mutants of lark display arrhythmic eclosion, while 

overexpression delays the timing of this event (Newby & Jackson, 1996). It 

is therefore likely that lark is involved in the post-transcriptional regulation of 

genes in the output to eclosion pathway of the clock, lark RNA does not 

cycle (Newby & Jackson, 1996) and instead LARK activity is regulated by the 

clock at the post-transcriptional level (McNeil et al., 1998). The lark protein is 

under circadian control; a daily cycle in abundance of LARK protein is lost in 

per01 mutants. Therefore the clock controls the levels of LARK which in turn 

regulates the levels of various downstream RNAs. This then leads to 

eclosion being gated to a certain time of day (McNeil et al., 1998).

PDF, a homologue of crustacean PDH is a neurotransmitter/hormone which 

keeps pacemaker neurons and thus activity in phase (Park et al., 2000a). 

Wild-type PDF is expressed within the four small lateral neurons (s-LNvs) and 

the four large lateral neurons (l-LNvs), which are known to be the location of 

the pacemaker (see figure 1.2), making PDF a candidate neurotransmitter for 

the clock (Park et al., 2000a). p d f1 mutant flies have an evening peak which 

is ~1 h early and no morning peak anticipation in LD (Park et al., 2000a). In 

DD, there is a high incidence of arrhythmicity of hetero- or homozygous p d f  

flies (Renn et al., 1999). Misexpression extends the evening peak into the 

night in LD and, in DD leads to increased activity and complex behavioural 

patterns arrhythmicity (Helfrich-Forster et al., 2000). The fact that aberrant 

PDF mutants are not arrhythmic is probably because of the existence of 

other neurotransmitters. Expression of PDF in neurons outside the central 

brain has no effect on behavioural rhythmicity (Helfrich-Forster et al., 2000).

pdf RNA does not cycle, so cannot be under circadian regulation (Park et al., 

2000a), instead the clock appears to control the cellular localisation of PDF 

within the brain as the nerve terminals within the brain show day-night cycles 

of PDF levels. This cycle is dependent on per and tim, but not on the RNA 

levels of p d f(Park et al., 2000a)

Because flies with ablated PDF-expressing neurons (LNvs) and p d f  flies still 

show low levels of rhythmicity in DD, there must be other neurons which
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contribute to driving rhythmicity (Renn et al., 1999) such as the per and tim 

expressing neurons which do not express PDF (Helfrich-Forster et al., 2000).

Several mutations affecting behaviour have been identified in components of 

the cAMP-signalling pathway. Mutations in the major catalytic subunit of 

cAMP-dependent protein kinase 1 (Pka-C1) show normal, entrainable per 

cycling, but abnormal circadian rhythms and DD arrhythmicity. In this case, 

the loss of PKA, a signalling molecule in the cAMP messenger pathway leads 

to behavioural arrhythmicity (Majercak et al., 1997). dCREB2 is the 

Drosophila homologue of CREB/CREM, the cAMP Response Element 

Binding protein. It is known to have a role in many behavioural responses, 

including drug addiction, stress, memory and mammalian circadian rhythms 

(Ginty et al., 1993; Stehle et al., 1993; Foulkes et al., 1996). It is possible 

that dCREB2 regulates per expression as there are a number of CREB 

binding sites within the per promoter (Belvin et al., 1999). However, the 

analysis of Neurofibromatosis-1 (Nf1) mutants indicates that dCREB2 is 

primarily involved in the output of information from the clock (Williams et al., 

2001). Nf1 is involved in cAMP signalling, and all defects caused by 

mutating this gene are rescued by up-regulating cAMP-dependent signalling 

levels. Mutants of Nf1 are almost all arrhythmic in DD, but there is no effect 

on per and tim levels, and PER and TIM cycle normally within the LNvs. Nf1 

must therefore act downstream of the clock to alter behavioural rhythms. It is 

likely that PDF activates a Ras/MAPK pathway via Nf1 (Williams et al., 2001).

Finally, dFMR1, the homologue of the mammalian RNA binding protein 

FMR1, the loss of which is the cause of human fragile-X syndrome is also 

involved in the circadian output, dfmrl is required for normal circadian and 

courtship behaviour, and loss of function mutants are arrhythmic in DD but 

show periods of hyperactivity. In LD the flies are rhythmic and anticipate 

lights off, but display occasional abnormal bursts of activity during the day 

(Dockendorff et al., 2002; Inoue et al., 2002).
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1.12 The mammalian clock

The study of the mammalian clock has been aided by its remarkable 

similarity to the circadian clock of D.melanogaster. As the mouse has the 

best understood mammalian clock, all comparisons made here are between 

the clock of Mus musculus and D.melanogaster. Both circadian oscillators 

are based upon remarkably similar autoregulatory feedback loops involving 

more or less the same proteins in similar, if not identical roles. These loops 

utilise the regulation of the nuclear entry of a protein complex, which 

represses transcription and responds to daily changes in light, to maintain a 

24 h period.

The clock of the mouse is located within the suprachiasmatic nucleus (SCN) 

(Klein et al., 1991; Weaver, 1998), which as well as driving activity rhythms, 

also synchronises all peripheral clocks. So far eight genes of the mammalian 

clock have been identified, all of which have fly clock gene homologues. 

These are the three homologues of per (mPerl-3), Casein Kinase 1s (CKIs) 

which is the homologue of dbt (CKI5 also plays a role in the mammalian 

clock), two homologues of cry (mCryl and 2), Clock (mClk), and 

Bmal1/Mop3, the mammalian homologue of cycle. There appears to be no 

role for the homologue of D.melanogaster tim1 (e.g. Field et al., 2000), and 

the gene that was identified as mTim is actually the homologue of 

D.melanogaster tim2 that currently has no known circadian function (Benna 

et al., 2000). Instead the role of tim in the D.melanogaster clock is carried 

out by the other clock proteins in the mouse.

There appears to be some overlap of function in mammals of the multiple 

homologues of the D.melanogaster clock genes as it takes longer for 

arrhythmicity to become manifest in mammalian clock mutants in DD 

(Vitaterna et al., 1994; Zheng et al., 1999; Bae et al., 2001). It is also more 

difficult to 'knock out' the clock in mice - so far the only arrhythmic mice

1 TIM1 homologues have recently been shown to be involved in chromosome cohesion in 
C.elegans (Chan et al., 2003; Golden and Cohen-Fix, 2003). As yet unpublished data has 
also suggested that mTIM1 may play a circadian role.
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identified are either knockouts of both mCry genes (van der Horst et al., 

1999; Vitaterna et al., 1999), Bmall (Bunger et al., 2000) or mPerl and 2 

(Bae et al., 2001).

The roles of CKIe and CKI6 in the mammalian clock are not yet completely 

clear, although they have been shown to bind and phosphorylate all three 

mammalian per proteins, and are essential for clock function (Lowrey et al.,

2000). They may have a similar role to dbt and regulate the degradation of 

the PER complex via the proteasome (Akashi et al., 2002), possibly in a 

similar manner to the Slimb dependent PER degradation in D.melanogaster 

(Ko et al., 2002; Grima et al., 2002).

In the feedback loops of the mammalian clock, mClk and Bmall fulfil the 

same roles as in D.melanogaster; driving the transcription of the mPer and 

mCry genes. However, their roles are reversed, with Bmall cycling in 

abundance, and it is the level Bmall rather than mClk which is limiting 

(Shearman et al., 2000; Tamaru et al., 2000; Yagita et al., 2001; Lee et al.,

2001). Despite the absence of a cycle in abundance, the activity of mCLK is 

regulated through altered patterns of phosphorylation of two different CLK 

isoforms (Lee et al., 2001). The levels of mCRY and mPER cycle 

synchronously under the control of mClk as expression is reduced and does 

not cycle in mClk mutants (Miyamoto and Sancar, 1998; Kume et al., 1999). 

The other half of the feedback loop involves mPer2, mCryl and mCry2, as 

when they are at their most abundant, transcription levels are at their lowest 

(Hastings et al., 1999; Kume et al., 1999).

mPER1 and mPER2 translocate mCRY1 and mCRY2 into the nucleus, and 

mutants for both of these per genes show cytoplasmic localisation of mCrys 

and vice-versa (Lee et al., 2001). This forms the driving force behind the 

mammalian clock. The timed nuclear entry of a mCRY/mPER/CKl£/CK16 

complex (Lee et al., 2001) inhibits the initiation of mCry and mPer 

transcription by the BMAL1/mCLK complex, much the same as the PER-TIM 

complex of D.melanogaster inhibits the action of dCLK/CYC. Within the 

nucleus, the role adopted by dPer is divided between the three mammalian
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homologues of per and the two of cry. In fact mCryl and mCry2 are more 

important to the feedback loops of the mammalian clock than the mPer's, 

perhaps mirroring their core clock function within the peripheral clocks of 

D.melanogaster (reviewed in Stanewsky, 2002). Although the mPers form 

complexes with mCRY1 and 2, the mCry protein is sufficient to inhibit the 

action of the mCLK/BMAL1 complex (Shearman et al., 2000; Kume et al.,

1999) and mPer2 has only a small inhibitory effect on the BMAL1/mCLK 

complex. Instead the role of mPER2 seems to be within the positive leg of 

the feedback loop where it enhances the expression of BMAL1 (Shearman et 

al. 2000; Zheng et al., 1999)

This is not to say that the mPer's are not vital for rhythmicity as homozygous 

mutants of mPerl and mPer2 show disrupted locomotor rhythms, and 

mPer1/mPer2 double mutants are arrhythmic (Bae et al., 2001). All three 

mPer genes display circadian phenotypes, the most subtle of which being the 

slight reduction in free running in mutations of mPer3 (Shearman et al.,

2000). As double mutants of mPer3 and either mPerl or mPer2 have the 

same phenotype as the mPerl or mPer2 single mutant, mPer3 probably has 

a role outside the core of the clock (Bae et a, 2001; Shearman et al., 2000). 

There is good evidence that one key role of mPerl and mPer2 may be in 

light entrainment of the clock, a role taken by CRY and TIM in 

D.melanogaster. Elimination of each mPer gene alters the ability to respond 

to light pulses, but does not prevent entrainment to LD cycles (Albrecht et al., 

2001; Bae et al., 2001), which is somewhat analogous to the effect of the cry6 

mutation on the behaviour of D.melanogaster.

1.12.2 Entrainment by light

Like D.melanogaster, light reception by the mammalian circadian clock uses 

both ocular and non-ocular photoreception, but the structures involved differ 

from those involved in vision as the clock still responds to light in rodless and 

coneless mice. This reveals the location of the photoreceptor as being within 

the inner retina (Lucas et al., 1999; Freedman et al. 1999). Melanopsin is an 

opsin found in a subset of cells within the retina of mammals known to be
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required for circadian entrainment, but so far evidence for the role of 

melanopsin in entrainment is largely circumstantial (Berson et al., 2002; 

Gooley et al., 2001; Hannibal et al., 2002; Hattar et al., 2002). Indeed, the 

latest data suggests that while melanopsin plays a role in the mammalian 

circadian response to light, it is not essential for entrainment or the response 

to light pulses (Ruby et al., 2003; Panda et al., 2002). This suggests that 

within mammals, multiple photoreceptors transmit photic information to the 

clock2. Given that CRY is involved in entrainment in other clocks, the 

mammalian homologues are also candidate circadian photoreceptors (Selby 

et al., 2001).

It turns out that as well as being core clock components, mCryl and mCry2 

are also required for entrainment, with rodless, coneless mice that are mutant 

for both Cry's being arrhythmic even in LD cycles (Selby et al.., 2001). This 

is analogous to the glass60j cry* double mutant of D.melanogaster which is 

also unentrainable (Helfrich-Forster et al., 2001) and indicates that using both 

the eyes and cryptochrome to entrain the clock is a common mechanism. 

The precise role of mammalian CRY proteins in the light response of the 

clock is as yet unknown.

Within D.melanogaster; the initial response induced by light pulses or 'lights- 

on' is down-regulation of CRY and a rapid degradation of TIM, which is then 

followed several hours later by the degradation of PER, and in this way the 

clock is reset on a daily basis. Within the mouse, light has no effect on the 

levels of either mTIM protein or mCry transcription indicating that mammals 

utilise a different light entrainment pathway (Field et al., 2000). One way in 

which light pulses set the clock is to induce expression of mPerl and mPer2 

within the SCN, which then leads to elevated mPER1 and mPER2 protein 

levels (Field et al., 2000). The response of mPER1 protein and RNA levels to

2 Recent work generated mice lacking melanopsin and disabled rod and cone 
phototransduction, but with intact retina (Hattar et al., 2003). These mice could not, amongst 
other phenotypes, be entrained to LD cycles, wheras this is not the case for rodless coneless 
mice alone. Therefore the rod-cone system and melanopsin provide all the light input 
required for entrainment, and melanopsin plays a vital role in this entrainment (Hattar et al., 
2003).
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light pulses is much greater than that of mPER2 (Field et al., 2000), and the 

induction of mPerl expression allows both phase advances and delays in 

response to light pulses. How this occurs exactly is unclear, as mice injected 

with anti-sense mPerl RNA do not phase delay in response to a light pulse 

(Akiyama et al., 1999) but deletions of mPerl prevent a phase advance in 

response to light pulses without affecting the phase delay (Albrecht et al.,

2001). mPer2 may play a greater role in mediating phase delays as this 

response is lost in mutant mice (Albrecht et al., 2001).

BMAL1 may also play a role in the way in which light regulates the clock as 

the level within the SCN is significantly reduced in response to light pulses 

delivered during the night (Tamaru et al., 2000). This is a response which is 

very similar to that of dTIM in response to light, suggesting that BMAL1 may 

carry out this role of TIM in mice. Interestingly, mPerl and mPer2 induction 

occurs concurrently with BMAL1 degradation even though BMAL1 is part of a 

complex which regulates mPer transcription.

1.12.3 Of mice and flies

Differences in the control of clocks between diptera and mammals have 

arisen to cope with the different demands encountered during evolution from 

some long-lost clock-bearing ancestor. This has lead to duplications of some 

clock components within mammals, and the roles of individual genes have 

become somewhat mixed up in the different systems. Remarkably almost all 

the core clock genes of D.melanogaster have homologues within the mouse 

which have retained a circadian role, and both systems are based on a 

negative feedback loop based on BMAL1/CLK induced transcription.

The one exception to this is that mTIM has (as yet) not been attributed a 

circadian function within mammals despite being a cornerstone of the insect 

clock. It could be that this is because it has no role in the mammalian clock, 

but to date the relevant experiments have not been done as mTIM knockouts 

are lethal in mice (Gotter et al., 2000). It therefore remains to be seen 

whether TIM is part of the ancestral clock or is a novel gene which has
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acquired clock functions only within the flies. In D.melanogaster; TIM is 

required to stabilise PER, and allow nuclear translocation. It is also 

degraded in response to light, resetting the clock, via an interaction with 

CRY. In the mammalian clock, these same events are still required for 

rhythmicity, and therefore several other proteins have equivalent roles to 

those of TIM in the D.melanogaster clock.

mPER2 forms a complex with mCRY1AnCRY2 and the two Casein Kinases, 

which then translocates into the nucleus. Once within the nucleus, this 

complex sets up the negative feedback loop by inhibiting BMAL1/CLK 

induced transcription (reviewed in Stanewsky, 2002). The resetting of the 

clock by light probably involves the rapid degradation of BMAL1, as this 

protein is degraded in response to light pulses (Tamaru et al., 2000). This 

may be the equivalent of the light induced, CRY dependent degradation of 

TIM seen in D.melanogaster.

All the information gleaned from the study of clocks in other species should 

eventually lead to an understanding of how the human clock works, with all 

its roles from insomnia to learning. So far only one clock mutant in humans 

has been identified. This mutation within hPER2 was identified in a large 

family who suffered from a condition known as familial advanced sleep-phase 

syndrome (FASPS). The mutation occurs at a phosphorylation site and 

reduces the ability of casein kinase 1e to phosphorylate hPER2, and as a 

result, carriers wake up at 4.30am and fall asleep at 7.30 - the clock is 

running about 4 h fast. (Toh etal., 2001).

1.13 The clock and non-locomotor behaviour

Within the output pathway of the Drosophila clock, there are several genes 

such as creb that have been identified as being involved in memory, drug 

addiction and stress (Ginty et al., 1993; Stehle et al., 1993; Foulkes et al., 

1996). However, the role of the clock, if any, in these complex behaviours is 

not yet understood. Circadian rhythms have been demonstrated to play an 

important role in the reproductive cycle of the fly as rhythms in mating activity

37



are lost if the mating involves per01 or tim01 females. Different species have 

different mating rhythms, so this could be a factor in sexual isolation driving 

speciation (Sakai & Isgida, 2001; Tauber et al., 2003). The loss of the clock 

in the testes of D.melanogaster has been demonstrated to reduce male 

reproductive fitness, with 40% fewer progeny from each mating (Beaver et 

al., 2002). More intriguingly, recent work in D.melanogaster has shown that 

the circadian clock may be important in social situations as flies kept together 

in DD keep their clocks in phase, communicating via the olfactory system 

(Levine et al., 2002). If arrhythmic flies, or flies which have short or long 

period mutants (‘visitors’) are introduced into the population (‘hosts’), then the 

pre-existing synchrony of the host’s behaviour is disrupted. If populations are 

combined, early visitors (6 h advanced phase) have a significant effect on the 

phase of their late hosts, but not vice-versa. The air circulating around one 

group of flies can also alter the rhythms of a second set of flies, 

demonstrating the olfactory nature of this response. As flies are able to 

communicate timing to other flies, there must be an advantage within a 

population to having synchronised clocks (Levine et al., 2002).

In animals with more complex social behaviour, the role of the clock becomes 

even more important, as demonstrated in the honeybee (Toma et al., 2000). 

Worker bees generally spend the first part of their adult life working in the 

nest, and the end of their lives as foragers outside the hive. The age at 

which this change occurs depends on the needs of the hive and is under 

environmental, genetic and social control. Within the hive, tasks are done 

arrhythmically, and mutant bees which have an earlier onset of rhythmic 

behaviour within the hive go on to forage at a younger age. As this 

development occurs, the level of per expression increases, presumably 

preparing the clock for foraging. Forager honey bees have a highly 

developed circadian clock, which they use for navigation using the sun, to 

time visits to flowers to get the most nectar and to communicate this 

information to other individuals. Thus the timing of the onset of circadian 

rhythmicity is one factor which allows the bee to move from one phase of life 

to another (Toma et al., 2000).
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1.2 Aims of the project

In order for the clock to set the appropriate pattern of behaviour, it must also 

respond to seasonal changes in temperature. Majercak et al. (1999) 

demonstrated the role of the regulation of alternative splicing in the seasonal 

response of the clock. As it is likely to be important to be able to alter 

locomotor activity in response to seasonal changes, it would be predicted 

that the regulation of splicing would be under a tight system of control. 

Seasonal changes in temperature come with associated changes in 

photoperiod, so different light regimes might also be expected to set 

behavioural patterns.

The aim of this project was to see how this alternative splicing event is 

controlled by temperature and light. This involves examining locomotor 

activity and splicing levels in different mutant backgrounds at different 

temperatures and light regimes. Thus the hypothesis is that if the regulation 

of behaviour is important, splicing should be tightly controlled. Additionally, 

splicing is repressed at high temperatures, where the day length is likely to 

be longer, light should also repress splicing. Therefore it should be possible 

to identify how light information reaches the splicing machinery, and one 

aspect of how light entrains behaviour.

As well as allowing the fly to adapt to different seasonal conditions, the ability 

to adjust behaviour to suit different temperatures may also allow 

D.melanogaster to live in a wide range of different climates. Other species 

closely related to D.melanogaster are found in a narrower range of habitats 

and/or are less able to cope with variable temperatures. It was therefore also 

decided to see how other species cope with increased temperatures, and 

whether they regulate the per RNA cycle in the same manner as 

D.melanogaster. The hypothesis here is that if there are differences in the 

ability to adapt behaviour to different seasonal conditions between species, 

they may correlate with post-transcriptional differences. The first stage of this 

was to investigate the role that the clock plays regulating the alternative 

splicing of the per RNA transcript, as discussed in Chapter Three.
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Chapter two: materials and 

methods

2.1 Basic molecular techniques

All buffers were prepared and basic molecular techniques (e.g. agarose gel 

electrophoresis, enzyme digestions etc) performed as in Sambrook et al. 

(1989) unless otherwise specified. All protocols carried out using kits 

followed the supplied instructions, unless otherwise stated.

2.2 Rearing D.melanogaster, D.pseudoobscura, D.virilis

The following strains of flies were used

Canton-S

per01

tim01

cry6

norpAp41 

norpAP41\ e r f  

glass601 

glass60j cry6 

mps3-65c

D.pseudoobscura Ayala 

D. virilis

Flies were maintained on sugar/agar food (4.63g sucrose, 4.63g dried 

brewers yeast, 0.71 g agar and 0.2g Nipagin in 100ml of H20) in 1/3 pint milk 

bottles or glass vials (10cm x 22cm). Fly stocks were maintained at either 18 

or 25°C in temperature controlled rooms.
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2.3 Crossing schemes

2.3.1 Cross to make per01; cry*

wper01/  Y; +; + w1118/w1118; CyO/Sco; MKRSfTMSb

wper*1 /  Y; CyO/+; MKRS/+ wper01 /wper01; + /  +; +/+

wper01 /wper01; CyO/+; MKRSZ+

wper01 /+; CyO/+; MKRS/cryb

I
+/Y; +/+; cry0/cry0

wper°1/Y; /CyO/+; MKRS/cryb

Select per01/ + /cry0 from offspring

2.3.2 Cross to make tim01] e r f

+; tim01; + x ■*/CyO/Sco ;MKRS/TM6b + ; +;cryto/cryfc x + ; CyC/Sco fllKRS/TM6b

+; tinfVCyO; MKRS/+ x +; tinfVCyO; TM6b/+ +; CyO/+; cryb/MKRS x +; S&C/+; cryb/MKRS

Il
+; tirrfV tin f1; MKRSTTM6b x +; CyO/5co; c /y^ /y6

+ ; tinfVCyO; cryh/MKRS x +; tirrf1/tin f1; cryb/MKRS

+  Select +; 6rrf1/tinrf>1;cryb/cryb

(in each cross ? or cJ were used depending on which flies had emerged from 

the previous cross as there are no genes required on the X-chromosome in 

this cross)
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2.4 Fly collections

For experimental collections, flies were entrained for at least three days to 

the appropriate LD regime at either 18°C or 29°C. Flies were collected at 

four-hour intervals and snap-frozen in liquid nitrogen. Heads were removed 

by vortexing frozen flies, and then filtering out the heads using sieves. 

Collections of fly heads could then be used for either RNA or protein 

extraction.

2.5 Locomotor activity

Locomotor activity was recorded by the Drosophix locomotor monitoring 

system and software (PIXEL Sri., Padova, Italy). Each fly was placed inside 

a glass tube containing sugar food at one end and a tissue paper bung at the 

other. The end containing the food was sealed with wax to prevent 

desiccation. These tubes were then placed inside the monitoring apparatus. 

Each tube sat between an infrared emitter and detector, with the infrared 

detector connected to a computer, and each time the fly broke this infrared 

beam, one 'unit' of locomotor activity was recorded. The number of times this 

beam was broken within a 30-minute window was recorded as the locomotor 

activity for that time bin. Forty-eight 30-minute bins of activity data were then 

collected every day, and recorded in an Excel spreadsheet.

Flies were placed inside incubators at either 18 or 29°C, with a LD 12:12 light 

cycle. Flies were then allowed to entrain to this LD and temperatures regime 

for three days. Once the flies had entrained to the desired light regime, the 

activity was monitored. Locomotor activity was recorded in LD for three 

days, and then the lights were turned off (or kept on continuously) to record 

the free-running activity in DD (or light). Before analysis of data, any dead 

flies were removed.

The period of free-running flies was determined by spectral analysis using 

the CLEAN algorithm (Roberts et al., 1987; Kyriacou and Hall, 1989). The

42



output from the program generally produces a spectrogram with peaks 

representing the waves that best fit the locomotor activity profile. The highest 

peak in the spectrogram was taken as the period, and if there were a peak 

~48 h, a peak -24 h, and one -9  h, the relevant period would be the peak 

closest to 24 h. In order to calculate the 95% and 99% confidence intervals, 

the data for each fly was randomised 100 times and CLEAN analysis 

repeated on each fly. The 95th and 99th highest values generated at each 

frequency represented the 95% and 99% confidence intervals based on the 

Monte Carlo simulation of random data. A peak was considered significant if 

it was above the 99% confidence interval (Hennessey, 1999).

In order to compare the behavioural profiles of flies, activity data was 

'wrapped' as described by Hennessey (1999). In LD, this means successive 

days activity are superimposed on top of each other, to present an average 

activity pattern over several days, so bins 1, 49, 97 etc are averaged 

together, and so on. All LD activity figures presented herein are the 

averages of the wrapped data of three days LD activity for many flies.

In DD, wrapping is slightly more complex, as individual flies have periods that 

differ slightly from 24 h. The activity bins were redistributed depending on 

the free running spectral period of each fly. The number of bins for each flies 

'day' were re-distributed into 48 bins. Thus, if a fly had a period of 25 h, each 

day would consist of 50 30-minute time bins. In order to plot this on a 24 h 

scale, the 50 bins needed to be converted to 48. Each bin is then assigned a 

value, so the first 30 minute bin, rather than occurring at time 1 occurred at 

time 48/50 (0.96), bin two at 2 x 48/50 (1.92) and so on. Regression 

between actual time points then determined the activity at times 1,2 and so 

on, producing 48 activity values.

Comparisons of activity between different genotypes were carried out using 

STATISTICA (StatSoft). In order to determine how different temperatures 

affect different genotypes, locomotor activity was compared across three 

different regions. The time bins were divided into the morning activity peak
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(11-15), during the day (20-29) and the evening activity peak (30-38), as 

shown in figure 2.1.

daytime peakmorning evemn
70 

1  60 
< 50 
o 40

30 Minute Time Bin

Figure 2.1: Division of locomotor activity profiles for analysis Morning 

activity peak (11-15); daytime activity (20-30), evening activity peak (30-38)

2.6 DNA and RNA extraction

DNA was extracted using the single fly preparation method (Gloor et al., 

1993).

RNA was extracted using Tri-reagent (Sigma, St Louis, MO) and RNA levels 

quantified using a spectrophotometer.

2.7 3’ RACE

3’ RACE was carried out using a 3’ RACE kit (Invitrogen, Karlsruhe, 

Germany). PCR was then carried using the Expand High Fidelity PCR kit 

(Roche) using the primers specified in Table 2.1. PCR products were 

resolved on 1% agarose-TAE gels, and relevant bands gel extracted using 

the QIAquick gel extraction kit (QIAGEN, Valencia, CA). PCR products were 

cloned into the TOPO TA cloning vector (Invitrogen), and sequenced in 

house by PNACL, using the big dye terminator reaction. Sequences were
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then assembled using the GCG package (Accelrys Inc., Burlington, MA) or 

Autoassembler (Applied biosystems, Foster City, CA).

2.8 polyA selection

polyadenylated RNA was selected using the QIAGEN Oligotex kit (QIAGEN).

2.9 One-Step RT-PCR

In each cycle of a PCR reaction, each product is replicated once. This 

means that over a certain range, the number of copies of a product will 

double with each PCR cycle. The levels of the products therefore amplify 

exponentially until factors such as the levels of dNTPs and primers become 

limiting. At this point, additional cycles no longer double the number of 

copies of the product, and the PCR reaction is said to have plateaued. This 

makes it possible to use PCR to quantify the number of copies of a product 

which were originally present in a sample.

One step RT-PCR was used to determine the levels of spliced and unspliced 

per RNA using a single set of primers. In order to determine the absolute 

levels of per RNA present in any reaction, a fragment of per was co-amplified 

with a fragment of rp49, a constitutively expressed housekeeping gene. This 

was done in a multiplex RT-PCR reaction, using two different sets of primers, 

one for each gene. In this way, the level of per RNA in each sample could be 

quantified relative to the level of rp49. Both types of quantitative PCR were 

set up in the same way.

In order for an RT-PCR reaction to accurately quantify levels of RNA, the 

amplification of all products must be within the exponential phase of 

amplification (i.e. in the range where the levels of all products are doubling 

each cycle). If one product reaches the plateau phase of amplification before 

the other, then relative quantification will be inaccurate. To determine that 

amplification of the RNA products for each set of primers used for
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quantification were in the exponential amplification phase the following 

procedure was used.

A master mix for 6-10 reactions was set up, containing the PCR reagents, the 

primers of interest, and RNA. This was done using the QIAGEN One Step 

RT-PCR kit (QIAGEN). 200-250 ng of RNA was added per reaction into the 

master mix. The master mix was aliquoted into 25 pi reactions, which were 

then put onto the PCR machine simultaneously (50°C, 30 min; 95°C, 15 min; 

20-30 Cycles of: 95°C, 30s; 55-65°C, 30s; 72°C, 1 min.). After at least 20 

cycles, one reaction was removed from the PCR block at the end of the 72°C 

extension step of each cycle. To this 5pl of loading buffer containing EDTA 

was added to stop the PCR reaction and the sample was put on ice. In this 

way, a series of PCR reactions were collected, differing only by the number 

of PCR cycles. These were then run on 2% agarose gels and photographed. 

The levels of each product were then quantified using the gelplot2 macro in 

Scion Image (Scioncorp, Frederick, MA). A typical reaction is shown in figure

2.1

10000

I  4000

24 25 26
PCR Cycle Number

- ♦ — per RP49

22 23 24 25 26 27 28
p e r

rp49

Figure 2.1: Setting up quantitative RT-PCR. a) typical gel of multiplex RT-PCR  

reaction, b). Quantified levels of per and rp49 mRNA

In the example shown in figure 2.1, the amplification of both PCR products 

remained in the exponential phase from cycle 22-25 (figure 2.2b). From 

cycle 26 onwards the amplification of per has plateaued, while the 

amplification of rp49 continues to be exponential. This allows the 

identification of the range over which the amplification of per and rp49 from
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200 ng of RNA will be exponential, in this case 22-25 cycles. All subsequent 

reactions in this case would then be carried out around 23 cycles to ensure 

than amplification of both products remains exponential, even if there are 

small variations in RNA concentrations and levels of each PCR product.

An identical process was carried out to show that the primers which span the 

3' UTR per intron amplify both spliced and unspliced per RNA with equal 

efficiency. In this case, only one set of primers was required to amplify both 

products. As a result, PCR amplification remained linear over a much wider 

range. The number of PCR cycles used for each primer pair, determined in 

this way, is shown in table 2.1.

All RT-PCR reactions were carried out in 25 pi volumes using the One-Step 

RT-PCR kit (QIAGEN). PCR products were run on 2% agarose gels, and 

photographed. The level of each PCR product was then determined by 

image analysis using Scion Image software (Scion Corp.). The primer 

combinations annealing temperatures and number of PCR cycles for each 

reaction are shown in table 2.1

Species Gene Forward
Primer

Reverse
Primer

Annealing
Temp.

PCR
Cycles

1 D.melanogaster per* DMPERF1 DMPERR1 65°C 4 29
2 D.melanogaster per" DMPERF2 DM PERR2 60°C 22-23
3 D.melanogaster rp49 DMrp49F1 DMrp49R1 60°C 22-23
4 D.pseudoobscura per DPPERF1 DPPERR1 60°C 28
5 D.pseudoobscura rp49 DPrp49F1 DPrp49R1 60°C 28

Table 2.1 Primer combinations for one step RT-PCR.

2.10 Real-Time PCR6

In the analysis of D.virilis per RNA (Chapter 7), the different per transcripts 

differed not by the presence or absence of an intron, but by length. This 

means that RT-PCR cannot be used to quantify the levels of per transcript in

3 primer combination used to quantify the relative amounts of spliced and unspliced per RNA
4 This is the only reaction which required the addition of 'Q-solution' for accurate 
quantification
5 primer combination used to quantify the total amount of per RNA relative to rp49
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D.virilis as the primers which match the 'short' product will also amplify the 

'long' product. In order to overcome this problem, real-time PCR was 

employed.

The Real-Time PCR system (Roche, Basel, Switzerland) used for the 

experiments reported here works as follows. As the PCR product is 

amplified, SYBR green is incorporated into the dsDNA. This then produces a 

fluorescent signal that is detected by the Real-Time PCR machine. This 

means that the level of the product can be monitored at each cycle. It is 

therefore very easy to see whether the PCR reaction is still in the exponential 

amplification phase. To quantify the amount of each product, samples are 

run alongside a series of standards. The 'crossing point' for the samples and 

standards is then calculated. This is number of cycles at which a line drawn 

from the exponential phase of the amplification curve crosses the X-axis. By 

comparing the crossing points of samples with those of the standards, the 

amount of product present in each sample can be calculated.

For each experiment, RNA was extracted, quantified and treated with 

DNAsel (Promega, Madison, Wl) to ensure that there was no DNA 

contamination, and then phenol-chloroform extracted to remove the DNAse. 

cDNA synthesis was carried out using Superscript II (Invitrogen) using a 

saturating amount of RNA (usually 5 pg/Unit Superscript).

Primers were designed to amplify the 'short' and 'long' D.virilis per products, 

and to rp49. As the 'short' primers also amplify the same fragment from 'long' 

products, the amount of short products present in a sample is calculated by 

subtracting the amount of products from the 'long' PCR from those from the 

'short' PCR. To control for variations in the total amount of cDNA in each 

sample, the levels of 'short' and 'long' product were then divided by the level 

of rp49.

6 Real-time PCR is sometimes also referred to as 'R T -P C R '. Here RT-PCR refers to 
'Reverse transcriptase PCR' while Real-Time PCR is referred to by its full title.
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For each set of primers shown in Table 2.2, the PCR reaction was optimised. 

As any dsDNA will incorporate SYBR green it is essential to ensure that only 

one PCR product is produced by each set of primers. Therefore each 

experiment was run with a range of MgCfe concentrations, and under 

different PCR conditions. The final concentration of MgCfe used for each 

reaction is contained in the notes in table 2.2.

The 'melting curves' were also determined for each PCR product. The 

fluorescence at the end of a run is measured as the temperature is 

increased. The point at which fluorescence falls is the melting temperature of 

the PCR product. The long PCR product had two melting temperatures, so 

fluorescence measurements were made at 84°C so that only the level of the 

higher temperature melting product would be measured.

The Real-Time PCR cycles for each set of primers were as follows: DVrp49 

(95°C, 10 minutes; 55 cycles of 96°C, 2 s; 65°C-^55°C, -0.8°C/cycle, 5 s; 

72°C, 15 s); DVSHORT (95°C, 10 minutes; 55 cycles of 96°C, 2 s; 

70°C-»58°C, -0.8°C/cycle, 5 s; 72°C, 15 s,); DVLONG (95°C, 10 minutes; 55 

cycles of 96°C, 2 s; 75°C^63°C, -0.8°C/cycle, 5 s; 75°C, 15 s, 84°C, Os).

2.11 Protein Extractions and Western Blotting

For each time point -30 heads were homogenised in 2 volumes BW 

extraction buffer (0.1 M KCI, 0.01 M HEPES pH 70.5, 5% Glycerol, 0.1% 

Triton-X 100, 10 mM EDTA, 1 mM DTT, 0.5 mM PMSF, 10 pg/ml Aprotinin, 5 

pg/ml Leupeptin, 5 pg/ml Pepstatin) on ice. This was then spun down twice 

on a microcentrifuge and the supernatant collected.

The amount of protein was determined using the Bradford Protein Assay 

(Biorad, Hercules, CA), recording the absorbance at 595nm. Protein 

samples were then diluted to the lowest OD and Vi volume of 3x loading 

buffer added (188 mM Tris-CI pH 6.8, 6% v/v SDS, 30% v/v Glycerol, 15% 

v/v p-mercaptoethanol, 0.03% v/v bromophenol blue. 15 pi of each protein
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sample was then loaded onto a 6% SDS-page gel in gel running buffer (2.5 

mM Tris, 0.25 M Glycine, 0.1% v/v SDS). Gels were run for -2  h at 20 mA. 

Proteins were then blotted onto nitrocellulose () O/N at 50 mA in transfer 

buffer (20 mM Tris, 0.15 M Glycine, 20% Methanol). All SDS PAGE 

electrophoresis and subsequent western blotting was carried out using the 

Biorad Mini-Protean system.

Antibody detection on Western Blots

Nitrocellulose membranes were blocked for 1 h at room temperature in TBST 

(10 mM Tris-CI, pH 7.5, 150 mM NaCI, 0.05% w/v Tween 20) containing 5% 

dried milk powder. Following this they were incubated in a 1/15,000 dilution 

of the primary antibody in TBST + 5% milk. The membrane was then 

washed 3 times for 5 minutes in TBST, and incubated in a 1/10,0000 dilution 

of the secondary antibody for 1 h at 4°C. The primary PER antibody was 

supplied by Jeff Hall (Dembinska et al., 1997), and had been raised in rabbit. 

Secondary antibody was an anti-rabbit-HRP conjugate (Jackson 

Immunoresearch, West Grove, PA). This was then washed 3 times in TBST 

before immunodetection. The membrane was then incubated for one minute 

in 0.1 M Tris-CI, pH 8.5, 6.25 pM Luminol (Sigma), 6.38 pM p-Coumaric acid 

(Sigma), 2.7 mM H2O2), which creates a luminescent signal. This was then 

detected on autoradiographic film.
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2.12 Primer sequences

Primer Sequence 5'-3' Notes
DMPERF1 AAG ACG GAG CCG GGC 

TCC AG
Quantification of spliced and unspliced 
per in D.melanogaster

DMPERR1' AAT TGG ATC CGT GGC 
GTT GGC TTT CG

DMPERF2 GGT AAT GAA GAA GGG 
TCA GAC

Quantification of total level of per in 
D.melanogaster

DMPERR2 AGA CGG TCA ACT GCT 
TCT CG

DMrp49F GTT AGT CCG TGC GCC 
GTT CG

Quantification of total level of rp49 in 
D.melanogaster

DMrp49R CCT GTA TGC TGG GCG 
GAT GG

DPPERF1 GCA CGT TGA GCA GCA 
AGA TAA TGG A

Quantification of spliced and unspliced 
per; also used to quantify total level of 
per in D.pseudoobscuraDPPERR1 CAT CGC AGT GTT TAT TCT 

AAA GGA C
DP/p49F1 CCG AGT AAC ATG TTG 

GCT C
Quantification of total level of rp49 in 
D.pseudoobscura

DP/p49R1 GCT GGA ATT TGA TAG 
TTG AGA CC

DM5TGb AAC TAT AAC GAG AAC 
CTG CT

Determination of Thr-Gly repeat length

DM3TG6 TTC TCC ATC TCG TCG TTG 
TG

DP3'RACEF1 CAA CTC ACC CAT CGC 
CTC CG

3' RACE of D.pseudoobscura per 
3'UTR. Primers used in order F1, F2

DP3'RACEF2 As DPPERF1
DV’RACEFI CTG TCC GAT TTG CCC 

AGT ACA TCG
3’ RACE of D.virilis per 3'UTR

DVRACEF2 TGG CAA CAG CGA TGA 
CAT GGA TGG C

DVSHORTF CGA AAG TTC ACA AGC 
TCA AGC

Real-Time PCR of D.virilis per short 
product -  3.5 ng/jul MgCI2

DVSHORTR AGC GTT TGG TTT GGG 
TGTC

DVLONGF GGA TAG CAT TCC AAA 
GGA CG

Real-Time PCR of D.virilis per long 
product - 3.0 ng/nl MgCI2

DVLONGR GGA TAT GAA AAT TTG 
TCG CTT G

DV/p49F TAT CTG ATG CCC AAC 
ATC GG

Real-Time PCR of D.virilis rp49 - 3.5 
ngl\i\ MgCI2

DWrp49R CAA TCT CCT TGC GTT TCT 
TCG

Table 2.2 PCR Primer sequences

7 Adapted from Majercak et al., 1999
8 From Piexoto 2000
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Chapter three: D.mela

periodmRNA and the response to 

seasonal light and temperature 

changes: the role of the clock

3.1 Introduction

D.melanogaster locomotor activity in LD cycles is bimodal, with a morning 

peak owing primarily to the startle effect of lights on, and an evening activity 

peak anticipating lights off. There is good evidence that the morning activity 

peak is only partially under control of the clock as it is diminished, but not 

always lost in arrhythmic ClHrk mutants (Allada et al., 1998). This effect is 

probably due to the regulation of genes within the phototransduction pathway 

by Clk (Kim et al., 2002). However, as most clock gene mutants do not affect 

the morning peak, studies have concentrated on the analysis of the effect on 

the evening peak position. There is also a theory that the two peaks are 

under the control of separate oscillators, with the LNvs representing the 

oscillator which controls the evening peak (see Helfrich-Forster, 2000).

