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Abstract

The circadian rhythm phenotypes of eight chromosome aberrations with a break-
point in the region of the per locus (3B1-2) of Drosophile melanogaster have been
analyzed. Two duplications and five deficiencies with a 3B1-2 breakpoint produce
either a wild-type (approx. 24-h period) or an arrhythmic clock phenotype while one
translocation with a 3B1-2 breakpoint, T(1,4)JC43, produces locomotor-activity
rhythms with either very-long periods (31- 39 hr), rhythms that grade into arrhyth-
micity, or completely arrhythmic phenotypes. The clock phenotypes of 3B1-2 chro-
mosome aberrations suggest that arrhythmicity results from the total lack of per
function while long-period phenotypes result from a reduction, but not complete
elimination, of per activity. An extensive complementation analysis of 3B1-2 chro-
mosome aberrations and per mutant alleles provided no compelling evidence for
genetic complexity at the per locus. This is in contrast to the report of Young and
Judd (1978). Analysis of both the locomotor-activity and eclosion phenotypes of
3B1-2 chromosome aberrations did not uncover differences in the genetic control of

these two rhythms.

The normal 24-h period of the circadian rhythms of locomotor activity and eclo-
sion of Drosophila is shown to be altered by changes in per gene dosage. Females
with only one dose of per™ or per® (the 19-h short-period mutant allele) or per® (the
29-h long-period mutant allele) have periods which are about 1-2 h longer than the
corresponding females with' 2 doses. Females with 3 doses of per+ and males with 2
doses of per'*' or per® have periods which are % to 1 h shorter than the correspond-
ing individuals without the extra dose. Males with three pe'r+ doses have periods
which are about 1.5 h shorter than wild-type males; additional pert doses do not
shorten period further. The observation that decreased per dosage lengthens

period while increased dosage shortens period suggests that the long- and short-
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period mutations alter period by respectively decreasing and increasing per gene or
gene product activity. The per™ dosage results and the complementation behavior
of per® indicate that the hypermorphic phenotype of per® results from increased
activity of the per® gene product rather than an overproduction of pe'r"' product.

This is the first report of such a mutant action in Drosophila.

By screening mutagenized sex-linked and autosomal stocks for ones in which the
normal period or phase of the circadian rhythm of eclosion (adult emergence) has
been altered, a new X-linked clock mutant has been isolated which lengthens the
normal 24-h period of both the the eclosion and adult locomotor-activity rhythms
to about 25.5 h. This mutant, which we have named Andante (4nd), is not an allele
of the per locus; recombination and deficiency mapping has placed the Andante
locus at a separate site between polytene chromosome bands 10E2 and 10F1 (tenta-
tively at 10E3, just proximal to the m-dy complex at 10ER-3). Andante, like all of
the per mutant alleles, has a semi-dominant effect on period. The eclosion rhythm
of Andante, like wild-type, has a low-amplitude (Type 1) phase-resetting response to
light pulses, but compared to wild-type the Andante phase-resetting curve (PRC) is

lengthened by 1-2 h per cycle.
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Chapter 1

General Introduction:

The Molecular Basis of Circadian Time-keeping
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1.1 Introduction.

A wide variety of biological activities, ranging from subcellular processes (e.g.
enzyme activities) to behavioral patterns (e.g. sleep/wake activity), are temporally
regulated by endogenous time-keeping systems (see Aschoff 1981; Winfree 1980).
Those biological clocks which generate rhythms of activity with a period of about
one day in the absence of daily environmental cues are termed circadian. Cir-
cadian clocks are a ubiquitous feature of all major groups of eucaryotic organisms
and have presumably evolved as an adaptive response to an environment which

changes in a predictable fashion with each rotation of the earth.

Circadian clocks share the following basic features (see Hastings et al 1976). In
the presence of environmental cues (called zeitgebers) such as daily light and tem-
perature cycles, circadian clocks become synchronized to (entrained by) the exter-
nal cycle and maintain a distinct phase-angle relationship to the entraining zeit-
geber. In the absence of daily cues (i.e. under "free-running” conditions) circadian
rhythmicity can be phase-shifted (advanced and/or delayed) by single zeitgeber sig-
- nals. A plot of the phase at which a signal is given vs. direction (advance/delay)
and magnitude of the phase shift is known as a phase response curve (PRC). Since
the phase-shifting response elicited at a particular phase is constant from cycle to
cycle, PRCs provide a measure of the internal state of a clock throughout the
course of a cycle.! Circadian rhythms also share the basic feature that their free-

running period is temperature-compensated, i.e. they exhibit a QIO very close to 1.

This introduction will review the diverse body of literature that pertains to the
molecular basis of circadian rhythmicity, with emphasis on the analysis of the cen-
tral mechanisms involved in circadian time-keeping. In most cases comparison

between studies will be limited to those involving the same circadian system since

1. The measurement of the phase-shifting response to various stimuli is currently the the only method
of examining the temporal structure of a circadian cycle.
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at this time it is not known whether there is a single common meolecular basis for
all circadian clocks. Other aspects of circadian biology addressed by these studies

will not be presented.

