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Abstract.

The circadian clock controlling the locomotor activity of the adult fruitfly,
Drosophila melanogaster, is studied in one wild-type and five clock mutant strains.
Locomotive activity of individual flies are m:;nitored using arrays of infra-red beams
and detectors. It is found that the temperaturg compensation mechanism is intact

k%08 | is slightly defective in the mutant per® and is

in the mutants And and C
grossly defective in the mutants per’! and per!?. In the per® and per!! mutants,
this defect is enhanced when both eyes and major parts of both optic lobes are elim-
inated by a genetic mutation (sine oculus). The inter-individual variation of periods
in a strain is found to increase much more than linearly with the average period of
the same strain. The interaction between the And and the per loci and that
between the And and Clk*8 loci are found to be either very weak or non-existent

(effects of mutations additive), whereas the interactions among the various alleles in

the per locus are found to be strong (effects of mutations non-additive).

Ten 'Phase Resetting Curves’ (PRC) obtained with saturating light pulses for
six strains of flies at various temperatures are presented. All the ten cases exhibit
basically 'type-1' resetting behavior (average slope = 1). Comparisons of the PRC’s
for per®, per!! and wild-type at 17° C. suggest that the mutations per® and per'!
change the period of the circadian clock by differentially shortening and lengthen-
ing, respectively, the duration of the 'subjective day’ phase of the oscillation . Com-
parisons between the PRC’s for per® at 17°C, 22°C, and 25°C. and comparison
between the wild-type PRC’s at 17°C and 22°C. do not reveal major changes in the
temporal structure of these two circadian clocks over the stated temperature

ranges .

The responses of one wild-type and five mutant circadian clocks to sustained

3

dim light of the range 5 X 107* lux to 50 lux at 22 °C. are studied. In each strain, a
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critical 'window’ of light intensity is found within which a variety of unstable clock
features, including arrhythmia, are observed. The light intensity at which this criti-
cal window occurs in each of the mutant is 5 to 10 times lower than that in the wild-
type. Responses from a ERG-defective mutant (norpA) are found to be qualitatively,
but not quantitatively, similar to that of the wild-type. Responses from an eyeless
and ocelli-less mutant (sine oculus) indicate that both period changes and arrhyth-
micity can be elicited by light in the absence of the compound eyes and ocelli. How-
ever, the sharp dependence of the occurences of these phenomena on light intensity

is lost in this mutant.

Arguments are presented to suggest that none of the four mutations -- And ,
ClkX08, per’, and per!! -- cause changes of period by mimicking the effects of tonic

light on the Drosophila circadian system.

The phase resetting curves (PRC) and the dim light responses described
above are found to be incompatible with a particular model of the Velocity Response
Curve (VRC) theory to inter-relate the phasic to tonic effects of light, in which the
tonic effect of light is assumed to be the result of a summation of the effects of a

contiguous series of single light pulses, taking into account adaptation.
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Chapter 1

General Introduction:
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1.1 Observations on circadian rhythms

The first scientific observation of the existence of a daily rhythm was described in
1729 by the French astronomer de Marian in a report (ref.1-1) which showed that
plants maintained in constant darkness and relatively constant temperature contin-
ued to demonstrate diurnally periodic leaf movements. This phenomenon later
attracted the attention of many botanists in the 19** century, including De Candolle,
Sachs, Darwin, and Pfeffer. The efforts of these investigators, especially Pfeffer
(ref.1-2), were primarily concerned with the interaction of the leaf movement
rhythm in plants with light and temperature. Their results generally indicated that
these rhythms did persist in darkness and in constant temperature, but opinions
were divided as to whether such rhythms were internally generated in the plants or
externally driven by a ’factor X' in the environment which had not yet been
detected by the experimenters. It was not until 1930 that Bunning and Stern (ref.1-
3) pointed out that the periods of most 'daily’ rhythms observed are not precisely 24
hours but rather circa —24 hours with a range from 22 to 28 hours and thus brought
severe difficulty to the 'factor X’ theory. To this date, this observation has remained
as one of the most forcefu_l indications to practically all ! researchers in the field
that the observed rhythms are of an endogenous nature. Probably because of the
uncertainty concerning the endogenous nature of the observed daily rhythms from
1729 to 1930, the question of whether these rhythms were of any use -- and there-
fore had selective value -- to the organism was not raised by any of the investigators

in this period, including Darwin himself.