The pattern of locomotor activity is dependent on the season, with higher 

levels of activity during the day and an earlier evening peak at lower 

temperatures. Temperature has no effect on the position of the morning 

activity peak in LD cycles, so seasonal effects are likely to be mainly 

manifested in evening peak position (Majercak et al., 1999). As the 

temperature rises, the fly in effect has a 'siesta' to avoid the midday sun and, 

as the photoperiod is reduced, shows progressively more nocturnal 

behaviour at high temperatures (Qiu and Hardin, 1996).

The evening activity peak of pdl01 mutants occurs ~1 h earlier than wild-type.

As this is probably a mutation in the clock output pathway, and is not one of 

the core clock components (Renn et al., 1999) pdf is unlikely to be involved in
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the response to temperature changes. Instead, the primary determinant of 

evening peak position is the cycle of PER protein. The long period mutants 

d b t1 and DbtG show altered entrainment to LD cycles. These mutants 

entrain to 24 h LD cycles with no anticipation of the morning or evening 

activity peak, but the evening peak instead extends several hours into the 

night. Comparisons with the yeast homologue of dbt, HRR25, indicate that 

mutants of both these genes have severely reduced kinase activity (Suri et 

al. 2000). This is likely to increase PER stability resulting in the delay in 

evening peak position. The anticipation of dawn and dusk is restored in 

combination with the per5 mutation, confirming that these long period dbt 

mutants increase PER stability (Rothenfluh et al., 2000). Additionally, 

slimbAF overexpression produces an evening peak delayed into the night. 

This is again most likely owing to the increased stability of PER (Ko et al.,

2002).

As the position of the evening activity peak is dependent on the cycle of PER 

protein, changes to the per RNA cycle will alter the position of evening 

activity. Evening activity is regulated by seasonal changes to this cycle, with 

light and temperature controlling the abundance of per at the RNA level, fine- 

tuning behaviour to changing environmental conditions (Majercak et al., 

1999), At lower temperatures, the cycles of both per and tim transcripts are 

advanced. This is not, however, the primary determinant of evening peak 

position. Temperature seems to primarily set the clock by altering the levels 

of per because levels of per but not tim mRNA respond very rapidly to shifts 

in temperature (Majercak et al., 1999). The regulation of mRNA need not 

only involve changes in abundance. Within the head of D.melanogaster, two 

alternatively spliced isoforms of the per transcript are present differing only 

by the presence (unspliced) or absence (spliced) of an 89bp intron within the 

3' UTR. As the ratio of spliced to unspliced per RNA varies in different 

tissues, the alternative splicing of this intron would be predicted to have a 

functional role (Cheng et al., 1998).

Within the head, both spliced and unspliced RNAs cycle in abundance, with 

more spliced RNA present at all times (Cheng et al., 1998). Transgenes that
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produce only spliced, only unspliced or both spliced and unspliced per RNA 

all rescue rhythmicity in per01 flies. Interestingly, flies which can only produce 

the unspliced transcript have longer periods due to the delay in the rise of 

PER levels as the presence of the intron delays the production of a mature 

mRNA (Cheng et al., 1998).

The difference in ability of the transcripts to rescue the clock indicates that 

the two isoforms have functional differences. In many cases the cis-acting 

elements that regulate mRNA stability are found within the 3' UTR of genes 

(Majercak et al., 1999). The regulation of splicing of this intron by light and 

temperature turns out to alter the timing of the daily upswing in PER protein 

levels, and sets the evening activity peak position. In 12:12 LD cycles, there 

is 2-3 times as much of the spliced isoform present at 18°C than at 29°C. 

During the day, there is a slight reduction in splicing levels, and splicing 

levels respond rapidly in response to temperature changes (Majercak et al.,

1999)

The role of this alternative splicing event in determining the activity pattern is 

demonstrated by examining the transgenic lines that cannot splice out this 

intron. Transgenic flies producing only unspliced (with inactivated splice 

sites) or only spliced per transcript have a delayed evening peak in 

comparison to wild-type flies at low temperatures. At high temperatures, the 

period is also lengthened in these lines. There is no difference in the evening 

peak phenotype between these transgenic flies, indicating that it is the act of 

splicing, rather than the presence or absence of the intron which determines 

the position of the evening activity peak (Majercak et al., 1999).

Therefore, the act of splicing of the per 3' UTR intron is responsible for the 

advance of the evening activity peak seen on cold days. This can be related 

directly to an effect on PER levels: flies which cannot splice out this intron 

have delayed PER accumulation and disappearance and, at cold 

temperatures, the cycle of per RNA is dampened. Majercak et al. concluded 

that the splicing of the 3' UTR intron is elevated at low temperatures and this 

stimulates the formation of the 3' end of the per RNA transcript, which 

advances the onset of PER accumulation, as shown in figure 3.1).
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Figure 3.1: At cold temperatures the splicing of the 3' UTR intron of per is stimulated, 

producing an earlier upswing in PER levels resulting in an earlier phase of activity. Adapted 

from Majercak et al., 1999.

Because the accumulation of PER is also dependent on TIM, and TIM is 

degraded in the presence of light, PER accumulation is dependent on the 

photoperiod. In shorter photoperiods, TIM accumulation is also advanced, 

leading to earlier PER upswing, and corresponding locomotor activity peaks, 

but in long photoperiods TIM accumulation is delayed, and as a result activity 

occurs later despite the low temperature advance in PER. The role of 

splicing is therefore likely to advance the point at which the minimum level of 

PER has accumulated to dimerise with TIM, and in this way the clock adjusts 

behaviour to the seasons.

3.2 Aims and objectives

As the splicing of the 3' UTR intron of per determines the position of the 

evening activity peak, it provides an opportunity to relate a molecular process
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(splicing of an intron) directly to a behavioural phenotype (evening locomotor 

activity peak position). As the adaptation to different seasonal conditions 

requires the measurement of photoperiod and temperature, both of which 

alter the levels of per and tim RNA, it would not be surprising if the clock also 

controlled the per splicing level.

No role was identified for per in the rapid response of splicing levels to 

altered temperatures. However, pet01 flies show a slight increase in splicing 

levels during the day in comparison to wild-type flies (Majercak et al., 1999). 

To determine whether the clock plays a more prominent role in the regulation 

of splicing, the levels of splicing in per01 and tim01 clock mutants around the 

clock were compared to those of a (wild-type) Canton-S strain at both 18°C 

and 29°C. Changes in temperature are also usually associated with changes 

in photoperiod, and therefore the levels of per RNA splicing were compared 

in a reduced photoperiod, and DD, in the Canton-S and per01 strains to see 

what role light plays in regulating splicing.

per01 is a null mutant, with a premature stop codon preventing the production 

of the PER protein (Yu et al., 1987; Baylies et al., 1987). In these flies, a full 

length per transcript is still transcribed so the regulation of per splicing can be 

assayed, although it can have no effect on behaviour patterns as no protein 

is produced. In the tim01 line, PER protein is produced, but the lack of TIM to 

stabilise PER means that the level of PER is very low, and without TIM PER 

cannot enter the nucleus. This means that altering the splicing of per mRNA 

in tim01 mutants is unlikely to have any effect on the clock or locomotor 

activity.

Finally, altering the splicing of the period gene is thought to alter the timing of 

the accumulation of PER, and as such, might be predicted to alter the free- 

running period of the clock by speeding up or slowing down the PER protein 

cycle. The period gene is also involved in temperature compensation (see 

introduction), and therefore it is possible that this is also linked to the splicing 

levels. To determine whether the temperature dependent regulation of
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splicing impinges on the period and/or temperature compensation phenotype, 

the period length, temperature compensation, locomotor activity and splicing 

phenotypes of 4 natural per variants were analysed. The splicing levels, 

periods and degrees of temperature compensation can then be compared to 

see if there are any significant correlations. This also makes it possible to 

see whether different genetic backgrounds affect the per splicing levels.

The lines used in these experiments, except for Canton-S, had been 

collected from the wild for the previous work of Sawyer et al (1997), and 

characterised in terms of Thr-Gly repeat length. These four lines include 

representatives of the two most abundant Thr-Gly repeat lengths (17 and 20), 

as well as a (Thr-Gly)23  and (Thr-Gly)2 i . Thr-Gly repeat lengths were 

confirmed by PCR, as described in materials and methods, and the Canton-S 

strain also carries 23 Thr-Gly repeats.

3.3 Methods

mRNA was prepared from fly heads collected at 4 h intervals from Canton-S, 

per01 and tim01 flies. Canton-S flies were selected as they were previously 

used in the work of Majercak et al. (1999). Flies were collected while 

entrained to LD 12:12 or LD 6:18 cycles, or during the first day of DD after 

prior entrainment to LD 12:12. To determine the relative amounts of spliced 

and unspliced per RNA transcripts, One-Step RT-PCR was then performed 

using the primers described in Chapter 2. Locomotor activity was recorded 

as described in Chapter 2. Resultant data was analysed by ANOVA using 

Statistica (StatSoft)

3.4 Results

3.4.1 Locomotor activity and splicing in Canton-S flies

Initially it was important to establish whether the same behavioural and 

splicing phenotypes previously reported were also present in the Canton-S 

line used here. Locomotor activity profiles of Canton-S flies in LD 12:12 at 18
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and 29°C were compared to see whether there was an earlier evening peak 

at 18 than at 29°C, as shown in figure 3.2.

0 4 8 12 16 20 24 28 32

30 Minute Time Bin

36 40 44 48

C anton-S, 18C Canton-S, 29C

35 36 37

30 Minute Time Bin

Figure 3.2: Locomotor activity in Canton-S in LD 12:12

a). 18°C (blue) and 29°C (red). Error bars represent SEM. b). Error bars represent 95% 

confidence interval.
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ANOVA of the locomotor activity profiles of Canton-S flies reveals a smaller, 

broader morning activity peak at 18 than 29°C (Appendix (A) 3.2.2, temp x 

time, F=8 .8 , p«<0.001), although the peak of locomotor activity occurs in 

time bin 13 at both temperatures. This is the first time bin after 'lights on', 

reflecting the role of the 'startle effect' in generating this peak. There is an 

earlier upswing in locomotor activity at 18 than 29°C (A 3.2.3, temp x time, 

F=4.4, p«<0.001) (figure 3.2a). A comparison of time bins 30-38 (figure 

3.2b, A 3.2.4) reveals highly significant effects of temperature (F=58.6, 

p«<0.001), time (F=99.7, p«<0.001) and time x temperature (F=36.6, 

p«<0.001). This confirms that the evening peak of this Canton-S strain is 

earlier in phase at 18 compared to 29°C, as previously published (Majercak 

et al., 1999).

To confirm that the evening peak position is related to the level of spliced per 

RNA present, the levels of splicing in Canton-S flies at 18 and 29°C in LD 

12:12 were also measured as shown in figure 3.3.
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Figure 3.3: Splicing in Canton-S in LD 12:12.
splicing levels in Canton-S at 18°C (blue) and 29°C (red) around the clock. The values 

shown represent the proportion of per which is spliced at any given time point, independent 

of the underlying per RNA cycle.
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As can be seen from figure 3.3, the splicing level is higher at 18 than 29°C (A 

3.3, F=156.5, p«<0.001), but there is no significant change in the level of 

splicing around the clock (F=1.3, p=0.27). At 18°C ~45% of per RNA 

transcripts are spliced, whereas only ~25% of per transcripts are spliced at 

the higher temperature. This data is consistent with the results of Majercak 

et al. (1999), and therefore provides a control set of data to which all 

mutations and altered conditions can be compared.

3.4.2 Locomotor activity and splicing in per01 and tim01 clock mutants

The locomotor activity of per01 and tim01 flies at 18 and 29°C was compared 

to that of the Canton-S wild-type strain, as shown in figure 3.4.
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Figure 3.4: Locomotor activity at 18 and 29°C in LD 12:12. a) pet01, b). 

tim01, c). Canton-S, 18°C (blue) and 29°C (red), error bars represent SEM. d). expansion of 

morning boxes (bins 12-14) a-c, error bars represent 95% confidence interval.

Figure 3.4 illustrates that in per01 and tim01 mutants, there is a morning 

activity peak occurring immediately after 'lights-on', at the same time as in
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Canton-S flies (time bin 13, compare figures 3.4 a-c), confirming that the 

clock has no role in determining the positioning of this peak. In per01 flies 

there is no evening activity peak, while in tim01 the evening activity peak does 

not anticipate lights off (figure 3.4 a-b) as in Canton-S (figure 3.4c). While 

there are clearly differences in the activity peaks at different temperatures in 

Canton-S flies (panel c), there are no differences in the overall patterns of 

activity in per01 (A 3.4.1; F=1.2, n.s.) and tim01 (A 3.4.2;, F=2.1, n.s.) mutants. 

The only temperature difference seen in either per01 or tim01 concern the size 

of the morning activity peak.

Statistical comparison of all 3 morning activity peaks (figure 3.4d) reveals 

significant major effects and interactions (A 3.4.4). However, in all genotypes 

at both temperatures the morning peak level of activity occurs in time bin 13, 

the first after lights on (genotype x temp, x time, F=1.2, n.s.). This reflects 

the fact that it is mainly attributable to lights on

Comparisons within genotypes of the level of morning activity reveals that 

there is a significant effect of temperature in Canton-S (A 3.4.5; F=5.1 

p«0.05) and pet01 lines (A 3.4.6; F= 11.8 , p«0.05) with a reduced morning 

peak at high temperatures. This is not the case in tim01 (A 3.4.7; F=1.3, 

n.s.), indicating that there is no effect of temperature on the morning 

activity peak in this mutant.

At 18°C, the morning activity is higher in per01 and tim01 than in Canton-S (A 

3.4.9; F=46, p«<0.001), and figure 3.4d. This is also the case at 29°C, 

where the level of morning activity in per01 (A 3.4.11; F=11.6 p<0.05) and 

tim01 (A 3.4.12; F=72.4 p«<0.001) are elevated above those of Canton-S. 

At the higher temperature, the morning peak of tim01 is also higher than per01 

(A 3.4.10; F=14.9, p<0.001).

Most of the temperature dependent differences in locomotor behaviour 

are lost in perfi1 and tim01 mutants, with only a slight reduction in the
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size of the morning activity peak seen in per01 mutants in response to 

elevated temperatures.

The splicing levels at 18 and 29°C in both pet01 and tim01 lines were 

compared to those of the Canton-S strain, as shown in figure 3.5
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Figure 3.5: Splicing in p e ^  and tim01 compared to Canton-S at 18 and 

29°C. a), per01 and b). tim01 at 18°C (blue) and 29°C (red), c) and d). per01 (red), tim01 

(green) and Canton-S (blue) at 18°C and 29°C e). shows the difference in splicing levels 

between the day and night. All error bars represent 95% confidence intervals.

62



In pei01 (A 3.5.2; F=23.8, p«0.001) and (A 3.5.3; F=21.3, p«0.001), 

there is significantly more spliced per mRNA at 18 than at 29°C, as shown in 

figures 3.5a and 3.5b. At 18°C the level of splicing in per01, tim01 and 

Canton-S flies is identical, as shown in 3.5c (A 3.5.4; F=1.5, n.s). At 29°C, 

the levels of splicing in per01 and tim01 flies are identical (A 3.5.6; F=1.2, n.s.) 

and differ from those of Canton-S (A 3.5.5; F=18.9, p«0.05). In the mutant 

lines there is a cycle in splicing levels at 29°C (A 3.5.6; F=5.7, p«0.05), with 

an elevated level of splicing at night. As can be seen from figure 3.5e, the 

level of splicing at 29°C during the day in the two mutant lines is similar to 

that of Canton-S flies, while the level of splicing at night is elevated. 

Although the level of splicing during the day in per01 and tim01 flies appears to 

be above that of Canton-S at 29°C, this difference is not significant. 

Therefore it seems that the clock is only involved in the regulation of splicing 

at night at elevated temperatures.

The clock (or PER/TIM) is only involved in the regulation of splicing at 

higher temperatures, in the absence of light.

3.4.3 The effect of photoperiod on splicing

In the wild, seasonal changes in temperature will usually be accompanied by 

changes in photoperiod. Therefore the effect of altering the photoperiod on 

the splicing level of Canton-S and per01 was examined by measuring the per 

mRNA splicing level of wild-type and per01 mutants in a LD 6:18 photoperiod, 

as shown in figure 3.6.
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In both Canton-S (A 3.6.2; F=12.7, p<0.001, figure 3.6a) and per01 (A 3.6.3; 

F=24.3, p«0.001, figure 3.6b), there is a significant effect of reduced 

photoperiod on the splicing level with an elevated level of splicing in LD 6:18 

compared to LD 12:12. There is no significant difference in splicing levels in 

LD 6:18 between Canton-S and per01 flies (A 3.6.1; figure 3.6c), the same 

situation as found in LD 12:12 at 18°C (see figure 3.5c, above), indicating 

that the clock may not be required to regulate splicing at low temperatures 

even in reduced photoperiods. In Canton-S flies, the most obvious difference 

in splicing between LD 12:12 and 6:18 is observed at ZT 8. To examine this 

difference further each time point was classified as either 'Day' (ZT 0-8 of LD 

12:12 and ZT 0-4 of 6:18) or 'Night' (ZT 12-20 of 12:12 or 8-20 of 6:18) 

(figure 3.6d). In per01 flies there is no significant difference between the day 

and night levels of splicing. As the levels of per01 splicing are 

indistinguishable from Canton-S in LD 6:18, it may be that there is also an
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elevated level of splicing at night in this genotype which cannot be recovered 

from this data. In any case, in both per01 and Canton-S flies, the level of 

splicing of per mRNA is elevated in response to reduced photoperiods.

As this is the same result as obtained by another group, the examination of 

the effect of altered photoperiod on the splicing levels of different mutants 

was not pursued any further (J. Majercak, pers. com; see discussion, p 75).

3.4.4 Splicing during the first day of DD in Canton-S and per01

The level of splicing in DD at different temperatures in Canton-S and per01 is 

shown in figure 3.7.
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Figure 3.7: per mRNA splicing during the first day of DD in Canton-S
and per**1, a), splicing at 18°C in LD (Canton-S, (blue), p e f 1 (green)) and DD (Canton-S, 

(red), per01 (purple)) b). splicing at 29°C in LD and DD c). splicing during the transition from 

LD to DD. Error bars, 95% confidence intervals.
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In Canton-S, there is a significant difference in splicing levels between LD 

12:12 and the first day of DD at both 18°C (A 3.7.1; F=28.7 p«0.001, figure 

3.7a) and 29°C (A 3.7.2; F=27.6, p«0.001, figure 3.7b). At 18°C, there is a 

significant effect of time (A 3.7.1; F=3.4, p<0.05) in Canton-S but not per01. 

Therefore, the rise in splicing levels during the first day of DD at 18°C in 

Canton-S is significant, and there is no similar effect in per01 (compare 

figures 3.7a and b).

At 18°C, there is a significant difference between per01 and Canton-S flies in 

DD (A 3.7.5; F=52.3, p«<0.001) but not in LD. Therefore, in Canton-S flies, 

with a functional clock, during the first day of DD, the level of splicing rises, 

but this does not happen in per01 flies. This indicates that the clock is 

required to initiate a rapid change in splicing levels in response to altered 

photoperiods; as per01 flies show elevated levels of splicing after entrainment 

to LD 6:18 (fig. 3.6), flies without clocks must still be able to respond to 

altered photoperiods.

In the absence of LD cycles, the level maximum level of splicing is 

dependent on the temperature, which sets a level of -60% at 18°C, and 

-40% at 29°C. Rapid adaptation to new photoperiods requires a 

functional clock.

3.4 Analysis of natural per variants

3.4.1 Free-running periods of natural per variants

In order to determine which lines are well temperature compensated, and 

which are not, the free running periods of each of these five strains were 

measured at different temperatures, as shown in figure 3.8.
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Although the difference in period lengths at different temperatures is not 

significant in any individual line (A 3.8.2 - 6), it appears from figure 7.1 that 

of these variants, (Thr-Gly)u, (Thr-Gly)2o, (Thr-Gly)2i and Canton-S strains 

are better temperature compensated than (Thr-Gly)23■ Therefore in both this 

study and previously published work the (Thr-Gly) 23 variant is the least well 

temperature compensated (Sawyer et al, 1997). Sawyer et al analysed a 

large number of lines carrying each Thr-Gly variant and therefore were able 

to pick up differences in period lengths which are not apparent here as this is 

a much smaller sample size and the background effect will be much greater.

3.4.2. Evening peak activity in Thr-Gly variants

To determine whether there is any difference in the evening peak position 

between the different lines, the locomotor activity was assayed for all five 

variants at 18 and 29°C, as shown in figure 3.9.
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In each individual line, the evening activity peak occurs earlier at 18 than at 

29°C (there is always a significant interaction between temperature and time; 

A 3.9.1 - 3.9.4). From figure 3.9c it can be seen that at 18°C, the evening 

peaks of the (Thr-Gly)u and (Thr-G/y^variants, and Canton-S occur at the 

same time (A 3.9.5; temp x time F=1.4 n.s.), and are significantly different 

from (Thr-Gly)2o (A 3.9.6; F=3.4, p«<0.001) and (Thr-Gly) 23 (A 3.9.7; F=1. 8 , 

p«<0.001). Additionally, (Tbr-Gly)20 peaks earlier than (Thr-Gly)23 (A 3.9.7; 

F=8.1, p«<0.001).

With (Thr-Gly)23 there is not a well defined evening activity peak at 18°C; 

instead activity simply seems to fall immediately after lights off. This lack of a 

pronounced evening activity peak, rather than an earlier phase of activity
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makes (Thr-Gly)23 behaviour different from other variants. Therefore only the 

phase of the evening peak of (Thr-Gly)2o is advanced at 18°C.

As can be seen from figure 3.9 d at 29°C (Thr-Gly)2o and 23 evening activity 

peaks earlier than the other three variants (A 3.9.9; genotype x time, F=2.9, 

p«<0.001). There is a significant difference between the evening activity 

peaks of (Thr-Gly)2o and 23 as the peak level of activity lasts longer in (Thr- 

Gly)2o (A 3.9.10; time x genotype, F=5.2, p«0.001).

So, at 18°C the evening peak of (Thr-Gly) 20 is advanced, and at 29°C this 

is also the case for (Thr-Gly)23.

If splicing levels of per determine the position of the evening activity peak 

then there should be more spliced per mRNA in these two variants than (Thr- 

Gly)i7 ,21 and Canton-S. The splicing levels in the Thr-Gly variants are shown 

in figure 3.10.

3.4.3. per splicing levels in Thr-Gly variants

As shown in figures 3.10 a - d, there is significantly more spliced per mRNA 

at 18°C than 29°C in all variants (A 3.10.1 - 3.10.4; 17 Thr-Gly, F=52.2, 

p«<0.01; 20 Thr-Gly, F=33.1, p«0.001; 21 Thr-Gly, F=49.1, p«<0.001; 23 

Thr-Gly, F=16.8, p<0.05). In (Thr-Gly)2o, there is a significant cycle in 

splicing levels at 18 but not 29°C (figure 3.10b; A 3.10.2; temperature x time, 

F=3.9, p<0.05). Thus (Thr-Gly)2o is the only 'wild-type' where the level of 

splicing cycles around the clock.

Figure 3.10 f shows the average splicing levels for each different line. There 

is significantly more spliced per transcript in Canton-S than in any other line 

at 18°C (A 3.10.7; F=4.2, p<0.05). At 18°C, the levels of splicing are 

identical in the 17, 20, 21 and 23 Thr-Gly variants (A 3.10.6; F=1.0, n.s.).
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Further differences in splicing levels emerge if comparisons made only for 

the night (ZT12 -20). There is no significant difference in the splicing levels 

at night between 17, 21, 23 (Thr-Gly)17,2 i and 23 and Canton-S at 18°C (A 

3.10.9; F=2.7, n.s.); if the splicing levels of (Thr-Gly)2o are included, then 

there is a difference between the different genotypes (A 3.10.10; F=3.2, 

p<0.05).

Therefore at 18°C at night the highest level of splicing is seen in (Thr- 

Gly)2o, which also displayed the earliest evening activity peak at this 

temperature (above).

At 29°C the levels of splicing of (Thr-Gly)i7 and Canton-S are not statistically 

different (A 3.10.11; F=1.2, n.s.), as are the levels in (Thr-Gly)2o and (Thr- 

Gly) 23 (A 3.10.12; F=0.02, n.s.), which are higher than in the other lines (A 

3.10.12 - 17; (Thr-Gly)i7 and (Thr-Gly)2o, F=33, p«0.05; (Thr-Gly)i7 and 

(Thr-Gly)23, F=15.4, p<0.05; Canton-S and (Thr-Gly)20, F=21.6, p<0.05; 

Canton-S and (Thr-Gly)23, F=10.3, p<0.05).

At 29°C, the highest levels of splicing are seen in (Thr-Gly)2o and (Thr- 

Gly)2 3  which again correlates with the positions of the evening activity 

peaks

T-tests were used to determine whether the splicing levels were related to 

the free-running period or the temperature compensation of each variant. As 

can be seen from appendix table 3.1, there were no significant correlations 

between the splicing level and either the period or the difference in free- 

running period at different temperatures. Therefore there is probably no 

relationship between the splicing of the per 3' UTR intron in these lines and 

temperature compensation.

The strains used in these experiments all have different genetic 

backgrounds, so by comparing the splicing levels in these natural variants it 

is possible to determine whether the observations reported here are
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independent of genetic background. At 18°C, there was no effect of the per01 

mutant in comparison to Canton-S, which shows the highest level of splicing 

at this temperature of all the 'wild-type' strains analysed. The lowest level of 

splicing at 18°C is seen in (Thr-Gly)2i , and ANOVA analysis shows that even 

if this variant is compared to per01, there is no significant difference (A 

3.10.21, F=1.5, n.s.). This confirms that per01 has no effect on splicing at low 

temperatures.

At 29°C, the level of splicing in the per01 mutant is higher than that of Canton- 

S during the night. The highest level of splicing at 29°C is seen in (Thr- 

Glyho, but even in comparison to this variant, the per01 mutation still has a 

significant effect on splicing levels only at night (A 3.10.22 - 24, F=7.5, 

p<0.05). This means that the effect on the splicing levels of the various 

mutations studied is unlikely to be caused by an effect of genetic 

background, particularly as the data for several natural variants is so similar, 

despite their differing genetic origins. Although splicing levels cycle at 18°C 

in (Thr-Gly)2o, no such cycle was identified on any other genetic background, 

and therefore this does not appear to be typical of D.melanogaster.

In wild-type strains the splicing level correlates with the position of the 

evening activity peak. Although there is enough variation in the 

splicing levels to produce differences in evening peak position in 

different natural variants, these differences are smaller than those seen 

between 'wild-type' and the clock mutants.

3.5 Discussion

3.5.1 Locomotor activity and splicing

The analysis of the locomotor behaviour and splicing of Canton-S flies 

entrained to 12:12 LD at 18 and 29°C confirms previously published 

observations (Majercak et al., 1999). There is a later evening activity peak at 

high temperatures, which corresponds to a lower level of splicing of the intron
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within the 3’ UTR of the per transcript at 29°C (figures 3.2 and 3.3). This is 

confirmed by the analysis of a number of natural per variants (figures 3.9- 

3.10). The splicing levels and evening peak positions of the Canton-S strain 

therefore provide a 'wild-type' set of data for comparison to mutant strains. In 

addition, it was found that although the level of per mRNA has a distinct cycle 

(e.g. So and Rosbash, 1997; Majercak et al., 1999), the proportion of this per 

RNA transcript which has been spliced remains constant around the clock. 

This means that at all times ~45% of per transcripts at 18°C, and ~25% of 

per transcripts at 29°C are spliced in Canton-S flies.

Without a functional clock, as in per01 and tim01, there is no anticipation of 

dawn and dusk, so the locomotor activity profiles of per01 and tim01 flies have 

no anticipatory activity peaks. In these lines there is a very clear morning 

activity peak immediately after lights on, followed by a constant level of 

activity until lights off (see figure 3.4). As the morning peak is present in 

these mutants, and occurs at the same time as in Canton-S, it does not 

require a functional clock. The morning activity peak in pet01 and tim01 is 

much larger than in wild-type strains, so one role of the clock may be to 

reduce the 'startle effect' of lights on, presumably because the timing of dawn 

can be anticipated. Without a clock, the startle effect cannot be attenuated 

and the morning peak activity is much greater. The role of the clock and 

visual system in determining the morning peak is discussed further in 

chapters 4 and 5.

The abolition of the clock removes most of the locomotor activity responses 

to altered temperatures. The only temperature difference remaining in either 

clock mutant is the higher level of morning peak activity at 18 than at 29°C in 

per01 flies, a difference also seen in Canton-S. As this difference is lost in 

tim01 flies, it raises the possibility that PER and TIM have different roles in the 

temperature control of morning activity. Apart from the difference in the 

morning peak size in tim01 mutants, and a small, non-anticipatory evening 

peak in tim01, the activity levels in per01 and tim01 flies are identical at both 18 

and 29°C.
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The small evening activity peak that occurs in tim01 flies is dependent on the 

signal of 'lights off and shows no temperature dependence or anticipation of 

the event. As there is no similar peak in per01 flies, per may be more 

important than tim in producing the evening activity peak, although how PER 

is able to affect activity without the stabilising effect of TIM is unclear. In 

per01 mutants, PER protein is not translated, while in tim01 mutants there is 

no TIM protein to stabilise PER, so PER protein is present only at very low 

levels.

At 18°C, the level of splicing is identical in per01, tim01 and Canton-S in a 

12:12 photoperiod (figure 3.5), and per01 and Canton-S in a 6:18 photoperiod 

(figure 3.6) indicating that the clock is not required to regulate splicing at low 

temperatures. At 29°C, the levels of splicing in per01 and tim01 flies are 

identical, and differ from those of Canton-S flies (figure 3.5). During the day 

at 29°C, splicing is repressed to the same extent as in Canton-S flies. This 

suggests that during the day at high temperatures, the presence of light 

ensures that splicing is repressed.

However, in per01 and tim01 mutants, the level of splicing at night is 

significantly higher than during the day at 29°C, and higher than the level of 

splicing in Canton-S at this temperature. The level of splicing at night at 

29°C is the same as at 18°C in per01, tim01 and Canton-S lines, indicating that 

the repression of night-time splicing is lost in these mutants at 29°C. 

Therefore the clock is required to repress splicing at elevated temperatures 

at night.

The 45% level of splicing seen at 18°C in LD 12:12 appears to be a ‘default’ 

level of splicing for this photoperiod, as the same level is observed in clock 

mutants at 29°C at night, when the apparent repression of splicing is lifted 

(figure 3.5e). It is also the level seen in per01 flies at 18°C and 29°C in the 

first day of DD, suggesting that this is the level at which splicing has been set 

by temperature and the previous LD 12:12 photoperiod (figure 3.7). With no
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functional clock the level of splicing rises at night at high temperatures, so 

therefore the clock must repress splicing at high temperatures. This is in 

contrast to the published model (Majercak et al., 1999), where it was 

suggested that splicing is enhanced at low temperatures. This fits with the 

idea that the regulation of behaviour is more important at elevated 

temperatures, when it is important to avoid the heat of mid-day.

3.5.2 Splicing in altered photoperiods

There is more spliced per mRNA at 18°C in LD 6:18 than LD 12:12, mainly 

due to an elevated level of splicing in the early night (figure 3.6). This 

elevated level of splicing in a reduced photoperiod may be essential to the 

correct functioning of the clock. During the day, the repression of splicing by 

the PER/TIM complex is lifted by the light-induced degradation of TIM. This 

produces a rise in tim and per mRNA levels, eventually leading to an upswing 

in PER and TIM protein levels (Stanewsky, 2002). In LD 12:12 the level of 

per transcription does not begin to rise until several hours after the 

degradation of TIM, when the levels of PER fall (Rothenfluh et al., 2000). 

This means that in LD 6:18, there is a much shorter window in which per 

mRNA transcripts are able to accumulate, and therefore more will need to be 

spliced to maintain the same levels of PER and the timing of the PER protein 

upswing in PER.

The first day of DD is equivalent to the first day of a very short photoperiod. 

During this time, the level of splicing rises constantly at 18°C in the wild-type 

strain, but not in per01 mutants. As per01 flies show the same level of splicing 

as Canton-S in LD 6:18 after entrainment, the splicing machinery must be 

able to respond to reduced photoperiods in the absence of a clock; the clock 

must therefore speed up the adjustment to a new photoperiod. However, in 

nature, the change between photoperiods is very gradual. Therefore the role 

of the clock in eliciting a rapid response to altered photoperiods is more likely 

a consequence of the role of the clock in 'fine-tuning' splicing and behaviour. 

This may be undetectable under this protocol perhaps because there is no 

daily variation in light intensities or temperature.
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The comparison of splicing levels in DD at 18 and 29°C suggests that there 

is a limit as to how high the splicing level can rise which is temperature 

dependent. At 29°C, the level of splicing is only slightly elevated from the LD 

12:12 levels (-25% in LD and -30-35% in DD, whereas at 18°C, the level of 

splicing rises constantly throughout the first day of DD (45% in LD and 60% 

after a day in DD). This suggests that at high temperatures there is a 

mechanism which acts to set the maximum level of spliced per which can be 

reached. At 29°C, the level of splicing is very similar in both per01 and 

Canton-S strains, suggesting that this limiting mechanism may be clock 

independent. In order to confirm this the level of splicing needs to be 

checked after several days of DD at both 18 and 29°C.

Recent work from J.Majercak (pers. com.) confirms many of the findings in 

reduced photoperiods reported here, including the increasing levels of 

splicing. In DD mutants for any of the clock genes showed lower levels of 

splicing than wild-type, indicating that the clock is required to regulate 

splicing in the absence of LD cues (compare DD splicing of per01 and 

Canton-S, figure 3.7 above). Light pulses during DD repress splicing, but not 

below the level of splicing seen during the day in LD cycles, confirming the 

role of light in the repression of splicing.

Regulation of tim RNA levels by light and temperature was also identified, 

and, like the regulation of per splicing, there is a different effect on tim levels 

at different temperatures (J. Majercak, pers. com). At low temperatures, a 

light pulse during dark leads to a rise in tim but not per levels. So, in cold 

conditions light controls the splicing of the 3' UTR intron and tim RNA levels, 

and as a result there are elevated levels of per and tim present on cold days, 

generating the appropriate behaviour despite the reduced daylight hours. At 

higher temperatures, the regulation of splicing comes under the control of the 

clock, and light no longer alters tim expression. Therefore both per and tim 

RNA levels are under different systems of control at different temperatures 

(J. Majercak, pers. com.).
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Although both sets of work show that light and temperature control the 

splicing of the per 3' UTR intron, there are some differences. For instance, a 

daily cycle in splicing levels in LD 12:12 cycles was previously reported 

(Majercak et al., 1999), although this only became apparent in reduced 

photoperiods in the work reported here9. The cycle observed is very shallow 

(Majercak et al., 1999) and could therefore be accounted for by differences in 

experimental conditions - light intensities in incubators, RNA amplification 

protocols and strain differences. The same is probably true of the oscillations 

observed in DD (J. Majercak, pers. com.), although it may be that if the 

analysis of DD cycles is extended beyond the first day of DD the splicing 

level begins to fall. Interestingly, the clock was found to be required to 

regulate the response of splicing to reduced photoperiods, and as a result 

contradicts the results reported here. As only the per01 line has been 

analysed, and it shows altered splicing in DD, it could be that further analysis 

of clock mutant lines would reveal a requirement for the clock in the 

photoperiodic regulation of splicing.

Conversely no role was found for the clock in the temperature regulation of 

splicing (Majercak et al. 1999; J. Majercak, pers. com.). As an identical effect 

of both the per01 and tim01 mutant was observed here, and the results are 

consistent, it seems likely that this was not picked up by the alternative 

protocol.

3.5.3 Splicing and temperature compensation

This work has identified no definite links between the regulation of splicing 

and temperature compensation, and the regulation of splicing seems to have 

little if any effect on the free running period of the clock. Therefore 

temperature compensation and the regulation of per alternative splicing are 

two separate mechanisms by which the circadian clock copes with 

environmental changes in temperature.

9 Although cycling of splicing was observed in the (Thr-Gly)20 variant, the strain used in the 
work of Majercak et al. was Canton-S.
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Of the natural per variants studied, (Thr-Gly)2o stands out as it has the 

highest splicing levels at both 18 and 29°C, and correspondingly early 

evening locomotor activity compared to the other lines. Having early evening 

activity is likely to be disadvantageous at high temperatures as activity will 

occur during the hottest part of the day. This means that (Thr-Gly)2o 

appears to have an evening locomotor activity peak more suited to living in 

cooler climates. (Thr-Gly)2o is also the best temperature compensated of 

these per variants, and this is thought to explain the predominance of this 

variant in northern Europe (Sawyer et al, 1997). Therefore both the splicing 

and temperature compensation phenotypes of this line fit with its 

geographical distribution, and it may be interesting in the future to see if 

earlier evening activity is also found in other (Thr-Gly)2o lines, and even 

whether there is a cline in splicing levels as well as temperature 

compensation across Europe.

3.5.4 Summary

The regulation of splicing generates altered patterns of behaviour because it 

alters the timing of the daily upswing in PER protein levels, leading to altered 

evening peak positioning. The splicing machinery needs to be under a tight 

system of control which can adapt to changes in light and temperature so 

that activity can be fitted to different climates and respond to seasonal 

variations in photoperiods and temperatures (Majercak et al., 1999). 

Although experiments in the laboratory are only a crude approximation of the 

gradual changes in light and temperature seen on a daily basis in the wild, 

they provide a picture of how the fly fine tunes behaviour through the control 

of a single splicing event.

The regulation of behaviour by alternative per transcript splicing is controlled 

by different input pathways at high and low temperatures, as if the high 

temperature response is only switched on at a certain point. At low 

temperatures, the primary determinant of the level of splicing appears to be 

the photoperiod. Under LD 12:12 the level of splicing is constant around the 

clock, with -45% of all per transcripts being spliced. If the photoperiod is
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then shortened to LD 6:18, the level of splicing rises, and there is slightly 

more spliced RNA present at night than during the day, peaking after lights 

off at around ZT8. At low temperatures, the clock is not required for the 

setting of the splicing level by photoperiod as at 18°C the level of splicing in 

per01 mutants is identical to that seen in the wild-type Canton-S strain in both 

LD 12:12 and LD 6:18.

At 29°C, the repression of splicing is light dependent during the day and 

clock dependent at night. In per01 and tim01 at 29°C ~30% of transcripts are 

spliced during the day, and -40% at night, compared to -25% of transcripts 

day and night in Canton-S. This means that the clock is much more 

important in controlling splicing at night, with the level in clock mutant flies at 

night at 29°C identical to that seen in either wild-type or clock mutant flies at 

18°C. This suggests that in the absence of a clock, all temperature 

dependent repression of splicing is lost at night.

The regulation of splicing, and therefore of behaviour, is under tighter control 

at high temperatures, when the clock is recruited. It is thought to be more 

important to regulate behaviour at high temperatures so as to avoid 

desiccation in the mid-day heat. On a cold autumnal day, the temperature 

does not get particularly high, so there is no need to be active at any 

particular time of the day, as long as it is still light. Therefore only the 

photoperiod matters when setting the splicing level. In contrast, at high 

temperatures, it is vital to avoid mid-day activity, and therefore splicing is 

tightly regulated by the clock to ensure that most activity is concentrated into 

the evening activity peak around dusk.