Four major approaches are currently being used to study circadian clock
mechanisms. One approach involves analyzing the mechanisms by which the
expression of a rhythm is temporally regulated in order to trace a pathway of regu-
lation to its source, the clock mechanism. A second approach involves analyzing
the molecular basis of entrainment in order to follow a pathway of entrainment
into the clock mechanism. A third approach involves the administration of various
drugs known to effect specific biochemical/biophysical processes to determine their
effect on clock expression. The fourth approach is a genetic analysis of circadian
systems. Mutations with known biochemical deficiencies are analyzed for their
effects upon clock properties and mutations with altered clock properties are iso-

lated and characterized to determine the nature of the clock defect.
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1.2 Tracing Pathways of Circadian Regulation

In order for any type of biological process to be temporally regulated, it must be
linked to a pacemaking system via some pathway of control. Thus by identifying
the mechanisms by which the expression of a rhythm is temporally controlled at
progressively higher levels of regulation, it might be possible to trace a pathway of
temporal regulation to its source, the clock mechanism. Control of the expression
of rhythmic activity has been I‘Dest characterized in two systems, the
luciferase/luciferin rhythm in Gonyoulaz and the N-acetyliransferase/melatonin

rhythm in the rat and chick pineal.

The circadian rhythm of bicluminescence in the marine dinoﬂagellaté Gonyaulaz
polyedra is currently being used as a model system to study the circadian control
of enzyme activity (see Dunlap et al 1981; Dunlap and Hastings 1981). Biolumines-
cence is the product of the oxidation of the substrate luciferin by molecular oxy-
gen, catalyzed by the enzyme luciferase. Luciferase activity in extracts made in the
middle of the night phase is 7-10 times greater than in extracts from day phase
. cells. The specific activity of the night- and day-extracted luciferase, however, is
identical and there do not appear to be any physiochemical nor immunological
differences between night and day species. Control of the enzyme rhythm via inhi-
bitors or activators has also been ruled out. These results suggest the circadian
rhythm in luciferase activity is the result of a change in the concentration of
enzyme molecules controllec_i by either a rhythm in the synthesis or degradation of
this protein. Unfortunately, a direct measurement of timed synthesis and destruc-
tion of luciferase is impossible because Gonyauloz fails to take up exogenously

added amino acids.

Another enzyme system in which the circadian control of activity has been exam-

ined is the N-acetyltransferase (NAT) rhythm in the pineals of mammals and birds.
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(see Zatz 1980; Jacklet 1981). The pineals of rats and chickens exhibit a circadian
rhythm in the level of melatonin a 10-fold increase in concentration occurring dur-
ing the night. This rhythm is regulated by a circadian rhythm in NAT activity which
exhibits a 30-100 fold increase in enzymatic activity during the night {Klein and
Weller 1970; Binkley et al 1973). The circadian rhythm in NAT activity is regulated
by cyclic AMP, which both induces the synthesis of this enzyme (Axelrod and Zatz
1977; Deguchi 1979a,b). In mammals, changes in cAMP levels in the pineal are regu-
lated by a circadian rhythm in norepinephrine release (Axelrod and Zatz 1977; Nir
et al 1978). Norepinephrine is released from nerve terminals in the pineal and
binds to beta-adrenergic receptor, stimulating adenylate cyclase activity., The sym-
pathetic neurons which innervate the pineal originate in the superior cervical gan-
glia, and the regulation of norepinephrine release is apparently controlled by a cen-
tral neural clock in the suprachiasmatic nucleus (SCN) of the hypothalamus (Moore
and Klein 1974; Rusak and Zucker 1979). The identification of the next highest level
of circadian control of NAT activity in mammals would involve an analysis of the cir-

cadian control of neuronal activity in the SCN, obviously a formidable task.

In chickens, circadian regulation of NAT activity is under endogenous control of
the pineal itself: the NAT rhythm in chicken pineals is not affected when sym-
pathetic input into the pineal is blocked surgically (Binkley 1976) or pharmacologi-
cally (Deguchi 1979a) and organ cultures of pineal glands exhibit a circadian
rhythm of melatonin release and NAT activity which persists (although damped) for
2-4 cycles under constant conditions (Kasal et al 1979; Takahashi et al 1980).
Dispersed cell cultures of pineal glands have been shown to exhibit a rhythm of NAT
activity for at least two days in constant conditions and the NAT rhythm in these
cells can be entrained to a reverse photocycle (Deguchi 1979c¢c), suggesting that

each cell has its own photoreceptor and clock.? Circadian fluctuations in cAMP

2. This conclusion is tentative, however, since a histogram of "cell group size" is lacking in this study.
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levels are also observed in organ-cultured chick pineal (Wainwright 1980) and phar-
macological studies indicate that cAMP is involved in the regulation of NAT activity
in this system (Deguchi 1979a,b). Thus the identification of the next highest level of
regulation of NAT in chicken pineals would involve an analysis of the circadian regu-

lation of intracellular cAMP levels.?

3. As described below (§1.3 and 1.4.4), cAMP has also been implicated in having a role in both the
entrainment and central time-keeping mechanisms of other circadian systems.
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1.3 Tracing Entrainment Pathways

Another approach that is being used to study clock mechanisms involves tracing
entrainment pathways into the clock. The rationale behind this approach is thus
similar to the approach described above: since circadian clocks can be entrained by
certain types of daily environmental cycles (primarily light or temperature
cycles/pulses), there must exist mechanisms which couple clocks with the environ-
ment. If an entrainment pathway could be traced from a receptor activity into a
clock it might be possible to identify processes involved in the primary clock
mechanism. The first step in such an approach is the identification and localiza-
tion of a zeitgeber receptor. Since entrainment and the phase-shifting action of the
zeitgeber would be abolished by surgically, pharmacologically, or genetically delet-
ing the receptor or any part of the entrainment pathway, the pathway of entrain-
ment can be traced by blocking the pathway at increasingly higher levels as it
enters the clock system. The clock could then be localized to that level at which a
blocking treatment disrupts clock function rather than merely blocking entrain-

ment.