.

1. For the interpretation of this fact by the views of a very minor group in the field, see ref.1-4



-3-

1.2 Analysis of the functions of circadian clocks

Just like the shadow of an object cast by the sun can be considered as a chronome-
ter only in the case of a sundial?, likewise an observed oscillation, even when proven
to be endogenously generated in an organism, can only be considered to be a biologi-
cal clock when it is shown to serve a function of measuring time for the organism.
Such a function was first sought for by Bunning (ref.1-8) in 1938 when he suggested,
but did not prove, that a relationship existed between the daily rhythms of leaf
movements in the plants and their ability to measure day length as expressed in the
control of flowering. This suggestion by itself brought forth two new concepts in the
feld : (1) that the observed daily rhythms in organisms might not be the self-
sustained oscillators themselves, but rather the output of such oscillators; (2) that
these underlying oscillators serve useful functions to the organisms in which they
are contained. Subsequent to the original proposal by Bunning, circadian clock
features have indeed been found in the measurement of day length not only in the
flowering of plants (ref.1-7) but also in the diapause of insects (ref.1-8). However
whether the same circadian clock is involved in both the daily leaf movement
rhythm and the photoperiodic timing, as originally proposed by Bunning, has not

been established.

The search for adaptive values in the formal properties of circadian clocks have
also been extended to the eclosion rhythm in insects by Kaus (ref.1-9), and to the
locomotor activity of rodents by Pittendrigh and Daan (refs.1-10,1-11,1-12,1-13,1-
14). In these studies, the authors extended the concept of the function of biclogical
clocks to include, not only measuring the passage of time, but also the recognition
of local time. That is to say, the circadian clock might be responsible for the syn-
chronization (phase-locking) of the physiological activities of an organism to the 24-

hour cycle in the environment. An obvious extension to this function of the

2. Analogy borrowed from Bunning (ref.1-5)
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biological clock is to also demand it to play the role of a synchronizer for the vari-
ous physiological processes in the internal milieu of an organism - i.e. for the estab-
lishment of an internal temporal order. This last possibility is being actively pursued
at a phenomenological level by Pittendrigh (ref.1-15) and at a physiological level by
Moore-Ede (ref.1-18). Finally, biological clocks were shown to be involved in the
orientation behavior of birds (refs.1-17,1-18) and of arthropods (ref.1-19). However,
whether such clocks possess the same properties as the circadian oscillators being

discussed has yet to be clearly established.

By searching for functions of circadian oscillations, the above analyses, most of
which are formal in nature, have served very well to pinpoint many general proper-
ties of the circadian clock. These include the general precision of circadian oscilla-
tions compared to other known biological oscillations, their strong interactions
with light, and their general homeotasis of period. (Of these properties, the tem-
perature compensation of circadian clock period has attracted the most attention
of investigators in the field and will be di_scussed in section 2.2 of this thesis.) How-
ever, these analyses have not yet provided any unequivocal insights about the con-

crete physical mechanisms underlying any particular circadian clock.
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1.3 Analysis of the mechanisms underlying circadian clocks

Since the beginning of the 1960’s, the fileld of circadian biclogy, formerly populated
mainly by botanists and zoologists, has attracted investigators from diverse back-
grounds, which include mathematics, biochemistry, neurophysiology, endocrinology
and genetics. The interests of these investigators, which are currently by far the
majority in the field, have been focused not so much on 'what does the circadian
clock do ?’, but rather, 'how does it do it?". Mechanisms underlying the clock have
been sought for along several separate lines of research: (1) studies of the dynamics
of the clock, (R) analysis of the physiological organization of the clock, (3) searching
for concrete biophysical mechanisms, and (4) anatomical localization of the clock.

These are discussed separately below.