However, to ensure that the pattern of activity fits as well as possible to daily 

temperature changes, some control of splicing levels is clock independent, as 

demonstrated by the repression of splicing by light during the day in clock 

mutant flies even at high temperatures.

The regulation of splicing at high temperatures by the clock only at night is 

probably owing to the nature of the cycling of PER and TIM. During the day 

at high temperatures PER and TIM levels are low and cytoplasmic rather
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than nuclear, so are unlikely to regulate splicing. At night the levels of PER 

and TIM are at their highest, and able to enter the nucleus, so these clock 

components are available to set the splicing level as required. As the 

difference between ‘day’ and ‘night’ under laboratory conditions is the 

presence or absence of light, and light represses splicing, as shown by the 

elevated levels of splicing in LD 6:18 and DD, this probably involves a light 

input. Therefore during the day at high temperatures, light represses 

splicing, and at night the clock carries on this repression. The elimination of 

the light input to the splicing machinery should abolish daytime repression at 

high temperatures, and leave splicing levels similar to those seen in DD.
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Chapter four: splicing and 

behaviour in mutants

4.1 Introduction

Examination of wild-type and clock mutant flies under different light regimes 

revealed that light has a prominent role in setting the per splicing level. The 

entrainment of behaviour to LD cycles uses both ocular and non-ocular 

photoreception pathways (e.g. Helfrich-Forster, 2001), so it is likely that the 

same pathways set the per splicing level. The most obvious candidate gene 

for this is the circadian photoreceptor cryptochrome, and its role in the 

regulation of splicing can be deduced by looking at flies carrying the e r f  

mutation (Stanewsky et al., 1998).

e r f  is a missense mutation of a highly conserved residue within the C- 

terminal of the protein, which disrupts a flavin binding region and produces 

little or no expression of the mutant CRY protein (Stanewsky et al., 1998). 

Although e r f  is not a null mutation, it causes arrhythmic per and tim 

expression in whole head extracts, but unlike eye0 and ClkJrk the overall RNA 

levels are unaffected. This seems to be because the light dependent 

degradation and phosphorylation of TIM is blocked in e r f  mutants, 

preventing the correct regulation of RNA levels through the negative 

feedback loop, so PER and TIM levels remain high at all times in LD cycles, 

but only within the eyes (Stanewsky et al., 1998). The e r f  mutation has no 

effect on locomotor activity in DD, indicating that CRY is involved in the 

transmission of light information to the clock, and in the absence of light, it 

has no effect on PER/TIM cycling (Stanewsky et al., 1998)

Despite the lack of light-induced TIM degradation and PER/TIM cycling in the 

eyes, e r f  flies can be entrained to light:dark cycles and remain rhythmic in 

DD, so the clock is still functional. Entrainment to LD cycles occurs because 

the clock is still sensitive to the light input from the visual system even in e r f
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mutants, because within ventral lateral neurons (LNvs), PER and TIM levels 

cycle and are able to generate rhythmic locomotor activity. Thus CRY is not a 

core clock component (Stanewsky et al., 1998). However, normal 

entrainment of locomotor activity requires CRY expression in the central 

clock because CRY overexpression produces an earlier phase of activity 

without affecting the free running period (Ishikawa et al., 1999) making it an 

ideal candidate for regulating evening locomotor activity peak position, cry6 

mutants take ~3 days longer to entrain to a new light regime and the 

mutation primarily affects evening peak entrainment confirming yet again that 

the evening peak, more than the morning peak, is under circadian control 

(Emery et al., 2000b).

Could it then be that this evening peak effect is due to CRY altering the 

splicing of per mRNA in a temperature dependent manner? Analysis of the 

cry6 mutation has provided evidence that CRY interacts with PER and TIM 

and alters the levels of RNA, and some aspects of these effects are 

temperature dependent (Ceriani et al., 1999; Rosato et al., 2001). The e r f  

mutation alters both the per and tim expression levels probably because the 

abolition of the light dependent degradation of TIM causes the breakdown of 

the feedback loop in the eye. The role of CRY in the negative feedback loop 

seems to be to stop the PER/TIM complex from being able to inhibit its own 

transcription in the presence of light as in vivo, the CRYb mutant protein 

prevents this inhibition in S2 cells (Ceriani et al., 1999).

The regulation of PER levels by CRY could therefore be an indirect effect 

due to the degradation of TIM. Coimmunopreciptiation assays using S2 cells 

and yeast 2-hybrid assays initially suggested that this was the case, as CRY 

could only be shown to bind TIM, which would explain why TIM levels fall 

fastest in response to light (Ceriani et al., 1999). Subsequently, an 

interaction with PER was observed at both the molecular and phenotypic 

levels (Rosato et al., 1999).

There is good evidence supporting an association between the PER/TIM 

complex and CRY that is vital for the light regulation of PER/TIM levels. CRY
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subcellular localisation is dependent both on light and the PER/TIM complex. 

Normally CRY is predominantly nuclear, but in the presence of light and 

PER/TIM, it becomes localised to speckles within the nucleus (Ceriani et al., 

1999). The interaction between CRY and TIM in yeast two hybrid assays or 

S2 cells is also light dependent, irrespective of whether TIM is monomeric, or 

dimerised with PER, and is lost with the CRYb mutation. It seems that CRYb 

cannot respond correctly to light owing to the mutation in the flavin binding 

site and, as a result, is destabilised (Ceriani et al., 1999). In wild-type flies, 

the light activation of CRY causes it to undergo light-induced degradation. In 

e rf,  proteasomic degradation of TIM does not occur, so it is likely that CRY 

targets TIM for degradation before CRY itself is degraded (Lin et al. 2001). 

TIM reacts to light in a similar way, being ubiquinated before proteasome 

degradation (Naidoo et al., 1999). These results explain why CRY affects the 

PER/TIM complex in a light dependent manner (Ceriani et al., 1999).

Further evidence that CRY may be involved in the temperature dependent 

regulation of splicing is that the interaction between the PER/TIM complex 

and CRY is temperature sensitive and potentially mediated by the PER 

protein (Rosato et al., 2001). The behavioural phenotype of the per5 e r f  

double mutant reveals a genetic interaction between per and cry (Stanewsky 

1998; Rosato et al., 2001). At 25°C in LD, this double mutant displays 

predominantly 24 h rhythms, but there is also a 19 h rhythmic component in 

-40% of flies, a property of per5 non-entrainment (Rosato et al., 2001). This 

phenotype is temperature sensitive, and at higher temperatures, this 19 h 

period becomes the main rhythmic component in -80% of flies. These flies 

are perfectly capable of light detection as there is still a morning peak, but 

there is a temperature dependent defect in the transmission of this 

information to the clock (Rosato et al., 2001).

The PER/CRY protein interaction, like the phenotype of per8; e rf, is 

temperature dependent, decreasing at higher temperatures. The C terminus 

region of CRY is required for mediating the light response and the per5 

mutation lies within the region of PER which interacts with the CRY C

83



terminus, perhaps explaining the temperature sensitivity of the interaction 

(Rosato et al., 2001).

Although the CRY/PER interaction can be temperature sensitive (Rosato et. 

al 2001), the primary role of CRY is in light rather than temperature 

dependent regulation of the clock as the e r f  mutation has no effect on the 

entrainment of PER/TIM cycles to temperature fluctuations (Stanewsky et al., 

1998). In fact, e r f  does abolish some temperature differences in the activity 

profile, as reported below. CRY therefore is a good candidate for the light 

input pathway to the splicing mechanism, but there are indications that other 

factors are involved, e r f  flies are rhythmic in LL, and therefore 'blind' to 

constant light, yet can be entrained to LD (Emery et al., 2000a), so cry 

cannot be the only light sensitive component detecting dawn/dusk changes.

4.1.2 Peripheral Clocks

It is also worth noting that in peripheral tissues, CRY is a core clock 

component as the e r f  mutation abolishes the cycling of PER and TIM at 

both the protein and RNA level (Stanewsky et al., 1998). When whole head 

extracts are analysed, the majority of protein or RNA comes from the eyes. 

CRY has a different role in the LNvs (central clock) to that within other 

tissues, such as the eyes or antennae (peripheral clocks).

Most Drosophila tissues have autonomous clocks in the periphery that are 

similar in phase to the central clock located in the LNvs (Plautz et al., 1997). 

These clocks use many of the same genes as the central clock - with cycling 

per and tim levels, and TIM degradation in response to light (e.g. 

Giebultowicz & Hege 1997; Giebultowicz et al. 2000; Krishnan et al., 2001). 

The central pacemaker cannot regulate the clocks in many of these tissues 

as they have no neural connection to the visual system or the brain, yet light 

still entrains their clocks.

These independent clocks govern processes that run in different phases, 

such as oviposition, sperm release, metabolism, excretion and ecdysis (for 

review, see Giebultowicz, 2001). One reason for having more than one light
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input into the clock may be that the same genes are used in running clocks in 

peripheral tissues. Peripheral tissues may not have a direct neural 

connection to the visual system, and as a result they must either utilise their 

own photoreceptor, most likely CRY, if they cannot be driven by the central 

clock.

These peripheral clocks have some novel properties. A loss-of-function 

mutation of a core clock component should produce an arrhythmic clock. 

CRY is not a core clock component within the LNvs, as e r f  flies can still be 

entrained to light and are rhythmic in DD. However, within the antenna, cryb 

behaves as a mutation of a core clock gene - the cycling of per and tim RNA 

is lost in -75% of flies, and the overall levels of per and tim are elevated 

(Krishnan, 2001).

In the antennae of the fly, the olfactory response varies in a circadian 

manner, and the e r f  mutation severely reduces this response in LD and 

abolishes it in DD. The e r f  mutation also prevents the antennal clock 

entraining to temperature cycles (Krishnan, 2001). The same is true in the 

malpigian tubules (MT), where e r f  flies also show no TIM cycling in DD 

(Ivanchenko et al., 2001), indicating that CRY is a core component of these 

peripheral oscillators (Krishnan, 2001; Ivanchenko et al., 2001). CRY 

probably also acts as a photoreceptor in the periphery, as in e r f  the per-tim 

cycle entrains more strongly to LD than temperature cycles. This also 

indicates that CRY may have a role in the temperature input pathway, at 

least in peripheral clocks (Krishnan, 2001)

Although it is a core clock component within peripheral clocks, CRY also has 

many of the same functions as seen within the LNvs clock. In both the brain 

and peripheral clocks, CRY degrades TIM in response to short light pulses. 

Even within the MTs, there is nuclear localisation of PER and TIM late at 

night in e r f  flies, unlike the eyes (Stanewsky et al., 1998; Ivanchenko et al., 

2001). It thus seems that all peripheral clocks are not the same. The cycling 

of per and tim can be seen to be reduced by the e r f  mutation within the 

heads, bodies, antennae and forelegs, but not the wings of the fly,
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suggesting that CRY has a central clock function within these tissues. In the 

other tissues, there are differences in the peaks of per and tim expression, 

suggesting that the different clocks differ slightly from each other in function 

(Levine et al., 2002).

4.2 Aims and objectives

The regulation of the splicing of the intron within the per mRNA transcript is 

partially controlled by light, and partially through the action of PER and/or 

TIM (Chapter 3). As CRY is the circadian photoreceptor, and known to 

interact with PER and TIM (Emery et al., 2000a; Rosato et al., 2001; Ceriani 

et al., 2000) the behaviour and levels of splicing were analysed in cry6 

mutants to see if CRY is also part of the splicing regulatory machinery. To 

test the role of PER and CRY, per01-, cry0 double mutants were produced, and 

the locomotor activity and splicing phenotype of this line was also analysed. 

To see what role CRY has in mediating the temperature response of the 

clock, all experiments were carried out at 18 and 29°C.

4.3 Methods

Flies were collected and analysed as described in Chapters 2 and 3. Data 

from per01, tim01 and Canton-S is taken from Chapter 3. per01; cry0 were 

generated as described in Chapter 2.

4.4 Results

4.4.1 cryb Locomotor Activity

The locomotor activity at 18 and 29°C of cryb and a comparison with Canton- 

S is shown in figure 4.1
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Figure 4.1: Locomotor activity in cry13: a). at 18°C (blue) and 29°C (red) Error 

bars represent SEM. b). expanded evening activity peaks, c). Canton-S (blue) and cry6 (red) 

morning peaks at 18°C and 29°C d). Canton-S (blue) and cry* (red) evening peaks at 18°C 

and 29°C. Error bars represent 95% confidence intervals

Although cr/  flies are rhythmic, the distribution of locomotor activity differs in 

a number of ways from the wild-type profile. As the c r /  mutation reduces 

the effect of temperature changes on locomotor activity, indicating that CRY 

is involved in temperature regulation of behaviour. In Canton-S flies, both the 

morning and evening peaks change with temperature (see Chapter 3, fig.

3.2). In c r /  flies the morning peak is identical at both 18 and 29°C (figure 

4.1a,c,e, A 4.1.2; F=2.6, n.s.), but there is a significant delay in evening peak 

position at high temperatures (4.1b, A 4.1.3; temp, x time, F=10.5, 

p«<0.001). In Canton-S, the evening activity peak also begins to rise -2 h 

earlier at 18 than at 29°C, generating more activity during the day at 18 and 

at night at 29°C. This phase difference is lost in c r /  mutants (compare 4.1a 

with 3.2a; A 4.1.4 time x temp, F=1.4, n.s.).
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The morning activity peak, a result of the startle effect of lights on, is smaller 

than the equivalent peak of Canton-S at both 18 and 29°C (A 4.1.2; F=34.1, 

p«<0.001; F=201.3, p«<0.001), but the peak position remains constant 

(time x genotype, 4.1e). The evening activity peak is advanced in 

comparison to that of Canton-S at both 18 and 29°C (4.1d; A 4.1.6 - 4.1.7; 

genotype x time F=6.0, p«<0.001; F=48.4, p«<0.001 respectively).

The difference in morning peak levels is completely lost in cry13 

mutants, but the evening activity peak still occurs earlier at lower 

temperatures. This peak is earlier at 18 and 29°C than the 

corresponding peak in Canton-S.

4.4.2 c r /  Splicing levels at 18 and 29°C

As the evening activity peak occurs at different times at 18 and 29°C in c r /3 

flies, a difference in splicing levels at 18 and 29°C is expected. As the 

evening peaks at both temperatures are earlier than those of Canton-S flies, 

the levels of splicing would also be predicted to be generally higher than 

those of Canton-S. The splicing levels of c r /  flies and comparisons with 

Canton-S, per01 and tim01 are shown in figure 4.2.

In c r /  there is significantly more spliced per mRNA at 18 than 29°C (A 4.2.1; 

F=47.4, p«<0.001). At 29°C, the level of splicing cycles around the clock, 

so that there is more spliced RNA at night (temp x time, F=3.2, p<0.05), 

figure 4.2a. The level of splicing at 18°C is significantly different from that of 

per01, tim01 and Canton-S strains (A 4.2.3; F=4.7, p<0.05), all of which have 

identical levels of splicing at this temperature (figure 3.5). This is due to an 

elevated level of splicing at ZT 16 in c r /  flies (if this is repeated excluding ZT 

16, the difference between the genotypes is not significant; F=1.231, 

p=0.302). This elevated level of splicing at night must therefore account for 

the earlier phase of activity seen in these flies in comparison to Canton-S
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assuming that the level of splicing is responsible for determining evening 

peak position (figure 4.1).

Zeitgeber Time

Zeitgeber Time 18 oc  29°C

Canton-S 
—j- c r /  

per0 
tim0

Figure 4.2: Splicing levels in cry13 flies, a) 18°C (blue) and 29°C (red) b). 

splicing levels in c r /  (red), Canton-S (blue) per01 (green) and tim01 (purple) at 18°C. c). 

splicing levels in c r /  , Canton-S, per01 and tim01 at 29°C. d). splicing levels in these lines 

during the day (ZT 0-8) and night (ZT 12-20) in cr/ , Canton-S, per01 and tim01

At 29°C, the level of splicing in c r /  flies is identical to that of per01 and tim01 

lines, with repression of splicing during the day but not at night (4.2c and d; A 

4.2.5; F=0.67, n.s.); this is significantly different from that of Canton-S flies 

(F=16.171, p«<0.05). The level of splicing is elevated only at night in 

comparison to Canton-S flies (4.2d) so any differences in evening peak
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position in c r /  flies compared to Canton-S must be a result of elevated 

levels of splicing during the night at both 18 and 29°C.

The splicing levels of c r /  are elevated at both 18 and 29°C compared to 

wild-type, which correlates with the earlier evening activity peaks. At 

29°C c r / ,  per*1 and tim01 all eliminate the repression of splicing at 

night, suggesting that all three proteins act to repress splicing at 

elevated temperatures at night.

4.4.3 per01', c r /  double mutants

At 29°C, per01, tim01 and c r /  have the same splicing phenotype, with partial 

repression of splicing during the day, and a complete loss of the repression 

of splicing at night. In order to determine whether PER, TIM and CRY act 

together or independently to regulate splicing of the per intron, double mutant 

per01 c r /  flies were bred (see Chapter 2), and their locomotor activity and 

splicing phenotypes examined under 12:12 LD conditions as shown in figures

4.3 -4.4.

per01 flies have a pronounced morning peak and no anticipation of lights off 

(figure 3.3), whereas c r /  single mutants have a reduced morning peak, 

presumably because they are partially blind to the light, and a fairly normal, if 

broad, evening activity peak (figure 4.1). Thus c r /  almost 'knocks out' the 

morning peak, while per01 eliminates the evening peak. The double mutant 

would therefore be expected to have a much reduced morning peak, due to 

the c r /  mutation, and no anticipatory evening peak as the per01 mutation 

means that there is no functional clock.
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Figure 4.3: Locomotor activity in per01; cry**
a). 18°C (blue) and 29°C (red). Error bars SEM b). expanded evening peaks at 18°C (blue) 

and 29°C (red), c). morning activity peaks of Canton-S (blue), per01', c r /  (red), per01 (green) 

and c r /  (purple) at 18°C and 29°C. d). evening activity peaks of Canton-S, per01', c r / ,  per01 

and c r /  at 18°C and 29°C. Error bars 95% confidence interval

Remarkably, the locomotor activity of the per01] c r /  double mutant does not 

match the prediction, with a morning peak more similar to wild-type than c r /  

flies (figure 4.3 d), and an anticipatory evening activity peak similar to that of 

the c r /  mutant at 18°C rather than the per01 strain (figure 4.3e). Under 

constant conditions rhythmicity does not persist beyond the first day of DD, 

as confirmed by spectral and autocorrelation analysis (see Appendix 4.5), 

indicating that there is no functional clock, presumably owing to the per01 

mutation, yet the fly appears to anticipate 'lights off in LD cycles. One unique 

feature of the c r /  mutation is rhythmicity in LL, which would normally cause 

the degradation of TIM and produce arrhythmicity (Emery et al., 2000a). 

Both autocorrelation and spectral analysis of pet01 \ c r /  activity in LL 

revealed no rhythmicity, again indicating the lack of a functional clock.
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There is no difference in the per01; cry** morning peak activity at different 

temperatures (A 4.3.2; F=2.24, n.s.), a phenotype it shares with cry6 but not 

per01 (compare figures 3.4 and 4.1). The level of activity around this peak is 

higher than the much-reduced level seen in cry6 strains (figure 4.3c). At 

18°C, the level of activity differs both from per01 (A 4.3.5; F=61.7, p«<0.001) 

and cry6 (A 4.3.10; F=4.7, p<0.05), producing a peak of intermediate size 

(figure 4.3c). At 29°C, the peak is the same size as in the arrhythmic per01 

strain (F=3.11, n.s.).

The evening peak is very similar at 18 and 29°C in per01; e r f  flies (4.3b), and 

the peak occurs at the same time at each temperature (A 4.3.3 temp, x time, 

F=1.16, n.s.). The evening activity peak resembles that of cry6 rather than 

per01 as there is an upswing in activity anticipating lights off, as confirmed by 

ANOVA analysis comparing per01 and per01; e r f  (A 4.3.7 - 4.3.8 time x 

genotype; 18°C, (F=2.1, p<0.05; 29°C F=24.709, p<0.001). At 18°C, activity 

peaks at the same time in both per01] e r f  and cry6 flies (A 4.3.12; genotype x 

time (F=0.64, n.s.) (figure 4.3d). At 29°C, the activity peak of per01] e r f  is 

reduced in size compared to that of cry6, and peaks earlier (A 4.3.13; 

genotype x time, F=24.7, p<0.05) (figure 4.3d).

Thus the locomotor activity of the per01; e r f  strain is a composite of the two 

mutant phenotypes, with per01 determining the morning peak, and cry6 the 

shape of the evening peak. The cry6 mutation also eliminates the difference 

in morning peak size seen in per01 mutants, but there is an earlier upswing in 

activity levels at 18°C, which is not seen in e r f  mutants. The evening 

activity peak does not move at different temperatures, and at both 

temperatures most resembles that of e r f  mutants at 18°C.
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The simplest explanation for the rhythmic profile of per01] c r /  double mutants 

would be that in the absence of PER and CRY, another clock component is 

able to anticipate lights off. The obvious candidate for this would be TIM, as 

TIM is known to interact with both CRY and PER. To confirm whether this is 

the case, tim01\ c r /  double mutants were generated and their behaviour in 

LD 12:12 assayed, as shown in figure 4.4.
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Figure 4.4. Locomotor activity of tim01; c r /  in LD 12:12 18°C (blue) and 29°c  

(red)

As can be seen from figure 4.4, tim01; c r /  flies do not anticipate lights off. As 

anticipation of lights off is seen in per01; c r / ,  this seems to confirm that in the 

absence of PER and CRY, the light dependent degradation of TIM is 

sufficient for this. Like per01; c r / ,  tim01; c r /  are arrhythmic in DD.

per0*; c r /  are able to anticipate lights off, despite the lack of a 

functional clock under constant conditions. This seems to be 
attributable to the light-dependent degradation of TIM

The effect of the per01 \ c r /  double mutant on splicing levels can then reveal 

whether the temperature response is controlled only by the clock and cry, 

and whether they work together or independently. The splicing levels at 

different temperatures are shown in figure 4.5.
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Figure 4.5: Splicing in per07; cry13, a). 18°C (blue) and 29°C (red), b). splicing levels 

during the day and night in per01] c r /  (red), c r /  (purple) and Canton-S (blue), c). splicing 

levels in per01 ] c r /  (red), c r /  (purple), per01 (green) and Canton-S (blue) at 18°C. d). splicing 

levels in per01] c r / ,  c r / ,  per01 and Canton-S at 29°C. Error bars: 95% confidence intervals.

In per01 \ c r /  there is more spliced per mRNA at 18 than at 29°C (A 4.5.2; 

f=8.1, p<0.05) (figure 4.5a). These levels are also high in comparison to the 

other genotypes analysed (figures 4.5 c and d), with -60% of transcripts 

spliced at both temperatures, compared to 45% at 18°C and 25% at 29°C in 

Canton-S. At 18°C, the level of splicing in the per01 \ c r /  double mutant is 

elevated in comparison to Canton-S (A 4.5.3; F=10.44, p<0.05) but not to 

c r /  (A 4.5.4; F=2.11, n.s., and 4.5c). At 29°C, the level of splicing is 

elevated in comparison to all other lines (A 4.5.4; F=6.9, p<0.01) and figure 

4.5d. At 29°C, the level of splicing of the double mutant does not rise at night 

(A 4.5.2; no time effect; F= 0.8565, n.s.) unlike the c r /  (and per01) single 

mutant (see figures 3.5 and 4.2).
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Therefore pei°1\ c r /  has lost the repression of splicing during the day at high 

temperatures, so that the level of splicing at 29°C is identical during the day 

and night.

The elimination of a day/night difference at 29°C in the per01 \ c r /  mutant 

indicates that during the day the clock (PER/TIM) and CRY contribute 

independently towards setting the splicing level so only by eliminating both 

factors is the temperature dependent repression of splicing lost.

4.4 Discussion

All the work reported here is analysis of whole head extracts, and as such 

any effect is not necessarily the same as that observed within the LNvs 

central clock. However, much of the current knowledge of the 

D.melanogaster clock has come from the analysis of whole head extracts, 

including demonstrating the role of per splicing in determining locomotor 

behaviour (Majercak et al., 1999). It therefore seems likely that the level of 

splicing observed in these experiments is directly related to the splicing level 

responsible for determining evening activity. In any case, the mechanics of 

the temperature and light dependent regulation of splicing levels within the 

central and peripheral clocks are likely to be similar as they utilise identical 

clock proteins. In both central and peripheral clocks CRY acts as an input to 

the clock via a light dependent interaction with the PER/TIM complex (Ceriani 

et al., 1999).

4.4.1 c r /  locomotor activity

CRY is involved in determining the size of the morning activity peak and 

positioning of the evening peak, and the temperature regulation of both. In 

wild-type (Canton-S) lines, higher temperatures cause a reduction in the size 

of the morning activity peak, a delay in the rise in evening peak activity by ~2 

hours and a shift in evening activity so that it peaks after lights off (see figure

3.2). The c r /  mutation affects all three of these responses to elevated
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temperature. The temperature differences in morning peak height and the 

timing of evening activity upswing are both lost in this line (figure 4.1). Some 

temperature responses remain, however, and evening activity still peaks 

earlier at 18 than 29°C in these flies (figure 4.1). Therefore as well as being 

the circadian photoreceptor, cry may also be a component of the temperature 

response of the clock.

The morning activity peak is primarily a result of the startle response to lights 

on (Allada et al., 1998), and there is no difference in the timing of this peak in 

any of the strains examined here at either temperature. The clock seems to 

have a role in reducing the size of this response as the size of the startle 

effect is increased in both per01 and tim01 flies (figure 3.4). This could be 

because the clock allows the organism to 'expect' dawn at a certain time. 

CRY also seems to have a role in modulating the startle response in a 

temperature dependent manner. In wild-type flies, the size of the morning 

peak is decreased at higher temperatures. This difference is maintained in 

per01 mutants, but lost in cry6 and tim01 mutants (figures 4.1 and 3.4). 

Therefore the repression of the startle effect is dependent on CRY and TIM, 

and possibly on the interaction between these two proteins.

Morning peak activity in cry6 flies is low in comparison to the other lines, 

indicating that the elimination of this photoreceptor makes the clock less 

sensitive to dawn. CRY may be involved in reducing the startle response at 

high temperatures, because at high temperatures the light intensity is likely to 

be higher, meaning that it may be necessary to elicit a lesser response to the 

same intensity of light as the temperature rises.

As can be seen in figure 4.1, in the c r mutant the evening activity peak is 

earlier at 18 than 29°C, and at both temperatures, the peak occurs earlier 

than in Canton-S flies. At 18°C, the evening activity peak is also broader 

than the corresponding wild-type peak, and activity reaches a lower level 

earlier in the evening while at 29°C, the peak rises and falls about 30 mins in 

advance of the wild-type peak. The difference in evening peak position both
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at different temperatures and between the Canton-S and cry13 strains can be 

accounted for by differences in the splicing levels of the per mRNA.

4.4.2 Splicing in cryb mutants

In the cry6 mutant there is more spliced per mRNA at 18 than 29°C, 

accounting for the earlier evening activity peak. Both evening peaks occur 

earlier than the corresponding peaks in the wild-type line, and again this 

correlates with the observed splicing levels.

At 18°C there is significantly more spliced per RNA at night in cry13 (ZT16, 

-55%) than in Canton-S, per01 and tim01 strains (-45%). This is presumably 

responsible for the earlier evening activity peak seen in cry** flies when 

compared to Canton-S at 18°C. If this is the case, it indicates that the level 

of spliced per present in the early night is the primary determinant of evening 

peak position. This is when PER levels will be rising as TIM is present for 

PER stabilisation, so changes in splicing levels are likely to have the biggest 

effect around dusk or the early evening.

This also reveals a role for CRY in the regulation of splicing at 18°C; this 

must be independent of its clock function as per01 and tim01 have no effect on 

splicing levels at 18°C. Other factors, presumably other photoreceptors, 

must be involved in the regulation of splicing at 18°C as the levels of splicing 

in cry13 mutants are lower than in Canton-S flies in reduced photoperiods or 

DD (compare figure 4.2 to 3.6 and 3.7).

At 29°C, cry shares a splicing phenotype with per01 and tim01 with splicing 

repressed during only during the day (30%) (figure 4.2). At night there is no 

repression of splicing at 29°C in erf* mutants, with the level of splicing similar 

to that seen during the day and night at 18°C in Canton-S flies (45%). The 

elevated level of splicing at night can account for the earlier evening peak 

seen in cry13 flies at 29°C in comparison to Canton-S. This again indicates 

the importance of the night-time splicing level.
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Thus the level of splicing in cry13 flies is elevated at night at both 18 and 29°C 

in comparison to Canton-S, resulting in an earlier evening activity peak at 

both temperatures. A difference in splicing levels between the temperatures 

is still observed at night, despite this loss of repression, due to the elevated 

night time splicing at 18°C in the e r f  line, and accounts for the earlier phase 

of activity at 18°C in e r f  mutants.

4.4.3 per01; e r f  Locomotor Activity

The per01] e r f  double mutant was produced to help determine the relative 

roles of PER (the clock) and CRY in regulating splicing level of per mRNA. 

The analysis of locomotor activity threw up a very odd result - this 

combination of two mutant strains produced a pattern of LD locomotor activity 

that is in many ways more similar to wild-type than either individual mutant. 

e r f  flies have a reduced morning peak, and an anticipatory evening activity 

peak, while the converse is true of per01 mutants. Therefore the double 

mutant would be expected have a reduced morning peak, and no anticipation 

of lights off. Surprisingly, in LD cycles, per01] e r f  have an elevated morning 

activity peak, and clearly anticipate lights off (figure 4.3). per01] e r f  flies do 

not have a functional clock, as they are arrhythmic in constant light and 

darkness.

How the fly can anticipate lights off without a clock is not clear. One 

possibility is that the remaining clock components are sufficient to drive 

rhythmicity in LD in the absence of both per and cry, but not when either is 

present. As both PER and CRY interact with TIM, the simplest explanation 

would be that LD driven TIM cycles generate rhythmicity in the absence of 

PER and CRY. This seems to be confirmed by the lack of an anticipatory 

evening activity peak in tim01] e r f  flies (figure 4.4). Therefore it seems that 

the cycling of TIM levels and nuclear entry in per01] e r f  flies is what 

produces the anticipatory evening activity peak. This would suggest that TIM 

is able to enter the nucleus of the pacemaker cells alone, which goes against
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conventional clock wisdom. As a result this needs to be confirmed by using a 

technique such as immunocytochemistry to see whether TIM is present in the 

nuclei of the LNs in per01; cry0 heads.

In per01 TIM is not detectable in the nucleus (Hunter-Ensor et al., 1996), and 

the overall level of TIM is much reduced (Zeng et al., 1996). The simplest 

explanation of per01; cry0 anticipation is that in per01 mutants, although TIM is 

present, in the presence of wild-type CRY, TIM is all degraded in the 

presence of light, and therefore it is unable to enter the nucleus, so the clock 

cannot function. If per01 and cryb are combined, the level of TIM remains low, 

but as the activity of CRY is much reduced if not completely abolished by the 

cryb mutation, TIM is no longer degraded. Therefore these low levels of TIM 

are able to drive the anticipation of lights off. Another possibility is that CRY 

somehow prevents TIM entering the nucleus on its own.

In order to confirm that the anticipation of 'lights off seen in per01 cry0 is 

under some sort of clock control, it needs to be shown that it takes time for 

this double mutant to entrain to new LD cycles. In order to do this, the 

behaviour of per01; cry0 needs to be assayed in altered photoperiods, and 

after entrainment to non 24 h LD cycles.

Although per01; cryb flies anticipate dusk, the locomotor activity profile in LD 

has lost many aspects of 'normal' locomotor activity, particularly in terms of 

temperature regulation. The morning peak is intermediate in size between 

that of per01 and cry0, and is the same size at both temperatures, cry0 also 

shows no temperature differences at this peak, but the peak is smaller at 

high temperatures in per01 mutants. This seems to confirm that functional 

cry is essential to get the temperature-induced repression of the morning 

peak and/or startle effect (see above).

Unlike the cry0 single mutant, in the double mutant without the functional 

clock, there is no difference in the timing of the evening activity peak at 

different temperatures. This confirms that the timing of the position of the 

evening activity peak at different temperatures is dependent on the
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expression of PER, and the modification of the per expression profile through 

altered splicing leads to altered behaviour at high temperatures, as 

suggested by Majercak et al. (1999). The evening activity peak resembles 

that of e r f  at 18°C at both temperatures, indicating that the temperature 

regulation of the evening activity peak requires the presence of the PERIOD 

protein. This fits with the model of evening peak position determination 

dependent on the splicing of the intron within the 3' UTR of per (Majercak et 

al., 1999).

In any strain carrying the per01 mutation, the splicing level can have no effect 

on locomotor behaviour or the clock as although per is transcribed it is never 

translated into a mature protein. This means that the behaviour of lines such 

as per01-, e r f  is independent of the splicing of per and of PER protein. 

Analysis of e r f  suggested that in this strain the splicing level is related to the 

position of the evening activity peak (above), yet the evening peak at 18°C 

also occurs at the same time in per01-, e r f  flies (see figure 4.3). This 

suggests that the position of the evening peak in e r f  mutants at 18°C may 

be independent of the splicing level of per mRNA. This 18°C peak could 

therefore be a 'default' evening peak position, then, when PER is present, it 

is able to modulate the position of the peak in response to elevated 

temperatures. It seems that the position of the peak is modified at high 

temperatures as the peak position at 18°C is the same with and without PER 

(e r f  and per01-, e r f)  but at 29°C the peak of activity is delayed in e rf.

The idea of a default clock at 18°C that is modified at high temperatures is 

borne out by examination of the splicing levels. The splicing levels in the 

double mutant at both 18 and 29°C are comparable to that of the e r f  single 

mutant at 18°C, or at night at 29°C. Therefore in the double mutant, the 

repression of splicing has been lost, leaving a 'default' level of splicing. 

These are the default levels for a 12:12 photoperiod as the splicing levels 

increased in reduced photoperiods and DD (figures 3.5 and 3.6).
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So, in per01 \ cry13 flies both the locomotor activity and splicing levels are very 

similar at both 18 and 29°C, and most closely resemble the 

behaviour/splicing associated with the lower temperature. It therefore 

seems that the default level of splicing is seen at the lower temperature, and 

is then modified in response to elevated temperatures. This fits with the 

assumption that it is more important to regulate activity when it is hot to 

ensure the avoidance of the mid-day sun. This means that splicing is 

repressed at high temperatures rather than being enhanced at low ones.

While there is no difference in the position of the evening activity peak, 

temperature still has some effects on the behaviour of per01', cry* double 

mutants (see figure 4.3). In wild-type flies the level of evening activity begins 

to rise -2 h earlier at 18 than at 29°C, but in the per01', e rf3 double mutant, 

this phase difference is reduced to ~1 h. This response must be independent 

of the splicing of per as this transcript is not translated in the per01', e r f  

mutant. Interestingly, this difference is completely lost in e r f  flies, but it 

cannot be under the control of cry alone or else it could not be regained in 

the double mutant.

It can be seen that the timing of the activity upswing is very similar (at 18°C) 

in both wild-type and double mutant flies, whereas it is delayed in the e r f  

single mutants. Therefore it seems that the clock and cry have antagonistic 

effects on the timing of the upswing in activity, with CRY working to advance 

and the clock to delay it at low temperatures. The effect of the cry advance 

must be greater than the clock dependent delay in order to generate the 1 h 

difference seen in the double mutant. Thus, CRY adds a ~2 h advance and 

the clock a ~1 h delay.

As there are few temperature differences in behaviour in the per01', e r f  

double mutant, it could be that eliminating both PER and CRY has eliminated 

most of the temperature input into the clock. Certainly, CRY appears to be 

key to the temperature regulation of the morning peak, and in the timing of 

the upswing of evening peak activity. However, the evening activity peak is 

controlled by the level and timing of accumulation of PER protein, which is

101



not a factor in per01 \ e r f  flies. It is therefore not possible to say whether the 

temperature response has been lost simply by looking at the locomotor 

activity profile.

4.4.4 per01; e r f  Splicing

Although the per01, tim01 and e r f  mutants all have the same splicing 

phenotype at 29°C, the analysis of individual mutants does not reveal 

whether they are in the same splicing regulation pathway. The analysis of 

the per transcript splicing levels in the per01] e r f  double mutant is therefore 

useful in determining how the clock and the light input mediated via CRY 

interact to determine the splicing level in a temperature dependent manner.

At 18°C the level of splicing in per01’, e r f  (-55%) is significantly higher than 

Canton-S and per01 (-45%) but not e r f  (-55% at ZT 16) (figure 4.4). The 

elevated level of splicing seen in the per01’, e r f  mutant at 18°C is probably a 

result of the e r f  mutation, and does not indicate that per plays a role in 

regulating splicing at this temperature. This is probably related to the role of 

cry in photoreception, but as level of splicing in e r f  is not as high as that 

seen in DD, there must be additional light inputs to the splicing machinery 

(figure 3.7). Although much reduced in comparison to Canton-S or e rf,  there 

is still significantly more spliced per mRNA in per01 e r f  at 18 than at 29°C 

(see figure 4.4b). PER/TIM and CRY therefore probably play some role in 

mediating the temperature response, but even in the absence of PER and 

CRY, the splicing machinery is still able to detect changes in temperature.

At 29°C, PER, TIM and CRY are all involved in the regulation of splicing and 

per01, tim01 and e r f  mutants have identical levels of splicing. During the day, 

splicing is repressed, and this repression is lifted during the night, so that the 

level of splicing is identical to that seen normally at 18°C. Therefore each of 

these proteins is required for the repression of splicing at night at elevated 

temperatures. During the day at 29°C, splicing is repressed in all these lines, 

but in the per01’, e r f  double mutant this repression of splicing is lost.
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Therefore at high temperatures, during the day (in the presence of light(?)) 

the repression of splicing requires the presence of either the clock or CRY, 

while at night, repression of splicing requires both the clock and CRY.

4.4.5 Conclusions

The examination of the levels of splicing in per01, tim01, cry0 and per01] cryb 

flies demonstrates how the alteration of behaviour at higher temperatures is 

effected. At 18°C the default pattern of activity is primarily under the control 

of the photoperiod via the regulation of splicing, perhaps explaining why only 

cry has a (small) effect on splicing levels at this temperature. At higher 

temperatures, both the clock and CRY modify the splicing level in response 

to light and temperature, as shown in figure 4.5.

In comparison to wild-type flies, in per01, tim01 and cry13 flies, at high 

temperatures there is repression of splicing during the day, but not at night. 

The repression during the day is likely to be driven by light, but this input 

does not come directly though CRY, and only when per and cry are 

eliminated is the repression of splicing at high temperatures lost. This means 

that at high temperatures, light sets the splicing level during the day. As the 

elimination of either PER or CRY does not prevent daytime repression, but 

the loss of both eliminates repression, this is dependent on the presence of 

one or other of these proteins.

The level of splicing seen during the day, as repressed by light, then sets the 

level of splicing at night. The repression of splicing at night is dependent on 

the clock, as the elimination of PER, TIM or CRY causes a complete loss of 

repression. During the night PER, TIM and CRY are known to associate 

(Stanewsky et al., 1998; Emery et al. 1998; Ceriani et al.; Rosato et al., 2001) 

so it is not unexpected that the elimination of any one of the three proteins 

abolishes all repression of splicing at night at high temperatures. This is also 

the time when the levels of these proteins are at their highest, and therefore 

most likely to be able to repress splicing.
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Chapter five: period splicing and 

activity in visually blind flies

5.1 Introduction

Even though e r f  is a mutation of the only dedicated circadian photoreceptor, 

it does not prevent entrainment to LD cycles. One possible explanation is 

that the c r f  is not a null mutation and displays residual activity. Even if this 

is the case, it is a severe circadian photoreceptor defect as cry6 flies cannot 

'see' constant light and remain rhythmic under these conditions (Emery et al., 

2000a). It is more likely that a secondary light input, mediated by the visual 

system, is also able to entrain behaviour in e r f  flies, driving the normal 

cycling of PER/TIM within the LNvs but not in peripheral clocks.