Such a tracing of an enﬁrainment pathway has been successful on an anatomical
level in some animal systems where circadian photoreceptors that mediate entrain-
ment and the clock which controls rhythmicity are anatomically distinct (see
Menaker et al 1978; Rusak and Zucker 1979). In cockroaches and rats, for example,
the eye contains the photoreceptor that mediates light entrainment of the locomo-
tor activity rhythm while the clock controlling rhythmicity resides in the brain.
Blinding these animals or interrupting the visual pathway mediating entrainment
via surgical lesions blocks light entrainment without abolishing rhythmicity. By
tracing entrainment pathways it has been possible to identify specific regions of the

brain (the lobula in cockroaches; the suprachiasmatic nucleus in rats) in which



lesions abolish or disrupt rhythmicity.

The tracing of an ent‘rainment pathway on cellular and subcellular levels is
currently being conducted using the eye of Aplysia (see Eskin 1979; Menaker et al
1978). The Aplysia eye cultured in vifro shows a circadian rhythm in the frequency
of compound action potentials (CAPs) recorded from the optic nerve. The eye con-
sists of receptor cells, pigmented support cells surrounding the receptors, second-
and higher-order neurons and glia cells, with gap junctions between receptor cells
and between receptor and second-order cells. Spike activity is not observed in the
receptor cells, indicating that CAP activity is produced by the nonreceptor cells.
Treatments with either high Mg+2, low Ca*® or tetrodotoxin do not block phase
shifting by light, suggesting that the entrainment pathway does not involve chemi-
cal synaptic transmission or action potentials. However, treatment with low Na*,
which reduces the photoreceptor potential, does block phase shifting by light.
These results suggest that the clock resides in either the photoreceptor cells or in
second-order neurons which are electrically coupled to the photoreceptor cells.
Isolated photoreceptor cells cultured in viiro do not possess circadian light sensi-
tivity (Strumwasser et al 1979b), suggesting that the clock does not reside in these
cells, however this result does not rule out the possibility that the generation of the

CAP rhythm requires cell-cell interactions between photoreceptor cells.

Of special interest in regard to the intracellular mechanism of entrainment is
the observation that serotonin, a putative neurotransmitter, and a cAMP analog, B-
benzylthio-cAMP, produce similar PRCs when given as pulses to the eye (Eskin et al
198R2; see also §1.4.4). The similarity in the PRCs is a particularly intriguing correla-
tion since it has been recently shown that serotonin (or B-benzylthio-cAMP) induces
hyperpolarization of the R15 pacemaker neuron of Aplysia. This hyperpolarization
is the result of an increase in K* conductance mediated by an increase in intracel-

lular cAMP (Drummond el al 1980). Since serotonin also increases cAMP levels (by
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13-fold) in the Aplysic eye (Eskin et al 1982), the similarity between the PRCs for
serotonin and B-benzylthio-cAMP indicate that cAMP also mediates the phase-
shifting action of serotonin in the eye (Levitan and Benson 1981; Eskin et al
1982).% If the phase-shifting action of serotonin is directly mediated by cAMP, it
might be possible to identify the next intracellular step involved in entrainment
(e.g. protein phosporylation via a cAMP-activated kinase; see Greengard 1978) that
would lead to the identification of time-keeping functions. It is also possible that

the cAMP system is itself part of the central clock system (see §1.4.4).

4, Strumwasser and Stephens (1981) have recently observed that the Aplysic eye has increased levels of
cAMP when measured at the phase of the peak in the amplitude of the CAP rhythm, at about ct 2.5
(ct =circadian time, modulo 24h; ct 0 corresponds to the time of light onset in a LD 12:12 cycle),
compeared to measurements taken at the phase of the rhythm trough (at about ct 14.5) under both
LD and DD conditions. Since the peak in cAMP occurs during the day, it is possible that the phase-
shifting action of light is also-mediated by an increase in cAMP levels in the eye. However, the PRC of
light is 180° out of phase with the PRCs of serotonin and 8-benzylthio-cAMP, suggesting that if the
phase-shifting action of light and serotonin is mediated by cAMP, these agents should have an oppo-
site eflect on cAMP levels in the eye.
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1.4 Drug Studies

A large and growing number of drugs and other chemical agents have been shown
to affect the period and/or phase of various circadian rhythms. A major difficulty
in interpreting the results of drug studies involves side effects. Even when a treat-
ment is shown to affect a given biochemical/biophysical activity in a manner in
which it is thought to act (an analysis very rarely practiced in the studies described
below) the clock disruption may be due to a side effect of the drug. One method for
determining the action of putative side effects is through the analysis of the effects
of several different treatments having the same primary target or by the use of
active and inactive analogs. Another method, which has been recently applied for
the first time (described below), is the use of mutant strains which are resistant to

the primary effect of the treatment.

Since the effect of the treatment may be to perturb a biochemical/biophysical
activity which is not a component of the clock but which acts through a series of
one or more intermediates to affect clock variables (see Tyson et al 1978), it is not
currently possible to distinguish a direct from an indirect mode of action of a treat-
ment on clock function.® One class of indirect effects could be those mediated by
entrainment pathways. Since it is currently impossible to separate a clock from all
portions of an entrainment pathway, the primary effect of a treatment could be on
scme portion of an entrainment pathway, producing a steady-state phase shift.®
Even period effects could conceivably be the result of an indirect action of a treat-
ment: dim light lengthens beriod for many circadian systems, thus a chemical
treatment which produces a '"dim light response’ in any portion of the entrainment

pathway for light could indirectly alter period.