1.8.1 Studies of the dynamics of the clock

Since the period and phase of circadian clocks are well known to be strongly
influenced by light (see chapter 3 and chapter 4 of this thesis), many investigators
have sought insights of the clock mechanism by observations of the dynamics
involved in the entrainment and phase-shifting of circadian rhythm by light. As
these attempts are mostly. ad hoc models proposed to explain particular sets of
experiments, the nature of the models are as diverse as the experimental
phenomena observed. Thus, in the interpretation of the phase-shifting phenomenol-
ogy of the D. pseudobscura eclosion rhythm, Ottesen, Pavlidis and Pittendrigh
(ref.1-20) found it adequate to describe the circadian clock as a simple one-
parameter oscillation where the phase could be instantaneously reset (‘popped’)
from some state to another. From studies on the resetting (ref.1-72) and entrain-
ment (ref.1-73) behavior of the circadian rhythm of adult emergence from the pupal
case in the Pernyi silkmoth, Truman (ref.1-73) found evidence to support a 'relaxa-

tion oscillator’ model in which the cycle could be broken down to a charging phase
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and a discharging phase. He further suggested that, under entrainment of certain
photoperiods, this oscillator in fact operated in an 'hour glass’ mode ( in which the
'hour glass’ was 'turned over’ at every 'dusk’ ). To incorporate the phase-shifting
phenomenology in the D. pseudobscura eclosion clock with its behavior under
changes of ambient light and temperature levels, Pavlidis (ref.1-21) found a limit
cycle model of'the clock to be most satisfactory. Most recently, by examining the
resetting of amplitude as well as phase of the D pseudobscura eclosion clock and by
examining the slopes of resetting curves in general, Winfree (ref.1-22) presented
arguments to nullify all of the above models and suggested (on rather weak argu-

ments) a multi-oscillator model for the circadian clock.

In the opinion of the author, the major contribution of this line of research
has been the demonstration of the possibility of using the light responsiveness of
the circadian system as an operational definition of the state of the underlying
clock (see chapter 3). There should be no doubt to any one that this operational
definition is no more than an approximation of the underlying physical process. The
apparent confusion in this sub-field of circadian research seems to arise from
attempts to search for the next higher level of approximation of the state of the
clock — in its mathematical form. All the prevailing mathematical approaches tend
to represent the circadian clock as a continuous, multi-parameter oscillation in a
one- or multi- dimensional phase space (refs. 1-21, 1-23, 1-24) . To the degree that
different biological processes may be involved at different phases of the circadian
cycle, there is a danger that these mathematical models totally misrepresent the
reality of the situation. Thus, until more information about the concrete mechanism
underlying circadian oscillations is known, rigorous arguments on the alternative
mathematical models concerning the dynamics of the circadian clock do not seem

fruitful.
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1.3.2 Analysis of the physiological organization of circadian systems

Perhaps the most prominent outcome of researches aimed at elucidating the organ-
ization of the circadian clock at the physiological level in recent years is the conver-
gence of observations made in diverse organisms that clearly indicate that there
exist more than one circadian clock in a single metazoan organism. These observa-
tions fall into two distinct groups: (1) Evidence based on the existence of more than
one oscillator controlling the expression of a single overt rhythm ; and , () Evi-
dence based on the existence of different oscillators controlling the expressions of

different overt rhythms.

Evidence of the existence of more than one oscillator controlling the expres-
sion of a single overt rhythm comes mainly from observations in the ’splitting’ of
locomotor activity in several vertebrates — squirrels (ref.1-25), tree shrews (ref.1-
26), hamsters (ref.1-27), starlings (ref.1-28), and lizards (ref.1-29) -- into two or
more groups, which showed up as bands in actograms, with each group of activity
running at a different frequency. While, in some cases ( as in the rodents ) , such
bands of activity were observed to eventually merge or lock on to a particular phase
relationship; in other cases ( as in the lizards ) , the differences in frequencies were
observed to persist for many cycles so that the bands of activity represented on an
actogram actually ’criss-crossed’ one another in a very striking fashion. Even
though the 'splitting’ behavior appeared to be very similar in the different species,
the stimuli that were found to be effective in eliciting this behavior differed widely
from one species to the next. Thus ’splitting’ could be induced by a step-up in
ambient light level to the squirrel, by a step-down in ambient light level to the tree
shrew, by testosterone injection into the starling, and by pinealectomy in the lizard.
Recently, Pickand and Turek (ref.1-74) have provided evidence that suggests bila-
teral representation of circadian oscillators in the suprachiasmatic nuclei in the