Mutants of the visual photoreception pathway such as norpA, disco and glass 

(Dushay et al., 1989; Helfrich-Forster et al., 2000) have long been known to 

affect entrainment of activity to LD cycles especially at low light intensities. 

disco mutants have normal PER/TIM cycles within the eye, but can display 

arrhythmic behaviour if the disco lesion removes the LNvs (Dushay et al., 

1989). The phenotypes of norpA and glass mutants are of more interest as 

they alter the light input to the clock. norpA encodes a phospholipase-C and 

null mutations of norpA blocks phototransduction from the compound eyes 

and the ocelli (Hu et al., 1978; Pearn et al., 1996). The loss of light sensitivity 

means that it takes longer for norpA mutants to entrain to new LD cycles 

(Emery et al., 2000b; Wheeler et al., 1993), and they also have altered 

patterns of behaviour, including a period ~1 h shorter than normal (Dushay et 

al., 1990).

In an attempt to eliminate all light inputs to the clock, the norpA mutation was 

combined with e rf.  The norpAp41; e r f  double mutant, which is almost 

completely blind, can still be entrained to LD regimes, albeit with a reduced 

ability to adapt to new LD cycles particularly at low light intensities or under
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blue light. In norpAp41; c r /  mutant flies the only known active photoreceptors 

are the putative extraretinal eyes of the Hofbauer-Buchner (H-B) eyelet 

(Hofbauer and Buchner 1989).

The rhythmicity of behaviour, like that of c/y6 flies, seems to be generated by 

PER and TIM cycling within the LNvs (Stanewsky et al., 1998; Emery et al., 

2000b). Thus, the H-B eyelet alone seems to be sufficient for entrainment to 

LD cycles. The axon terminals of the eyelet overlap with putative dendrites of 

the s-LNv indicating that it is not impossible for these to allow entrainment. 

The role of the H-B eyelet in the entrainment of circadian rhythms seems to 

depend on the other photoreceptor structures present. In eyeless mutants, 

the eyelet mediates phase delays, but in cry* it does not (Helfrich-Forster et 

al., 2002).

The glass (gl) gene encodes a transcription factor required for the 

development of opsins within the external photoreceptor cells (Moses et al., 

1989). In the gl60j mutant, all ocelli and retinal photoreceptor cells including 

those in the H-B eyelets, are removed so the only photoreceptor available to 

entrain locomotor activity is CRY (Moses et al., 1989; Helfrich-Forster et al., 

2001). gl mutations affects entrainment to new LD cycles with the primary 

effect on the morning peak which takes up to six days to entrain to a new 

phase and is less compact and poorly entrained than in a wild-type 

background. The evening activity peak of gl mutants is able to adapt to 

phase shifts relatively quickly while the converse is true of the cry6 mutant, 

where the evening peak takes time to entrain to new light regimes 

(Stanewsky et al., 1998). This indicates that the visual system is part of a 

separate entrainment pathway from cry, with the entrainment of the morning 

peak primarily under visual control and the evening peak controlled by cry 

photo reception and/or the clock (Helfrich-Forster et al., 2001).

The g f0i cry6 double mutant lacks all the photoreceptors which can be used 

to entrain behaviour, and cannot be entrained to LD cycles. Even so, the 

'blind' gl60j cryp mutants behaviour contains a small rise in activity after lights 

off. However, the PER/TIM cycles of individual flies are not synchronised,
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indicating that there is no functional clock, and this peak was therefore 

attributed to 'masking' (Helfrich-Forster, 2001).

Therefore the visual system has a direct effect on the entrainment to LD 

cycles, presumably owing to altered cycling of PER and TIM. In cry13 flies, 

PER/TIM cycling continues in the LNs with reduced amplitude, and is lost 

from DN2 neurons. In norpAP41; cry13 flies, PER/TIM cycling is additionally 

lost from the l-LN and the LNd indicating that the eyes contribute to PER/TIM 

cycling in certain neurons (see figure 1.2). Although PER and TIM levels 

cycle in individual gl60J cry13 flies, without either light input the protein cycles 

are not synchronised to the LD cycle, indicating that the PER/TIM cycle is 

unregulated (Helfrich-Forster et al.., 2001). A role for the eyes in setting 

PER/TIM cycles is also indicated by mutants of transient receptor potential 

(trp), part of the visual transduction cascade, trp mutants show an altered 

phase of activity in DD and light pulses produce less of a change in TIM 

levels and the corresponding phase shift in activity is reduced (Yang et al., 

1998).

5.2 Aims

The examination of splicing levels in per, tim and cry mutants indicate that 

the clock is only required for the regulation of splicing at high temperatures 

and for rapid adaptation to new photoperiods at 18°C. The repression of 

splicing is dependent on light at both 18 and 29°C, and is not eliminated in 

the cry13 mutant (Chapters 3 and 4). In DD, there is no light input to the 

splicing machinery, and the resultant splicing levels are higher than those of 

erf3 mutants. Therefore, a light input to the splicing machinery of the clock 

independent of CRY must allow the adaptation of splicing levels to different 

photoperiods and the repression of splicing by light. It is likely that this light 

input is the same as that driving PER/TIM cycles within the LNvs of e r f  flies, 

namely the visual system.
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Although mutations of the visual system seem primarily to affect the 

entrainment of the morning activity peak, the extended time taken for visual 

mutants to entrain their locomotor activity to LD cycles suggests that an input 

from the visual system is partially responsible for determining the distribution 

of locomotor activity (e.g. Helfrich-Forster et al., 2001; Stanewsky et al., 

1998). It is likely that any mutation which affects the entrainment and 

positioning of the evening activity peak will have altered per splicing levels as 

this has been demonstrated to be the primary determinant of evening peak 

position (Majercak et al., 1999). In order to uncover the role of the visual 

system in regulating splicing and locomotor activity, norpA941, norpAp41 e r f ,  

gl60j, and gl60j e r f  flies were all assayed, with each line showing increasing 

levels of visual impairment.

5.3 Methods 

Fly Strains
norpAP41 (Emery et al., 2000b) 

norpA941 \ e r f  (Stanewsky et al., 1998) 

g f0i (Lindsley and Zimm, 1992) 

gf°i e r f  (Helfrich-Forster et al., 2001)

Canton-S, per01 and tim01 data is taken from Chapter 3

e r f  data is taken from Chapter 4. Genotypes were analysed as in Chapter

3.

5.4 Results

5.4.1 Locomotor activity in norpAP41 and norpAp41; e r f

The analysis of locomotor activity of norpA941 and norpA941; e r f  flies is 

shown in figures 5.1 (norpA941) and 5.2 (norpA941; e rf).
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Figure 5.1: Locomotor activity in norpAp41. a) 18°C (blue) and 29°C (red), error 

bars show SEM b). morning peaks of Canton-S (blue), norpAp41 (red), e r f  (green) and per01 

(purple) at 18°C and 29°C. c). evening activity peaks of Canton-S, norpAP4\  e r f  and perP1, 

error bars show 95% confidence intervals

norpAP41 flies entrain to LD 12:12, with a bimodal distribution of locomotor 

activity, which changes in response to different temperatures (figure 5.1a). 

The morning activity peak is higher at 29°C (A 5.1.4; F=70. 4, p«<0.001), 

and peaks earlier (temp, x time, F=4.2, p<0.05). While there is no difference 

in the level of evening activity at different temperatures (A 5.1.5, F= 1.7, n.s.), 

the evening peak is earlier at 18 than 29° (temp x time, F=6.0, p«0.001, 

figure 5.1a).

At 18°C, the morning activity peak is identical to that of Canton-S flies (A 

5.1.6; F=0.83, n.s.), figure 5.1b). At 29°C, the morning peak activity is 

elevated so that it is more similar in height to per01, although there are 

significant differences in the shape of the peak (A 5.1.7; time x genotype, F= 

4.6, p<0.05), 5.1b). Thus the norpAp41 mutation affects the morning activity
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peak in a temperature dependent manner, with its effect only becoming 

apparent at elevated temperatures.

The evening activity peak occurs earlier than that of Canton-S at both 18 and 

29°C (A 5.1.8 - 5.1.9; genotype x time, F=10.12, P«<0.001; F=20.6, 

p«<0.001) and figure 5.1c. The level of evening peak activity is very similar 

to Canton-S at 18°C (A 5.1.8; F=3.1, n.s.), but norpAP41 activity is elevated at 

29°C (A 5.1.9; F=20.1, p«<0.001). At 18°C, the norpAP41 evening peak is 

indistinguishable from that of cry*3 (A 5.1.10; genotype x time, F=0.78, n.s.). 

This is not the case at 29°C, where activity peaks earlier in norpAP41 than cryb 

(A 5.1.11; genotype x time, F=8372, p«<0.001) (figure 5.1c).

norpAp41 has an effect on the morning activity peak only at high 
temperatures, but advances the evening activity peak at both 18 and 

29°C.

There is almost no difference in the locomotor behaviour of norpAp41; cry13 at 

different temperatures (figure 5.2a). There is some difference in the morning 

activity peak (A 5.2.3; temp, x time, F= 4.01, p<0.05), with this peak almost 

eliminated at 29°C. The morning activity peak is indistinguishable from that 

of cn/3 at both temperatures (A 5.2.4 - 5.2.5; time x genotype F= 2.2, n.s.; F= 

3.1, n.s.). This indicates that the c r /3 mutation is epistatic to that of norpAP41 

in terms of morning activity peak determination (figure 5.2b).

There is no difference in the evening activity peak (A 5.2.4; temp, x time, 

F=1.83, n.s.) at different temperatures (figure 5.2a), and the peak is delayed 

compared to either single mutant at both 18 and 29°C (A 5.2.7- 5.2.10; all 

genotype x time, p«<0.001; figure 5.2c and d).
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Figure 5.2: Locomotor activity in norpAp41; cryb. a) 18°C (blue) and 29°C 

(red), b). morning activity of norpAp41; e r f  (red), norpAp41 (blue), e r f  (green) and Canton-S 

(purple) at 18°C and 29°C. c) evening peaks of same genotypes at 18°C d).evening peaks 

of same genotypes at 29°C.

Therefore the combination of norpAp41 and e r f  eliminates the temperature 

dependent difference in evening activity peak position. It would therefore be 

expected that there would be no difference in per RNA splicing levels at 

different temperatures in norpAP41\ e r f.

5.4.2 per mRNA splicing in norpAp41 and norpAp41; e r f

The splicing levels of per mRNA were also examined around the clock in 

norpAP41 and norpAP41; e r f,  as shown in figure 5.3.
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Figure 5.3: Splicing in norpAP41 and norpA941; cry**, a) 18°C (blue) and 29°C  

(red), b). norpAP41 (blue), norpAp41; cr/  (red), Canton-S (green), c r /  (purple) and pe/^; c r /  

(black) at 18°C d). same genotypes at 29°C. Error bars represent 95% confidence intervals.

In both norpAP41 (A 5.3.2; F=32, p«0.001) and (A

5.3.3; F=27.4, p«0.001) there is more spliced per mRNA at 18 than 29°C 

(figure 5.1a). There is significantly more spliced per mRNA in norpA941; cryb 

compared to norpA941 at 18°C (A 5.3.4; F=5.2, p<0.05) but not at 29°C (A 

5.3.5; F=2.5, n.s.), confirming that cry plays a role in the regulation of splicing 

at low temperatures (Chapter 4). The level of splicing in norpA941 and 

norpA941; c r /  flies is significantly higher than seen in all the other genotypes 

analysed (-70% at 18°C and -65% at 29°C). This is even higher than the 

high levels seen in pet°1\ c r /  (-55% at 18°C and -45% at 29°C) (A 5.3.9 - 

5.3.10 18°C, F=31.1, p«0.001; 29°C F=27.1, p«0.001).
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If a mutation eliminates the light input responsible for the repression of 

splicing, then the level of splicing should be identical to that seen in wild-type 

in DD. Genotypes carrying norpA941 are the only ones analysed where the 

level of splicing exceeds level seen after a day of DD in wild-type.

So, in norpAP41 there are higher levels of spliced per  at both 

tem peratures than Canton-S, w hich relates to the earlier evening  

activity peaks observed. However, w hen norpAp41 is com bined with  

c r /  the relationship between splicing levels and evening peak position  

breaks down as there are differences in splicing but no differences in 

locom otor behaviour. The splicing level is therefore not the only  

determ inant of evening activity peak position.

5.4.3 Locom otor activity in gl60J and g f oi cry13

The levels of splicing seen at different temperatures in DD reflect the levels 

of splicing seen in the absence of a light input. Therefore any mutation which 

eliminates the light input to splicing should leave splicing levels similar to 

those of Canton-S in DD. The levels of splicing of norpAP41 mutants are 

elevated above the levels seen in DD at both 18 and 29°C and temperature 

dependent differences in locomotor activity are eliminated. Therefore 

norpAp41 may have a role in the regulation of splicing beyond its role in the 

visual system. To determine whether this is the case, the locomotor activity 

and splicing phenotype of another visual mutant, gP0i (and g f0j cr /) ,  was 

analysed, as shown in figures 5.4 and 5.5.

There is no morning activity peak in g f0i mutants (A 5.4.2; F=1.07, n.s.), and 

the level of activity is identical at both temperatures (F=1.5, n.s.); figure 5.4a. 

This indicates that the startle response is lost, and that a visual input is vital 

to produce a morning activity peak (figure 5.4c). There is also no difference 

in the position of the evening activity peak at different temperatures (A 5.4.3; 

temp, x time, F=0.35, n.s.), figure 5.4c. The only difference seen at different
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temperatures is an elevated level of activity during the night at 29°C (figure 

5.4a).
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Figure 5.4. Locomotor activity in g f 0i a) 18°C (blue) and 29°C (red) Error bars 

represent SEM. b). evening activity peak at 18°C (blue) and 29°C (red), c) morning activity 

of Canton-S (blue), g f 0i (red), norpAp41 (green) and norpAP41; cryp (purple) at 18°C and 29°C. 

d). evening peaks in the same genotypes. Error bars show 95% confidence intervals

At 18°C, the evening activity peak occurs at the same time as in the norpAp41 

e r f  double mutant (A 5.4.9; genotype x time, F=0.79, n.s., figure 5.4d). The 

peak remains in the same place at 29°C, again most similar to norpAp41; e r f  

(figure 5.4d) although there is a difference at 29°C between the two 

genotypes (A 5.4.10; F=2.892, p<0.05)1°

10 If the range of the 'evening peak' is narrowed to only include bins 32-27 (A 5.4.11), then 
this interaction is lost between glass and norpAp41; e r f  activity, but not between glass and
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gl60j elim inates the m orning activity peak, and the tem perature  

dependent difference in evening activity peak position.
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Figure 5.5: Locom otor activity in g f 0i cryb a). 18°C (blue) and 29°C (red) Error 

bars show SEM. b). Evening activity peaks of g f 0i cry* (red), g f0j (blue), per01 (purple) and 

cryb (green) at 18 and 29°C. Error bars represent 95% confidence interval.

The locomotor activity profile of g f0j cry/3 mutants has previously been 

reported to be unentrainable to LD cycles at 25°C (Helfrich-Forster et al., 

2001). As can be seen from figure 5.5a, this is also the case at 18°C, but not 

at 29°C. There is no morning activity peak at either temperature, but at 29°C 

activity begins to rise before ‘lights off, indicating entrainment. At 18°C, 

evening activity is similar in phase to that of per01 (figure 5.5b) (A 5.5.6;

any other line, indicating that glass activity at both temperatures most closely resembles that 
of norpAP41c r / .
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genotype x time, F=0.87, n.s.). The level of activity drops immediately after 

'lights off at this temperature; a small rise in activity after 'lights off at 25°C 

was attributed to masking (Helfrich-Forster et al., 2001).

Although there is a difference in the locomotor activity profiles of gl60J and g foi 

e r f  ai 29°C (A 5.5.2; F=6.6, p<0.05), the evening peak of gl60j c r f  at 29°C is 

indistinguishable from that of g/607 (A 5.5.8; F=0.09, n.s.), figure 5.5c. This 

suggests that the e r f  mutation has little effect on the locomotor behaviour of 

flies carrying the gl60J mutation at high temperatures. To ensure that the flies 

were not entrained to temperature cycles produced by the incubator lights, 

the experiments were repeated using flies kept under the same conditions, 

but shielded from the light. Despite experiencing the mild temperature 

fluctuations caused by the incubator light, these flies are not entrained to LD 

12:12 cycles (See Appendix 5.7). Therefore, at high temperatures, the g/607 

e r f  clock cannot be ‘blind’ to light.

In g/607 the only light input for entrainment comes from CRY. This means that 

if g/607 e r f  flies can entrain to LD cycles, either e r f  becomes functional at 

higher temperatures, or there is an additional, as yet unidentified light input to 

the clock.

5.4.4 per RNA splicing in g foi and g f0i e r f

The levels of splicing of the intron within the 3' UTR of the per transcript of 

g/607 and g/607 e r f  were also examined around the clock at 18 and 29°C, as 

shown in figure 5.6.
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Figure 5.6: Splicing in gl60* and gl6® cry** a) gl (red/biue) and gl e r f  (green/purple) 

at 18°C and 29°C b). g f 0j (blue), g f0j e r f  (red), Canton-S (green), cry* (purple) and norpAp41 

(black) at 18°C. c). the same genotypes at 29°C. Error bars represent 95% confidence 

interval.

The splicing levels in gl60j and gl60j e r f  mutants are identical at both 18 and 

29°C (A 5.6.1; genotype x temp, x time, F= 1.8, n.s.), figure 5.6a, indicating 

that the effect of the gl60j mutant is epistatic to that of e r f  in setting the 

splicing level. In flies carrying gl6®, -60% of transcripts are spliced at 18°C, 

and -40% of transcripts spliced at 29°C, compared to -45% at 18°C and 

-25% at 29°C in wild-type.

At 18°C the level of splicing in gl6® and gl6® e r f  is higher than in Canton-S (A 

5.6.2; F=28.6, p«<0.001) or e r f  (F=10.7, p«0.001), figure 5.6b. At 29°C, 

the level of splicing in the gl6® and gl6® e r f  mutants is again higher than that 

of Canton-S (A 5.6.5; F=28.4, p«<0.001). In e r f  mutants, the repression of 

splicing was lost at night at 29°C. There is no difference in the levels of 

splicing at different times in gl6® and gl6® e r f  (A 5.6.1; F=0.33, n.s.) 

indicating that the levels of splicing are identical during the day and night. 

This coupled with the identical splicing levels in gl and gl6® e r f  again
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indicates that the effect of g f0j on splicing levels is epistatic to cr/  (figure

5.6c).

The level of splicing is not as elevated as that of norpAP41 mutants at either 

18°C or 29°C (A 5.6.6; genotype x temp., F= 9.5, p<0.05), figures 5.6b and c. 

This is surprising as gl60j is a more severe visual mutant than norpAp41, and 

suggests that norpA is likely to have a role in the regulation of splicing 

independent of its role in visual photoreception, especially as the levels of 

splicing in norpAp41 are higher than those seen after a day of DD. A mutation 

which eliminates the visual input to splicing would be expected to have 

splicing levels similar to those seen in DD (Chapter 2). If so, the levels of 

splicing in gl60j would be predicted to be the same as those observed in 

Canton-S flies in DD. This appears to be the case as shown in figure 5.7.
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Figure 5.7: Splicing in g l60j in LD com pared to Canton-S in DD. Error Bars 

represent 95% confidence intervals.

The light input that represses splicing appears to mainly com e through  

the visual system
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5.5 Discussion

At low temperatures the splicing level is set by the photoperiod, and this does 

not require a functional clock (Chapter 3). CRY plays some role in the 

photoperiodic repression of splicing as the level of splicing is increased at 

night at 18°C in cryb (and norpA941 \ cryb). However, the level of splicing seen 

in cryb is lower than that of Canton-S flies after a day in DD (compare figures 

3.7 and 4.2). This indicates that an additional light input must be responsible 

for the remainder of the repression of splicing seen in wild-type flies kept in 

LD as opposed to DD (Chapters 3 and 4).

During the day at 29°C, splicing is repressed even in per01, tim01 or cry13 

mutants, and is therefore independent of the clock and CRY. At night levels 

of splicing in cry6, per01 and tim01 mutants are elevated from ~25% to 40% of 

transcripts being spliced, indicating that PER, TIM and CRY are required to 

repress splicing at night at 29°C (Chapters 3 and 4). Therefore a separate 

light input pathway, independent of CRY, must be responsible for the daytime 

repression of splicing at 29°C (Chapter 4). This light input presumably 

comes via the visual system, as this known to be involved in entraining the 

clock to LD cycles (e.g. Helfrich-Forster et al., 2001).

The mutants gl60J and norpAp41 both affect visual photoreception. norpA is a 

phospholipase involved in phototransduction (Pearn et al., 1996), and in 

norpAP41 mutants only the H-B eyelets and CRY are available to entrain the 

clock (Helfrich-Forster et al., 2001). glass is a transcription factor which, 

when knocked out, eliminates the expression of all opsins. As a result, glass 

mutations are more extreme visual mutants than those of norpA, and the only 

photoreceptor remaining in glass60j mutants is CRY. This means that glass60j 

e r f  double mutants are blind to light (Helfrich-Forster et al., 2001).

Although gf°>, norpA941 and norpAP41; e r f  flies entrain to LD cycles, they do 

so with altered patterns of locomotor activity. g foi, norpAP41 and norpA941; 

e r f  also alter the response of locomotor activity to temperature changes.
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5.5.1 Locomotor activity and splicing in norpAp41 and norpAP41; cryp

The norpAp41 mutation affects both the morning and evening activity peaks in 

a temperature dependent manner. At 18°C, the morning activity peak is 

identical to that seen in Canton-S flies. At 29°C, the level of morning activity 

is greatly increased in the norpAp41 mutant in comparison to Canton-S (figure 

5.1a). Therefore norpAP41 behaves, in terms of the morning peak, as if it is 

hypersensitive to increased temperatures. The morning peak at 29°C is 

more similar to that of per01 mutants, which also show an elevated response 

to lights on, albeit at both 18 and 29°C (figure 5.1).

The main focus of work reported here has been to relate the splicing of the 

per intron to the position of the evening activity peak. In norpAP41, the 

evening activity peak occurs earlier at 18 than at 29°C, as seen in wild-type 

lines. The evening activity peaks are also earlier than the corresponding 

peaks of Canton-S flies at both temperatures. These differences in evening 

peak position (between temperatures and between genotypes) correlate with 

the splicing levels of per mRNA.

Higher levels of spliced per are associated with earlier evening activity in 

wild-type flies. In norpAP41 flies there is more spliced per transcript at 18 than 

29°C, accounting for the earlier evening peak at low temperatures. At both 

temperatures there is also more spliced per in norpAp41 than Canton-S, 

accounting for the earlier evening activity peaks of norpAP41 compared to 

Canton-S (figures 5.1 and 5.3).

The evening activity peak in norpAP41 at 29°C also occurs earlier than in cryb 

mutants, and again, there is also a correspondingly higher level of splicing in 

norpAp41 compared to cry13 (figures 5.1 and 5.3). However, at 18°C, activity 

peaks at the same time in e r f  and norpAP41 flies, even though there is a 

higher level of splicing in the norpAP41 (figure 5.1c). This means that the 

absolute level of splicing of the intron is not the only determinant of evening
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peak position. The simplest explanation would be that no matter how high 

the splicing level, there is a limit on how early the evening activity peak can 

occur, so there is no difference between norpAP41 and cryb. Splicing alters 

the accumulation of PER protein, and this is limited by the light-dependent 

degradation of TIM. Therefore the timing of the evening peak may be limited 

by this degradation.

In norpAp41 the evening peaks occur early at both 18 and 29°C, and there is 

a corresponding elevation in the levels of per mRNA splicing compared to 

wild-type. These are responses associated with low temperatures in wild- 

type D.melanogaster 45% of transcripts are spliced at 18°C in Canton-S, 

compared to -55% in norpAP41 at 29°C). Therefore norpAP41 mutants behave 

as if they have an impaired ability to detect high temperatures. norpAp41 do 

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.

norpAP41; cry* double mutants are temperature insensitive in terms of 

locomotor activity, and behave as if it were very hot at all temperatures (they 

react as if it is hotter than it actually is (figure 5.2). However, even within the 

double mutant, the splicing machinery remains temperature sensitive, with 

more spliced per mRNA at low temperatures. This means that the splicing 

levels of norpAP41 and norpAp41; cry13 are almost identical, with ~65-70% of 

transcripts spliced at 18°C and -55-60% spliced at 29°C (figure 5.3). At 

18°C, there is slightly more spliced per RNA in norpAP41; cry*3 than in the 

norpAp41 single mutant. This suggests that cry plays a small role in the 

regulation of splicing at low temperatures, supporting the observations 

reported in Chapter 4. At 29°C, the level of splicing is identical in norpA941 

and norpA941; cryb mutants. There is no elevated level of splicing at night, as 

seen in the cryb mutant. Therefore, norpA941 is epistatic to cryb at 29°C when 

it comes to determining the splicing level.
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Given that the per mRNA splicing level is though to determine evening peak 

position, norpAp41; e r f  would be expected to have the same evening activity 

peaks as norpA941 single mutants at different temperatures, which is not the 

case (figure 5.3). Therefore, when the norpA941 and e r f  mutations are 

combined, the relationship between splicing levels and evening peak position 

breaks down. A break down in the relationship between splicing levels and 

evening activity peak position is also seen in per01] e r f  (Chapter 4). 

However, in per01] e r f  the per transcript cannot be translated to produce a 

mature PER protein, and therefore the splicing level can have no bearing on 

locomotor behaviour (Chapter 3). As a result, the position of the evening 

activity peak in this mutant may be the default position which is then modified 

by altering the PER expression profile in response to altered temperatures 

and photoperiods.

Within the mouse, it has been shown that one role of the mCry proteins is to 

stabilise mPerl and mPer2 (Lee et al., 2001). Within D.melanogaster, CRY 

and PER are also known to interact (Rosato et al., 2001) and if CRY 

stabilises PER in D.melanogaster as well, it may provide an explanation for 

this. Within norpA mutants, the PER-CRY interaction is unaffected, so the 

evening activity peak remains dependent on the splicing levels of per mRNA. 

If this is combined with e r f , PER is no longer stabilised by CRY, and 

therefore the regulation of evening activity peak position breaks down. As 

the early evening activity peak seen at 18°C is though to be due to earlier 

upswing in PER protein levels, an increase in PER protein degradation would 

be predicted to delay the evening activity peak. Unfortunately this fails to 

explain why the splicing level still relates to evening activity peak position in 

e r f  (Chapter 3) or why within gl60j mutants the relationship between splicing 

levels and evening activity peak position is also lost (below).

Perhaps the simplest explanation is that when norpA941 and e r f  are 

combined, the level of splicing is unable to advance the PER protein cycle, 

and alter evening activity peak position. The evening activity peak of 

norpA941; e r f  is delayed at 18°C, as would be expected at high temperatures
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- they behave as if it were always hot. This is similar to the situation seen in 

wild-type flies unable to splice the per intron, where there is a delayed 

evening activity peak at both 18 and 29°C (Majercak et al., 1999). The 

reason given for the delayed evening activity peak in these flies is that the 

splicing of the intron ultimately advances the PER protein cycle, leading to an 

advanced evening activity peak with increasing levels of splicing. So, a late 

evening activity peak can be produced by reducing the amount of splicing, 

because this delays the PER protein cycle. This suggests that within 

norpAp41; cry13 mutants, the PER protein cycle may be delayed compared to 

wild-type or norpAp41.

Both CRY and the visual system play a role in regulating the PER/TIM cycle 

(Stanewsky et al., 1998). Therefore if norpA941 and cry*3 are both eliminated 

the light input to the clock will be much reduced. TIM will then be more 

stable, and as a result, the repression of per and tim RNA by the PER/TIM 

complex will persist for longer (similar to TIMUL, Rothenfluh et al., 2001). 

This will then delay the per RNA cycle, and as a result, the phase of activity 

will also be delayed, mimicking the effects of high temperatures. This may 

mean that in norpAp41; cry13 the PER protein cycle is so impaired by the loss 

of light inputs that changes in splicing level have little impact.

5.5.2 Locomotor activity and splicing in g f0i and g foi cry*3

The most obvious difference between the locomotor activity profiles of 

Canton-S and g f0} is the absence of a morning activity peak in gl60j mutants 

(figures 5.4 and 5.5). This demonstrates that detection of 'lights on' by the 

visual system is required to produce the morning activity peak. The role of 

the clock is then to modify the startle response in a temperature dependent 

manner.

There is no variation in the level of activity throughout the day and night in 

g/607, except for the evening activity peak. The evening peak is delayed at 

both temperatures in comparison to most other lines and occurs at the same 

time at both 18 and 29°C (figure 5.2d). This means that the total elimination
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of visual photoreception eliminates most of the responses of locomotor 

activity to temperature changes.

As there is no difference in the position of the evening activity peak at 

different temperatures in g/607, it would be predicted that there would also be 

no difference in splicing levels at 18 and 29°C (figure 5.4). As the evening 

peak is delayed in comparison to Canton-S, it would also be predicted that 

the level of splicing would be reduced. This is not the case as there is still a 

difference in splicing levels at different temperatures with more spliced per 

RNA at 18 than at 29°C (figure 5.6). Additionally, the level of splicing at both 

temperatures in g f0i is higher than in Canton-S (-60% vs. -45% at 18°C, and 

-40% vs. -25% at 29°C) (figure 5.6a). Again, the level of splicing is not the 

only factor that determines the position of the evening activity peak.

In both norpAP41; cry*3 and gl60j there is a difference in splicing levels at 

different temperatures, and the evening peak is delayed in comparison to 

Canton-S despite the elevated level of splicing. As gl60J is more severe in 

terms of effect on the visual system than norpAp41, the simplest explanation 

is that gl60j has a similar effect in reducing the light input to the clock as the 

elimination of both norpA and cry. This would mean that the H-B eyelets and 

cry remaining in norpAp41 are together sufficient to maintain the PER cycle. If 

only one of these photoreceptors is present (cry in g f0i mutants, or the H-B 

eyelets in norpAP41; c r /3 mutants) the clock, or PER protein cycle, is 

sufficiently impaired so that changes in temperature no longer have an effect 

on evening activity peak position. As a result, in both gl60j and norpAp41; cry*3 

the evening activity peak is delayed at both temperatures in these mutants. 

To confirm this, it may be worthwhile examining the per mRNA and/or protein 

cycles of gl60J at 18 and 29°C, and see if there is a significant delayed 

compared to Canton-S.

Like norpAP41; cry13 mutants, g f0} have locomotor activity which is relatively 

insensitive to temperature changes, but the splicing machinery still responds 

to temperature changes. This again reveals a separation between the 

temperature input which sets activity and that which sets the splicing levels.
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If all the light inputs to the splicing machinery are eliminated, then levels of 

splicing would be expected to be the same as those seen in wild-type flies in 

DD. This is the case with gl6®, suggesting that the visual system provides the 

majority of the light input that sets the splicing level (figure 5.7)11. It also 

indicates that temperature sets a maximum level of splicing that is then 

repressed by the photoperiod (figure 5.7). At 18°C this is -60% of all per 

transcripts, and at 29°C, -40% of all per transcripts. These levels are only 

exceeded in norpAp41 that supports the idea that norpA plays a role in 

regulating splicing levels independent of its role in photoreception.

In per01, tim01 and cry0 mutants at 29°C, splicing is repressed during the day 

but not at night (Chapters 3 and 4). In gl6®, like norpAp41, there is no 

difference in splicing levels between the day and night at 29°C. The levels of 

splicing seen gl6® at 29°C at all times are similar to the (elevated) night-time 

levels of splicing seen in per01, tim01 and cry0, with -40% of transcripts being 

spliced.

This suggests that during the day at 29°C, the light input received through 

the eyes sets the splicing level, and the clock maintains this repression at 

night. If the visual input is removed then the level of splicing remains 

constant (and high) during the day and night (norpAp41 and gl6®, figures 5.3 

and 5.6). If the clock or CRY are eliminated, then the visual input is still able 

to repress splicing during the day, but there is no repression of splicing at 

night because the clock is not available to maintain repression (Chapters 3 

and 4). If both PER and CRY are removed, this repression of splicing during 

the day by light is also lost (Figure 4.4). Therefore the visual input requires 

either PER or CRY (but not both) in order to repress splicing during the day.

11 It should be noted that although the splicing phenotype of glass flies is identical to that of 
Canton-S in DD, the locomotor activity is not. In Canton-S flies in DD there is a single, early 
activity peak, whereas in glass flies, the evening peak is delayed. Therefore CRY plays an 
important role in entrainment, but not such an important role in setting the splicing level.
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5.5.3 Rhythmicity of g f0J cryb mutants at 29°C

The circadian clock of g/607 e r f  flies was previously reported to be blind, as 

they have no known photoreceptors (Helfrich-Forster et al., 2001). Individual 

gl€0j e r f  flies are rhythmic, but their behaviour cannot be entrained to LD 

cycles. To see whether there was any effect of temperature on the level of 

locomotor activity in g/607 e r f  mutants, the locomotor activity profiles were 

analysed in LD 12:12 at 18 and 29°C.

At 18°C, behaviour is similar to that previously reported with this line. These 

mutants show no morning activity peak, and no anticipation of lights off. g/607 

e r f  behaviour at 18°C is similar to that of per01 flies, with a constant level of 

activity throughout the day, followed by an immediate drop in activity 

immediately after lights off (ZT 12). In per01 flies, the level of activity remains 

low until lights on, whereas in gl60j e r f  flies, the level of activity rises again a 

couple of hours after lights off (figure 5.5a). At 25°C, there is a small peak in 

locomotor activity immediately after lights off which was attributed to masking 

(Helfrich-Forster et al., 2001) as there is no regulated PER/TIM protein cycle. 

Masking could therefore account for this small fall in activity seen at 18°C 

here.

Surprisingly it was found that at 29°C gl60j e r f  flies are entrainable to LD 

cycles, with a clear evening activity peak anticipating ‘lights off. The pattern 

of behaviour at 29°C of g/607 e r f  closely resembles that of g/607 single mutants 

at 29°C (figure 5.5). This means that e r f  has no phenotypic effect on 

locomotor behaviour when combined with g/607, at elevated temperatures. 

The only known photoreceptor available in g/607, which must therefore be 

used to entrain behaviour, is cry. For g/607 e r f  mutants to behave like g/607 at 

high temperatures, some photoreceptor function must be gained at high 

temperatures. The most parsimonious explanation would be that as e r f  is 

not a null mutation, it becomes 'active' at high temperatures, allowing g/607 

e r f  to entrain to LD cycles. The only alternative explanation is that there is 

an additional light input to the clock which has not yet been characterised -
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the existence of an additional light input driving circadian rhythmicity has 

recently been postulated (Malpel et al., 2002). It cannot be because gl60j 

becomes functional at high temperatures as gl encodes a transcription factor 

required for the formation of all photoreceptor structures during development 

(Moses et al., 1989; Helfrich-Forster et al., 2001). There is some evidence to 

support the idea that e r f  is not a complete loss of function mutant and is 

temperature sensitive, notably the altered behaviour of per5 e r f  at different 

temperatures (Rosato et al., 2001). However, in this example rhythmicity 

breaks down at high temperatures, as does the CRY-TIM interaction in yeast 

two hybrid assays.

Observations of other lines carrying the e r f  mutation do not support the idea 

that e r f  can detect light at higher temperatures. Both norpAP41; e r f  and 

per01; e r f  show very similar patterns of behaviour at 18 and 29°C. By 

analogy to gP0j e r f  behaviour resembling that of g f0j at high temperatures, 

per01; e r f  should resemble per01 and norpAP41; e r f  resemble norpAP41 at 

29°C, which is not the case. It may be that e r f  is always able to detect light 

at high temperatures, but that this only has a phenotypic effect when there is 

no other light input available as in g/607 e r f  but not per01; e r f  or norpAP41; 

e rf.

5.5.4 Morning activity peak determination

The presence of a morning activity peak is dependent on the visual 

photoreception system as it is lost in g/607. One role of the clock is to 

modulate the size of the startle response to ‘lights on’. The morning activity 

peak in Canton-S flies is higher at 18 than 29°C. In e r f  flies this difference 

is lost and the morning peak is reduced in height, presumably because e r f  is 

less sensitive to light. At high temperatures, the light intensity is also likely to 

be higher, and therefore it makes sense if the clock is less sensitive to light, 

so a higher light intensity is required to elicit the same response.
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In tim01 mutants, the size of the morning peak is increased compared to 

Canton-S, but there is no difference in peak height at different temperatures. 

In contrast, in per01 flies, the size of the morning activity peak is increased to 

the same extent as tim01, but there is a larger startle response at low 

temperatures. Therefore a functional clock reduces the startle effect, but 

only CRY and TIM are required to produce a difference in morning peak size 

at different temperatures (Chapter 4).

norpAP41 behaves as if it were hypersensitive to 'lights on' at 29°C, with a 

morning peak as high as that of per01 mutant flies. In the norpAP41; e r f  

double mutant the height of the morning peak is reduced to the same size as 

in the e r f  single mutant at both temperatures. Therefore, the norpAp41 

mutation increases the startle effect, and the e r f  mutation reduces it. e r f  is 

epistatic to norpAP41 in determining the size of the morning activity peak.

There is no morning activity peak at either 18 or 29°C in gl60j and gl60j e r f  

mutants. This peak is present in norpAP41 at 18 and 29°C, and in norpAP41; 

e r f  mutants at 18°C, so it seems that the light input from the H-B eyelets 

alone is sufficient to produce a morning activity peak at 18°C, but at 29°C, an 

additional light input, from cry, is also required. The light input from CRY 

alone is not sufficient to produce this peak, as there is no peak in g/607.

5.5.5 Upswing of locomotor activity

Normally, the level of locomotor activity begins to rise earlier at 18 than 29°C. 

CRY and the clock operate antagonistically to determine when this rise 

occurs as this difference is lost in e r f  mutants but partially restored in per01 

e r f  double mutants (Chapter 4). This difference is maintained in norpAP4\  

but lost from norpAP41\ e r f,  so norpA seems to have no role in determining 

the timing of this upswing. This difference is eliminated by the gl60j mutation. 

This may mean that a light input from the H-B eyelets is required to produce 

this earlier upswing. Alternatively, it may be lost owing to some other defect 

of the clock in gl60j mutants - for instance, there is no morning activity peak or
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temperature difference in activity levels during the day, and the evening peak 

position is not related to the splicing levels.

5.5.6 Evening activity peak determination

The regulation of evening peak position in a temperature dependent manner 

seems to be the key to avoiding mid day activity. The position of the peak of 

evening activity is controlled by the splicing levels of the per 3' UTR intron, 

under the control of the photoperiod, clock and CRY (Chapter 4 and 5). 

Analysis of the behaviour of g/607 and norpAP41 visual mutants reveals that the 

light input received by the eyes is involved in setting the per mRNA splicing 

level.

In general, the level of splicing determines when the peak level of locomotor 

activity will occur, as previously reported (Majercak et al., 1999).

Observations of wild-type, norpAP41 and e r f  flies fit with the idea that the 

level of splicing of the per 3' UTR determines evening peak position. In all of 

these cases, there is an earlier evening activity peak and more spliced per 

RNA at 18 than 29°C. Additionally, at both 18 and 29°C, the lowest level of 

splicing and latest peak is observed in Canton-S flies, and the highest level of 

splicing and earliest evening peak are found in norpAP41 flies. At 18°C, there 

is more spliced per in norpA941 than in cry6 even though the evening peak 

occurs at the same time. There is therefore probably a limit to how early the 

evening activity peak can occur, no matter what the per splicing level. That 

this could be an effect of altered per protein and RNA cycles in the different 

mutants cannot be discounted as the role of splicing regulation is simply to 

modify the pre-existing RNA cycle.