5. This caveat also applies to genetic perturbations of clock function (see §1.5).

6. For example, the phase-shifting action of serotonin on the CAP rhythm of the Aplysia eye may be the
result of an effect on an entrainment pathway (see Corrent et al 1978; Eskin et al 1982).
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Only those treatments observed to affect period and/or steady-state phase are
described below. Results of treatments which reduce or abolish rhythmicity or
which have no observed effect on rhythmicity will not be presented. Treatments
which inhibit rhythmic expression without altering period (when applied continu-
ously) or steady-state phase (when pulsed) could do so by merely blocking the out-
put pathway from the clock rather than affecting the time-keeping processes.
(Hastings 1960). Negative results are inconclusive; treatments with no observable
effect on rhythmicity may or may not affect the presumed target. In most cases
comparison between studies will be limited to those involving the same circadian
system since a particular treatment might have different effects on clocks of
different species due to fundamental differences in clock mechanisms between

organisms,

1.4.1 Treatments with unknown /nonspecific targets

A number of chemical treatments with undetermined or nonspecific modes of
action have been shown to alter phase or period in a variety of different circadian
systems (Table 1). The effects of alcohols on circadian rhythms have been repeat-
edly used to implicate membrane fluidity and/or permeability in clock mechanisms
(e.g. see Sweeney 1976, 1978; Njus et al 1976; Engelmann and Schrempf 1980) how-
ever the effectiveness of alcohols of graded chain lengths on phase-shifting the
bicluminsescence rhythm of Gonyoulazx is not correlated or is inversely correlated
with their lipid solubility (Sweeney 1978). Acetaldehyde, the immediate metabolite
of ethanol, is more effective than ethanol in phase-shifting the bicluminescence
rhythm of Gonyaulaz and the effectiveness of aldehydes in phase shifting (like the
alcohols) is also inversely correlated with chain length (Taylor and Hastings 1979).
Aldehydes may have multiple cellular sites of action, for example blocking protein

synthesis or mitochondrial respiration or acting as a sulfhydryl reagent (see Taylor
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and Hastings 1979). D,;0 and Li* lengthen period in all circadian systems analyzed
to date. Both treatments may affect a number of different cellular and subcellular
activities (see Sheard 1980; Pittendrigh et al 1973) and their specific effect on clock
function is not known.” Hormones and neurotransmitters may affect entrainment
pathways as well as the clock itself.?8 The specific clock targets of the other treat-
ments in Table 1 are also not known. In sum, the effects listed in Table 1 provide
little insight into the molecular basis of circadian rhythmicity at this time although

such effects may have significance once more is known about clock mechanisms.

1.4.2 Treatmenis affecting membrane permeability /depolarization

Treatments that appear to alter clock expression via changes in membrane per-
meability to ions are shown in Table 2 (listed by organism). High K* pulses and as
well as pulses of strophanthidin (a Na-K pump inhibitor) and light produce similar
PRCs for the the CAP rhythm of the optic nerve of Aplysia and these treatments
may exert a common clock effect via depolarization (Eskin 1977b, Jacklet and
Lotshaw 1981).2 In Gonyaulaz, valinomycin (a K* ionophore) and vanillic acid!®
produce dissimilar PRCs and both are different from the phase-shifting action of
light (Sweeney 1974). In Neurospora, nystatin (which permeablizes fungal plasma

membranes) and valinomycin produce PRCs similar to that produced by light

7. Li* is known to inhibit adenylate cyclase in many systems (see Sheard 1980) and cyclic AMP has been
implicated in clock function (see below).

8. The PRC for carbachol, a cholinergic agonist, is similar to that produced by light pulses for the NAT
rhythm in the rat pineal (Zatz 1981). In Aplysia the serotonin and light PRCs are displaced by 180°,
suggesiing that serotonin affects a non-ocular entrainment pathway (Eskin 1979). Serotonin and a
cAMP analog, B-benzylthio-cAMP, produce similar PRCs in Aplysie (Eskin et al 1982) suggesting that
hormones and neurotransmitters might exert indirect clock effects via changes in intracelluar cAMP
levels (see below).

9. High K* and strophanthidin should have opposite effects on intracellular K* concentrations suggest-
ing that the primary effect of these treatments is via a change in transmembrane potential rather
than a change in intracellular ion concentrations (Eskin 1979). Changes in the external concentra-
tion of other ions (Na*, Ca**, Mg**) are ineffective in phase-shifting (Eskin 1977a, Eskin and Corrent
1977).

10. A substituted benzoic acid, thought to affect membrane permeability to ions. Produces membrane
depolarization in Gonyaulaz (Kiessig et al 1979).
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pulses. However light hyperpolarizes Neurospora membranes (Sargent and Briggs
1967) while the others are believed to be depolarizing agents in Neurospora (Koy-
ama and Feldman 1981). In the bean plant, Phaseolus, light pulses and valinomycin
produce similar PRCs, however the PRC for K* pulses is very different. Digitonin, a
detergent, shortens period and it is possible that this is the result of changes in
membrane permeability. Another compound which is thought to affect ion permea-
bility, abscisic acid (a plant hormone), produces only phase delays in both
Phaseolus and Kalanchoe. Fusaric acid, another compound which appears to have
general effects on membrane permeability to ions, phase-shifts the leaf movement
rhythm of Gossypium. While the above results suggest that membrane
permeability/depolarization plays a role in clock function, direct evidence is lack-

ing for such a role.