hamster can account for the splitting of activity rhythm due to change of ambient
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light levels in this species. Among invertebrates, a roughly analogous example of
internally desynchronized oscillators was reported in the beetle, Hlaps (ref.1-30),
where circadian oscillations of the sensitivities of the two compound eyes were
observed to drift from totally in phase to 180 degrees out of phase in the course of
an 1B8-day freerun. Similar desynchronization of the spontaneous rhythms of com-
pound action potential (CAP) of the two eyes in Aplysia, which were shown to be cir-

cadian oscillators themselves (ref.1-31) , has also been observed (ref.1-32) .

Evidence of the existence of different oscillators controlling the expressions of
different overt rhythms was initially observed in studies in which the activity rhythm
and rectal temperature in man were monitored under free running conditions
(ref.1-33). It was observed in one subject that, for the first two weeks in free run, the
two rhythms ran in phase and with a common period of 5.3 hours, but, starting on
the 15% day and continuing on to the end of the fourth week, the period of the
activity rhythm was lengthened to 33.4 hours while the period of the rectal tempera-
ture rhythm stayed at the original period. Thus, the two rhythms monitored were
drastically decoupled from one another. A second observation on the internal
desynchronization of two or more physiological processes was made in the squirrel
monkey (ref.1-18). In this case, the rhythms of feeding and of colonic temperature
of an animal were found to freerun with periods of 25.0 and R5.2 hours, respec-
tively, while the rhythms of urinary potassium concentration and of water excretion

of the same animal were found to have periods of 20.6 and 20.9 hours, respectively.

The findings described above, taken as a whole, have brought forth a new and
fundamental insight of the physiological organization of circadian systems, and
have opened up new avenues for many circadian 'model-builders’ (see dicussion of
ref.1-14 for a mini-review). Unfortunately, systematic follow-up investigat:ions of
each of the aimve cases are still lacking. At least part of the reason for this stagna-

tion seems to be the difficulty involved in consistently reproducing the ’splitting’
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phenomenon under a controlled environment in all the cases.

1.3.8 Searching for concrete biophysical mechanisms

Research on the physical basis of circadian rhythms have been aimed at determin-
ing the possible involvement of subcellular components ( from DNA, RNA, proteins,
cAMP to membrane and mitochondria ) in the oscillating process. A rather standard
protocol has been followed by most investigators. Briefly, a chemical agent is con-
sidered to have an effect on the clock process if application of the agent to an
organism causes a change in period and/or phase in the overt rhythm . Dose
response curves are normally obtained and specificity of the action of the agent also
needs to be established. A brief summary of the main results from this line of

research follows. ( See refs. 1-35, 1-36, 1-37 for more exhaustive reviews. )

The observations that circadian rhythms have been observed in nondividing
cells (ref.1-7), anucleate cells (ref.1-39), and cells that have been treated with inihi-
bitors of DNA synthesis (ref.1-40) have been generally taken as strong evidence that
DNA replication is not required for the generation of circadian rhythms. However,
opinions on whether RNA synthesis is required for the generation of circadian
rhythms are more diverse: The applications of inhibitors of DNA transcription to
such systems as Acetabularia (ref.1-40), Aplysia (ref.1-41), Gonyaulaz (ref.1-42),
and Neurospora (ref.1-43) have been shown to cause arrhythmicity or phase shifts
in some of the rhythms monitored but to have no detectable effects on others.
Since the loss of overt rhythmicity cannot be taken as indication of an arrhythmic
state in the oscillator, and since consistent and comprehensive phase responses
have not yet been reported in a single system, these results are not sufficient to
assess the role that RNA synthesis plays, if any, in the generation of circadian oscil-
lation. Two reports have been often cited to rule out the involvement of RNA syn-

thesis in the clock mechanism; the first is the observation of a circadian rhythm in
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photosynthesis in enucleated Acetabularia (ref.1-39) and the second is the report
on the persistence of circadian rhythm in enzyme activity in human red blood cell
suspension (ref.1-38). However, the first report did not explore the possibility of
certain DNA segments or long-lived mRNA in the cytosol, and the second report has

not been reproducible (ref.1-55).