The level of splicing of the per intron is not the only determinant of evening 

peak position as norpA941; c r f  and g/607 flies have different levels of splicing 

but no difference in the evening peak position at different temperatures. The 

evening activity peak also occurs at a similar time in both g/607 and norpA941; 

e r f  mutants, even though the levels of splicing are very different in the two
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lines. The most likely explanation is that in these flies the light input to the 

clock is so impaired that the degradation of TIM and/or the negative feedback 

loops are disrupted. As a result, the effect of altered splicing on the cycle of 

per RNA is so minor as to have no effect on locomotor activity. The only 

problem with this model is that it has previously been suggested that even 

within the eye, the visual system is not required for the regulation of the 

levels of PER/TIM (Suri et al., 1998). However the visual system must drive 

the entrainment PER/TIM cycle within the LNvs as cry13 flies are rhythmic 

because of this cycle (Stanewsky et al., 1998).

5.5.7 How light and temperature set the per mRNA splicing level: 
Conclusions to Chapters 3-5

At 18°C, analysis of Canton-S, per01, tim01 and e r f  strains indicated that 

photoperiod was the primary determinant of splicing level. The detection of 

light by the splicing machinery appears to be independent of PER, TIM and 

CRY. The clock is not required to set the splicing level in response to altered 

photoperiods (Chapter 3; J. Majercak, personal comm.) and instead, the 

repression of splicing by light at low temperatures is mediated by the visual 

system. Even if the splicing level is not always related to the evening peak 

position, the analysis of splicing levels in visual mutant lines helps uncover 

the pathway by which photoperiod sets the clock.

CRY seems to have a small role in setting the splicing level at 18°C. In cry0 

mutants at 18°C, the level of splicing is elevated at night compared to 

Canton-S. Also, the level of splicing of norpAp41; cry13 is slightly higher than 

that of norpAP41 at 18°C. These differences between lines with and without 

the cry*3 mutation are small, even at 18°C and the effect of visual mutants 

alone on the splicing levels at 18°C is far greater. CRY plays no role in the 

light input to the splicing machinery at 29°C as the splicing levels in both 

norpA erf* and g f0i e rf3 flies are identical to those of norpA941 and g f0j flies 

respectively. Therefore at both 18 and 29°C, the visual system is 

responsible for detecting the photoperiod, and this information then sets the
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splicing level. This is consistent with the observed splicing levels in reduced 

photoperiods fits this observation where the clock and cry are not required for 

the photoperiod setting of splicing levels (J. Majercak, pers. com.; Chapter 3).

Although norpA and glass have different roles in determining locomotor 

behaviour, knocking out either one, while leaving the fly entrainable, prevents 

photoperiod information reaching the splicing machinery and the level of 

splicing is elevated. This means that although CRY or the H-B eyelets are 

sufficient for entrainment, more than one photoreceptor is required for the 

photoperiod to set the splicing level.

Temperature seems to set a maximum level of splicing which is then 

repressed by light. This level is seen in DD, or in gl60J and gl60J cr/  mutants. 

It is -60% spliced per at 18°C and -40% spliced per at 29°C (See figures 3.6 

and 5.6; 5.7). At high temperatures, the repression of splicing at night 

requires the presence of PER, TIM and CRY. If any of these proteins is 

eliminated, then the level of splicing at 29°C at night rises to -45% of per 

transcripts, a similar level to that seen in wild-type in DD at 29°C. The fact 

that splicing is still repressed at 29°C in comparison to 18°C even in visual 

mutants suggests that temperature sets the splicing level which is then 

repressed further by the photoperiod, fine-tuning behaviour to different 

seasonal conditions. To confirm that this is the case, the splicing level after 

more than one day of DD needs to be examined to confirm this limit.

The only line in which these limits are exceeded are those carrying the 

norpAp41 mutation. The levels of per splicing in norpAP41 mutants are higher 

than those of g f0i at both 18 and 29°C. Also, the difference between the 18 

and 29°C splicing levels is reduced in norpA941 mutants in comparison to gl60j 

(Figure 5.8).
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Figure 5.8: Differences in splicing levels in different genotypes at 

different temperatures. Error bars are 95% confidence intervals.

There is evidence that norpA is involved in a temperature input pathway to 

the splicing machinery, and perhaps the clock in general. The elevated level 

of splicing and reduced temperature difference of norpAP41 cannot be solely 

due to the role of norpA in photoreception as gl60j is a more severe visual 

mutant but has less of an effect on splicing levels. This suggests that norpA 

is possibly a signalling molecule in the temperature sensing pathway. This 

seems to be confirmed by the decreased sensitivity of norpA to increased 

temperatures in terms of splicing levels.

The patterns of locomotor activity also indicate that norpA is involved in 

temperature sensing. The norpAP41 single mutant seems to be more 

sensitive to high temperatures than wild-type lines. The level of behaviour at 

night through to the morning activity peak is elevated, and the morning
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activity peak is similar in size to that of pet01 flies. This suggests that per01 

and norpAP41 flies are more sensitive to the 'startle effect' of lights on than 

other lines, and that both a functional clock and a signalling pathway 

involving norpA are required to modulate morning peak activity. While per is 

required to modulate this response at all temperatures, norpA is only required 

at high temperatures. In wild-type flies, the size of the startle response is 

repressed in a temperature dependent manner, and norpA, cry and the clock 

are all involved in this action. This extreme startle effect is attenuated at 

high temperatures by the cry6 mutation.

Although norpA mutant flies show altered patterns of entrainment, little work 

has been done to connect the function of norpA with circadian rhythms as its 

effect is though to be primarily because norpA mutants are blind. It takes 

longer for norpA mutants to entrain to new LD cycles (Emery et al., 2000b; 

Wheeler et al., 1993), and they show altered patterns of behaviour, including 

a period ~1 h shorter than normal (Dushay et al., 1990). The elevated 

splicing levels may explain this reduced period as high levels of splicing are 

though to advance the PER protein cycle (Majercak et al., 1999). An 

advanced PER protein cycle might then be predicted to speed up the clock, 

and as a result to reduce the free-running period.

A role for norpA in the clock outside of the visual system has previously been 

reported in the malpigian tubules (MT) where the level of TIM in norpA941; 

cry13 mutant flies is higher than that of the cryf* single mutant (Ivanchenko et 

al., 2001). This fits nicely with a temperature sensing role for norpA as the 

clock is also involved in this, and if the two proteins interact, it becomes 

possible for one to regulate the other. Recently, it has been demonstrated 

that NORPA is able to interact with TIM (Sehgal; SRBR Conference 2002), 

indicating that there could be a role for norpA signal transduction in circadian 

rhythms outside the visual system.

The Phospholipase C (PLC) encoded by the norpA gene of D.melanogaster 

is required for inositol signalling within the phototransduction pathway. 

Inositol signalling is not confined to phototransduction, and is found in a wide
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range of cellular processes. norpA is primarily expressed within the 

rhabdomeres of the compound eye (Schneuwly et al., 1991), and the 

photoreceptors of severe norpA mutants show no electrophysiological 

response to light. In the photoreception pathway, NORPA is activated by 

photoactivated rhodopsin through a G-protein (Bacigalupo et al., 1995). 

norpA is expressed in the retina and in axons of photoreceptor cells (McKay 

et al., 1995) and in norpA mutants. PLC activity is lost within the head 

(Yohsioka et al., 1995; McKay et al., 1995). norpA could therefore be used in 

different signalling roles in different tissues.

Any role which norpA may have in the clock is independent of its role in 

photoreception as the light induced degradation of TIM within the eye is 

unaffected in the norpA mutant line (Suri et al., 1998) and PER also cycles 

normally (Zerr et al., 1990). This would then preclude the regulation of TIM 

levels by the visual system in cry* mutants, yet they are entrainable. To 

account for this, there must be redundancy between CRY and the visual 

system in the regulation of TIM degradation and the entrainment of the clock.

In contrast, gl seems to have no role outside the visual system in regulating 

splicing levels, and splicing remains temperature sensitive, with splicing 

levels similar to those achieved under DD. It seems that the clock receives 

information on the photoperiod through the eyes rather than through CRY 

and the role of CRY seems to be limited to its interactions with PER/TIM and 

controlling the temperature sensitive upswing in activity levels and morning 

peak height.

5.5.8 A model as to how light and temperature set the splicing level

Figure 5.9 shows a possible model of how light and temperature may set the 

splicing level of the clock, and determine the evening peak position.
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The regulation of splicing differs at 18 and 29°C. How temperature is 

detected is not known, but it seems that norpA plays a role in the pathway 

which transmits information about the temperature to the clock, as norpAP41 

mutants seem to be less temperature sensitive.

18°C: Max. 60% 
spliced per

temperature sensing via norpA 29°C: Max. 40% 
spliced per

visual
photo reception

per RNA cycle

i
Advance in PER protein 

accumulation -> early 
evening activity peak

visual photoreception

splicing splicing
repressor NIGHT

per RNA cycle

Delay in PER protein 
accumulation -> late 
evening activity peak

Figure 5.9: A model of how the splicing level is set by light and 
temperature

Temperature appears to set a maximum level of splicing which is then further 

repressed by the photoperiod, so the splicing level, per RNA cycle and 

ultimately behaviour can be fine-tuned to any given conditions. This 

maximum level of splicing for a given temperature is that which is observed in 

DD, or in gl6® visual mutants.

At low temperatures, the splicing level is set by the photoperiod. The 

photoperiod is mainly detected by the visual system, but CRY also seems to 

play a small role in detection. The splicing level then modifies the per RNA 

cycle. This produces an early upswing in PER protein, generating an early
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evening activity peak. It may be that the visual system also regulates the per 

mRNA and/or protein cycle. This is shown on the left-hand side of figure 5.9.

At high temperatures, the regulation of splicing is more complex, and 

involves the circadian clock (figure 5.9, right-hand side). This is probably 

because it is more important to regulate behaviour at high temperatures, and 

avoid midday desiccation. The primary determinant of the splicing level is 

still light, and splicing is repressed during the day. This light input to the 

splicing machinery comes from the visual system, with no input from CRY. 

During the day at 29°C, light represses splicing. This requires either PER or 

CRY as there is repression of splicing per01 and e r f  single mutants but not 

when they are combined in per°1\ e r f .  However, during the day the levels of 

both PER and CRY are very low, so it is unclear what role they can play in 

mediating the light input.

In g/60', there is no difference in splicing levels between the day and night at 

29°C even though there is a functional clock. In mutants without a functional 

clock, the level of splicing at night is higher than during the day. Therefore 

the clock cannot repress splicing at night unless there is a light input from the 

visual system. The level of splicing set during the day by this light input is 

then 'remembered' by the clock; in the absence of PER, TIM or CRY there is 

no repression of splicing at night at 29°C. The role of CRY in this is probably 

because CRY is a core clock component in peripheral clocks like the eye, 

and the situation may be different in the LNvs.
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Chapter six: Temperature 

regulation of 

pseudoobscura RNA

6.1 Introduction

D.melanogaster and D.pseudoobscura are two closely related species that 

diverged approximately 25 Million years ago. The geographical distribution of 

D. pseudoobscura is limited to a region extending from British Columbia, 

down through the West Coast of North America, to Mexico and Guatemala 

(Wang and Hey, 1996), whereas D.melanogaster has an almost universal 

distribution. The two organisms display very different patterns of locomotor 

activity. This is particularly apparent in DD, when the behaviour of 

D.melanogaster peaks early in the day, while the evening activity peak of 

D.pseudoobscura is delayed (Petersen et al., 1988; Tauber et al., 2003).

Rhythmic, species-specific behaviour is known to be encoded by the per 

gene (Petersen et al., 1988). A construct containing the coding region of 

D.pseudoobscura and the untranslated and intronic regions of 

D.melanogaster called mps1 rescues rhythmicity in per01 flies, albeit rather 

poorly as only 10-30% of flies are rhythmic with two copies of the transgene 

in DD (Petersen et al., 1988; Piexoto et al., 1998). The period of these 

transformants is longer than either wild-type species, and behaviour more 

closely resembled that of D.pseudoobscura, with one major activity peak. In 

LD cycles, activity of the homozygous mps1-per°1 transformant has a sharp 

evening activity peak post-lights off (Petersen et al., 1988; Piexoto et al., 

1998). If mps1 is transformed onto a D.melanogaster per+ background, the 

resultant transformant behaves like D.pseudoobscura but has robust 24 h 

rhythms, perhaps reflecting the stronger nature of D.pseudoobscura rhythms
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(Petersen, et al., 1988; Tauber et al.,2003). A modified chimeric construct, 

mps3, shows a much higher rescue of rhythmicity and a 24 h period, but the 

pattern of locomotor activity still resembles that of D.pseudoobscura (Peixoto 

et al., 1998; Hennessy 1999). The structure of the mps3 construct is shown 

in figure 6.1.

5’ UTR 3’UTR

PAS 1*' n ■■ H i  |' i jflH E COOH mps3
221 447 664 696 737 1224

D.mdanogaster ood hg region [ J  D.mdanogaster non-codir>g region [JjJj Thr-Gly repeat regbn

D.pseudoobscura coding region ■  D.pseudoobscura non-coding reg ion

Figure 6.1: The MPS3 construct. The MPS3  Construct contains the 5' end of the 

D.melanogaster coding region. The remainder of the coding region and the 3' UTR are from 

D. pseudoobscura.

The higher level of rhythmicity and 24 h period of per01 flies transformed with 

the mps3 construct indicates that if the N-terminal D.melanogaster regions of 

the protein are heterospecific (e.g. mps1) then rhythmicity appears to be 

reduced and the period extended. The N-terminal is also responsible for 

determining the species-specific pattern of behaviour. In mps3 flies, the 

cycle of PER protein was found to be very similar to that of D.melanogaster 

at 25°C with the level of PER rising around ZT12 (lights off) in both cases. 

However, PER seems to persist for longer during the night in the mps3 

transformant (compare So & Rosbash, 1997 with Peixoto et al., 1998).
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In the wild, D.pseudoobscura and D.melanogaster often co-exist in the same 

environments. In the wild, D.pseudoobscura mating activity peaks just before 

darkness, while that of D.melanogaster peaks earlier in the evening 

(Partridge et al., 1997). In wild-type flies in the laboratory in DD, the 

maximum level of mating is reached about 3 h earlier in D.melanogaster than 

D.pseudoobscura, reflecting the earlier phase of circadian activity.

If the mps1 construct is put on a D.melanogaster per+ background, behaviour 

resembles that of D.pseudoobscura, but with a 24 h period. This then allows 

the comparison of transformant flies to see whether species-specific 

behaviour affects mating. In this way it was demonstrated that transformant 

D.melanogaster favour matings with individuals carrying the per gene from 

the same species (e.g. mps1 favour matings with other mps1 transformants. 

The cycle of mating activity lags behind the cycle in locomotor activity by 

several hours in both species, so although both cycles may be run by the 

clock, they are not identical (Tauber et al., 2003).

Another interesting difference between D.melanogaster and 

D.pseudoobscura is in their response to increased temperatures. At 29°C in 

DD, D.melanogaster has a clearly defined activity peak in the subjective 

night. In contrast, locomotor activity of D.pseudoobscura is arrhythmic under 

the same conditions (Hennessey, 1999). Additionally, the number of 

rhythmic D.pseudoobscura flies decreases from ~70-90% at 12°C to ~60% at 

29°C. In contrast the level of rhythmicity in D.melanogaster the opposite 

over this temperature range. Additionally, the free running period of 

D.pseudoobscura is close to 24 h at temperatures up to ~25°C, but increases 

considerably, to ~26 h at 29°C (Henessey 1999).

This suggests that the two species may have altered abilities to cope with 

increased temperatures, with D.melanogaster appearing to be better adapted 

to warmer and D.pseudoobscura to colder climes. Little has been done on 

the relationship between temperature, RNA cycling and locomotor activity in 

species other than D.melanogaster. The only study that looked for
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alternative splicing is in Bactrocera tryoni and Bactrocera neohimeralis, two 

sibling tephritid fruit fly species native to Australia (An et al., 2002). Although 

they are much more closely related to each other than D.melanogaster and 

D.pseudoobscura, they also show differences in behaviour. Like 

D.melanogaster and D.pseudoobscura they show differentiation by mating 

behaviour (e.g. Tauber et al., 2003) and B.tryonl's ecological range extends 

into much colder climes than (B.neohimeralis) (An et al., 2002).

In these Bactrocera, there are no differences in the PER protein sequence 

between the two species, so the only way in which per could be involved in 

determining species specific behaviour would be if the expression pattern of 

the gene is altered. The intron of the period 3' UTR intron is alternatively 

spliced within these species and appears to be under temperature control but 

unlike D.melanogaster, splicing is repressed at low temperatures. The RNA 

cycle is also under temperature control, with per levels peaking -3  h earlier 

at 18°C than at 29°C, but the level of per remains constant at different 

temperatures. In this study there was no difference found between the RNA 

cycling and splicing levels of the two species, so the regulation of per 

expression cannot explain the greater climactic range of B.tyroni or the 

differences in mating behaviour (An et al., 2002).

6.2 Aims

In DD at 18°C, D.melanogaster has an earlier locomotor activity peak than 

D.pseudoobscura (Tauber et al., 2003). At 29°C, the peak of 

D.melanogaster occurs at a similar time as the D.pseudoobscura 18°C peak, 

meaning that at low temperatures, D.pseudoobscura behaves like 

D.melanogaster at high temperatures (Henessey, 1999). This may then 

indicate that D.pseudoobscura is hypersensitive to high temperatures. 

Species specific differences in behaviour between D.melanogaster and 

D.pseudoobscura have already been demonstrated to be encoded by the per 

gene (e.g. Petersen et al., 1998; Tauber et al. 2003). The mechanism which 

allows D.melanogaster to adjust locomotor behaviour to different
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temperatures involves the regulation of PER protein levels by altering the 

splicing of the intron within the 3' UTR of the per gene. It could therefore be 

that species-specific differences in behavioural temperature sensitivity also 

involve the splicing of the per gene. 3' RACE was therefore used to 

determine whether alternatively spliced per mRNA transcripts also exist in 

D. pseudoobscura. In addition, the per mRNA and protein cycles of 

D.pseudoobscura were also analysed at different temperatures. Finally, the 

mps3 transgene contains the promoter region from D.melanogaster, so the 

expression of the RNA should be normal, although altered properties of this 

chimeric protein could alter the negative feedback loops which control per 

RNA expression. The 3' UTR comes from D.pseudoobscura, so analysis of 

the splicing levels of per within this line may reveal whether conserved RNA 

sequence is required for the regulation of splicing.

6.3 Methods

Canton-S data is from Chapter 3, D.pseudoobscura Ayala strain. 

mps3-65c transformants had previously been generated, as described by J. 

Henessey (1999). These flies were then crossed onto a per01 background, 

as described in Chapter 2. Flies were collected and analysed as in Chapter 

3, with Western blots of proteins as in Chapter 2.
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6.4 Results

6.4.1 Temperature compensation in D.pseudoobscura

A comparison of free running periods in D.melanogaster and 

D.pseudoobscura, as shown in figure 6.2
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Figure 6.2: Temperature compensation in D.melanogaster and

D.pseudoobscura free-running periods of D.melanogaster (Canton-S) and 

D. pseudoobscura (Ayala) at 18°C (blue) and 29°C (red) as determined by spectral analysis. 

Error bars represent SEM.

The period of D.melanogaster is very close to 24 h at both 18 (23.84+/-0.12 

h) and 29°C (23.99+/- 0.25 h), as is the free-running period of 

D.pseudoobscura at 18°C (23.8+/- 0.14 h). At 29°C, fewer D.pseudoobscura 

flies remain rhythmic in DD, and of those which do, the period rises to 

~26.47+/-1.3 h. This replicates the observations of Henessey (1999), and 

indicates that the clock of D.melanogaster is better temperature 

compensated than that of D.pseudoobscura over this temperature range.

6.4.2 Locomotor activity D.pseudoobscura

The locomotor activity profile of D.pseudoobscura compared to 

D.melanogaster at 18 and 29°C is shown in figure 6.3.
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Figure 6.3: Locomotor activity of D.pseudoobscura Ayala and 
D.melanogaster Canton-S. a). D.melanogaster (blue) and D.pseudoobscura (red) at 

18°C. Error bars show SEM. b). 29°C. c) expanded morning activity peaks at 18°C and 

29°C. d). expanded evening activity peaks at 18°C and 29°C. Error bars represent 95%  

confidence interval

In LD 12:12 the locomotor activity patterns of both D.melanogaster and 

D.pseudoobscura alter in response to temperature changes. At 18°C, the 

locomotor profiles of both species are bimodal and the levels of activity are 

similar (6.2a). There is no difference in the morning activity peaks (A 6.3.5; 

time x genotype, F=0.11, n.s.) between the two species at 18°C. At 18°C, 

the evening activity peak in D.pseudoobscura is broader than that of 

D.melanogaster; the peak begins to rise at ZT 4 (Time Bin 20), peaks around 

ZT 9.5 (Time Bin 31) and then drops rapidly after lights off (ZT 12, Time Bin 

26). In contrast, the evening peak of D.melanogaster begins to rise (ZT 9.5) 

and peak (ZT 11) later, and then falls rapidly after lights off. As a result, 

D. pseudoobscura locomotor activity is advanced compared to 

D.melanogaster at 18°C (6.3a and 6.3d; A 6.3.7, genotype x time, F=7.8, 

p«<0.01). (F=7.801, p«<0.05).
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The difference in locomotor activity is much more apparent at 29°C. In 

D.melanogaster, the clock drives the shift of locomotor activity from the 

middle of the day, so most activity occurs around the morning and particularly 

the evening activity peaks. In contrast, locomotor activity in 

D.pseudoobscura is almost unimodal, with a large burst of activity at lights 

on, followed by a gradual decline in activity during the day. At the time where 

the evening activity peak occurs in D.melanogaster, locomotor activity in 

D.pseudoobscura has returned to the low levels seen throughout the night 

(6.3b). There is a significant effect of genotype x time at both the morning (A 

6.3.6; F=51.6, p«<0.001) and evening (A 6.3.8; F=31.5, p«<0.001) activity 

peaks, reflecting this difference.

D.pseudoobscura is less well temperature compensated than 

D.melanogaster, and at higher temperatures there is no evening 
locomotor activity peak.

6.4.3 per mRNA splicing in D.pseudoobscura

In D.melanogaster, locomotor activity occurs earlier at 18 than 29°C, 

whereas the opposite is true of D.pseudoobscura (figure 6.3). Therefore, if 

splicing also regulates the evening activity peak in D.pseudoobscura, there 

should be a higher level of spliced per mRNA at 29 than 18°C. This would 

be similar to Bactrocera, where the level of splicing is elevated at the higher 

temperature, rather than at the lower temperature seen in D.melanogaster, 

although this has not as yet been linked to behavioural differences (An et al., 

2002).

Alternatively, there may be no temperature regulation of splicing in 

D.pseudoobscura, and species specific differences in locomotor behaviour 

may be due to some other factors. In order to determine whether alternatively 

spliced per transcripts were present in D.pseudoobscura, 3' RACE was 

carried out on the 3' UTR of the per gene, as described in Chapter 2. Two
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products were generated and their sequences compared to the genomic 

D.pseudoobscura per sequence. This indicated that transcripts of 

D.pseudoobscura per differing in the splicing of a 3’ UTR intron exist in vivo. 

The sequence of the 3' UTR was then compared to that of D.melanogaster 

per to see whether there were any conserved elements which could indicate 

a conserved 3' UTR function, as shown in figure 6.4.

Comparison of the sequence of the 3’ RACE products of D.pseudoobscura 

per identify an intron within the 3’ UTR of period analogous (but sharing no 

homology to) the 3’ UTR intron which undergoes alternative splicing within 

D.melanogaster. The recovery of 3' RACE products both with and without 

this intron raises the possibility that D.pseudoobscura may also alternatively 

splice this intron in response to temperature changes.

If the 3’ UTR sequences of D.melanogaster and D.pseudoobscura are 

compared, there is low (-50%) shared sequence identity between species, 

as might be expected for a non-coding region of DNA. Up to the start of the 

first intron within D.melanogaster the sequences share 65.5% identity. Most 

of this is accounted for a highly similar sequence starting 13 bases 

downstream of the stop codon, extending to the first 7 bp at the start of the 

D.melanogaster intron. A BLAST search found a high degree of 

conservation of these 131 bp within the Drosophilids D.yakuba (90% 

identity), and D.simulans (98%) but the sequence is not found in D.virilis, 

Mu sea Domestica or Antheraea pernyi.

While both species have an intron within the 3’ UTR there is no homology in 

either their or their flanking sequence beyond the 7 bp mentioned above. 

The introns are almost equidistant from the stop codon (122 bp in 

D.melanogaster and 130 bp in D.pseudoobscura) but the intron within 

D.melanogaster is larger at 89 bp than that of D.pseudoobscura (53 bp).

The poorly conserved 3' UTR sequence does not rule out the possibility that 

splicing is regulated in both species by the same machinery, so both the
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splicing level and per level were assayed in D.pseudoobscura around the 

clock as shown in figures 6.5 and 6.6.

D.pseudoobscura 3'UTR: 363 (53 bp Intron)
D.melanogaster 3'UTR: 507 (89 bp Intron)

Percent Similarity: 49.587 Percent Identity: 49.587

STOP

D.mel 1 TAG [AGCCACACCCGCAGTTGCTGCTGACCGACGTACACAACCGAGTGC 50 
I I I  I I  I I  I I I I I I I I I I I I I I I I I  I I I I I I I I I I I I 

D.pse 1 TAG. . . CAAACACCAAAGCTGCTGCTGACCGACGTACATAACCGGGTAC 43

51 ACAATGTCGATCCCTGGGACGATCCGAGCAGCAGACACCGAGGAGCAGCA 100 
I I I I I I I I  I I I I I I  I I  I I I  I I I I I I I  

44 ATAATGT. . . GACCGACGTCGACACGTAGGGCGAACAAGCAGCATCAGCT 90

101 G G G T C C T G G A A A C G A H ^ B I H i ^ B ^ G G T C T G G G C A C C G A G C ^ I  150
I I I I I I I I I I I I I I  I I

91 AGAGC C C G TAG C GAC C AGAGCAAT.............. GGATAG$?AAf$ 126

AGCCAGTCCCACCAGTTCCCCCTATTCCTAACTCCCCCTTCCATTCCCTT
I I I  I I __________________ I I  I I I  I______________I I I  I I

127 CACAAATTTCTCACAAATAAATATTTAGTAAACCTATTCAATTTTCAGTT 176

201 $i$i&jTTCTTCGAATCAACGCGAACGCATCCGTGGGATGTCACCATTCAGT 250 
I I I  I I I I I I I  I I I I I I I I I I I I I I

177 CCCCTTTATCCAACAAACAAGAACACTTTACT___ CTTCACTGTGAAGA 222

251 AT C C GAACAAG T AAC GAAAG CAT C AG AC AAAC T GAC G T G G GAG GAT G C C C 300 
I I I I  I I I I I I I  

223 AG AT CAC C AC AT CAAG AC G GAAT.............................  245

301 AGAACCCATGCAAGCCGAGGATAATGTAGATCTCAAGCCAAGCAAAGCTT 350 
I I I  I I I  I I I I I I I  I I  I I I I 

24 6 ....... TGAAGTTCATCGGTGTTGTATGAATTAA.AAATGTTAAACGT 28 6

351 T T AGAT GAT AT C TAT C C TAT G T T T AAT C AGAAT AT T AAG T GAAT T GAAAA 400
I I I  I I  I I I I I I I  I I I  I I I  I I  I I

287 T AT T C T AAAT T G T T GAAT AT T T GAAAT AT G T AT GAAAT G T C C T T TAG AAT 336

401 CTAGAGTGGTTCGAACATCGAAGCACCCTTCTCAGCCCTAAGGTTTATAT 450 
I I I I I I I I I I I I I 

337 AAACACTGCGATGGTAAGCTAAGAACC.........................  363

D.melanogaster INTRON
D.pseudoobscura INTRON

Figure 6.4: GAP alignment of 3’ UTR Sequences from D.melanogaster 

and D.pseudoobscura D.pseudoobscura and D.melanogaster 3‘ UTR sequences were 

aligned using GAP (GCG)
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Figure 6.5: per mRNA splicing in D.pseudoobscura. a). D.pseudoobscura at 

18°C (blue), 29°C (red), D.melanogaster Canton-S at 18°C (green) and 29°C (yellow). Error 

bars represent 95% confidence intervals, b). splicing levels of per poly-A selected mRNA at 

18°C (blue) and 29°C (red) and total mRNA (green/purple) in D.pseudoobscura

In D.pseudoobscura, unlike D.melanogaster, there is no significant difference 

in splicing levels at 18 and 29°C (A 6.5.1; F=0.11, n.s.). There is also no 

effect of time on the splicing level of D.pseudoobscura (F=2.05, n.s.), figure 

6.5a. The level of splicing in D.pseudoobscura is significantly higher than in 

D.melanogaster at both 18 and 29°C (A 6.5.2; F=776, p<«0.001; figure 

6.5a), with -80% of all transcripts being spliced in D.pseudoobscura.
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To confirm that there was no regulation of splicing by temperature in 

D.pseudoobscura, the level of splicing in polyA- selected RNA was also 

assayed. In D.melanogaster, splicing is thought to stimulate polyadenylation 

which then produce an earlier upswing in PER protein levels at low 

temperatures (Majercak et al., 1999). This means that a difference in splicing 

levels could conceivably become manifest at the polyadenylated mRNA level. 

In D.pseudoobscura, there is no difference in the splicing level in 

polyadenylated RNA at either temperature, and the level of splicing is 

identical to that seen in total RNA (figure 6.5b).

Therefore, temperature seems to play no role in regulating the splicing 
of the per 3' UTR intron in D.pseudoobscura.

6.4.4 per RNA cycling in D.pseudoobscura

Although the positioning of the evening locomotor activity peak at different 

temperatures is absolutely dependent on the ability to splice the per 3' UTR 

intron in D.melanogaster, temperature also alters the cycling of per RNA, with 

an earlier and higher peak at low temperatures (Majercak et al., 1999). 

Therefore, the differences in behaviour at different temperatures in 

D.pseudoobscura, and the differences in behaviour between species may be 

a result of altered RNA cycles. The cycling of period RNA in D.melanogaster 

and D.pseudoobscura is shown in figure 6.6.

In D.melanogaster, per RNA levels peak at -ZT12 at 18°C and -ZT16 at 

29°C (A 6.6.1; time x temperature, F=9.2, p«0.001) and the level of per 

mRNA is higher at 18 than 29°C (F=9.2, p<0.05), (figure 6.6a). This is the 

same result as previously reported (Majercak et al., 1999).

In D.pseudoobscura at 18°C the level of per mRNA begins to rise around ZT 

8, peaking around ZT 12-16, and falls after ZT20. At 29°C, the RNA peak is 

much narrower and peaks later, at ZT 16 (A 6.6.2; time x temperature, F=2.6,

148



p<0.05). Again, like D.melanogaster,the level of mRNA is higher at 18 

than 29°C (F=14.05, p<0.05) (figure 6.6b)
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Figure 6.6: per mRNA cycles in D.pseudoobscura and D.melanogaster
a). D.melanogaster per at 18°C (light blue) and 29°C (orange), b). D.pseudoobscura at 18°C 

(dark blue) and 29°C (red). Error bars represent standard deviation, c). The levels of per 

RNA are relative to RP49 so in order to compare the cycles of per in D.melanogaster and 

D.pseudoobscura, the levels of per were normalised with the highest value seen for each 

species set to 1. d) normalised per RNA levels multiplied by the % of per splicing at each 

time point.

The cycles between the two species differ at 18°C (A 6.6.3; genotype x time, 

F=5.0674, p<0.05) with the level of per mRNA rises at the same time in both 

species, but peak levels of per RNA persist for longer in D.pseudoobscura 

(figure 6.6c). At 29°C the RNA peak occurs at the same time in both species, 

at ZT 16 (A 6.6.4; genotype x time; F=0.08, n.s.). Because different sets of
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primers are used in each species, it is not possible to directly compare the 

overall levels of per RNA.

If the splicing levels are then superimposed onto the per levels as shown in 

figure 6.6d, the difference in RNA cycles between the species is 

exaggerated. In D.melanogaster there is much more spliced RNA at low 

than high temperatures, driving the earlier upswing in PER levels and phase 

of locomotor activity. In D.pseudoobscura, the only difference remains the 

longer time peak levels of per RNA are around at low temperatures.

6.4.5 D.pseudoobscura PER cycles

If per RNA levels are controlling the pattern of locomotor activity, then they 

must do so by altering the pattern of PER expression. D.melanogaster per 

protein and RNA cycle in phase with each other, with the cycle of RNA 

leading that of the protein by ~3-4 h (So and Rosbash, 1997). Therefore, 

PER levels in D.pseudoobscura would be expected to show a broad peak of 

expression at 18°C, lagging the RNA cycle, and a pattern of expression 

similar to D.melanogaster at 29°C. Previously no cycle in PER protein levels 

in D.pseudoobscura PER at 25°C was found (Hennessy 1999) but it is 

possible that the protein cycles only at low temperatures as the 

D.pseudoobscura clock seems to lose function at high temperatures. 

Western blots of PER protein in the heads of D.pseudoobscura at 18 and 

29°C were analysed, as shown in figure 6.7.

Although there appeared to be a shallow protein cycle on some individual 

blots, overall there is no cycle in PER protein levels at either temperature, 

and the level of PER is the same at 18 and 29°C (A6.7.1; F=4, n.s.). As 

previous studies also failed to find a cycle in PER protein levels, it is likely 

that PER does not cycle in whole head extracts, which is surprising given the 

cycle of per RNA levels.
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Figure 6.7: D.pseudoobscura PER at 18 and 29°C. a) typical 18°C western blot

b) 29°C western blot. c). Average levels of PER of three blots at each temperature. Error 

bars represent 95% confidence level.

6.4.6 Locomotor activity of the mps3 transformant

Comparisons of the responses of D.melanogaster and D.pseudoobscura to 

altered temperatures revealed some interesting differences between the 

species. In order to further understand the differences in behaviour and the 

relationship to per RNA cycling, the behaviour and splicing of the mps3 

construct (Piexoto et al., 1999; Henessey, 1999) was examined at 18 and 

29°C.
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The temperature compensation of the mps3 transformant is shown in figure

6 . 8 .
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Figure 6.8: Tem perature com pensation in D.m elanogaster, 

D.pseudoobscura  and p e r 01; m ps3. at 18°C (blue) and 29°C (red) Error bars 

represent SEM. Free-running period was determined by spectral analysis.

The free running period of mps3 is more similar to that of D.melanogaster 

than D.pseudoobscura at both 18 and 29°C. This indicates that mps3 shows 

the temperature compensation of D.melanogaster over this range of 

temperatures.

The locomotor activity profiles of the mps3 transformants are shown in figure 

6.9.
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Figure 6.9: Locomotor activity in pet01; mps3 transformants a). 18°C (blue) 

and 29°C (red). Error bars are SEM. b). Expanded morning activity peaks of perfi1; mps3 

(blue), D.pseudoobscura (red), D.melanogaster (green) and per*31 (purple), c) expanded 

18°C evening peak of per01; mps3, D.pseudoobscura and D.melanogaster. d). expanded 

29°C evening peaks of per*31; mps3, D.pseudoobscura, D.melanogaster and per*31. Error 

bars are 95% confidence intervals.
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The locomotor activity of mps3 transformants is bimodal, with clear 

differences in behaviour at different temperatures, as can be seen in figure 

6.9a (A 6.9.1; temperature x time; F=5.1, p<0.01). There is a larger morning 

activity peak at 18 than 29°C (A 6.9.2; F=67.2, p«<0.001). The evening 

activity peak occurs earlier at 18 than 29°C (A 6.9.3; temp, x time, F=4.5,

p«0.001).

In LD, the locomotor activity profiles of mps3 transformants show some 

aspects of D.melanogaster behaviour, and some of D.pseudoobscura 

behaviour. At 18°C, the morning activity peak is most similar to per01 (A 

6.9.7; time x genotype, F=1.34, n.s.). At 29°C, the morning activity peak is 

reduced in comparison to per01 (A 6.9.8; F=3.3, p<0.05), but is also 

significantly different from wild-type D.melanogaster (A 6.9.9, F=5.1, 

p<0.001; figure 6.9b) suggesting that the mps3 transgene cannot rescue the 

morning activity peak.

If the time bins 30-38 are taken to contain the 'evening activity peak' as is the 

case for most of the work reported here, then mps3 behaviour is statistically 

different from both D.melanogaster (A 6.9.10; F=2.5, p<0.05) and 

D.pseudoobscura (A 6.9.11; F=2.5, p<0.05). Previously it has been shown 

that mps3 evening peak activity resembles that of D.pseudoobscura rather 

than D.melanogaster in LD. This is because D.melanogaster locomotor 

activity rises until lights off, by which time the locomotor activity of both 

D.pseudoobscura and D.melanogaster has begun to fall (Henessey, 1999). 

If the time bins around the transition from lights to dark (35-38) are analysed 

separately, then mps3 locomotor activity more closely resembles that of 

D.pseudoobscura than D.melanogaster (genotype x time; A 6.9.14; F=1.8, 

n.s.; A 6.9.15; F=4.0, p<0.05). This confirms that, to a certain extent, mps3 

behaviour is D.pseudoobscura-like in LD cycles (figure 6.9c).

The locomotor activity profile of mps3 at 29°C differs from D.pseudoobscura 

as it shows an anticipatory evening activity peak (compare figures 6.2a and 

6.9a). The level of evening activity of mps3 is not as high as is seen in
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D.melanogaster, and peak activity occurs earlier (A 6.9.12; genotype x time; 

F=15.2, p«<0.001). There is no interaction between genotype and time in a 

comparison between mps3 and D.pseudoobscura (A 6.9.13; F=1.76, n.s.). 

Flowever, the level of locomotor activity in mps3 is much higher than that of 

D.pseudoobscura (F=144.2, p«<0.001). Therefore at 29°C, locomotor 

activity does not closely resemble either parent species, but is most clearly 

different from D.pseudoobscura where there was no well-defined evening 

activity peak.

Interestingly, locomotor activity of the mps3 transgenic line resembles that of 

D.melanogaster rather than D.pseudoobscura in DD (Henessey, 1999) as 

shown in figure 6.10.

In DD, the locomotor activity profiles of mps3 transformant flies show an early 

peak of activity at 18°C and a delayed peak at 29° (figure 6.10a) which is 

similar to the situation seen in wild-type Canton-S flies (figure 6.10c), and the 

peak at 18°C occurs earlier than the corresponding peak of activity in 

D.pseudoobscura (figure 6.10b) as has previously been reported (Tauber et 

al., 2003).

The behaviour of the mps3 transformant differs depending on whether 

there is a LD cycle or not; in LD at 18°C mps3 behaves like 

D.pseudoobscura, whereas in DD mps3 behaves like D.melanogaster.

As the regulation of splicing responds to photoperiod, all the remaining work 

reported here was done in LD cycles, where the mps3 fly shows 

D.pseudoobscura behaviour at 18°C, and an intermediate behavioural 

phenotype at 29°C.
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Figure 6.10: Locomotor activity of mps3 transformants in DD a) 18°C 

(blue) and 29°C (red), b). 18°C mps3 (blue), D.melanogaster (red) and D.pseudoobscura 

(green), c). same genotypes at 29°C. all error bars represent SEM

The mps3 transformant shows an earlier evening peak at 18 than 29°C, as 

controlled by the alternative splicing of the intron within the 3' UTR of per in 

D.melanogaster. In this construct, the 3' UTR sequence comes from 

D.pseudoobscura, which raises the possibility that the splicing of the 3' UTR 

intron from D.pseudoobscura per can be regulated by the splicing machinery 

of D.melanogaster in a temperature dependent manner despite the lack of 

splicing regulation in D.pseudoobscura. If this is the case, then a lower level 

of splicing would be expected at high temperatures in mps3 transformants. 