1.4.3 Inhibitors of oxidative phopho'rylat'ion/Ca.’e"' uptake

Treatments that appear to affect clock function via inhibition of oxidative phos-
phorylation and/or Ca** uptake by mitochondria are shown in Table 3. With the
exception of one system, the leaf-movement rhythm of Phaseolus, these treatments
produce phase delays when given as pulses. The energy of electron transport can
be used in the accumulation of divalent cations or in the formation of ATP, thus
uncoupling agents such as cyanide, CCmP, and dinitrophenol as well as anoxia inhi-
bit both activities. The CaH/Mg++ ionophore, A23187, and Mn** are also thought
to inhibit both activities by causing the loss of Ca** out of mitochondria while
simultaneously inhibiting ATP formation by stimulating the energy-dependent
uptake of this cation (see Eskin and Corrent 1977). The phase delays observed
after pulsed treatment of 2-deoxy-D-glucose in Aplysia may also be the result of
inhibition of ATP formatién (Strumwasser et al 1979a). Lanthanum (La3*), which

blocks Ca** currents by binding to Ca** channel binding sites and which displaces
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ca** from surface bound cellular sites (Weiss 1974; Hajiwara and Byerly 1981),
lengthens period in Aplysia. In Phaseolus, cyanide and azide produce phase
advances rather than delays but this appears to be the result of membrane depo-
larization rather than an inhibition of energy metabolism since the PRCs of these
two compounds are out of phase with the time course of the energy requirement of
this rhythm (Mayer 1981). While the role of Ca** uptake by mitochondria in clock
function is unclear, these studies do suggest that clock function requires an energy
source, as might be expected. They also suggest that treatments which only pro-
duce phase delays or period lengthening might do so by simply poisoning the clock.
These studies do not suggest, however, the means by which energy is utilized in

clock function.

1.4.4 Treatments affecting cyclic AMP levels

Treatments that appear to aflect circadian clocks via changes in cAMP levels are
shown in Table 4. In Neurospora, four phosphodiesterase inhibitors, caffeine, ami-
nophylline, theophylline and isobutylmethylxanthine, have been shown to lengthen
period while an adenylate cyclase inhibitor, quinidine, shortens period. Since theo-
phylline (from which aminophylline is compounded) and caffeine have been shown
to raise intracellular cAMP levels in Neurospora while quinidine has been shown to
lower cAMP levels (Scott and Solomon 1975), the effect of these drugs on period is
correlated with their effect on intracellular cAMP levels. The phase-shifting action
of these drugs, however, is not correlated with their effects on cAMP levels: caffeine
and aminophylline as well as quinidine have very similar PRCs.!! One explanation

for this discrepancy is that the phase-shifting action of pulses is the result of side

11. Isobutylmethylxanthine has a much smaller efiect on period and produces no significant effect on
phase; tlieophylline was not tested for phase effects. Period and phase effects were tested under
different culture conditions in these experiments; under conditions similar to those in which the
phase effects were tested, theophylline lowers rather than raises intracellular cAMP levels (the effects
of caffeine and quinidine were not altered). It is therefore possible that aminophylline has the same
eflect as theophylline under these conditions.
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effects of these drugs which are masked in longer exposures by the effect on cAMP
levels. The known side effects of methyl xanthine phosphodiesterase inhibitors
include affects on intracellular Ca** levels (Cardinali 1980) and inhibition RNA and
protein synthesis (Costantini et al 1978) and other treatments which are thought to

affect these activities are observed to have clock effects (see §1.4.2, 1.4.5).1?

Phosphodiesterase inhibitors also lengthen period in each of the other rhythms
in which an effect on period is observed (Table 4). In Trifolium, continuous applica-
tion of cAMP also lengthens period but produces a PRC very difTerent from that for
pulsed applications of theophylline. Imidazole, an activator of phosphodiesterase,
produces a PRC similar to that for cAMP pulses, however imidazole would be
expected to lower intracellular cAMP levels. Thus for this rhythm also the immedi-
ate clock effect of pulsed treatments of one or more of these treatments may be

the result of a side effect rather than a direct effect on intracellular cAMP levels.

In addition to the the period lengthening effect of phosphodiesterase inhibitors
on the CAP rhythm of the Aplysia eye, pulses of papaverine and pulses of the cAMP
analog, B-benzylthio-cAMP, phase-shifts the CAP rhythm with a PRC similar to that
for serotonin (Eskin et al 1982). While cAMP may have a central role in the time-
keeping system of the Aplysia eye, as described above in §1.3, cAMP may be part of
an entrainment pathway in the eye such that the clock eflects of treamgnts that
alter cAMP levels may have only an indirect effect on this particular clock system.
In addition, a wide variety of different cellular activities are known to be regulated
by cAMP (see Greengard 1978) such that any disruption of the cAMP system could

have numerous direct and indirect effects on clock function.

12. Since the regulatory actions of cAMP and Ca** arc linked in many cases (see Greengard 1879), trcat-
ments that affect either Ca™ (e.g. those in Table 3) or cAMP (Table 4) could have a common basis of
action.
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1.4.5 Inhibitors of KNA and prolein synthesis

Treatments that appear to aflect circadian clocks via inhibition of RNA and/or pro-
tein synthesis are shown in Table 5. The only reported case of an RNA synthesis
inhibitor having an effect on period or steady-state phase phase-shifting or an
alteration in period is the period-lengthening effect of actinomycin D in
Nicotiana.'® Inhibitors of protein synthesis on B80S ribosomes, on the other hand,
have been shown to aller steady-state phase or period in a variety of organisms.!*

In some of these studies the effects of treatments on protein synthesis have also
been measured. In Fuglena, the degree of lengthening of period is proportional to
the degree of inhibition of protein synthesis by cycloheximide (Feldman 1967). In
Neurospera, the amount of phase-shifting produced by increasing concentrations of
cycloheximide is also proportional to the degree of inhibition, with maximum phase
shifting resulting when protein synthesis is inhibited by greater than B80% (Nak-
ishima et al 1981a). The phase-shifting effect of cycloheximide appears to be the
direct result of the inhibition of protein synthesis rather than a side eflfect of this
drug since in Neurospora mutants whose ribosomes are resistant, the inhibitory
effects of cycloheximide on protein synthesis are also resistant to the phase-

shifting action of this drug (Nakishima et al 1981b).