The role of protein synthesis in the generation and maintenance of circadian
rhythms has been more clearly demonstrated. In general it has been shown that
inhibitors of organelle protein synthesis (e.g. chloramphenicol and streptomycin)
have no effects on the expression of circadian rhythms (refs. 1-34, 1-45), whereas
inhibitors of cytosol protein synthesis (e.g. cycloheximide and puromycin ) are able
to change the periods of circadian rhythms when applied continuously and are able
to induce both positive and negative phase shifts when applied in pulse form (refs.
1-34, 1-40, 1-42, 1-4B). It is not yet possible to decide from these studies whether
protein synthesis is involved as part of the oscillating mechanisms, or a protein
directly involved in the oscillating mechanism has a very short life, or the effect of

blocking protein synthesis on the clock is an indirect one.

The possible involvement of membrane in circadian rhythm has found strong
support in two different reports. The first is the finding (ref.1-49) that a ten fold
increase in extracellular potassium concentration for a period of four hours can
phase advance or delay the spontaneous CAP rhythm in the eye of Aplysia depend-
ing on the phase at which the pulse is given. The second is the observation that the
period of conidiation rhythm in a Neurospora mutant which is defective in a fatty
acid synthetase can be drastically lengthened (up to period length of 40 hours) by
manipulation in the growth media of the concentration of unsaturated fatty acids.
Many models (refs. 1-51, 1-52, 1-53, 1-54) have been postulated to explain t.he gen-

eration of circadian oscillation in terms of membrane components and membrane

related phenomena ( with 'keywords’ like pumps, channels, ions gradient, transport,
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cooperative phenomenon). Some of these models, (e.g. ref.1-51), have the merit of
helping to unify many features observed in circadian clocks — their temperature
compensation of period, their long time course, their sensitivities to light. However,
none of these models provide predictions that are specific enough to help designing

a new experiment.

1.3.4 Anatomical localization of clock sites

The anatomical localization of circadian clocks has been a popular approach among
researchers using arthropod, birds and mammals as experimental subjects (see
refs. 1-56, 1-57, 1-58 for reviews) . The protocol most often used is to demonstrate
the loss of overt rhythmicity of an experimental animal after a certain organ, nerve
tract, or nucleus in the nervous system has been lesioned. One then tries to restore
rhythmicity to such a lesioned and arrhythmic animal by the transplantation of a
corresponding intact part from a control animal to the former. Successful restora-
tion of rhythmicity in the experimental animal, including preservation of the phase
of the original rhythm in the control animal, is then taken to be strong evidence
that the involved anatomical site contains at least one essential component of the
circadian clock. Furthermore, it would be inferred that the coupling between the
clock and the overt rhythm monitored is via a hormonal channel. During the past
ten years, this approach has enjoyed a number of notable successes, which will be
discussed in section 2.3 . In one case (ref.1-59), a tentative 'circuit diagram’ can
even be drawn relating the clock to the input and output pathways -- at least as a

working model.
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1.4 Genetic approaches to the study of circadian clocks

Genetic studies of the circadian clock have followed several approaches. The first
approach involves examination of the differences between clock phenotypes (e.g.
periods, phase, waveforms) of different strains among a species and observation of
the inheritance patterns when the strains are crossed (refs. 1-60, 1-61, 1-82) . The
results, at least in some cases, indicate that there is more than one gene involved in
the phenotypes studied. A second approach is to use selection procedures in the
laboratory to screen for a particular clock attribute, as is well exemplified by the
selection of strains of D. pseudobscura with 'early’ and 'late’ eclosion times by Pit-
tendrigh (ref. 1-83). A difficulty in the selection experiments is also the uncertainty
in the number of genes involved in the effect being selected for and this makes
further analysis rather complex. As a result, a third approach has gained popularity
in the last decade or so in which the effect on the clock due to a single gene muta-

tion is sought for.