The splicing profile of mps3 flies is shown in figure 6.11.
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As can be seen in figure 6.11, there is no difference in the per RNA splicing 

level at different temperatures in mps3 transformant flies (A 6.11.1; F=0.47, 

n.s.). Despite the lack of difference in splicing levels in mps3, the evening 

activity peak of these transformants occurs earlier at 18 than 29°C (figure 

6.9). The level of splicing of mps3 is similar, but not identical to that of 

D.pseudoobscura (A 6.11.2; F=7.6, p<0.05; genotype x temp, x time, 

F=0.079, n.s.). This level is far higher than that seen in wild-type 

D.melanogaster but activity is not greatly advanced in mps3 compared to 

wild-type D.melanogaster (figure 6.9).

In mps3 there is a difference in the position of the evening activity peak, 

but no corresponding difference in per splicing levels

If splicing levels are not responsible for the change in evening peak position 

at different temperatures in mps3, then it is likely that this is due to 

differences in the RNA cycle. To see if this is the case, the level of per RNA 

in mps3 flies was measured around the clock and the cycle compared to 

D.melanogaster and D.pseudoobscura (figure 6.12).
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Figure 6.12: RNA cycles in per07; mps3 transformant, D.melanogaster 
and D.pseudoobscura a), per01; mps3 at 18°C (blue) and 29°C (orange). Error bars 

show SEM b). per levels in per01; mps3 (green), D.pseudoobscura (orange) and 

D.melanogaster (blue) at 18°C. c). at 29°C d). levels of spliced per mRNA in per01 \ mps3 

and D.melanogaster at 18°C. e). at 29°C. In 6.12 b-e, the highest level of per for each 

genotype has been normalised to 1.

The timing of the peak level of per RNA in the mps3 transformant occurs at 

ZT8 at 18°C and ZT 20 at 29°C (figure 6.12a). At 18°C, the per RNA peak is 

advanced in comparison to both D.melanogaster and D.pseudoobscura 

(figure 6.12b) and at 29°C, the peak is delayed in comparison to the two 

parent lines (figure 6.12c). Assuming that the RNA cycle controls evening 

peak position, this difference in the positioning of peak per RNA levels can 

account for the earlier evening activity peak seen at 18°C in mps3 flies in the 

absence of regulated per RNA splicing.



By superimposing the per splicing levels onto the RNA cycle at 18°C (figure 

6.12c) and 29°C (figure 6.12d) it can be seen that this exaggerates the 

difference in per levels between wild-type and mps3 transformant lines. 

Although the level of per peaks earlier in wild-type D.melanogaster than in 

mps3 flies at 29°C, the evening activity peak occurs around the same time in 

both lines, so presumably the elevated level of splicing of mps3 per 

compensates for the delayed evening activity peak.

Differences in the per RNA cycle of mps3 transformants seem to 

correspond to changes in evening activity peak position.

6.5 Discussion

6.5.1 D.pseudoobscura locomotor activity

The comparison of behaviour of D.pseudoobscura and D.melanogaster at 

different temperatures suggests that D.pseudoobscura is better adapted to 

cold climates, whereas D.melanogaster is better suited to the warm. At low 

temperatures, high numbers of D.pseudoobscura flies remain rhythmic in DD 

while fewer D.melanogaster are. The opposite is true at 29°C, where only 

-60% of D.pseudoobscura are rhythmic, as opposed to -95% of 

D.melanogaster (Henessey, 1999). Over the 18 - 29°C temperature range, 

D.melanogaster are well temperature compensated, with a period close to 24 

h at both temperatures. Under the same conditions, D.pseudoobscura has a 

24 h period at 18°C, but a 26 h period at 29°C (Henessey, 1999 and figure 

6 .2).

The locomotor activity profile of D.pseudoobscura in LD at 29°C also reflects 

its reduced capacity to cope with elevated temperatures compared to 

D.melanogaster. At 18°C, D.pseudoobscura locomotor activity, like that of 

D.melanogaster, is bimodal with a clearly defined evening activity peak. The 

evening activity peak of D.pseudoobscura is earlier and broader than the 

corresponding peak of D.melanogaster in LD at 18°C. The difference
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between the two species becomes more apparent at 29°C. At this 

temperature, D.melanogaster locomotor activity is bimodal, with the evening 

activity peak shifted later into the night. In contrast, in D.pseudoobscura 

there is almost no evening activity peak and locomotor activity is 

concentrated around the morning activity peak (figure 6.3).

In order to avoid being active at mid-day at high temperatures, 

D.melanogaster concentrates most of its activity into a late evening peak. 

One possibility is that D.pseudoobscura avoids mid-day activity by 

concentrating most activity immediately after dawn, so that it is almost 

inactive by mid-day. This would then account for the large morning activity 

peak. This is unlikely for a number of reasons. In comparison to 

D.melanogaster, the locomotor activity of D.pseudoobscura at 'mid-day' (ZT 

6, time bin 24) at 29°C is relatively high in comparison to that of 

D.melanogaster (figure 6.2b). The morning activity peak of D.melanogaster 

is present in per01 and tim01 mutants, indicating that it is not primarily under 

clock control (see Chapter 3) making it less likely that the distribution of 

locomotor behaviour is controlled in this way.

The role of the clock seems to be to attenuate the size of the startle effect 

(see Chapters 3 and 4). The morning peak at 18°C in D.pseudoobscura is 

the same size as that of D.melanogaster but at 29°C it is considerably higher, 

approaching the levels seen in per01 flies (figure 6.2c). This could therefore 

indicate that the clock is not functioning to repress the startle effect in 

D.pseudoobscura at high temperatures. The lack of temperature 

compensation and reduced levels of rhythmicity at 29°C support the idea that 

the D.pseudoobscura clock is less functional at high temperatures. This 

makes it less likely that the distribution of locomotor activity in 

D.pseudoobscura at 29°C is an adaptive response.

As aspects of behaviour which are known to involve clock regulation in 

D.melanogaster are impaired at high temperatures in D.pseudoobscura, it 

seems most likely that the D.pseudoobscura clock is unable to properly 

entrain behaviour to LD cycles at high temperatures. As a result
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environmental cues, such as dawn, rather than the clock dictate when peak 

activity occurs.

The distribution of D.melanogaster locomotor activity is determined by the 

per RNA cycle (Qui and Hardin, 1996). This is altered in response to 

different temperatures, leading to changes in the pattern of behaviour. As 

D.pseudoobscura and D.melanogaster show different patterns of activity, 

they might also be expected to have different per RNA cycles.

6.5.2 D.pseudoobscura per RNA

In D.melanogaster at low temperatures the abundance of per RNA is 

increased and the timing of the per RNA peak advanced. Further 

modifications of per mRNA then 'fine-tune' locomotor activity to different 

seasonal conditions (Majercak et al., 1999). In D.melanogaster, low 

temperatures lift the repression of the splicing of this intron, which advances 

the rise in PER protein, producing an earlier evening activity peak. The 

evening activity peak of D.pseudoobscura occurs earlier than that of 

D.melanogaster at 18°C. As a result, D.pseudoobscura would be predicted 

to have a higher level of splicing of this intron and/or an advanced cycle of 

PER protein at low temperatures.

The level of splicing in D.pseudoobscura is elevated above the level of 

splicing seen in D.melanogaster with ~80% of all per transcripts spliced at 

both 18 and 29°C. However, D.pseudoobscura does not regulate the 

splicing of this intron in a temperature dependent manner, because there is 

no difference in the splicing levels at 18 and 29°C (figure 6.5). As there is no 

clear evening activity peak at 29°C in D.pseudoobscura it is not possible to 

determine whether this splicing event is related to the evening peak position 

in this species. The higher level of splicing of this intron at 18°C compared to 

D.melanogaster could account for the earlier phase of activity of 

D.pseudoobscura at low temperatures.
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The splicing of this intron modifies the per RNA cycle of D.melanogaster in 

response to altered photoperiods and temperatures. Therefore a comparison 

of the per RNA cycles at 18 and 29°C with the locomotor activity profiles of 

both species should indicate the role of the per RNA cycle in determining 

species-specific patterns of locomotor activity.

In D.melanogaster at 18°C the per RNA cycle peaks ~ZT 12, and at 29°C 

-ZT 16, and there is more per RNA at 18 than 29°C; figure 6.6. This 

confirms the reported cycles of Majercak et al. (1999). In D.pseudoobscura, 

the RNA cycle peaks from -ZT 12-ZT 20 at 18°C and ZT 16 at 29°C. At both 

18°C and 29°C, the RNA cycle peaks at around the same time in both 

species but In D.pseudoobscura, unlike D.melanogaster, the peak level of 

per RNA is the same at both 18 and 29°C. The peak level of per is 

maintained for longer in D.pseudoobscura than D.melanogaster at 18°C. 

The broader per RNA peak of D.pseudoobscura could be due to increased 

RNA stability, but if this were the case, a broader peak might also be 

expected at 29°C. Therefore it is more likely that per RNA transcription 

continues for longer at low temperatures in D.pseudoobscura. At 29°C, the 

two RNA peaks occur at the same time.

If the levels of splicing are then superimposed onto the per RNA cycles, the 

differences in per levels between the two temperatures are exaggerated in 

D.melanogaster but not D.pseudoobscura (compare figure 6.6c and 6.6d). 

Because of the limitations of RT-PCR, the per RNA levels in each different 

species are not directly comparable. If it is assumed that the levels of per 

transcription of the two species are relatively similar, then as the level of 

splicing is so much higher in D.pseudoobscura, a high level of per RNA will 

be reached earlier in D.pseudoobscura. This should then produce an earlier 

phase of PER protein and explain why D.pseudoobscura locomotor activity 

peaks earlier than D.melanogaster at 18°C. The extended period of per 

transcription in D.pseudoobscura at 18°C may also be involved in generating 

this earlier phase of activity and/or the broader evening activity peak.
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If the distribution of locomotor activity into a large morning peak in 

D.pseudoobscura at 29°C were a clock controlled response to high

temperatures, then it would be predicted that it would be controlled by the per 

RNA cycle. If this were the case then a higher level of splicing and/or an 

earlier peak in RNA levels would be predicted at high temperatures. Neither 

of these is true - the level of splicing is the same at both 18 and 29°C and the 

peak level of RNA occurs earlier at 18°C. Therefore the distribution of 

locomotor activity at 29°C does not seem to be controlled by per RNA levels.

6.5.3 PER protein cycles

If the RNA cycle is driving locomotor activity, then it must do so by altering 

the expression of PER protein. Western blots of PER protein from

D.pseudoobscura reveal no protein cycle at either 18 or 29°C, as previously 

reported (Hennessey 1999), and the level of PER seems to be the same at 

both temperatures (figure 6.7). This is a surprise given the clear per RNA 

cycle of D.pseudoobscura.

The situation in D.pseudoobscura could be analogous to that of the 

D.melanogaster cry** mutant, where PER and TIM do not cycle in the head. 

In the cry** mutant, cycling of PER and TIM only within the small lateral 

neurons (LNvs) is sufficient to drive rhythmic behaviour (Stanewsky et al., 

1998). Alternatively it may be that the cycle in RNA levels leads to a cycle of 

PER phosphorylation states. To distinguish between these possibilities,

immunocytochemistry could be used to look at the LNvs, and altered

phosphorylation states by 2D protein gel electrophoresis.

A similar result has been obtained for Musca domestica, where PER does 

not seem to cycle in whole head extracts (Piccin, 1998). As the location of 

the pacemaker neurons is not known in M.domestica, it has not been 

possible to see if the levels of PER cycle within these structures (V. Codd, 

pers. com.). The role of PER in the clock also differs in the silk moth 

Antheraea Pernyi, where PER does not enter the nucleus (Sauman &
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Reppert, 1996), suggesting that the cycle of PER expression is not 

necessarily vital to generate circadian rhythmicity.

6.5.4 mps3 locomotor activity

The evidence from the comparative analysis of D.melanogaster and 

D.pseudoobscura indicates that the per RNA cycle may account for some 

species-specific behavioural differences. In D.melanogaster; the modification 

of the per RNA cycle in response to different temperatures determines the 

position of the evening activity peak. As both the per RNA and evening 

activity peaks of D.pseudoobscura are broader than those of D.melanogaster 

at 18°C, it is possible that an altered per RNA cycle is responsible for the 

altered behaviour. Species-specific differences in locomotor activity have 

previously been demonstrated to be specified by the per gene as 

D.melanogaster per01 flies transformed with D.pseudoobscura per show 

D.pseudoobscura type behaviour (Petersen et al., 1998).

To help elucidate the link between RNA cycle and locomotor activity, both 

features of the mps3 transformant were examined at 18 and 29°C. mps3 

transformant flies carry the N-terminal coding sequence of D.melanogaster 

PER, the C-terminal sequence and 3' UTR of D.pseudoobscura, so can also 

help understand the species-specificity of alternative splicing.

Unlike D.pseudoobscura, mps3 is well temperature compensated at both 18 

and 29°C (figure 6.8). This is probably because D.melanogaster is better 

temperature compensated than D.pseudoobscura over this temperature 

range. All the genes involved in temperature compensation with the 

exception of per come from D.melanogaster in the mps3 transformant. 

Additionally, the PAS domain of the mps3 transgene comes from 

D.melanogaster, so interactions with other proteins are likely to be relatively 

normal, and the transformant retains D.melanogaster temperature 

compensation. This is not the case for mps1, which contains the PAS 

domain from D.pseudoobscura and displays long free-running periods mps1
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at both 18 and 29°C, suggesting that the period is altered if the PAS domain 

does not match the genetic background (Henessey, 1999).

The evening activity peak of the mps3 transformant at 18°C in LD cycles has 

previously been shown to resemble D.pseudoobscura more closely than 

D.melanogaster (Henessey, 1999), as shown in figure 6.9. This indicates 

that the species-specificity of behaviour must be dependent on the C-terminal 

of the PER protein. In contrast, at 29°C the behaviour of these flies differs 

significantly from both D.pseudoobscura and D.melanogaster.

The pattern of locomotor activity of mps3 at 29°C is bimodal, with a clear 

morning and evening activity peak in LD (figure 6.9). One interesting aspect 

of mps3 behaviour is that the species specificity of the profile depends on 

whether the fly is in LD or DD conditions. In LD, mps3 behaves somewhat 

like D.pseudoobscura, at least at 18°C, while in DD, mps3 behaviour clearly 

resembles that of D.melanogaster (Henessey, 1999; and figures 6.9 - 6.10 

above). So the C-terminal of the protein seems to determine the species 

specificity of behaviour in LD, while the N-terminal of the protein, determines 

species-specific behaviour in DD.

The most likely explanation is that the behaviour seen in LD may not truly be 

D.psetycfoobsci/ra-like, and therefore the behaviour seen in DD is a more 

accurate reflection of the species specificity of behaviour. The resemblance 

of mps3 behaviour to D.pseudoobscura rather than D.melanogaster is only 

evident at 18°C in LD 12:12, and then only over few time bins. At this 

temperature, both D.melanogaster and D.pseudoobscura are bimodal (see 

figure 6.3), and the levels of activity are very similar between the two species. 

At 29°C in LD, the evening activity peak of mps3 is intermediate between the 

parental strains, so the resemblance of behaviour to D.pseudoobscura 

breaks down at elevated temperatures.
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6.5.5 mps3 per RNA

In mps3 flies the evening activity peak occurs earlier at 18°C than at 29°C. 

As in D.melanogaster this is dependent on the alternative splicing of the 

intron within the 3' UTR of per, it would be predicted that the regulation of this 

splicing event would be 'normal' for D.melanogaster in the mps3 

transformant. This turns out not to be the case as there is no regulation of 

splicing in mps3, with a level of splicing identical to that of D.pseudoobscura. 

As the level of splicing of this intron is similar in mps3 and D.pseudoobscura 

flies, the splicing is likely to be unregulated in D.pseudoobscura lines, with 

the level of splicing observed being the maximum possible.

This result helps explain how splicing is regulated in different species. 

Whatever represses splicing within D.melanogaster is unable to repress the 

splicing of the 3' UTR intron from D.pseudoobscura. The 3' UTR of the mps3 

transformant is from D.pseudoobscura and a comparison of the 3' UTRs of 

the two species revealed little conservation of sequence (figure 6.4). 

Therefore it is perhaps not surprising that the splicing of the intron was not 

regulated in the transformant, or it could be because per01 still produces an 

RNA transcript with the wild-type D.melanogaster per 3' UTR which could 

titrate out all of the splicing repressor.

This may also explain why the locomotor activity of mps3 in DD resembles 

D.melanogaster but in LD resembles D.pseudoobscura. It could be that the 

mps3 chimeric protein has problems transducing information about the LD 

regime to the negative feedback loop of the clock. In mps3, there is no 

regulation of the splicing of the per 3' UTR intron. In D.melanogaster this is 

under the control of the photoperiod and appears to be one way in which 

photoperiod determines the phase of activity. As the behaviour of mps3 in 

LD resembles that of D.pseudoobscura, it suggests that there is some kind of 

'default' pattern of behaviour which is shared between D.melanogaster and 

D.pseudoobscura. The regulation of splicing of the per intron then allows 

D.melanogaster to modify this pattern of behaviour. If it cannot splice this
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intron, behaviour instead resembles that of D.pseudoobscura (or defective 

D.melanogaster behaviour). In DD, there is no LD cycle, so the requirement 

for PER to transmit light information to the clock is lost, and mps3 PER 

functions as well as wild-type PER, producing a normal pattern of 

D.melanogaster behaviour.

The difference in evening peak position observed at different temperatures in 

mps3 flies cannot be under the control of alternative splicing as there is none. 

Therefore, even though alternative splicing is responsible for delaying 

evening peak activity at high temperatures in D.melanogaster; altering the 

PER protein can have a similar effect. As the role of alternative splicing is to 

alter the per RNA cycle, the most parsimonious explanation is that the per 

RNA cycle is altered at different temperatures in mps3 transformants.

As can be seen in figure 6.12, the per RNA cycle of mps3 is altered in 

comparison to wild-type D.melanogaster. At 18°C, the RNA cycle of mps3 

peaks at ZT 8 (wild-type = ZT 12) and at 29°C, it peaks at ZT 20 (wild-type = 

ZT 16). Therefore the per RNA cycle is advanced at 18°C and delayed at 

29°C in comparison to wild-type D.melanogaster. The advanced RNA cycle 

at 18°C and delayed RNA cycle at 29°C could then compensate for the lack 

of regulated splicing, and produce the different phases of activity at 18°C and 

29°C.

The mps3 transgene includes the promoter region from D.melanogaster per 

so it would be expected that the RNA cycle would resemble that of 

D.melanogaster. However, the cycle of per RNA is dependent on the 

negative autoregulatory feedback loop which includes the PER protein, and 

in this case a large proportion of the PER protein, enough to confer the 

activity of a different species, is from D.pseudoobscura. Although the cycle of 

per RNA does not resemble that of D.pseudoobscura, the altered interactions 

of this chimeric protein are presumably enough to advance the RNA cycle at 

18°C and delay the RNA cycle at 29°C.
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If this is the case, then it raises the question as to why D.melanogaster 

modifies the splicing of the per intron when altered per RNA cycles alone are 

enough to shift the evening peak position. This is most likely because 

altering the per RNA cycle is rather a crude response to altered 

temperatures. The regulation of alternative splicing allows the fine-tuning of 

the per RNA cycle to altered temperatures and photoperiods so that 

behaviour is optimised for any given conditions.

In order for the RNA cycle to alter the behaviour, it must also alter the cycle 

of PER protein. Within mps3 flies, the cycle of PER protein was found to be 

very similar to that of D.melanogaster at 25°C with the level of PER rising 

around ZT12 (lights off) in both cases. However, PER seems to persist for 

longer during the night in the mps3 transformant (compare So & Rosbash, 

1997 with Peixoto et al., 1998). This may reflect increased stability of 

D.pseudoobscura PER protein and/or per RNA, as indicated by the per RNA 

cycle of D.pseudoobscura.

In the experiments reported here, RNA levels were examined at 18°C and 

29°C. 25°C is in the middle of these two temperatures, and as a result the 

RNA peak at 25°C might be expected to lie between ZT8 and ZT 20, or -ZT 

14. At 25°C, per cycles in D.melanogaster peak at around ZT 12-14 (So & 

Rosbash), so it may be that at 25°C the per cycle of mps3 appears normal. 

Although this data is encouraging, more work needs to be done to confirm 

the link between species specific patterns of RNA expression and species 

specific patterns of behaviour.

6.5.6 Conclusions

Regulation of splicing in different species

The work on Bactrocera species suggests that the mechanisms of 

temperature regulation of per RNA through alternative splicing is not unique 

to D.melanogaster. As there is no regulation of alternative splicing in
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D.pseudoobscura, this is probably not a common mechanism for coping with 

temperature changes. This is supported by the analysis per transcripts 

identified by 3' RACE in D.virilis. The two isoforms of per transcript in D.virilis 

differ not by alternative splicing but by alternative polyadenylation (see 

Chapter 7). As both D.pseudoobscura and D.virilis are more closely related 

to D.melanogaster than the Bactrocera species it seems more likely that the 

regulation of splicing has evolved independently in these species. Once 

other components of the splicing regulatory machinery are uncovered, it 

should become clear whether this is the case.

The data reported here supports the hypothesis that D.pseudoobscura is cold 

adapted and D.melanogaster warm adapted. Over a range of 18 - 29°C, 

D.melanogaster is well temperature compensated, has a high percentage of 

rhythmicity and is bimodal in activity in LD cycles.

The clock of D.melanogaster is regulated by light and temperature, through 

the regulation of the per RNA cycle. Low temperatures produce an earlier 

per RNA peak and an elevated level of per transcription. This cycle is then 

modified by light and temperature through the repression of the splicing of 

the intron within the 3' UTR of the per transcript. In this way, D.melanogaster 

is able to fine-tune behaviour to a wide range of environmental conditions. 

The mps3 construct demonstrates that it is the cycle of per RNA rather than 

the splicing which sets the evening peak position - the role of altered splicing 

is to modify the RNA cycle so that it then alters locomotor activity.

Over the same temperature range, D.pseudoobscura is poorly temperature 

compensated, and shows reduced levels of rhythmicity at high temperatures. 

In addition, at 29°C, the clock of D.pseudoobscura seems to have a reduced 

role in determining the pattern of locomotor activity which is concentrated into 

a large morning activity peak. D.pseudoobscura also modifies its per RNA 

cycle in response to altered temperatures. At 18°C the per RNA peak seems 

to be related to the pattern of locomotor activity. At 29°C, despite the altered 

per cycle, the clock does not appear to regulate behaviour. Therefore factors
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other than per must prevent D.pseudoobscura from living happily at elevated 

temperatures. At low temperatures (12°C) D.pseudoobscura has a higher 

level of rhythmicity than D.melanogaster, so it may be worth repeating some 

of these experiments at this temperature.

The regulation of alternative splicing of per gives D.melanogaster an 

additional level of control over the per RNA cycle which D.pseudoobscura 

does not have. D.melanogaster uses the regulation of splicing to amplify the 

pre-existing difference in per RNA levels at different temperatures. Because 

D.pseudoobscura is unable to regulate the splicing of the per intron, it is less 

able to modify the per RNA cycle in response to altered temperature and 

photoperiod. D.pseudoobscura may possess an as yet undiscovered 

mechanism for responding to altered temperatures. On the other hand it may 

be that the reduced ability of the D.pseudoobscura clock to cope with 

elevated temperatures can at least partially be accounted for by its reduced 

ability to temperature regulate the per RNA cycle.

For D.melanogaster, it is assumed that the regulation of locomotor activity at 

high temperatures is more important than at low temperatures. In the heat it 

is essential to avoid activity in the mid-day sun, whereas in the clock, the 

regulation is less important. The regulation of splicing is a response to 

elevated temperatures, as splicing is repressed by heat and light. This is 

supported by the role of the clock in regulating per splicing at high but not low 

temperatures (Chapter 3). D.pseudoobscura does not posses this 

mechanism for coping with elevated temperatures. Indeed, locomotor activity 

in D.pseudoobscura appears to be largely unregulated by the clock at 29°C. 

As the lack of regulation of behaviour in response to elevated temperatures is 

likely to be bad news for survival in certain conditions, this again supports the 

hypothesis that D.pseudoobscura is a cold-adapted species.
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Chapter seven: temperature 

regulation of perRNA in

7.1 Introduction

The discovery of a mechanism by which D.melanogaster adjusts locomotor 

activity to different seasonal conditions (Majercak et al., 1999) raises the 

possibility that this system may also determine species specific patterns of 

locomotor activity. The splicing of this intron seems to be regulated by 

temperature in two Bactrocera species native to Australia, but as yet it has 

not been demonstrated that this plays a role in determination of behaviour in 

these species (An. et al., 2002). An examination of the splicing levels of per 

mRNA in D.pseudoobscura indicated that there is no regulation of splicing 

within this species, as reported in Chapter 6.

The comparison of the locomotor activity and per RNA cycles between 

D.melanogaster, D.pseudoobscura and the mps3 transformant suggested 

that the cycle of per RNA determines the pattern of locomotor activity at 

different temperatures. The role of the regulation of the splicing of the intron 

in D.melanogaster is to alter the per RNA cycle, fine-tuning locomotor activity 

to different seasonal conditions (Chapter 6).

7.2 Aims

Drosophila Virilis is a species which is native to Northern Europe, and 

therefore in general inhabits colder climes than D.melanogaster. The 3' UTR 

of the per gene of D.virilis was characterised to see whether different 

transcripts exist in vivo, and D. virilis locomotor activity and per RNA cycles 

were examined to investigate how this species responds to changes in 

temperature.
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7.3 Methods

Strains: D.virilis (from stock centre); D.melanogaster (Canton-S strain from 

Chapter 3)

D.virilis were entrained to LD 12:12, and collected every four hours.

3' RACE and locomotor activity experiments were carried out as described in 

Chapter 2.

Because the per transcripts differ not through the presence and absence of 

an intron, but through different polyadenylation signals, RT-PCR as used for 

D.melanogaster and D.pseudoobscura could not be used to measure the 

levels of the different transcripts. This is because the transcripts differ only 

by the sequence at one end, and therefore a single set of primers will amplify 

both transcripts. A one step RT-PCR approach is therefore unsuitable, and 

Real-time PCR was used instead, as described in Chapter 2.

7.4 Results

7.4.1 D.virilis locomotor activity

In order to determine how well D.virilis copes with different temperatures, the 

free running period of D.virilis was measured at 18 and 29°C, as shown in 

figure 7.1.
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Figure 7.1 Temperature compensation of D.virilis at 18°C (blue) and 29°C  

(red) (D.melanogaster (Canton-S) and D.pseudoobscura taken from figure 6.2; error bars 

show SEM)

D.virilis is well temperature compensated over the temperature range of 18 - 

29°C, as shown in figure 7.1. At 18°C, the period is 23.4+/-0.19 h and at 

29°C, it rises slightly to 23.56+/-0.16 h. The period is therefore slightly 

shorter than the Canton-S strain shown in figure 7.1, but is comparable to the 

periods of some other D.melanogaster strains over the same temperature 

range (see Chapter 7 and Sawyer et al., 1997).

D.virilis is clearly better temperature compensated than 

D.pseudoobscura between 18 and 29°C.

The analysis of the locomotor activity of D.virilis recorded in LD 12:12 and the 

seven subsequent days of DD at 18 and 29°C is shown in figure 7.2

173



a b

8 12 16 20 24 28 32 36 40 44 48

30 Minute Time Bin 30 Minute Time Bin

-D .V ir th , 18C D.virilis, 29C - D. virilis, 18C, DD D .v tilis , 29C, DD

Figure 7.2 Locomotor Activity of D.virilis a) in l d  1212  at 18°C (blue) and 

29°C (red), b) in DD after prior entrainment to LD 12:12. Error bars represent SEM

Like D.melanogaster, D.virilis shows a clear difference in locomotor activity 

profiles at different temperatures in LD (figure 7.2a). In LD, the level of the 

morning activity peak is higher at 18 than 29°C (A 7.2.1; F=10.6, p<0.05). 

During the day (time bins 20-28) the level of activity rises earlier at 18 than 

29°C (A 7.2.2; F=137, p«<0.001, time x temperature (F=0.5521, n.s.). The 

evening activity peak reaches a peak level earlier, and is broader at 18°C (A 

7.1.3; time x temperature, F=2.565, p«0.001) (figure 8.2a).

In DD, there is no difference in the distribution of activity between the two 

temperatures (A 7.2.4; temperature x time F=1.3, n.s.). This suggests that 

temperature can only control the locomotor activity profile of D.virilis in the 

presence of a light input to the clock.

From the locomotor activity profile, it appears that D.virilis avoids being 

active in the middle of the day at high temperatures. It does this by 

reducing the level of locomotor activity and delaying evening activity at 
high temperatures.

This is similar to the behaviour of D.melanogaster - in LD D.melanogaster 

also has an earlier evening activity peak at 18°C. To determine whether 

D.virilis and D.melanogaster respond in the same way to increased
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temperatures, their LD and DD locomotor activity profiles were compared, as 

shown in figure 7.3. A similar comparison with D.pseudoobscura was not 

carried out, as at 29°C there is no evening activity peak in this species 

(Chapter 6).

3 0 M in u te  T im e  B in

Figure 7.3 Comparison of D.virilis and D.melanogaster locomotor 

activity a). LD 12:12 in D.virilis (blue/red) and D.melanogaster (green/yellow) at 

18°C/29°C. b). DD. Error bars represent SEM

In LD, the morning activity peak of D.melanogaster is higher than that of 

D.virilis at both temperatures (A 7.3.1, 7.3.4; 18°C, F=152.6, p«<0.001; 

29°C, f=317, p«<0.001). During the day, the level of activity is not 

significantly different between the two species (A 7.3.2; F=2.2, n.s.) at 18°C. 

At 29°C, the levels of activity are similar, but the evening peak begins to rise 

earlier in D.virilis than D.melanogaster (A 7.3.5; species x time, F=3.7, 

p<0.05).

At 18°C, the evening activity peak of D.virilis occurs earlier than that of 

D.melanogaster (A 7.3.3; species x time, F=5.5, p«0.001), figure 7.3a). The 

level of evening peak activity is higher in D.melanogaster than D.virilis (F=47, 

p«<0.001). At 29°C, evening activity again peaks earlier in D.virilis than 

D.melanogaster, and the evening activity peak of D.virilis is broader (species 

x time, A 7.3.6; F=41.340, p«<0.001), figure 7.3a.
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Therefore in LD cycles, although both D.melanogaster and D.virilis show a 

later phase of activity at high temperatures, the evening activity peak of 

D.virilis is earlier than that of D.melanogaster at both temperatures. This is 

the most obvious difference in behaviour between the two species as during 

the day the level of activity is similar at both temperatures until the level of 

evening peak activity begins to rise.

In DD, the peak of activity of D.melanogaster occurs in the subjective 

morning at 18°C, and the subjective evening at 29°C (figure 7.3b). In 

contrast, the peak of D.virilis in DD occurs at the same time at both 

temperatures, and is distinct from both peaks of D.melanogaster (A 7.3.7 - 

7.3.8; species x time, 18°C F=598.5, p«<0.001; 29°C F=442.7, p«<0.001).

7.4.2 D.virilis 3’ UTR

3' RACE of D.virilis per identified two different per RNA transcripts. These 

were sequenced and aligned to the genomic per sequence of D.virilis using 

GCG. There are no introns within the 3' UTR sequence of D.virilis per. A 

comparison of the two transcripts is shown in figure 7.4
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D.virilis 3' RACE products

GCCCTTATTCAGGGATCCGAATTCTGGCAACAGCGATGACATGGATGGCTCTAGCTTCTC 60

ATCCTTCTACTCATCCTTCATCAAAACCACCGACGGCTCTGAGAGTCCGCCCGACAATGA 120

GAAGGAGACGAAAGTTCACAAGCTCAAGCCCATCGTTGAGCATCCGGAGGAGGACCAGAC 180 
STOP

GCAGCACGGAGATGGAJBCATTCCAAAGGACGGCTCTAGTTGTGTCGAATCCTGACATT 240 

CAGTTGCAGCAACAACCCAAGCCGCAAGGCCCGCACCCAGACGAGCTTCTCTTGGACACC 300 
C AAAC C AAAC G C T T GAGC AT T AT T TAG AG TTTTCCATTTCGTGTG T AAC T AC AT AAAT T T 360 
Polyadenylation Signal 1
AT T T T C T GAT C AAAT T C AAT T T T GC AAG T G GAG AAG AC AAC G T T C AAAAAAAAAAAAAAA 420 

Polyadenylation Signal 2
AT T T T C T GAT C AAAT T C AAT T T T GC AAG T G G AGAAGACAAC G T T C AAAAAAC AAAAAC AA 420 

AAAAT AC AT T T ACAAC AAAT TAT G T GC C C AAGC GRCAAAT T T T CAT AT C C C AAT AAAC GC 480 

T GC GAT T AC AGAAAG AT C YG W GAT G G CAAAAT AAAT AAAAG AAAAAAAAAAAAAAAAA 540

Figure 7.4 Sequences of the two 3' RACE products of D.virilis period The

polyadenylated ends of the two transcripts are highlighted in yellow.

The two per RNA transcripts identified by 3' RACE differ in size by ~120 bp. 

These products are referred to throughout as the 'long' and 'short' per 

transcripts. It is worth noting that that there is no consensus polyadenylation 

signal immediately upstream of the polyA tail of the short per RNA product. 

As a result, it may be that the short product is an artefact of some sort, such 

as a breakdown product of the longer RNA transcript. As both products were 

isolated from RNA by 3' RACE, and the short product is more abundant than 

the long product (below), it seems probable that both exist in vivo and may 

therefore have different functions.

7.4.3 D.virilis per RNA cycling

Real time PCR was used to determine the relative levels of the two per RNA 

transcripts, as shown in figure 7.5.
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Figure 7.5 per RNA cycles in D.virilis, D.melanogaster and 

D.pseudoobscura a), total per RNA at 18°C (blue) and 29°C (orange) in D.virilis. b). 

long per RNA only. c). per RNA cycle of D.melanogaster at 18°C (blue) and 29°C (red), d). 

D.pseudoobscura at 18°C (blue) and 29°C (red), c and d are taken from figure 6.6. Only two 

sets of cDNA have been analysed for figures 7.5a and 7.5b, and therefore no error bars are 

shown.

3' RACE revealed two per transcripts which differ by the polyadenylation site 

in D.virilis. This means that a set of primers designed to amplify the short 

product will also amplify the long product. To determine the amount of the 

short product, the level of per amplified by the long primers has to be 

subtracted from that amplified from the short primers. It can be seen by 

comparing the Y-axis of figures 7.5a and 7.5b, that the level of the long per 

RNA transcript is orders of magnitude lower than that of the short transcript. 

So, the per RNA cycle in D.virilis is primarily the cycle of the short per 

product, as shown in figure 7.5a.

At 18°C, the cycle of the 'short' product peaks around ZT 16, while at 29°C it 

peaks from around ZT 12-20 (figure 7.5a). This is the opposite of
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D.melanogaster (figure 7.5c) and D.pseudoobscura (figure 7.5d) where the 

per RNA peaks earlier at 18 than 29°C. However, this needs to be repeated 

as there is too much variation between the samples analysed to be sure that 

this accurately represents the per RNA cycles. The cycle of the long per 

RNA product shows far less variation that the total RNA cycle. Although the 

level of the long RNA product is far lower than the level of total per RNA, it 

seems to match more closely the cycle of per RNA seen in D.melanogaster 

and D.pseudoobscura. The cycle peaks at -ZT 16 at 18°C, and between ZT 

16 and ZT 20 at 29°C (compare figures 7.5b, 7.5c and 7.5d).

Therefore both the short and long products levels peak at ZT 16 at 18°C. At 

29°C, there is a broader peak level of both products, so that the peak level of 

RNA is maintained later into the night. This means that the phase of the 

RNA cycle is delayed in comparison to both D.melanogaster and 

D.pseudoobscura.

7.5 Discussion

7.5.1 D.virilis locomotor activity

In LD cycles, both D.melanogaster and D.virilis have a later phase of activity 

at high temperatures. The two species also show different patterns of 

locomotor activity from each other. The evening activity level rises and 

peaks earlier in D.virilis than D.melanogaster. It is thought that the delayed 

evening activity peak seen in D.melanogaster at 29°C is required to avoid 

desiccation in the mid-day sun. As the phase of locomotor activity of D.virilis 

means that it becomes active earlier in the day, it may be that D.virilis is less 

well suited to hot climates than D.melanogaster. This fits with the natural 

distribution of these two species, where D.virilis is native to Northern Europe, 

whereas the origins of D.melanogaster seem to be from Africa.

Despite this, D.virilis is better equipped for high temperatures than 

D.pseudoobscura. At 29°C, D.pseudoobscura is poorly temperature
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compensated, and the clock does not seem to control the distribution of 

locomotor activity (Chapter 6). In contrast, D.virilis is well temperature 

compensated at 29°C, and locomotor activity shows a (clock controlled) 

evening activity peak.

In DD, the difference in peak position in D.melanogaster is exaggerated, with 

a peak in the subjective morning at 18°C and in the subjective evening at 

29°C. This seems to be unique to D.melanogaster as at 18°C in 

D.pseudoobscura the peak occurs in the subjective evening (Hennessey, 

1999). This is also the case in D.virilis, where the peak occurs in the middle 

of the day at both temperatures. Therefore some unique feature of the free- 

running clock of D.melanogaster must be responsible for this difference in 

peak position at different temperatures in DD.

7.5.2 D.virilis per RNA cycles

3' RACE of D.virilis per identified two alternative per transcripts which differed 

in terms of the position of the polyA signal. In D.melanogaster (Majercak et 

al., 1999), D.pseudoobscura (Chapter 6) and Bactrocera (An. et al., 2002) 

per transcripts differ in terms of the splicing of an intron within the 3' UTR. 

The alternative splicing of this intron in D.melanogaster has been shown to 

be functionally important in D.melanogaster (Majercak et al., 1999), and this 

may also be the case in Bactrocera where the level of splicing changes with 

temperature (An, X. et al., 2002). This regulation is not shared by 

D.pseudoobscura (Chapter 6) or D.virilis, both of which are more closely 

related to D.melanogaster than Bactrocera. This could be an ancestral 

regulatory mechanism which has been lost by D.virilis and D.pseudoobscura, 

or it could have arisen independently in D.melanogaster and Bactrocera.

The evening activity peak of D.melanogaster at 29°C is delayed until just 

after lights off, later than the corresponding peak of D.virilis. This suggests 

that D.melanogaster has stricter regulation of behaviour at high 

temperatures, possibly because it has this splicing mechanism resulting in
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later activity. It may be that the need to regulate locomotor activity at high 

temperatures has selected for the alternative splicing of the intron in 

D.melanogaster (and poteintially Bactrocera (An et al., 2002) but not D.virilis 

or D.pseudoobscura.

If this is the case, then it would be expected that there would be no 

temperature regulation of the alternatively polyadenylated transcripts of 

D.virilis. This seems to be the case as at both 18 and 29°C there is 30-60 

times as much of the short per transcript as the long transcript. For the long 

transcript to play an important role, it would be predicted that it would be 

present in levels comparable to those of the short transcript.

In Chapter 6, it was suggested that differences in the per RNA cycle are 

responsible for species-specific differences in behaviour. The phase of the 

per RNA cycle of D.virilis lags behind that of D.melanogaster at both 18 and 

29°C, yet the locomotor profile is in advance of D.melanogaster. It may be 

that differences in the dynamics of the clock between different species alter 

the way in which the RNA cycle determines the pattern of locomotor activity. 

For instance, per may be translated at different rates in the two species, so if 

per were translated at a higher level in D.virilis it could compensate for the 

differences in peak RNA position. Additionally, the per RNA cycle in 

D.melanogaster is retarded through the repression of the splicing of the 3' 

intron of per which does not occur in D.virilis.