In Aplysia, continuous application of anisomycin at a concentration which inhi-
bits protein synthesis by about 10% lengthens the period of the CAP rhythm of the
eye by about 1h while higher concentrations suppress rhythmicity without abolish-

ing CAP activity (Jacklet 1980a).!® Puromycin and anisomycin pulses produce

13. Studies in several other organisms (e.g. Acetabularia, Gonyaulaz, Neurospora, Aplysia) report that
RNA synthesis inhibitors have no consistent effects on period or phase or that rhythmicity is abol-
ished (see Sargent el al 1976). The clock eflects of aflatoxin, an inhibitor of both RNA and protein
synthesis, is discussed below,

14. With one exception, inhibitors of organclle protcin synthesis (i.e. on 708 ribosomes) have not been
observed to aflect phase or period (sce Sargent et al 1978). Both D and L isomers of chloramphen-
icol shorten the period of the conidialion rhythm of Ncurospora. However, since only the D isomer
has an effect on organelle protein synthesis, the clock effect appears to result from a side effect of
this drug (Frehlinger et al 1976).
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similar PRCs at concentrations which reduce protein synthesis in the eye by = 50%
(Rothman and Strumwasser 1976,1977; Jacklet 1977). The similarity in the PRCs
indicate that these two drugs have a common basis of action on the clock. One
indication that this action is a direct result of the inhibition in protein synthesis
rather than the result of a side eflect is that derivatives of puromycin (pamino
nucleoside) and anisomycin (deacetylanisomycin), which have no significant effect
on protein synthesis in the eye, lack the ability to phase-shift the CAP rhythm
(Rothman and Strumwasser 1978; Jacklet 1960b).!1® Actinomycin D abolished the
CAP rhythm at a concentration which reduced RNA synthesis (as measured by uri-
dine incorporation) by about 60%.!7 Aflatoxin, which was shown to inhibit both RNA
and protein synthesis in the eye by about 50%, produced phase-delays when applied
at one phase point and abolished rhythmicity at other phases (Rothman and
Strumwasser 1976, 1977). Presumably the phase-shifting effect of this drug is the
result of the inhibition of protein, rather than RNA, synthesis given the clock eflects

of actinomycin D and the protein synthesis inhibitors in this system.

The results from the Neurospora and Aplysia systems provide good evidence that
the clock eflects of protein synthesis inhibitors in these systems are not the result
of non-specific side efTfects. The role of protein synthesis in clock function remains
unknown, however. Since the phase-shifting produced by protein synthesis inhibi-
tors varies with the phase at which pulses are given, presumably the presence or
activity of certain proteins are required during specific phases of the circadian

cycle and that at least part of the phase-specific regulation of these activities is via

15, X-irradiation of the eye also suppresses rhythmicity without abolishing CAP activity while at lower
doses the amplitude of the rhythm is decreased without a significant effect on period (Woolum and
Strumwasser 1980). This treatment presumably causes a general inhibition of gene expression as a
result of its mutational efect.

16. Three other inactive derivatives of anisomycin (not spccifically tested for their eflcets on protein syn-
thesis in the eye) also failed to produce phase shifting (Jacklet 1980b).

17. Protein synthesis (as measured by leucine incorporation) was also reduced by about 40% but this
effect was delayed until 49 h after the drug pulse. In comparison, close to maximum inhibition of RNA
synthesis was observed 1 h after treatment. )
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the de movo synthesis of such proteins at specific phases. Unfortunately, the
identification of clock components synthesized at particular phases might prove to
be a difficult task if 1) the number of clock proteins synthesized at a particular
phase is small compared to overall protein synthesis rates, and 2) a large number
of non-clock proteins are synthesized at specific phases as a result of protein syn-

thesis that is regulated by the clock.
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1.5 Genetic Studies

Two complementary approaches have been used in the genetic analysis of circadian
clocks. In the first, mutants with known biochemical lesions have been examined
for altered clock properties to determine the roles of specific biochemical activities
in clock function. In the second approach, mutants with altered clock properties
have been isolated and characterized genetically, physiologically, and biochemically

to identify the affected clock functions.

The genetic approach to the identification of clock components is subject to
some of the same drawbacks as the drug studies. As with a drug treatment, a
genetic lesion may affect an activity which acts through a series of one or more
intermediate steps to indirectly perturb clock function. For example, if one or
more clock functions require ATP as an energy source (§1.4.3), mutations that
either directly or indirectly alter ATP production/utilization could indirectly dis-
rupt circadian time-keeping. The period alterations produced by the oligomycin-
resistant mutants of Neurospora, which effect ATP synthetase, may exert such an
indirect effect on clock function (§1.5.1). Since it is currently impossible to distin-
guish a direct from an indirect mode of mutant action, one must invoke an opera-
tional definition that clock components/activities are those that alter period or
steady-state phase if perturbed.!’® Whereas a drug treatment may have multiple
primary sites of action (e.g. see §1.4.4), only the function(s) encoded by a single
transcriptional unit are subject to the primary (i.e. initial) effect of a single muta-
tion. However, both drug and genetic lesions could have multiple secondary
(pleiotropic) effects, with one or more of these effects contributing to a disruption
of clock function. As an example of a pleiotropic mutational effect, the period

alterations produced by the cel mutant of Neurosporae may result from an altera-

18. As with the drug studies, the simple elimination of rhythmicity may be the result of a disruption of
an output pathway rather than the result of an efiect on a time-keeping function.
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tion in a subunit common to two different enzymes (see §1.5.1). In addition, muta-
tions that affect regulatory systems (e.g. the cAMP system) could have numerous
direct and indirect pleiotropic effects on clock function. The primary advantages of
the genetic approach are that 1) it provides the only method that is currently avail-
able for systematically identifying clock components, 2) genetic mosaics and
chimeras can be used for identifying the anatomical location of circadian pacemak-
ers and their entrainment and output pathways (e.g. see Konopka and Benzer 1971;
Konopka 1972; Handler and Konopka 1979), and 3) it provides a method in which
clock genes and gene products can be biochemically marked for iselation and char-

acterization via molecular genetic and biochemical techniques.