Conceptually, single gene mutations that affect clock parameters can fall into
three classes. First, the effect on the clock observed may be a nonspecific (pleiotro-
pic) action of the mutation. A hypothetical example would be that the clock
mechanism was based on some membrane-related phenomenon in a certain group
of neurons in an organism: a mutation that affected some general membrane pro-
perty in all neurons in the organism would then also affect the oscillating mechan-
ism. While these are bona fide changes in clock properties, the non-specific nature
of the cause makes this class of mutants less attractive from an experimental point

of view,

The second class of mutations includes those that cause changes in clock
parameters because a specific step in the mechanisms making up the 'clock path-

way’ is altered as a result of the mutation(s). With a sizeable number of these muta-
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tions in hand, one can then hope to carry out the kind of 'genetic dissection’ ana-
lyses that have proven so successful in the illumination of metabolic pathways
(ref.1-64). Specifically, molecular genetic and biochemical techniques can be used
to isolate products of the wild-type and mutant clock genes. It is likely that such
information would give unique insight into the mechanism underlying the circadian
clock. Secondly, mutants can be searched for that have altered physiological
responses to various environmental changes ( entrainment, phase-resetting,
response to temperature changes) to reveal the structure and the dynamics of the
system. Thirdly, clock mutations can be analysed as to their 'conventional genetic '
relationship with one another, such as complementation and dosage effects. We
note that it is the working hypothesis of most 'clock geneticists’ that clock muta-

tions obtained, until proven otherwise, fall into this class.

The third class of clock mutations to be discussed is actually a subset of the
mutations in the second class, but it is treated separately because its classification
arises from concepts in the field of behavioral genetics rather than circadian
research. One working hypothesis of a behavior geneticist (ref.1-65) is that a given
behavior can be decomposed to its constituent components (which we shall call
'functional units of behavior’ here) each of which is specified by a group of genes. By
isolating mutants that are defective in one or more of the key control elements in
these groups of genes, one can therefore hope to modify or even delete the
corresponding functional units at the behavioral level so that a relatively complex
behavior can be 'dissected’ into simpler subunits in this way. Even though exam-
ples of genetic manipulation of functional behavioral units as outlined above are
still lacking, yet the discovery by Rothenbuhler (ref.1-68) that a certain 'hygienic’
behavior in the honey bee could be decomposed into two units (uncapping of pupal
case and rerﬁoval of dead pupae) each of which could be blocked by mutation of a

separate recessive gene indicates that this approach is a feasible one. In the
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perspective of clock genetics, one hopes that the circadian oscillator is so struc-
tured that mutations could be obtained which would drastically alter or abolish a
functional unit of the basic 'pathway’. One possible example of such functional
decomposition of the circadian clock is the division of the cycle into 'subjective day’
and 'subjective night' phases ( or possibly even finer segments ). The possibility that
each of these phases could be controlled by different genes in Drosophila is explored

in Chapter 3 of this thesis.

Currently, single gene clock mutations have been found in three organisms --
the photosynthetic flagellate, Chlamydomonas reinhardi (ref.1-67), the bread mold,

Neurospora crassa (ref.1-68), and the fruit fly, Drosophila melanogaster (ref.1-69).

Two short period and four long period mutants have been found in Chlamy-
domonas which affect the circadian rhythm of the populational phototactic
response. Progress in the analysis of these circadian mutants has been slow, at
least partly because of the extremely difficult genetic work involved in this organ-

ism.

So far, seven long period and five short period mutants have been isolated in
Neurospora. The rather well known genetics and the large body of information on
the biochemistry of this system make it a very promising model system for the elu-

cidation of the biochemical basis of circadian rhythm.

Of the three organisms in which clock mutations have been found, Drosophila
has the most well known genetics (ref.1-70). It is the only system that shows rela-
tively complex behavior and thus is the organism from which one would expect a
relatively more interesting answer to the ultimate question of the function of the
circadian clock. Also, the Drosophila mutants are the only clock mutants that pos-
sess a nervoys system. The neuroanatomy of this organism is well studied (ref.1-71)

and the neurogenetics of this organism has recently attracted the attention of many
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investigators (ref.1-44). Initial indications that the circadian oscillator of this organ-
ism was contained in the brain (ref.1-45) have been substantiated by recent tran-
splantation experiments (ref.1-46). Cellular histochemical mosiac techniques (ref.1-
47) are available for further localization of the site of oscillation. Finally, Droso-
phila clock mutants are the only ones whose clock features can be studied on the
basis of individual organisms rather than of a population ; and the locomotor
activity rhythm of adult Drosophila (see appendices of this thesis), with which one
can assay the circadian oscillator, provides a resolution of measurement not

approached by the other two clock genetic systems.
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Chapter 2