This explanation is less satisfactory when trying to determine why the 

evening peak is earlier at 18 than 29°C in D.virilis as the peak level of the 

'short' abundant per RNA product appears to occur earlier at 29 than 18°C. It 

could be that the higher peak level of per RNA at 18°C seen in D.virilis it is 

responsible for the earlier evening activity peak. The data is not good 

enough to draw any firm conclusions.

As mentioned in the results section, there is too much variation in the levels 

of the short per RNA product to be sure that the cycle detected is accurate.
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This is less of a problem with the cycle of the long per transcript where the 

level of per RNA peaks earlier at 18 than at 29°C. If this is the true picture, 

then D.virilis, like D.melanogaster and D.pseudoobscura has an earlier peak 

of per RNA at 18 than 29°C, which then produces an earlier evening activity 

peak. This needs to be repeated to confirm that the cycle of per RNA in 

figure 7.5 is accurate.

Therefore the regulation of the splicing of the per 3' UTR intron is not a 

universal mechanism. It also cannot solely account for species specific 

differences in behaviour as the per RNA products of D.virilis differ by 

polyadenylation signal.

To determine whether there is a functional difference between the two per 

mRNA transcripts in D.virilis, it would be interesting to see whether flies able 

to produce either only the short transcript, or only the long transcript 

displayed different patterns of locomotor activity. Within a species like 

D.melanogaster, where null per mutants (per01) exist, it would be relatively 

straightforward to create transgenic flies which could only produce one or 

other of the transcripts. Unfortunately these null mutants of per do not exist 

in D.virilis, but it might be possible to use RNAi to eliminate the longer 

transcript, and see the effect of expressing only one of the per transcripts.
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Chapter eight: final conclusions

8.1 The regulation of the splicing of per RNA

The alternative splicing of an intron within the 3' UTR of the per gene 

determines the position of the evening locomotor activity peak of 

D.melanogaster. The regulation of activity in this way is one way in which 

D.melanogaster avoids desiccation in the mid-day sun. This mechanism 

seems to be unique to D.melanogaster and possibly very closely related 

species, as although there is a comparable intron within the same gene of 

D.pseudoobscura the level of splicing does not seem to be under 

temperature control, while in D.virilis, there is no such intron, and per RNA 

transcripts differ only by polyadenylation signal.

D.melanogaster is found in a wide range of environments, from Africa right 

into northern Europe, but appears to primarily be a warm adapted domestic 

species, whereas both D.virilis and D.pseudoobscura both tend to occupy 

colder regions. D.virilis is more active during the middle of the day at 29°C, 

while at this temperature the behaviour of D.pseudoobscura appears no 

longer to be clock regulated. Therefore, the ability to regulate locomotor 

activity by the regulation of per splicing may be one reason why 

D.melanogaster appears to be better suited to milder climates.

In D.melanogaster the level of splicing of this intron is determined by the 

temperature and by the photoperiod. At 18°C -45% of all transcripts are 

spliced, and if the temperature is raised splicing is repressed so that at 29°C 

only -25% of per transcripts are spliced in wild-type flies. If wild-type flies 

are placed in DD then these levels rise to -60% and -40% respectively, 

indicating the role of the photoperiod in repressing splicing. As the levels of 

splicing in DD are comparable to those seen in the visually blind g f0j mutant, 

it seems reasonable to assume that the light input for repressing splicing is
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received through the visual system, particularly as mutations of the circadian 

photoreceptor CRY have little impact on splicing levels at low temperatures.

At high temperatures the regulation of behaviour to avoid mid-day activity 

becomes vitally important, and, as a result, the regulation of splicing of this 

intron becomes much stricter. The clock becomes involved in repressing 

splicing, and at 29°C the elimination of per, tim or cry removes the repression 

of splicing during the night. Therefore it seems that at high temperatures the 

photoperiod sets the splicing level during the day, and the role of the clock is 

to maintain the repression of splicing at night. In the absence of these clock 

components the levels of splicing at night at 29°C rise to levels comparable 

with those of wild-type flies at 18°C.

Like those of gl, mutations of the norpA gene produce visually blind flies. In 

fact gl60j mutation is more severe than norpAp41, yet the levels of splicing in 

norpAp41 are elevated even above the levels of splicing seen in wild-type flies 

in DD. This indicates that as well as playing a role in the visual 

photoreception system norpAP41 may also be involved in the regulation of 

splicing in some other way. The difference between splicing levels at 18°C 

and 29°C is maintained between gl60j and wild-type, but is greatly reduced in 

flies carrying the norpAp41 mutation. Perhaps the most logical explanation is 

that as norpA encodes a signalling molecule, a pathway involving this protein 

is involved in the signalling of temperature information to the splicing 

machinery and/or the clock. This may also explain why the locomotor activity 

profiles of norpAP41 appear to be very sensitive to increased temperatures.

Generally the regulation of splicing is related to the position of the evening 

activity peak. However, in D.melanogaster carrying the gl60j mutation, the 

relationship between the splicing level and the position of the evening activity 

peak breaks down, and the high levels of splicing in this mutant do not 

advance evening activity. Similarly, in mps3 transformant D.melanogaster; 

there is no regulation of the splicing of the per intron, yet locomotor activity 

peaked earlier at 18°C than at 29°C. The role of the regulation of the splicing
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of this intron is to modify the underlying per RNA cycle so that the PER 

protein cycle, and ultimately locomotor activity can be 'fine-tuned' to seasonal 

and climatic changes in conditions. In mps3 transformants, the cycle of per 

RNA appears to be advanced at 18°C, and delayed at 29°C in comparison to 

wild-type D.melanogaster and therefore the regulation of splicing is not 

required to produce the differences in evening activity. So, when there is no 

relationship between splicing level and evening activity peak position, it may 

be that this can be attributed to differences in the underlying RNA cycle 

which make the splicing level irrelevant in determining behaviour.

8.2 Splicing and the production of mature per mRNA

The production of a mature mRNA transcript requires that the mRNA 

acquires a 5' cap, is spliced, and a polyA tail added at the 3' end. These 

three processes are interlinked and influence each other's efficiency 

(Proudfoot et al., 2002). With the D.melanogaster per 3' UTR intron, it was 

demonstrated that it is the act of splicing itself rather than the presence or 

absence of the 3' UTR intron that determines the timing of evening activity 

(Majercak et al, 1999). Therefore the act of splicing must in some way 

advance the production of mature per mRNA and/or its translation. They 

suggested that the increased splicing of this intron at low temperatures may 

stimulate the production of the mature 3' end of the mRNA through advanced 

cleavage and polyadenylation (Majercak et al, 1999).

Splicing and polyadenylation

The association between splicing and polyadenylation is well established and 

understood. Splicing Regulatory (SR) proteins are recruited to the exons 

through interactions with exonic enhancer sequences. These proteins then 

recruit the snRNPs U1 and U2 to the RNA. This then determines the exon 

structure. However, in the final exon, the end of the gene is determined by 

the polyadenylation signal, with U2AF65 of the splicing complex interacting 

with the C-terminal domain of the poly(A) polymerase. Therefore
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polyadenylation and splicing either side of this final exon are inextricably 

linked and strongly enhance each other (Reviewed in Proudfoot et al, 2002). 

It is therefore likely that by regulating the splicing of the final intron, the 

polyadenylation of the RNA will also be regulated. Thus, in the case of per, 

lower levels of splicing of the final intron will delay polyadenylation, and the 

production of mature mRNA transcripts. Additionally, it is known that the 

binding of binding of PolyA-binding proteins (PAPBs) to the mRNA tail 

prevents degradation (Dreyfus and Regnier, 2002), and therefore it may be 

that higher levels of splicing result in advanced polyadenylation and therefore 

more stable per mRNA at lower temperatures. A higher level of stable RNAs 

could then determine the earlier translation of per.

However, polyadenylation is not the only step of the journey from 

transcription to translation which is affected by the splicing of the mRNA, as 

splicing is also intrinsically linked to nuclear export (Reed and Hurt., 2002). 

In yeast and mammals, the Sub2/UAP56 is involved in both spliceosome 

assembly and mRNA export. RNAi has been used to demonstrate that this 

protein is required for the nuclear export of mRNAs, including those lacking 

introns. Sub2/UAP56 is therefore thought to be freed from the spliceosome 

prior to nuclear export (Reviewed in Reed and Hurt., 2002), so stimulating 

splicing will lead to this occurring earlier, and advance nuclear export.

Interestingly, RNA processing has recently been shown to be involved in the 

timing of seasonal flowering in Arabidopsis thaliana (Simpson et al., 2003; 

Quesada et al., 2003). Therefore organisms as diverse as Arabidopsis and 

D.melanogaster control seasonal 'behaviour' through the post-transcriptional 

regulation of mRNA. In the case of Arabidopsis, the timing of flowering 

depends on the ratio of several differentially polyadenylated transcripts of 

FCA, an RNA binding protein (Quesada et a., 2003). The proportions of 

these transcripts are controlled by FCA and FY, its partner protein (Simpson 

et al., 2003). Thus the model is that FCA protein recruits FY and the rest of 

the polyadenylation machinery to a polyadenylation site within intron 3, 

generating the truncated mRNA. This mRNA produces a truncated FCA 

protein that can no longer bind its own RNA, thereby setting up an
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autoregulatory loop (Simpson et al., 2003; Quesada et al., 2003). This is the 

first example of non-core polyadenylation proteins controlling polyadenylation 

(Simpson et al., 2003; Quesada et al., 2003). It may be that there is a 

somewhat similar situation in D.melanogaster per, with a non-splicing protein 

controlling the splicing of the per 3' intron.

It is the splicing of the most 3' intron which impinges on 

polyadenylation/nuclear export (reviewed in Proudfoot et al., 2002) so it is 

unsurprising that this is the only intron which is alternatively spliced in per. It 

is known that the only different forms of per transcript in vivo differ only by the 

presence of this intron - other introns are spliced as normal (Cheng et al., 

1998). Therefore something must ensure that the splicing of this intron is 

regulated, so that it is left until last.

The simplest explanation would be that some RNA binding protein, under 

temperature, light and clock control binds only to this intron, preventing 

splicing. Then as this protein unbinds, the mRNA is freed for splicing, and 

nuclear export, 3' end formation. In the future it may prove profitable to go 

looking for this 'splicing regulator' to further understand how temperature 

regulates the clock. One possible candidate, identified by at least two 

separate microarray analyses as being under clock regulation is CG17386 

(Claridge-Chang et al, 2001; Lin et al., 2002). It so far has no known 

function, but is under clock control. A BLAST search reveals that this protein 

contains an RNA binding domain that shares characteristics of the 

Trypanosome LA-motif containing proteins that, amongst other things, are 

involved in posttranslational modification.

Otherwise it may be possible to identify such an RNA binding protein through 

a technique such as yeast-3-hybrid (SenGupta et al., 1996) or T7 phage 

display (Danner and Belasco, 2001).
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8.3 Unusual behaviour

During the course of this work, two remarkable observations of the behaviour 

of double mutants carrying the cry13 mutation were made. The gl60j cryb 

double mutant has been reported to be blind and unentrainable to LD cycles 

(Helfrich-Forster et al., 2001), yet at 29°C it appears to anticipate 'lights off. 

This recovery of light sensitivity at high temperatures either indicates the 

existence of an as yet unidentified photoreceptor in D.melanogaster, or that 

e r f  is able to gain function at higher temperatures.

Even more intriguingly, the per01', e r f  double mutant is also able to anticipate 

'lights off even though per01 mutants are unable to do this. As tim01', e r f  

behave like tim01 single mutants - they do not anticipate lights off - the 

simplest explanation is that in the absence of both PER and CRY TIM is able 

to enter the nucleus on its own, and drive the negative feedback loop which 

provides the basis of the clock. In per01 in LD the levels of TIM cycle, and it 

may be that TIM is almost fully degraded by CRY during the light phase. In 

the absence of CRY, these low TIM levels may then become sufficient to 

drive the clock in the absence of PER. As in DD and LL per01\ e r f  flies are 

arrhythmic, this must require the daily degradation of TIM by light within the 

lateral neurons, which is something that needs to be investigated in the 

future. Thus it is possible that TIM is able to fulfil many clock functions on its 

own. It has already been established that TIM is able to inhibit the 

dCLK/CYC complex in vitro even in the absence of PER (Lee et al., 1999), 

and it may be that this is what occurs in vivo in the per01', e r f  double mutant.

Thus it the analysis of splicing allied to behaviour has made it possible to 

develop a greater understanding of how locomotor activity is entrained to 

different light and temperature conditions. This is particularly important in 

illuminating the role of the visual system, separate from that of cry and the 

clock, in entraining evening activity. The analysis of behaviour and per 3' 

splicing at two different temperatures has clearly demonstrated that norpA
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has a circadian role outside the visual system. Perhaps most importantly, the 

discovery of anticipatory behaviour in LD cycles in the pet01; cry* double 

mutant suggests that there is a PER-independent role for TIM in the 

D.melanogaster clock.
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Appendix to Chapter 3

All statistical data contained within the appendices was produced through 
ANOVA analysis of variance except Table 3.1 (T-test). Significant p values 
are indicated in red.

3.2 (p. 57-58)

1. AH Time points SS df MS F P
Temperature 7711 1 7711 28.79 0.000000
Time 1271764 47 27059 101.04 0.000000
T emperature*Time 320136 47 6811 25.43 0.000000
Error 2014396 7522 268

2. Morning Peak (11-15) SS df MS F p
Temperature 1002.9 1 1002.9 2.936 0.086989
Time 24265.1 4 6066.3 17.759 0.000000
Temperature* Time 12005.9 4 3001.5 8.787 0.000001
Error 288637.7 845 341.6

3. Day activity (20-29) SS df MS F p
Temperature 105510.9 1 105510.947 2.603 0.000000
Time 22653.7 9 2517.1 11.274 0.000000
Temperature*Time 8848.3 9 983.1 4.404 0.000010
Error 46491.2 1552 223.3

4. Evening peak (30-38) SS df MS F p
Temperature 23866 1 23866 58.646 0.000000
Time 324622 8 40578 99.711 0.000000
T emperature’T im e 119052 8 14882 36.568 0.000000
Error 571772 1405 407

3.3

Splicing SS df MS F P
Temperature 0.671114 1 0.671114 156.542 0.000000
Time 0.027897 5 0.005579 1.301 0.274744
T emperature*Time 0.033227 5 0.006645 1.550 0.187295
Error 0.270088 63 0.004287

3.4

1. per01, all Times SS df MS F P
Temperature 325 1 325 1.207 0.272133
Time 289101 47 6151 22.858 0.000000
T emperature*Time 18228 47 388 1.441 0.027377
Error 503749 1872 269

2. tim01, all Times SS df MS F P
Temperature 319.9 1 319.9 2.147 0.143012
Time 342381.5 47 7284.7 48.908 0.000000
T emperature*Ti me 11621.1 47 247.3 1.660 0.003584
Error 228782.7 1536 148.9



3. per01, tim01, all Times SS
Genotype 5440
Temperature 2
Time 605641
G enotypeT emperature 642
GenotypeTime 31633
T  emperature T im e 19551
Genotype *T em pTim e 9581
Error 732532

4. All Genotypes,
Tim e Bins 12-14 SS
Genotype 52683.1
Temperature 3504.1
Time 135509.6
G enotypeT emperature 3151.1
GenotypeTime 51358.7
T  emperature T im e 6123.0
G enotypeT emp*Time 1687.5
Error 245979.2

5. Canton-S, Bins 12-14 SS
Temperature 1624.3
Time 16606.9
T  emperature*Time 6293.9
Error 148002.0

6. per0, Bins 12-14 SS
Temperature 4674.3
Time 42438.9
Temperature*Time 3173.5
Error 46457.8

7. tim°, Bins 12-14 SS
Temperature 292.4
Time 78877.3
T  emperature*Time 1734.8
Error 20948.4

8. per01, tim01 18°C SS
Genotype 287.3
Time 66525.8
Genotype'Time 1695.1
Error 30867.0

9. per01, tim01, Canton-S 18°C
SS

Genotype 34168.8
Time 83638.0
GenotypeTim e 21921.0
Error 134911.9

10. per01, tim01 29°C SS
Genotype 4651.4
Time 54908.7
GenotypeTim e 6117.2
Error 36539.2

MS F P
5440 25 307 0.000001
2 0.008 0.930091
12886 59.950 0.000000
642 2.989 0.083943
673 3.131 0.000000
416 1.935 0.000148
204 0.948 0.573524
215

MS F P
26341.6 77.104 0.000000
3504.1 10.257 0.001422
67754.8 198.324 0.000000
1575.5 4.612 0.010230
12839.7 37.583 0.000000
3061.5 8.961 0.000143
421.9
341.6

1.235 0.294604

MS F P
1624.3 5.103 0.024343
8303.5 26.088 0.000000
3147.0
318.3

9.887 0.000062

MS F P
4674.3 11.7718 0.000832
21219.5 53.4394 0.000000
1586.7
397.1

3.9960 0.020953

MS F P
292.4 1.340 0.249924
39438.6 180.735 0.000000
867.4
218.2

3.975 0.021948

MS F P
287.3 0.8934 0.346926
33262.9 103.4514 0.000000
847.6 2.6360 0.076828

321.5

MS F P
17084.4 45.968 0.000000
41819.0 112.520 0.000000
5480.2

371.7
14.745 0.000000

MS F p
4651.4 14.8938 0.000187
27454.3 87.9099 0.000000
3058.6
312.3

9.7938 0.000117

df
1
1
47
1
47
47
47
3408

df
2
1
2
2
4
2
4
720

df
1
2
2
465

df
1
2
2
117

df
1
2
2
96

df
1
2
2
96

df
2
2
4
363

df
1
2
2
117



11. per**1, Canton-S, 29°C
SS df MS F P

Genotype 3798.3 1 3798.3 11.5812 0.000757
Time 15273.2 2 7636.6 23.2844 0.000000
Genotype*Time 6974.6 2 3487.3 10.6330 0.000035
Error 98391.2 300 328.0

12. tim01, Canton-S, 29°C
SS df MS F P

Genotype 21252.5 1 21252.5 72.3818 0.000000
Time 45146.8 2 22573.4 76.8805 0.000000
Genotype*Time 30556.5 2 15278.2 52.0346 0.000000
Error 87204.2 297 293.6

3.5

1. All genotypes SS df MS F p
Genotype 0.06902 2 0.03451 8.183 0.000432
Temperature 0.64024 1 0.64024 151.819 0.000000
Time 0.10667 5 0.02133 5.059 0.000267
Genotype*T emperature 0.13363 2 0.06682 15.844 0.000001
Genotype*Time 0.04221 10 0.00422 1.001 0.445652
T emperature *Time 0.10388 5 0.02078 4.927 0.000343
Genoty pe*T emp*Time 0.06771 10 0.00677 1.606 0.110554
Error 0.60305 143 0.00422

2 . p e i * SS df MS F P
Temperature 0.099085 1 0.099085 23.805 0.000012
Time 0.090607 5 0.018121 4.354 0.002393
Temperature*Time 0.063127 5 0.012625 3.033 0.018535
Error 0.199796 48 0.004162

3. tim01 SS df MS F P
Temperature 0.090878 1 0.090878 21.279 0.000065
Time 0.032780 5 0.006556 1.535 0.207782
T emperature *Time 0.062341 5 0.012468 2.919 0.028415
Error 0.132395 31 0.004271

4. All Genotypes, 18°C SS df MS F P
Genotype 0.01268 2 0.00634 1.471 0.235304
Time 0.03162 5 0.00632 1.466 0.208809
Genotype*Time 0.07085 10 0.00708 1.643 0.107376
Error 0.38377 89 0.00431

5. All Genotypes, 29°C SS df MS F P
Genotype 0.153532 2 0.076766 18.904 0.000001
Time 0.163268 5 0.032654 8.041 0.000010
Genotype*Time 0.046517 10 0.004652 1.146 0.347280
Error 0.219281 54 0.004061

6. per0 and tim0, 29°C SS df MS F P
Genotype 0.006062 1 0.006062 1.1643 0.287950
Time 0.148632 5 0.029726 5.7095 0.000594
Genotype*Time 0.007785 5 0.001557 0.2990 0.910093
Error 0.182228 35 0.005207



3.6

1. per°, Canton-S SS df MS F P
Genotype 0.00094 1 0.00094 0.218 0.641848
Light regime 0.15115 1 0.15115 34.854 0.000000
Time 0.02149 5 0.00430 0.991 0.427747
Genotype*Light regime 0.00702 1 0.00702 1.620 0.206455
Genotype*Time 0.02969 5 0.00594 1.369 0.243545
Light regime*Time 0.02219 5 0.00444 1.023 0.408862
Genotype* Light regime*Time 0.03703 5 0.00741 1.708 0.140997
Error 0.38595 89 0.00434

2. Canton-S 12:12 and 6:18 SS df MS F P
Light Regime 0.06027 1 0.06027 12.736 0.000744
Time 0.03039 5 0.00608 1.284 0.283589
Light regime*Time 0.02963 5 0.00593 1.252 0.297441
Error 0.26500 56 0.00473

3. per0 12:12 and 6:18 SS df MS F P
Light Regime 0.088053 1 0.088053 24.340 0.000022
Time 0.016269 5 0.003254 0.899 0.493061
Light Regime*Time 0.026270 5 0.005254 1.452 0.23190
Error 0.119380 33 0.003618

4. per0, Canton-S, 6:18 SS df MS F P
Genotype 0.004343 1 0.004343 1.296 0.271728
Time 0.021040 5 0.004208 1.256 0.329985
Genotype* Time 0.031916 5 0.006383 1.905 0.149624
Error 0.053619 16 0.003351

3.7

1. Canton-S, LD and DD, 18°CSS df MS F P
Light Regime 0.13764 1 0.13764 28.735 0.000002
Time 0.08150 5 0.01630 3.403 0.009178
Light Regime*Time 0.05434 5 0.01087 2.269 0.059389
Error 0.27781 58 0.00479

2. Canton-S, LD and DD, 29°C SS df MS F P
Light Regime 0.050486 1 0.050486 27.5197 0.000099
Time 0.005899 4 0.001475 0.8039 0.541487
Light Regime*Time 0.015371 4 0.003843 2.0947 0.132223
Error 0.027518 15 0.001835

3. per0, LD and DD, 18°C SS df MS F P
Light Regime 0.000749 1 0.000749 0.255 0.616215
Time 0.064704 5 0.012941 4.412 0.002798
Light Regime*Time 0.022704 5 0.004541 1.548 0.197582
Error 0.114388 39 0.002933

4. per0, LD and DD, 29°C SS df MS F P
Light Regime 0.008002 1 0.008002 2.3398 0.140356
Circadian Time 0.040114 4 0.010028 2.9325 0.043852
Light Regime*Time 0.022154 4 0.005538 1.6196 0.204813
Error 0.075234 22 0.003420

iv



5. Canton-S and p e /,  DD 18°C
SS

Genotype 0.130412
Time 0.046342
Genotype* Time 0.069115
Error 0.059862

6. Canton-S and perp, DD 29°C
SS

Genotype 0.001712
Time 0.004913
Genotype* Time 0.005582
Error 0.003567

3.8
1. SS
Genotype 21.35
Temperature 0.48
Genotype*Temperature 2.52
Error 109.18

2. 17 Thr-Gly SS
Temperature 0.18
Error 27.13

3. 20 Thr-Gly SS
Temperature 0.12
Error 4.68

4. 21 Thr-Gly SS
Temperature 0.33
Error 24.76

5. 23 Thr-Gly SS
Temperature 1.67
Error 16.04

6. Canton-S SS
Temperature 0.35
Error 36.57

7. 18°C SS
Genotype 16.58
Error 63.63

8 .29°C SS
Genotype 10.85
Error 45.55

3.9

1 .17  Thr-Gly SS
Temperature 8542
Time 103524
Temperature*Time 44589
Error 250365

MS F p
0.130412 52.285 0.000000
0.009268 3.716 0.012422
0.013823 5.542 0.001568
0.002494

MS F p
0.001712 2.879 0.140656
0.001638 2.755 0.134466
0.001861 3.129 0.108919
0.000595

MS F p
5.34 9.8 0.000000
0.48 0 .9  0.349146
0.63 1.2 0.331734
0.55

MS F p
0.18 0.34 0.560397
0.53

MS F p
0.12 0.61 0.442511
0.19

MS F p
0.33 0.64 0.427835
0.52

MS F p
1.67 2.60 0.119325
0.64

MS F p
0.35 0.49 0.486252
0.70

MS F p
4.14 9.2 0.000001
0.45

MS F p
2.71 3.45 0.013389
0.79

MS F p
8542 22.723 0.000002
12941 34.423 0.000000
5574 14.827 0.000000
376

df
1
5
5
24

df
1
3
3
6

df
4
1
4
200

df
1
51

df
1
24

df
1
48

df
1
25

df
1
52

df
4
142

df
4
58

df
1
8
8
666

v



2. 20 Thr-Gly SS df MS F P
Temperature 2983.8 1 2 9 8 3 8 12.901 0.000368
Time 121735.1 8 15216.96 5.792 0.000000
T emperatureTime 92488.5 8 11561.14 9.986 0.000000
Error 95752.6 414 231.3

3. 21 Thr-Gly SS df MS F P
Temperature 8069.8 1 8069.8 27.131 0.000000
Time 70315.0 8 8789.4 29.550 0.000000
TemperatureTime 31588.8 8 3948.6 13.275 0.000000
Error 214156.3 720 297.4

4. 23 Thr-Gly SS df MS F p
Temperature 2182 1 2182 5.146 0.023648
Time 55707 8 6963 16.421 0.000000
T emperatureTime 35712 8 4464 10.527 0.000000
Error 259520 612 424

Time Bins 18°C = 32-37; 29°Ct = 30-38
5 . 18°C, 17, 21 Canton-S SS df MS F p
Genotype 470 2 235 0.590 0.554554
Time 49997 5 9999 25.112 0.000000
GenotypeTime 5664 10 566 1.423 0.164719
Error 433238 1088 398

6 . 18°C, 17, 2 1 ,2 3  Canton-S SS df MS F P
Genotype 3541 3 1180 3.086 0.026403
Time 39920 5 7984 20.876 0.000000
GenotypeTime 10531 15 70 2.836 0.025758
Error 98723 1304 382

7. 2 0 ,2 3 SS df MS F P
Genotype 1278.5 1 1278.5 3.924 0.048410
Time 24749.6 5 4949.9 15.191 0.000000
GenotypeTime 13134.1 5 2626.8 8.062 0.000000
Error 111440.2 342 325.8

8. 18°C, 17, 21, 20 Canton-S SS df MS F P
Genotype 472 3 157 0.399 0.753862
Time 67953 5 13591 34.431 0.000000
GenotypeTime 19876 15 1325 3.357 0.000014
Error 479194 1214 395

9. 29°C 17,21, Canton-S SS df MS F P
Genotype 1491 2 745 1.923 0.146601
Time 223123 8 27890 71.967 0.000000
GenotypeTime 6606 16 413 1.065 0.384051
Error 449939 1161 388

10. 29°C All genotypes SS df MS F P
Genotype 6447 4 1612 4.125 0.002493
Time 407615 8 50952 130.411 0.000000
GenotypeTime 35647 32 1114 2.851 0.000000
Error 654037 1674 391

11. 29°C, 20, 23 SS df MS F P
Genotype 1528.6 1 1528.6 3.842 0.050519
Time 194104.2 8 24263.0 60.985 0.000000
GenotypeTim e 16467.9 8 2058.5 5.174 0.000003
Error 204098.6 513 397.9



3.10

1. 17 Thr-Gly SS
Temperature 0.278191
Time 0.013390
T emperature *Time 0.041816
Error 0.186664

2. 20 Thr-Gly SS
Temperature 0.104383
Time 0.061028
T emperatureTime 0.061084
Error 0.091394

3. 21 Thr-Gly SS
Temperature 0.397622
Time 0.073120
T  emperatureTime 0.042599
Error 0.315766

4. 23 Thr-Gly SS
Temperature 0.115391
Time 0.040849
T emperatureTime 0.022751
Error 0.247820

5 .1 7 , 21, 23 18°C SS
Genotype 0.01392
Time 0.05705
Genotype T im e 0.11961
Error 0.57999

6 .1 7 , 20, 21, 23 18°C SS
Genotype 0.02539
Time 0.12590
GenotypeTime 0.18152
Error 0.65848

7. 17, 21, 23, Canton-S 18°C
SS

Genotype 0.10328
Time 0.05589
GenotypeTime 0.14529
Error 0.88174

8. 20, Canton-S 18°C SS
Genotype 0.01263
Time 0.11618
GenotypeTime 0.06317
Error 0.38025

9. All except 20 Thr-Gly,
18°C, Night only SS
Genotype 0.06885
Time 0.00578
GenotypeTime 0.05709
Error 0.47725

MS F P
0.278191 52.1616 0.000000
0.002678 0.5021 0.772533
0.008363
0.005333

1.5681 0.194667

MS F P
0.104383 33.122 0.000003
0.012206 3.873 0.008244
0.012217
0.003152

3.877 0.008206

MS F P
0.397622 49.1099 0.000000
0.014624 1.8062 0.134287
0.008520
0.008097

1.0523 0.401349

MS F P
0.115391 16.7624 0.000229
0.008170 1.1868 0.334922
0.004550
0.006884

0.6610 0.655268

MS F P
0.00696 0.732 0.485017
0.01141 1.200 0.319948
0.01196
0.00951

1.258 0.274243

MS F P
0.00846 1.028 0.384658
0.02518 3.059 0.014080
0.01210
0.00823

1.470 0.136762

MS F P
0.03443 4.178 0.007709
0.01118 1.357 0.246548
0.00969
0.00824

1.175 0.301996

MS F P
0.01263 2.160 0.146512
0.02324 3.972 0.003323
0.01263
0.00585

2.160 0.069367

MS F P
0.02295 2.741 0.051521
0.00289 0.345 0.709639
0.00952
0.00837

1.136 0.353219

df
1
5
5
35

df
1
5
5
29

df
1
5
5
39

df
1
5
5
36

df
2
5
10
61

df
3
5
15
80

df
3
5
15
107

df
1
5
5
65

df
3
2
6
57

vii



10. All variants
18°C, Night only SS df MS F P
Genotype 0.09582 4 0.02396 3.160 0.019416
Time 0.01369 2 0.00684 0.903 0.410357
GenotypeTime 0.06584 8 0.00823 1.086 0.384164
Error 0.50028 66 0.00758

11. 17, 20 29°C SS df MS F P
Genotype 0.055682 1 0.055682 33.006 0.000006
Time 0.024854 5 0.004971 2.946 0.031705
Genotype*Time 0.021327 5 0.004265 2.528 0.055271
Error 0.042176 25 0.001687

12. 17, 21 29°C SS df MS F P
Genotype 0.011740 1 0.011740 4.8202 0.034849
Time 0.027650 5 0.005530 2.2705 0.068786
GenotypeTime 0.011666 5 0.002333 0.9579 0.456642
Error 0.085245 35 0.002436

1 3 .1 7 , 23 29°C SS df MS F P
Genotype 0.060336 1 0.060336 15.4379 0.000464
Time 0.046706 5 0.009341 2.3901 0.061338
GenotypeTime 0.004710 5 0.000942 0.2410 0.941049
Error 0.117248 30 0.003908

14. 17, Canton-S 29°C SS df MS F P
Genotype 0.002276 1 0 002276 1.177 0.285986
Time 0.053845 5 0.010769 5.571 0.000842
GenotypeTime 0.010229 5 0.002046 1.058 0.401460
Error 0.061859 32 0.001933

15. 20, 21 29°C SS df MS F P
Genotype 0.119580 1 0.119580 52.088 0.000000
Time 0.008001 5 0.001600 0.697 0.629834
GenotypeTime 0.024926 5 0.004985 2.172 0.083890
Error 0.068872 30 0.002296

16. 20, 23 29°C SS df MS F P
Genotype 0.000073 1 0.000073 0.0182 0.893892
Time 0.031209 5 0.006242 1.5469 0.211495
GenotypeTime 0.013019 5 0.002604 0.6453 0.667514
Error 0.100875 25 0.004035

17. 20, Canton-S 29°C SS df MS F P
Genotype 0.036410 1 0.036410 21.613 0.000078
Time 0.020400 5 0.004080 2.422 0.061503
GenotypeTime 0.033407 5 0.006681 3.966 0.007951
Error 0.045486 27 0.001685

18. 21, 23 29°C SS df MS F P
Genotype 0.134387 1 0.134387 32.6762 0.000002
Time 0.021074 5 0.004215 1.0248 0.418165
GenotypeTime 0.018468 5 0 003694 08981 0 493209
Error 0.143944 35 0.004113

19. 21, Canton-S 29°C SS df MS F P
Genotype 0.024938 1 0.024938 10.4195 0.002613
Time 0.034029 5 0.006806 2.8436 0.028561
GenotypeTim e 0.016425 5 0.003285 1.3726 0.256887
Error 0.088555 37 0.002393



20. 23, Canton-S 29°C SS df MS F
Genotype 0.038716 1 0.038716 10.2764
Time 0.052805 5 0.010561 2.8032
Genotype*Time 0.009754 5 0.001951 0.5178
Error 0.120558 32 0.003767

p
0.003051
0.032878
0.760831



free-running 
period (hours)

proportion spliced per 
m RNA - ZT 0-20

proportion spliced per 
mRNA-ZT 12-20

difference in 
spliced per 
mRNA levels, 
ZT 0-20

difference in 
spliced per 
mRNA levels, 
ZT 12-20

free-running
period
difference

18 29 18 29 18 29
17 23.83538 23.96857 0.381411 0.2263132 0.3779337 0.2468246 0.1550975 0.1311091 -0.13319
20 22.89526 22.74286 0.413559 0.3104391 0.4786844 0.3028181 0.1031198 0.1758663 0.1524
21 23.98154 23.78545 0.375441 0.192047 0.403122 0.1953969 0.1833944 0.2077251 0.19609
23 23.82688 23.32091 0.407984 0.3068808 0.4470778 0.3087943 0.1011027 0.1382835 0.50597

Canton-S 23.83176 23.9975 0.447971 0.2434532 0.4589369 0.2528741 0.2045181 0.2060628 -0.16574

18C, all 18C,
niqht

29C, all 29C, night Difference, all Difference,
Niqht

Correlation -0.241579 -0.648968 -0.805804 -0.706072036 -0.678737525 -0.240147593 all n.s.