1.5.1 Biochemical Mutants

The identification of biochemical mutants that affect clock function has been con-
ducted using the Neurospora system for which a large collection of previously
characterized biochemical, morphological, and developmental mutants is available
for the analysis of clock effects. Biochemical mutants of Neurospora that have
been shown to affect the circadian clock system are described in Table 6 (see Feld-
man 1981). Two mutants have been shown to affect the clock photoreceptor sys-
tem. The respiratory mutant pokey, which has reduced levels of both mitochondrial
and non-mitochondrial cytochrome, and two riboflavin auxotrophs, which have
reduced levels of FAD and FAM, exhibit very reduced light sensitivity when assayed
for the threshold intensity i‘equired for inhibition of banding in constant light or
the dose of light required to reach maximum phase-shifting. The genetic results
corroborate other physiological evidence that indicates that a plasma membrane
flavin/b-type cytochrome complex similar to that found in "blue light" photorecep-
tors of other procaryotic and eucaryotic systems (Ninnemann 1979) is involved in

clock photoreception in Neurospora.
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One class of biochemical mutations that have been observed to alter circadian
period consist of mutants that confer resistance to the drug oligomycin (Dieck-
mann and Brody 1980). Oligomycin inhibits mitochondrial ATP synthetase.
Oligomycin-resistant mutations (0li” ), which all alter the primary structure of one
particular subunit of this enzyme, have period lengths that are about 3h shorter
than wild-type. However it is not known how the oli” mutants affect the mechanism
of circadian time-keeping. One possibility is that the clock effect is the result of an
alteration in ATP producticon, which would support the evidence obtained from the
drug studies described above that ATP synthesis either drives clock processes or is

itself a part of the clock mechanism.

Mutations that affect the cysteine biosynthetic pathway comprise another class
of biochemical mutants that have been shown to affect circadian periodicity (Feld-
man et al 1979). When grown on limiting levels of cysteine, cysteine auxotrophic
mutations at three separate loci exhibit periods which are shortened depending
upon the extent of cysteine limitation. The mechanism of this clock effect is unk-
nown. Methionine and arginine auxotrophs are not observed to affect period on

limiting medium.!®

One other auxotrophic mutation, cel, which has a defective fatty acid synthetase,
has also been shown to have an effect on period that is dependent on nutritional
supplement (Brody and Martins 1979; Mattern and Brody 1979). When supplemented
with short-chain saturated fatty acids (e.g. B:0, 9:0) or longer-chain unsaturated
fatty acids (e.g. 18:2, 18:3), this mutant strain, but not wild-type, exhibited a strik-
ing increase in period, with period lengths as long as 40h. Long-chain saturated

fatty acids (e.g. 16:0, 18:0) did not affect period. The biochemical basis of the effect

19. A number of auxotrophic muiations aflecting other pathways of intermediary metabolism have also
been examined and have not beern observed to produce clock defects (Brody and Martins 1973).
These include auxotrophs for nicotinic acid, nicotinic-tryptophan, histidine, choline, inositol, tyro-
sine, trytophan, and pyridoxine. Three mutants that slow growth (spco-6, spco-9, and pile) and three
mutants with altered morphology of conidiation (Ruffy, crisp-3, al-2) also had no observable clock
effect.
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of this mutant on periodicity is not known. Incorporation of fatty acids is not
observed to be significantly different between wild-type and the cel strain. Interest-
ingly enough, other results suggest that the cel and oli” mutants may have a com-
mom basis of action on the clock system. The cel mutant is about three-fold more
sensitive to oligomycin inhibition than wild-type (Dieckmann and Brody ;980) and a
cel oli” double mutant strain does not exhibit the sensitivity to the unsaturated
fatty acid 18:2 that is observed for cel alone (Brody and Forman 1980). In addition,
the cel mutant has been observed to affect the binding of the prosthetic group 4-
phosphepantetheine to a subunit of fatty acid synthetase and 4-
phosphopantetheine is also reported to be bound to a subunit of mitochondrial ATP
synthetase in yeast (see Dieckmann and Brody 1980). If cel also affects the binding
of 4-phosphopantetheine to mitochondrial ATP synthetase, then both this mutation
and the oli” mutations may have a common basis of action on circadian rhythmi-

city via an effect on ATP synthetase.

One class of biochemical mutants that is of interest as a result of the absence,
rather than presence, of an observable clock effect include two derivatives of the
crisp-! mutant strain that have significantly reduced levels of adenylate cyclase
(Feldman et al 1979). Both strains have < 1% of the wild-type level of adenylate
cyclase and 9-15% of the wild-type level of cAMP and exhibit wild-type periods. As
noted above (Table 4), quinidine, an adenylate cyclase inhibitor, produced only a
very slight change in period when applied continuously to Neurospora cultures.
Thus both the genetic and pharmacological results suggest that a reduction in
intracellular cAMP does not affect the expression of normal periodicity in Neuros-
pora. The phase-shifting effect of quinidine and the phase-shifting and period-
lengthening effects of phosphodiesterase inhibitors in Neurospora remain unex-

plained, however.
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1.56.2 Clock Mutants

By screening mutagenized strains for those that exhibit altered period or phase, a
number of clock mutants have been isolated in Chlamydomonas, Neurospora, Dro-

sophila pseudoobscura and D. melanogaster (Table 7).