Characterization of the Phenotypes of Five Clock Mutations

in Drosophila melanogasier and their Mutual Interactions



(1)

(2)
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Summary

The temperature dependence of clock period length of one wild-type and five
clock mutant strains of D. melanogaster is examined. It is found that the tem-
perature dependence of period in the two mutants And and Clk%?® is similar to
that of the wild-type, but the temperature dependence of period in the three per
locus mutants, pers, per!!, and per!?, is much larger than that of the wild-type
(Fig. R-1). Furthermore, the degree of such temperature dependence varies

greatly from one animal to another in per!! and per!?. (Fig. 2-3)

Both inter- and intra- individual stability of periods are studied. A general posi-
tive correlation is found between the inter-individual variability of periods of a
strain and the average period of the same strain. (Fig. 2-2) The average precision
of individual activity rhythm, normalized as percentage of average period, is
found to be 1.4 % for the wild-type strain, 1.3 % for per®, 1.2 % for pert!, 1.3% for

per®/pert!, 1.7 % for Clk*8 and 2.6 % for And.

(8) The defect in temperature compensation in per® and pert! is found to be

enhanced when both eyes and major parts of both optic lobes in an animal are

eliminated by a genetic mutation (Tables 2-1 and 2-2)

(4) Complementation of the per® and per!? alleles to the other per alleles, including

per?, is studied. The results indicate that, generally, the average period of the
per?/per® animals is about 1 hour longer than that of the homozygous per®
animals, (where z=s,l1,0r + ). However, most per‘?/per®’ animals are
arrhythmic. (Table 2-3) The complementation pattern of per'? is found to be
drastically different from that of per!!, but is almost identical to that of per?.

(Table 2-4)
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(5) Periods of recombinants between the per and the And loci are analysed. The
results suggest that interaction between these two loci are either very weak or

non-existent. (Table 2-5)

(8) Complementation studies indicate that the mutant Clk%P8 is, like all the other
Drosophila clock period mutants examined so far, 'semi-dominant’ to the wild-
type allele (Table 2-68). The interaction between ClkX?® and 4nd is also very weak

or non-existent (Table R-5).

(7) The implications of these findings are discussed.
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2.1 Introduction

In the fruitfly Drosophila melanogaster, ten mutations have been induced
by EMS 1 that affect the circadian rhythm of the animal. Three of the mutations,
per® per!, and per?®, isolated by Konopka and Benzer (ref.2-1), were shown by these
authors to affect the circadian clock(s) controlling both the pupal eclosion rhythm
and the adult locomotor activity rhythm. per® shortens the normal 24-hour period,
per'! lengthens it, and per® completely abolishes the rhythms. These three muta-
tions behave as alleles of a single locus in the 3B1 region near the distal tip of the X-
chromosome ,to which they have been extensively mapped (ref.2-1). A second long
period mutant( And ), isolated in 1976 by R. Smith and the author, was later
mapped to about the mid point of the X-chromosome (ref.2-5). This mutation also
affects both the eclosion and activity rhythms (ref.2-5). A third long period mutant
and a second arrhythmic mutant, isolated ca. 1979 by R. Konopka through an

! and per®!

activity rhythm screen, have both been shown to be allelic to the per!
loci, respectively, and have thus been named per'® and per®? respectively. A
seventh clock mutant on the X-chromosome was isolated in a locomotor activity
screen in 1980 (Konopka and Orr, unpublished results). This mutant, tentatively
named Clk %98, has been roughly mapped to a location near, but clearly not identical
to , the per locus. (Konopka and Orr, unpublished observations.) The eclosion
rhythms of these last three mutants have not yet been tested. Three more mutants
-- psil and gat on the second chromosome, and psi2 on the third chromosome --
have recently been obtained through eclosi<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>