Table 3.1 Period lengths and splicing levels in natural per variants



Appendix to Chapter 4

4.1

1. c r y all Time points SS df MS F P
Temperature 107.4 1 107.4 0.553 0.457043
Time 508605.4 47 10821.4 55.740 0.000000
T emperature*Time 50265.8 47 1069.5 5.509 0.000000
Error 680273.8 3504 194.1

2. cryt), Morning Peak SS df MS F P
Temperature 609.98 1 609.98 2.6017 0.107616
Time 5849.73 4 1462.43 6.2375 0.000073
T emperature *Time 196.63 4 49.16 0.2097 0.933005
Error 85576.98 365 234.46

3. e r f ,  Evening Peak SS df MS F P
Temperature 6580.6 1 6580.6 18.702 0.000018
Time 92054.7 8 11506.8 32.702 0.000000
Temperature *Time 29540.7 8 3692.6 10.494 0.000000
Error 231180.7 657 351.9

4. e r f ,  Time bins 20-29 SS df MS F p
Temperature 8287.9 1 8287.9 40.4337 0.000000
Time 21954.4 9 2439.4 11.9008 0.000000
T emperature *Time 2608.1 9 289.8 1.4138 0.177893
Error 149632.2 730 205.0

5. e r f ,  Canton-S, all Time points
SS df MS F P

Genotype 28042 1 28042 114.742 0.000000
Temperature 2563 1 2563 10.488 0.001205
Time 1236227 47 26303 107.625 0.000000
Genotype*T emperature 1047 1 1047 4.285 0.038476
Genotype*Time 120242 47 2558 10.468 0.000000
T emperature*Time 139517 47 2968 12.146 0.000000
Genotype‘Temperature *Time 81752 47 1739 7.117 0.000000
Error 2694670 11026 244

7. e r f , Canton-S, Morning Peak 18°C
SS df MS F p

Genotype 11492.2 1 11492.20 34.1420 0.000000
Time 11956.3 4 2989.06 8.8802 0.000001
Genotype*Time 3162.6 4 790.66 2.3490 0.053624
Error 148104.1 440 336.60

8. e r f ,  Canton-S, Evening Peak 18°C
SS df MS F P

Genotype 3118.3 1 3118.3 7.343 0.006874
Time 87362.8 8 10920.4 25.717 0.000000
Genotype*Time 20235.8 8 2529.5 5.957 0.000000
Error 340560.3 802 424.6

9. e r f , Canton-S, Morning Peak 29°C
SS df MS F P

Genotype 51569.9 1 51569.9 201.2518 0.000000
Time 8304.0 4 2076.0 8.1016 0.000002
Genotype*Time 1359.5 4 339.9 1.3263 0.258550
Error 179371.8 700 256.2



10. cry°, Canton-S, Evening Peak 29°C
SS

Genotype 36522
Time 303415
Genotype*Time 142042
Error 462392

4.2

1. cry0 ss
Temperature 0.191985
Time 0.103654
Temperature* Time 0.064322
Error 0.149822

2. cry°, per01, tim01, Canton-S
SS

Genotype 0.16867
Temperature 0.83040
Time 0.18701
Genotype *Temperature 0.13404
Genotype *Time 0.07547
Temperature'Time 0.10173
Genotype *Temp*Time 0.12689
Error 0.75287

3. All Genotypes, 18°C SS
Genotype 0.06118
Time 0.04652
Genotype*Time 0.13582
Error 0.48176

4. All Genotypes, 29°C SS
Genotype 0.193419
Time 0.219338
Genotype*Time 0.078488
Error 0.271118

5. per0, tim0, cry0, 29°C SS
Genotype 0.010333
Time 0.215592
Genotype*Time 0.031357
Error 0.234065

4.3

1. per01 cryb all Time points SS
Temperature 1545
Time 434642
Temperature*Time 36677
Error 1129967

2. perp cry0, Morning Peak SS
Temperature 782.2
Time 88497.4
Temperature *Time 2143.9
Error 129256.6

df MS F P
1 36522 99.521 0.00
8 37927 103.349 0.00
8 17755 48.382 0.00
1260 367

df MS F P
1 0.191985 47.412 0.000000
5 0.020731 5.120 0.001147
5 0.012864 3.177 0.017432
37 0.004049

df MS F P
3 0.05622 13.442 0.000000
1 0.83040 198.535 0.000000
5 0.03740 8.942 0.000000
3 0.04468 10.682 0.000002
15 0.00503 1.203 0.273018
5 0.02035 4.864 0.000337
15
180

0.00846
0.00418

2.023 0.015950

df MS F P
3 0.02039 4.741 0.003760
5 0.00930 2.163 0.063165
15
112

0 00905 
0.00430

2.105 0.014374

df MS F P
3 0.064473 16.171 0.000000
5 0.043868 11.003 0.000000
15
68

0.005233
0.003987

1.312 0.219443

df MS F P
2 0.005167 1.082 0.347010
5 0.043118 9.027 0.000004
10
49

0.003136
0.004777

0.656 0.758160

df MS F P
1 1545.3 4.857 0.027591
47 9247.7 29.070 0.000000
47 780.4 2.453 0.000000
3552 318.1

df MS F P
1 782.2 2.2392 0.135405
4 22124.4 63.3315 0.000000
4 536.0 1.5342 0.191592
370 349.3



3. per0 cry0, Evening Peak SS df MS F P
Temperature 4480 3 1 4480 3 8 9417 0.002890
Time 51307.0 8 6413.4 12.7996 0.000000
T emperatureTime 4662.9 8 582.9 1.1633 0.318970
Error 333707.2 666 501.1

4. per01 cry0, per0 all Time points
SS df MS F P

Genotype 0.17027 1 0.17027 20.256 0.000020
Temperature 0.20669 1 0.20669 24.589 0.000003
Time 0.09660 5 0.01932 2.298 0.051626
Genotype Tem perature 0.00092 1 0.00092 0.109 0.741755
Genotype "Time 0.04615 5 0.00923 1.098 0.367216
TemperatureTime 0.05487 5 0.01097 1.305 0.268862
Genotype Tem peratureTim e 0.01545 5 0.00309 0.368 0.869454
Error 0.74812 89 0.00841

5. per01 cry0, per01, Morning Peak, 18°C
SS df MS F P

Genotype 19323.4 1 19323.4 61.6968 0.000000
Time 71333.8 4 17833.4 56.9394 0.000000
GenotypeTime 3147.7 4 786.9 2.5125 0.043041
Error 61074.1 195 313.2

*6. per01 cry0, per01, Morning Peak, 29°C
SS df MS F P

Genotype 1397.5 1 1397.5 3.1148 0.078958
Time 56950.1 2 28475.1 63.4666 0.000000
GenotypeTime 1744.9 2 872.4 1.9445 0.145484
Error 99602.9 222 448.7

7. per0 cry0, per0, 18°C Evening Peak
SS df MS F P

Genotype 714.9 1 714.9 1.9816 0.160112
Time 28282.0 8 3535.3 9.7989 0.000000
Genotype T im e 5964.3 8 745.5 2.0665 0.038394
Error 126633.7 351 360.8

8. per0 cry0, per0, 29°C Evening Peak
SS df MS F P

Genotype 39924 1 39924 97.569 0.00
Time 150584 8 18823 46.001 0.00
GenotypeTime 80885 8 10111 24.709 0.00
Error 419823 1026 409

9. per01 cry0, cry0 all Tim e points
SS df MS F p

Genotype 0.06907 1 0.06907 7.716 0.006851
Temperature 0.29300 1 0.29300 32.736 0.000000
Time 0.11444 5 0.02289 2.557 0.033930
Genotype Tem perature 0.00540 1 0.00540 0.604 0.439514
Genotype T im e 0.04706 5 0.00941 1.052 0.393710
T emperatureTime 0.04034 5 0.00807 0.901 0.484594
Genotype T e m p T m e 0.03455 5 0.00691 0.772 0.572720
Error 0.69814 78 0.00895



10. per0 cry0, cry0, Morning Peak, 18°C
SS

Genotype 1699.39
Time 18066.38
Genotype*Time 4894.62
Error 59205.76

11. per0 cry0, cryb, Morning Peak, 29°C
SS

Genotype 23851.4
Time 79996.3
Genotype T im e 28804.8
Error 155627.8

12. per0 cry0, cry0, 18°C Evening Peak
SS

Genotype 7703.5
Time 50915.3
Genotype T im e 2496.4
Error 145065.2

13. per0 cryb, cry0, 29°C Evening Peak
SS

Genotype 39924
Time 150584
Genotype*Time 80885
Error 419823

4 .4

1. per**1 cry**, per01, tim01, cry0, Canton-S
SS

Genotype 0.50738
Temperature 0.91964
Time 0.20225
Genotype Tem perature 0.14600
Genotype *Time 0.11453
TemperatureTime 0.10974
Genotype Tem peratureTim e 0.13329
Error 1.30119

2. per01 cry0 SS
Temperature 0.107735
Time 0.057274
TemperatureTime 0.014309
Error 0.548320

3. per0 cry0, Canton-S, 18°C SS
Genotype 0.07486
Time 0.01926
GenotypeTime 0.01985
Error 0.40160

4. per0 cry0, cry0, 18°C SS
Genotype 0.01646
Time 0.02525
GenotypeTime 0.06095
Error 0.26578

MS F P
1699.39 4.7360 0.030959
4516.59 12.5873 0.000000
1223.66
358.82

3.4102 0.010407

MS F P
23851.4 87.3578 0.00
19999.1 73.2483 0.00
7201.2
273.0

26.3750 0.00

MS F p
7703.5 15.7718 0.000090
6364.4 13.0302 0.000000
312.0
488.4

0.6389 0.744842

MS F P
39924 97.569 0.00
18823 46.001 0.00
10111
409

24.709 0.00

MS F p
0.12684 21.544 0.000000
0.91964 156.195 0.000000
0.04045 6.870 0.000006
0.03650 6.199 0.000096
0.00573 0.973 0.496500
0.02195 3.728 0.002927
0.00666
0.00589

1.132 0.318324

MS F P
0.107735 8.0558 0.007023
0.011455 0.8565 0.518316
0.002862
0.013374

0.2140 0.954614

MS F P
0.07486 10.439 0.002068
0.00385 0.537 0.747320
0.00397
0.00717

0.554 0.734877

MS F P
0.01646 2.106 0.155883
0.00505 0.646 0,666334
0.01219
0.00782

1.559 0.197987

df
1
4
4
165

df
1
4
4
570

df
1
8
8
297

df
1
8
8
1026

df
4
1
5
4
20
5
20
221

df
1
5
5
41

df
1
5
5
56

df
1
5
5
34



5. per01 cry0, cryb, per01, tim01, 29°C
SS df MS F P

Genotype 0.16124 3 0.05375 6.909 0.000344
Time 0.26525 5 0.05305 6.819 0.000025
Genotype*Time 0.04911 15 0.00327 0.421 0.968695
Error 0.61459 79 0.00778

6. per01 cry0, Canton-S, 29°C SS df MS F P
Genotype 0.474141 1 0.474141 55.6378 0.000000
Time 0.073148 5 0.014630 1.7167 0.148402
Genotype*Time 0.024357 5 0.004871 0.5716 0.721323
Error 0.417575 49 0.008522

1 0

9
8
7
6
5
4
3
2
1
0

LD DD

(jO <0 
CO -«s- 
CM CM

^ Ci O <0
CM CM R  CO

Time

Appendix 4.5 per07 cryb in LD and DD

X V



Appendix to Chapter 5

5.1

1. norpA, Canton-S, all Time points
SS

Genotype 102163
Temperature 39274
Time 572126
Genotype*Temperature 71880
Genotype*Time 107410
Temperature *Time 241577
Genotype*Temperature*Time 33108  
Error 2369968

2. norpA, cryp all Time points SS
Genotype 152396
Temperature 36487
Time 519166
Genotype*Temperature 41640
Genotype*Time 81938
Temperature^Time 103575
Genotype*Temperature*Time 60935  
Error 1035845

3. norpA, all Time points SS

Temperature 64596
Time 162880
Temperature*Time 102861
Error 355571

4. norpA, Morning Peak SS
Temperature 21514.4
Time 5634.6
Temperature *Time 5178.7
Error 44328.5

5. norpA, Evening Peak SS
Temperature 628.1
Time 46274.4
Temperature*Time 17347.8
Error 94990.5

6. norpA, Canton-S Morning Peak 18°C
SS

Genotype 261.3
Time 20805.7
Genotype*Time 977.4
Error 136329.9

7. norpA, perp Morning Peak, 29°C
SS

Genotype 6137.9
Time 12349.9
Genotype*Time 2873.4
Error 34437.6

df MS F P
1 102163 383.35 0.000000
1 39274 147.37 0.000000
47 12173 45.68 0.000000
1 71880 269.72 0.000000
47 2285 8.58 0.000000
47 5140 19.29 0.000000
47 704 2.64 0.000000
8893 266

df MS F p
1 152396 717.220 0.00
1 36487 171.720 0.00
47 11046 51.986 0.00
1 41640 195971 0.00
47 1743 8.205 0.00
47 2204 10.371 0.00
47 1296 6.102 0.00
4875 212

df MS F p

1 64596 249.069 0.00
47 3466 13.362 0.00
47 2189 8.438 0.00
1371 259

df MS F p
1 21514.4 70.3744 0.000000
4 1408.6 4.6077 0.001567
4 1294.7 4.2349 0.002849
145 305.7

df MS F p
1 628.1 1.726 0.190094
8 5784.3 15.893 0.000000
8 2168.5 5.958 0.000001
261 363.9

df MS F P
1 261.3 0.8338 0.361671
4 5201.4 16.5966 0.000000
4 244.4 0.7797 0.538815
435 313.4

df MS F P
1 6137.9 19.7837 0.000021
2 6174.9 19.9032 0.000000
2 1436.7 4.6308 0.011705
111 310.2
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8. norpA, Canton-S Evening Peak, 18°C
SS df MS F P

Genotype 1281.0 1 1281.0 3.086 0.079335
Time 92229.4 8 11528.7 27.776 0.000000
Genotype*Time 33611.2 8 4201.4 10.122 0.000000
Error 329139.0 793 415.1

9. norpA, Canton-S Evening Peak, 29°C
SS df MS F P

Genotype 7771.5 1 7771.5 20.095 0.000008
Time 59057.8 8 7382.2 19.088 0.000000
Genotype*Time 63470.1 8 7933.8 20.514 0.000000
Error 337623.6 873 386.7

10. norpA, cry*  Evening Peak, 18°C
SS df MS F P

Genotype 203.3 1 203.3 0.4456 0.505138
Time 66502.0 8 8312.7 18.2180 0.000000
Genotype*Time 2853.3 8 356.7 0.7816 0.619295
Error 102665.8 225 456.3

11. norpA, cryb Evening Peak, 29°C
SS df MS F P

Genotype 1234.9 1 1234.9 3.829 0.050774
Time 100962.6 8 12620.3 39.131 0.000000
Genotype*Time 21601.5 8 2700.2 8.372 0.000000
Error 223505.4 693 322.5

5.2

1. norpA cryb, all Tim e points
SS df MS F P

Temperature 1227.8 1 1227.8 5.2269 0.022341
Time 292441.5 47 6222.2 26.4876 0.000000
Temperature *Time 21847.6 47 464.8 1.9788 0.000097
Error 484851.0 2064 234.9

2. norpA, norpA cryb, all Time points
SS df MS F P

Genotype 290581 1 290581 1187.670 0.000000
Temperature 47457 1 47457 193.969 0.000000
Time 345161 47 7344 30.016 0.000000
Genotype*T emperature 29945 1 29945 122.394 0.000000
Genotype*Time 87285 47 1857 7.591 0.000000
Temperature *Time 97174 47 2068 8.450 0.000000
Genotype*Temperature*Time 42785 47 910 3.721 0.000000
Error 840422 3435 245

3. norpA cryb, Morning Peak SS df MS F p
Genotype 90.60 1 90.60 0.46333 0.496805
Time 5062.12 4 1265.53 6.47172 0.000062
Genotype*Time 3137.21 4 784.30 4.01080 0.003696
Error 42042.75 215 195.55

4. norpA c r y Evening Peak SS df MS F P
Temperature 68.6 1 68.6 0.1101 0.740243
Time 88652.2 8 11081.5 17.7871 0.000000
T emperature *Time 9142.6 8 1142.8 1.8344 0.069300
Error 241104.0 387 623.0



5. norpA cryf), cryp Morning Peak 18°C
SS df MS F P

Genotype 757.12 1 757.12 2.21301 0.138951
Time 7644.00 4 1911.00 5.58575 0.000322
Genotype"Time 528.03 4 132.01 0.38585 0.818515
Error 51318.08 150 342.12

6. norpA cryb, cryb Morning Peak, 29°C
SS df MS F P

Genotype 542.22 1 542.22 3.0557 0.081169
Time 3075.44 4 768.86 4.3329 0.001906
Genotype*Time 1650.03 4 412.51 2.3247 0.055807
Error 76301.66 430 177.45

7. norpA cryb, norpA  Evening Peak, 18°C
SS df MS F P

Genotype 5625.5 1 5625.5 10.7739 0.001170
Time 44767.5 8 5595.9 10.7172 0.000000
Genotype "Time 33437.0 8 4179.6 8.0047 0.000000
Error 136279.5 261 522.1

8. norpA cryb, norpA  Evening Peak, 29°C
SS df MS F P

Genotype 16377.5 1 16377.5 31.7197 0.000000
Time 59325.5 8 7415.7 14.3626 0.000000
Genotype "Time 17605.4 8 2200.7 4.2623 0.000063
Error 199815.1 387 516.3

9. norpA cryb, cry** Evening Peak, 18°C
SS df MS F P

Genotype 3745.1 1 3745.1 6.8462 0.009384
Time 41186.0 8 5148.3 9.4111 0.000000
Genotype "Time 22824.5 8 2853.1 5.2155 0.000004
Error 147700.8 270 547.0

10. norpA cryb, cry^ Evening Peak, 29°C
SS df MS F P

Genotype 43784.3 1 43784.3 104.408 0.000000
Time 193010.0 8 24126.3 57.531 0.000000
Genotype "Time 24197.4 8 3024.7 7.213 0.000000
Error 324583.9 774 419.4

5.3

1. norpA, norpA cry^ SS df MS F P
Genotype 0.04787 1 0.04787 7.428 0.008107
Temperature 0.37792 1 0.37792 58.647 0.000000
Time 0.02597 5 0.00519 0.806 0.549167
Genotype*T emperature 0.00159 1 0.00159 0.247 0.621081
Genotype*Time 0.00323 5 0.00065 0.100 0.991725
Temperature "Time 0.01163 5 0.00233 0.361 0.873554
Genotype"T emperature "Time 0.01925 5 0.00385 0.598 0.701882
Error 0.45108 70 0.00644

2. norpA SS df MS F P
Temperature 0.16658 1 0.16658 31.949 0.000002
Time 0.01419 5 0.00284 0.544 0.741325
Temperature "Time 0.01227 5 0.00245 0.471 0.795451
Error 0.18770 36 0.00521



3. norpA cry0 SS df MS F P
Temperature 0.21257 1 0.21257 27.440 0.000008
Time 0.01590 5 0.00318 0.410 0.838120
Temperature"Time 0.01845 5 0.00369 0.476 0.791260
Error 0.26338 34 0.00775

4. norpA vs. norpA cry0, 18°C SS df MS F P
Genotype 0.03408 1 0.03408 5.183 0.028853
Time .01390 5 0.00278 0.423 0.829688
Genotype*Time 0.01163 5 0.00233 0.354 0.876443
Error 0.23670 36 0.00658

5. norpA vs. norpA cry0, 29°C SS df MS F P
Genotype 0.01571 1 0.01571 2.492 0.123659
Time 0.02374 5 0.00475 0.753 0.589788
Genotype*Time 0.01110 5 0.00222 0.352 0.877202
Error 0.21438 34 0.00631

6. norpA, norpA cry0, Canton-S
SS df MS F P

Genotype 2.88308 2 1.44154 267.566 0.000000
Temperature 0.90671 1 0.90671 168.296 0.000000
Time 0.03844 5 0.00769 1.427 0.218585
Genotype *T emperature 0.06137 2 0.03068 5.695 0.004228
Genotype*Time 0.02097 10 0.00210 0.389 0.949587
T emperature*Time 0.01748 5 0.00350 0.649 0.662866
Genotype*T emperature "Time 0.04296 10 0.00430 0.797 0.631319
Error 0.72194 134 0.00539

7. norpA cry0 vs. Canton-S, 18°C
SS df MS F P

Genotype 1.07924 1 1.07924 182.953 0.000000
Time 0.00525 5 0.00105 0.178 0.969910
Genotype*Time 0.01056 5 0.00211 0.358 0.875198
Error 0.36574 62 0.00590

8. norpA, norpA cry0, cry0 SS df MS F P
Genotype 0.66736 2 0.33368 37.061 0.000000
Temperature 0.47702 1 0.47702 52.981 0.000000
Time 0.03741 5 0.00748 0.831 0.530347
Genotype "Temperature 0.00811 2 0.00406 0.450 0.638505
Genotype "Time 0.04926 10 0.00493 0.547 0.853069
Temperature*Time 0.00511 5 0.00102 0.114 0.989171
Genotype *Temperature"Time 0.03986 10 0.00399 0.443 0.922227
Error 0.99940 111 0.00900

9. norpA cry0, per0 cry0, 18°C SS df MS F P
Genotype 0.33274 1 0.33274 31.084 0.000006
Time 0.02139 5 0.00428 0.400 0.844810
Genotype*Time 0.01034 5 0.00207 0.193 0.962585
Error 0.29973 28 0.01070

10. norpA cry0, per0 cry0, 29°C
SS df MS F P

Genotype 0.29544 1 0.29544 27.122 0.000004
Time 0.02276 5 0.00455 0.418 0.833991
Genotype*Time 0.05614 5 0.01123 1.031 0.410645
Error 0.51197 47 0.01089
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5.4

1. glass, all Time points SS df MS F P
Temperature 22949.4 1 22949.4 61.551 0.000000
Time 103658.5 47 2205.5 5.915 0.000000
T emperature*Time 19070.1 47 405.7 1.088 0.317105
Error 679709.0 1823 372.9

2. glass  Morning Peak SS df MS F P
Temperature 548.94 1 548.94 1.4979 0.222503
Time 1561.82 4 390.46 1.0655 0.374891
Tem peratureTime 1128.97 4 282.24 0.7702 0.545838
Error 69627.28 190 366.46

3. glass  Evening Peak SS df MS F P
Temperature 81.6 1 81.6 0.1680 0.682179
Time 22536.5 8 2817.1 5.7980 0.000001
T  emperature*Time 1345.5 8 168.2 0.3462 0.947274
Error 166167.0 342 485.9

4. glass, Canton-S, all Tim e points
SS df MS F P

Genotype 42580 1 42580 147.697 0.000000
Temperature 12754 1 12754 44.238 0.000000
Time 424173 47 9025 31.305 0.000000
Genotype*T emperature 29669 1 29669 102.911 0.000000
GenotypeTime 48973 47 1042 3.614 0.000000
Temperature*Time 74225 47 1579 5.478 0.000000
Genotype*T emperature*Time 32743 47 697 2.416 0.000000
Error 2694105 9345 288

5. glass, Canton-S: Morning Peak
SS df MS F P

Genotype 1001.1 1 1001.1 3.1010 0.078559
Temperature 485.8 1 485.8 1.5048 0.220236
Time 993.7 4 248.4 0.7695 0.545122
Genotype*T emperature 485.7 1 485.7 1.5046 0.220262
Genotype*Time 7730.4 4 1932.6 5.9866 0.000093
T  emperature*Time 3463.0 4 865.8 2.6818 0.030417
Genotype*T emperature *Time 1831.8 4 457.9 1.4186 0.225727
Error 311526.2 965 322.8

6. glass, Canton-S: Evening Peak, 18°C
SS df MS F P

Genotype 2.1 1 2.1 0.0051 0.943365
Time 33534.1 8 4191.8 10.0453 0.000000
Genotype T im e 10284.1 8 1285.5 3.0806 0.002011
Error 304618.7 730 417.3

7. glass, Canton-S: Evening Peak, 29°C
SS df MS F P

Genotype 10759 1 10759 25.250 0.000001
Time 170174 8 21272 49.925 0.000000
Genotype T im e 21578 8 2697 6.330 0.000000
Error 433320 1017 426



8. glass, norpA cry*  all Time points
SS df MS F P

Genotype 177126 1 177126.1 591.201 0.000000
Temperature 20938 1 20938.0 69.886 0.000000
Time 301608 47 6417.2 21.419 0.000000
Genotype*T emperature 11027 1 11027.1 36.806 0.000000
Genotype*Time 26812 47 570.5 1.904 0.000210
T emperature*Time 24410 47 519.4 1.733 0.001471
Genotype*T emperature*Time 15512 47 330.1 1.102 0.294303
Error 1164560 3887 299.6

9. glass, norpA cryb: Evening Peak 18°C
SS df MS F P

Genotype 6720.7 1 6720.7 11.9069 0.000683
Time 27601.5 8 3450.2 6.1126 0.000000
Genotype*Time 3571.2 8 446.4 0.7909 0.611241
Error 111759.2 198 564.4

10. glass, norpA c r y Evening Peak 29°C
SS df MS F P

Genotype 20786.9 1 20786.9 37.352 0.000000
Time 89616.4 8 11202.0 20.129 0.000000
Genotype *Time 12876.5 8 1609.6 2.892 0.003665
Error 295511.8 531 556.5

11. glass, norpA cry*  bins 32-37 only
SS df MS F P

Genotype 4465.7 1 4465.7 6.9134 0.008928
Time 34246.3 5 6849.3 10.6034 0.000000
Genotype *Time 4991.2 5 998.2 1.5454 0.175017
Error 228665.5 354 645.9

5.5

1. glass SS df MS F P
Temperature 60200 1 60200 145.953 0.000000
Time 62092 47 1321 3.203 0.000000
Temperature*Time 72075 47 1534 3.718 0.000000
Error 1148297 2784 412

2. glass, glass cry** SS df MS F p
Genotype 2623 1 2623 6.611 0.010163
Temperature 64765 1 64765 163.222 0.000000
Time 145791 47 3102 7.818 0.000000
Genotype*T emperature 52 1 52 0.131 0.717279
Genotype*Time 40415 47 860 2.167 0.000008
Temperature*Time 27173 47 578 1.457 0.022783
Genotype*T emperature*Time 37888 47 806 2.032 0.000043
Error 1828006 4607 397

3. glass, glass cry*  Morning Peak
SS df MS F P

Genotype 52.0 1 52.0 0.1354 0.713089
Temperature 724.4 1 724.4 1.8855 0.170350
Time 2737.0 4 684.2 1.7810 0.131394
Genotype*T emperature 183.9 1 183.9 0.4786 0.489401
Genotype*Time 832.9 4 208.2 0.5420 0.704980
Temperature *Time 1762.4 4 440.6 1.1468 0.333742
Genotype*T emperature*Time 321.2 4 80.3 0.2090 0.933417
Error 184409.8 480 384.2



4. glass, glass cryp Evening Peak
SS

Genotype 18205.0
Temperature 15828.9
Time 27565.6
Genotype "Temperature 19999.4
Genotype "Time 11653.3
TemperatureTime 2792.9
Genotype Tem peratureTim e 2369.1 
Error 404326.0

5. glass cry4* Evening Peak SS
Temperature 70304.5
Time 11010.0
TemperatureTime 6210.8
Error 238159.0

6. glass c r y p e f  Evening Peak, 18°C
SS

Genotype 12501.4
Time 15567.8
Genotype T im e  2438.7
Error 155367.1

7. glass cryt), cry* Evening Peak, 29°C
SS

Genotype 1788
Time 8309
Genotype T im e  61007
Error 295541

8. glass, glass cry*  Evening Peak, 29°C
SS

Genotype 43.4
Time 34363.1
Genotype *Time 5335.1
Error 266469.0

5.6

1. glass, glass cry** SS
Genotype 0.00690
Temperature 0.98712
Time 0.00678
Genotype "Temperature 0.00360
Genotype "Time 0.00975
TemperatureTime 0.00533
Genotype Tem peratureTim e 0.03688 
Error 0.22049

2. glass, glass c r y Canton-S, 18°C
SS

Genotype 0.29664
Time 0.00421
Genotype "Time 0.03466
Error 0.37308

df MS F P
1 18205.0 38.902 0.000000
1 15828.9 33.825 0.000000
8 3445.7 7.363 0.000000
1 19999.4 42.736 0.000000
8 1456.7 3.113 0.001792
8 349.1 0.746 0.650792
8 296.1 0.633 0.750586
864 468.0

df MS F P
1 70304.5 154.094 0.000000
8 1376.2 3.016 0.002548
8 776.4 1.702 0.095304
522 456.2

df MS F P
1 12501.4 35.4845 0.000000
8 1946.0 5.5235 0.000001
8 304.8 0.8653 0.545848
441 352.3

df MS F P
1 1788 4.792 0.028890
8 10387 27.836 0.000000
8 7626 20.436 0.000000
792 373

df MS F P
1 43.4 0.089 0.765146
8 4295.4 8.850 0.000000
8 666.9 1.374 0.204981
549 485.4

df MS F P
1 0.00690 1.658 0.203420
1 0.98712 237.274 0.000000
5 0.00136 0.326 0.895042
1 0.00360 0.865 0.356662
5 0.00195 0.469 0.797967
5 0.00107 0.256 0.934894
5 0.00738 1.773 0.134414
53 0.00416

df MS F P
2 0.14832 28.624 0.000000
5 0.00084 0.163 0.975405
10 0.00347 0.669 0.749264
72 0.00518



3. glass, glass cry*, cry*, 18°C
SS

Genotype 0.10137
Time 0.01634
Genotype "Time 0.08414
Error 0.23726

4. glass, glass cry*, cry*, 29°C
SS

Genotype 0.014161
Time 0.029241
Genotype "Time 0.089902
Error 0.133060

5. glass, glass cry*, Canton-S, 29°C
SS

Genotype 0.149140
Time 0.013934
Genotype "Time 0.056977
Error 0.118276

6. glass, glass cry*, norpA SS
Genotype 0.62082
Temperature 1.11659
Time 0.00380
Genotype "Temperature 0.08700
Genotype "Time 0.02816
T emperature*Time 0.00165
Genotype *Temperature*Time 0.05172
Error 0.40819

MS F P
0.05068 10.681 0.000137
0.00327 0.689 0.634269
0.00841
0.00475

1.773 0.090370

MS F P
0.007080 2.128 0.132305
0.005848 1.758 0.143760
0.008990
0.003327

2.703 0.012419

MS F P
0.074570 28.371 0.000000
0.002787 1.060 0.394888
0.005698
0.002628

2.168 0.037991

MS F P
0.31041 67.680 0.000000
1.11659 243.456 0.000000
0.00076 0.166 0.974514
0.04350 9.484 0.000185
0.00282 0.614 0.798200
0.00033 0.072 0.996245
0.00517
0.00459

1.128 0.350916
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Appendix 5.7: Locomotor activity of glass60'  cry* shielded from the light
glass60'  cry*, no light (blue), wild-type, no light (red) and glass60' e r f  in LD 12:12 (green), all 

at 29°C. Error bars represent SEM.
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Appendix to Chapter 6

6 .3

1. D.pseudoobscura, all Times
SS df MS F P

Temperature 42763 1 42763 174.342 0.00
Time 430165 47 9152 37.314 0.00
TemperatureTime 224288 47 4772 19.455 0.00
Error 659323 2688 245

2. D.pseudoobscura Morning Peak
SS df MS F p

Temperature 5161.4 1 5161.4 11.7515 0.000699
Time 72824.0 4 18206.0 41.4516 0.000000
T  emperatureTime 12026.8 4 3006.7 6.8457 0.000029
Error 122979.1 280 439.2

3. D.pseudoobscura Evening peak
SS df MS F P

Temperature 150280.1 1 150280.1 933.712 0.000000
Time 11641.4 8 1455.2 9.041 0.000000
TemperatureTime 12592.2 8 1574.0 9.780 0.000000
Error 81118.3 504 160.9

4. D.pseudoobscura, D.melanogaster, all Tim es
SS df MS F p

Genotype 45061 1 45061 172.07 0.00
Temperature 49951 1 49951 190.75 0.00
Time 88237 4 47 1877471.69 0.00
GenotypeT emperature 19256 1 19256 73.53 0.00
GenotypeTime 370347 47 7880 30.09 0.00
TemperatureTime 364992 47 7766 29.65 0.00
GenotypeTem peratureTim e 128786 47 2740 10.46 0.00
Error 2673719 10210 262

Morning Activity Peak
D.pseudoobscura, D.melanogaster
5. 18 C SS df MS F p
Genotype 845.6 1 845.6 2.5930 0.108201
Time 30217.0 3 10072.3 30.8860 0.000000
GenotypeTime 111.4 3 37.1 0.1138 0.951974
Error 118705.0 364 326.1

6. 29°C SS df MS F P
Genotype 26798.8 1 26798.8 74.503 0.000000
Time 85223.1 4 21305.8 59.232 0.000000
GenotypeTime 74186.6 4 18546.7 51.562 0.000000
Error 215819.8 600 359.7

Evening activity peak
D.pseudoobscura, D.melanogaster
7. 18 C SS df MS F p
Genotype 371.4 1 371.4 0.919 0.338079
Time 72226.3 8 9028.3 22.331 0.000000
GenotypeTime 25229.2 8 3153.6 7.801 0.000000
Error 335152.8 829 404.3

Y X V



8 . 29°C SS
Genotype 183406.0
Time 95231.6
GenotypeTime 74155.7
Error 317737.5

6.5

1. D.pseudoobscura SS
Temperature 0.00145
Time 0.12685
Temperature*Time 0.01411
Error 0.46998

2. D.melanogaster, D.pseudoobscura
SS

Genotype 5.68584
Temperature 0.31577
Time 0.10104
GenotypeTemperature 0.25420
Genotype*Time 0.07585
TemperatureTime 0.02053
Genotype *Temperature*Time 0.02319  
Error 0.74007

6.6

1. D.pseudoobscura SS
Temperature 0.27835
Time 1.46128
Temperature*Time 0.25740
Error 0.73307

2. D.melanogaster SS
Temperature 0.087687
Time 0.573408
TemperatureTime 0.438429
Error 0.257976

3. D.pseudoobscura, D.melanogaster 
18°C SS
Genotype 0.442303
Time 1.005645
GenotypeTime 0.458140
Error 0.524378

4 . 29°C SS
Genotype 0.261694
Time 0.760734
Genotype’Tim e 0.138609
Error 0.466665

6.7

SS
Temperature 2.1313
Time 2.4499
TemperatureTime 2.9590
Error 9.6405

df MS F P
1 183406.0 623.403 0.000000
8 11903.9 40.462 0.000000
8 9269.5 31.507 0.000000
1080 294.2

df MS F P
1 0.00145 0.117 0.734265
5 0.02537 2.051 0.093247
5 0.00282 0.228 0.947935
38 0.01237

df MS F P
1 5.68584 775.964 0.000000
1 0.31577 43.094 0.000000
5 0.02021 2.758 0.022331
1 0.25420 34.691 0.000000
5 0.01517 2.070 0.075249
5 0.00411 0.560 0.730029
5 0.00464 0.633 0.674914
101 0.00733

df MS F P
1 0.27835 14.0492 0.000607
5 0.29226 14.7510 0.000000
5 0.05148 2.5983 0.041214
37 0.01981

df MS F P
1 0.087687 9.1774 0.005345
5 0.114682 12.0027 0.000004
5 0.087686 9.1773 0.000034
27 0.009555

df MS F P
1 0.442303 24.4610 0.000029
5 0.201129 11.1232 0.000005
5 0.091628 5.0674 0.001854
29 0.018082

df MS F P
1 0.261694 19.6272 0.000088
5 0.152147 11.4111 0.000001
5 0.027722 2.0791 0.091455
35 0.013333

df MS F P
1 2.1313 3.9793 0.061429
5 0.4900 0.9149 0.493508
5 0.5918 1.1050 0.392091
18 0.5356



6.9

1. mps3, All Times SS
Temperature 73987.1
Time 444261.9
TemperatureTime 59186.7
Error 864509.2

2. mps3 morning peak SS
Temperature 25338.2
Time Bin 71637.1
Temperature’Tim e 11698.3
Error 137688.7

3. mps3 evening peak SS
T  emperature 44749.1
Time Bin 45598.8
TemperatureTime 15095.8
Error 272756.9

4. mps3, perp1 all Tim es SS
Genotype 75865
Temperature 21691
Time 637589
G enotypeT emperature 31064
GenotypeTime 50367
T  em peratu re T i me 47405
G enotypeT emperatureTime 18024 
Error 1368259

5. mps3, D.melanogaster, all Times
SS

Genotype 26526
T  emperature 75017
Time 1314239
GenotypeTemperature 30415
GenotypeTime 106867
TemperatureTime 223626
GenotypeTem peratureTim e 62959  
Error 2878905

6. mps3, D.pseudoobscura, all Times
SS

Genotype 97789
T  emperature 109866
Time 757633
GenotypeTemperature 76
GenotypeTime 113720
TemperatureTime 205914
G enotypeT emperatureTime 113564 
Error 1523832

morning peak
7. mps3, per0118°C SS
Genotype 1262.4
Time 108342.9
GenotypeTime 1936.8
Error 97393.5

df MS F P
1 73987.1 299.882 0.00
47 9452.4 38.312 0.00
47 1259.3 5.104 0.00
3504 246.7

df MS F p
1 25338.2 67.1693 0.000000
4 17909.3 47.4759 0.000000
4 2924.6 7.7528 0.000005
365 377.2

df MS F p
1 44749.1 107.789 0.000000
8 5699.8 13.729 0.000000
8 1887.0 4.545 0.000021
657 415.2

d f MS F p
1 75865 298.078 0.000000
1 21691 85.224 0.000000
47 13566 53.301 0.000000
1 31064 122.055 0.000000
47 1072 4.211 0.000000
47 1009 3.963 0.000000
47 383 1.507 0.014410
5376 255

df MS F P
1 26526 101.59 0.00
1 75017 287.31 0.00
47 27963 107.09 0.00
1 30415 116.49 0.00
47 2274 8.71 0.00
47 4758 18.22 0.00
47 1340 5.13 0.00
11026 261

df MS F P
1 97789 397.361 0.000000
1 109866 446.434 0.000000
47 16120 65.502 0.000000
1 76 0.307 0.579398
47 2420 9.832 0.000000
47 4381 17.803 0.000000
47 2416 9.818 0.000000
6192 246

df MS F P
1 1262.4 3.4997 0.062463
4 27085.7 75.0886 0.000000
4 484.2 1.3423 0.254514
270 360.7

xxvii



8. mps3, perp1 29°C SS df MS F P
Genotype 9302.5 1 9302.5 25.0722 0.000001
Time 33110.0 4 8277.5 22.3097 0.000000
Genotype’Tim e 4884.6 4 1221.2 3.2913 0.011677
Error 107597.8 290 371.0

9. mps3, D.melanogaster 29°C
SS df MS F P

Genotype 10765.5 1 10765.5 31.7382 0.000000
Time 13250.4 4 3312.6 9.7660 0.000000
GenotypeTime 6903.7 4 1725.9 5.0883 0.000490
Error 200126.1 590 339.2

evening peak, 30-38
10. mps3, D.melanogaster 18°C

SS df MS F P
Genotype 8084 1 8084 19.005 0.000014
Time 177697 8 22212 52.219 0.000000
GenotypeTime 8401 8 1050 2.469 0.011891
Error 425361 1000 425

11. mps3, D.pseudoobscura 18°C
SS df MS F P

Genotype 6276.3 1 6276.3 14.889 0.000130
Time 43720.7 8 5465.1 12.965 0.000000
GenotypeTime 7827.2 8 978.4 2.321 0.018942
Error 193480.7 459 421.5

12. mps3, D.melanogaster 29°C
SS df MS F P

Genotype 53689.2 1 53689.2 133.014 0.000000
Time 84569.1 5 16913.8 41.904 0.000000
GenotypeTime 30759.7 5 6151.9 15.241 0.000000
Error 285773.5 708 403.6

13. mps3, D.pseudoobscura 29°C
SS df MS F P

Genotype 33086.9 1 33086.9 144.2343 0.000000
Time 5903.6 5 1180.7 5.1471 0.000131
GenotypeTime 2019.6 5 403.9 1.7608 0.119449
Error 107357.6 468 229.4

evening peak 35-38
14. mps3, D.melanogaster 18°C

SS df MS F P
Genotype 7243.6 1 7243.6 17.199 0.000040
Time 152726.5 3 50908.8 120.877 0.000000
GenotypeTime 5057.0 3 1685.7 4.002 0.007869
Error 188680.2 448 421.2

15. mps3, D.pseudoobscura 18°C
SS df MS F P

Genotype 283.6 1 283.6 0.7257 0.395277
Time 31496.4 3 10498.8 26.8647 0.000000
GenotypeTime 2070.9 3 690.3 1.7664 0.154764
Error 79723.8 204 390.8



6 .11

1. mps3 SS
Temperature 0.00541
Time 0.02269
Temperature* Time 0.01690
Error 0.26654

2. mps3, D.pseudoobscura SS
Genotype 0.09217
Temperature 0.00647
Time 0.10767
Genotype *T emperature 0.00093
Genotype*Time 0.04011
Temperature*Time 0.02661
Genotype*T emperature*Time 0.00478
Error 0.73652

3. mps3, D.m elanogaster SS
Genotype 6.30655
Temperature 0.30059
Time 0.01959
Genotype*T emperature 0.18516
Genotype*Time 0.02899
T  emperature*Time 0.03404
Genotype*T emperature*Time 0.01156
Error 0.53662

MS F P
0.00541 0.467 0.501363
0.00454 0.392 0.849458
0.00338
0.01159

0.292 0.912653

MS F P
0.09217 7.633 0.007563
0.00647 0.536 0.466874
0.02153 1.783 0.129657
0.00093 0.077 0.781859
0.00802 0.664 0.651881
0.00532 0.441 0.818347
0.00096
0.01207

0.079 0.995205

df MS F P
6.30655 1010.696 0.000000
0.30059 48.173 0.000000
0.00392 0.628 0.678897
0.18516 29.674 0.000000
0.00580 0.929 0.466232
0.00681 1.091 0.371216
0.00231
0.00624

0.371 0.867494

yxix

df
1
5
5
23

df
1
1
5
1
5
5
5
61

1
1
5
1
5
5
5
86



Appendix to Chapter 7

7.2

1. Morning Activity Peak (11-15)
SS df MS F

Temperature 2369.4 1 2369.40 10.6471
Time 17307.2 4 4326.80 19.4428
T emperatureTime 767.5 4 191.87 0.8622
Error 131298.7 590 222.54

2. Evening Activity Peak (30-38)
SS df MS F

Temperature 15861 1 15861 31.567
Time 205754 8 25719 51.186
TemperatureTime 10311 8 1289 2.565
Error 533618 1062 502

3. Upswing (20-28) SS df MS F
Temperature 38897.1 1 38897.1 136.983 i
Time 28275.2 8 3534.4 12.4471
T  emperatureTime 1254.2 8 156.8 0.5521
Error 301559.5 1062 284.0

4. DD all Time points SS df MS F
Temperature 5010.6 1 5010.6 13.902
Time 122416.5 47 2604.6 7.226
T emperatureTime 22441.3 47 477.5 1.325
Error 536313.9 1488 360.4

P
0.001166
0.000000
0.486376

P
0.000000
0.000000
0.008983

P
0.000000
0.000000
0.817373

P
0.000200
0.000000
0.071139

7.3

1. Morning Peak (11-15) 18°C SS
Species
Time
Species*Time
Error

51459.2
28099.1
574.8
75908.9

df
1
4
4
1115

MS
51459.2
7024.8
143.7
337.1

F
152.6353
20.8365
0.4262

P
0.000000
0.000000
0.789782

2. Day (20-29) 18°C SS df MS F P
Species 768.6 1 768.6 2.152 0.142664
Time 50029.7 9 5558.9 15.562 0.000000
SpeciesTime 2791.1 9 310.1 0.868 0.553283
Error 457936.6 1282 357.2

3. Evening Peak (30-38) 18°C SS df MS F P
Species 20734 1 20734 46.950 0.000000
Time 216296 8 27037 61.223 0.000000
SpeciesTime 19499 8 2437 5.519 0.000001
Error 513156 1162 442

4. Morning Peak (11-15) 29°C SS df MS F p
Species 79976.1 1 79976.1 316.9922 0.000000
Time 7665.8 4 1916.5 7.5961 0.000005
SpeciesTime 1968.0 4 492.0 1.9501 0.100398
Error 182915.0 725 252.3

X Y Y



5. Day (20-29) 29°C SS df MS F P
Species 2465.7 1 2465.7 14.2701 0.000165
Time 23382.0 9 2598.0 15.0355 0.000000
Species*Time 5708.1 9 634.2 3.6706 0.000148
Error 250546.7 1450 172.8

6. Evening Peak (30-38) 29°C SS df MS F P
Species 17824 1 17824 39.275 0.000000
Time 252587 8 31573 69.572 0.000000
Species*Time 150087 8 18761 41.340 0.000000
Error 592234 1305 454

7. DD, 18°C SS df MS F p
Species 186708 1 186708 598.471 0.000000
Time 119373 47 2540 8.141 0.000000
Species*Time 70574 47 1502 4.813 0.000000
Error 584017 1872 312

8. DD, 29°C SS df MS F p
Species 122899.8 1 122899.8 442.664 0.000000
Time 131355.8 47 2794.8 10.066 0.000000
Species*Time 163614.6 47 3481.2 12.539 0.000000
Error 533063.0 1920 277.6

XYYi