In Chlamydomonas reinhardi, a photosynthetic flagellate which expresses a cir-
cadian rhythm of phototaxis, four long-period mutants have been isolated by
screening mutagenized strains for those exhibiting altered period lengths (see
Bruce 1976; Feldman 1981). Recombination experiments between the four long-
period mutants have demonstrated 1) that all four mutants are unlinked, and 2)
that the period lengthening effect of combinations of these mutants is additive, i.e.,
the periods of double, triple, and quadruple mutant combinations are lengthened
by the sum of the lengthening of the single mutants. The additive effects of these
mutants on period suggest that these genes act independently of each other. When
heterozygous with a wild-type allele in diploids, per-1 has a deminant phenotype,
per-2 is recessive, while per-3 is incompletely dominant. One wild-type strain that
expresses a short-period phenotype and a spontaneous short-period mutant have

also been identified but have not been characterized.

In Neurospora crassa, twelve mutants have been isolated which alter the period
of the conidiation rhythm (see Feldman et al 1979; Feldman 1981). Seven of these
mutants, with periods ranging from 16.5 to 29h, map to a single locus (frg). Five
other mutants (four with long-period phenotypes and one with a short-period

phenotype) each map to a unique locus.

The effects of altered gene dosage of the Neurospora mutants have been exam-
ined using heterocaryons which contain both mutant and wild-type nuclei. All of
the frg alleles expressed intermediate periods when tested in heterocaryons con-

taining equal numbers of mutant and wild-type nuclei. These alleles can therefore
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be described as incomplete dominants. When the ratio of mutant/wild-type nuclei
was varied, the period length of the three frq alleles tested (frg-1,7,8) was altered in
proportion to the fraction of mutant nuclei present. Two of the mutants at other
loci (chr, prd-4) are also incomplete dominants in 1:1 mutant:wild-type hetero-

caryons while three other mutants (prd-1,2,3) have recessive phenotypes.

Interaction between the Neurospora mutants was examined by combining
mutants at two different loci. Such double mutant combinations had periods rang-
ing from 13.7 to 34h and displayed a totally additive effect on period in nearly all of
the cases. Some of the combinations of long-period mutants had periods longer
than the sum of the single mutant lengthening effects, but this did not appear to be
the result of the effect of any one particular mutant. Triple and gquadruple mutant
combinations also expressed an additive effect. One quadruple mutant combination

has the longest period 6f any mutant circadian clock: 58 h.

As described above (§1.1), phase-response curves (PRCs) provide a measure of
the internal state of a clock throughout the course of a cycle. In order to deter-
mine the effects of mutant action on the temporal structure of the Neurospora cir-
cadian clock, the phase-shifting response to short-duration light pulses was meas-
ured in the frg mutants. Compared to the light PRC of wild-type, the duration of
one specific portion of the cycle is altered in the PRCs of all of the frg mutants.
This portion, which corresponds to a 7-h part of the wild-type cycle in the early sub-
jective night, is shortened by 2h in frg-I and by 4.5h in frg-2,4,61 and is
lengthened by 9.5h in frg-3 and 14.5h in frg-7,8 From these results it would

appear that the frg gene functions in only one part of the circadian cycle.

In Drosophila pseudoobscura, five X-linked mutants with arrhythmic eclosion
phenotypes have been isolated (see Bruce 1976; Konopka 1979, 1981). Recombina-

tion and complementation results have shown that these mutants comprise two
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groups. The three mutants of group 1 are totally arrhythmic in constant darkness
(DD) and weakly rhythmic in a light-dark (LD) cycle while the two mutants of group
2 are arrhythmic in both LD and DD conditions. Mutants of either group 1 or R fail
to complement each other but incomplete complementation occurs when group 1
mutants are combined with group 2 mutants as trans-heterozygotes. These later
combinations have a long-period phenotype in DD. All of the mutants are incom-
plete dominants; in mutant/wild-type heterozygotes, period is normal in DD but the

phase of the peak of eclosion is altered in LD.

In Drosophila melanogaster, eleven mutants have been isolated which alter the
period and/or phase of the the circadian rhythms of locomotor activity and eclo-
sion. Six of these mutants have been mapped to a single locus, called per in the
3B1-2 region of the distal X-chromosome (see Konopka 1979, 1981). Two mutant

< completely abolish rhythmicity of both the eclosion and

alleles, per® and per®
locomotor-activity rhythms, pe'rl lengthens the period of both rhythms to about 29
h, while per® shortens period to about 19 h. The locomotor-activity phenotype of a

new long-period mutant (per'?) is very dependent on temperature (see below).

Iﬁ addition to the EMS-induced mutations at the per locus, several different
chromosome aberrations that affect the 3B1-2 region have mutant per phenotypes
(described in Chapter R). Deficiencies of the entire per region and four deficiencies
and one du?lication with 3B1-R breakpoints have arrhythmic clock phenotypes. The
only available translocation with a 3B1-2 breakpoint, 7(1,4)JC43, produces activity-
rhythm records that are totally arrhythmic, very long-period (31-39 h), or tran-

siently long-period before becoming arrhythmic.

Five other clock mutants of D. melanogasier have also been isolated. Two X-
linked mutants, And (described in Chapter 4) and CLeko8, respectively lengthen and

shorten period by about 1.5h. Two autosomal mutants, psi-2 and psi-3, advance
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the phase of eclosion in an LD cycle and lengthen period in DD, while a third auto-
somal mutant, gat, causes the eclosion rhythm to become arrhythmic within three

days after a transition from LD to DD.

All eleven of the clock mutants of D. melanogaster can be characterized as
incomplete dominants since each of these strains has a partial effect on period
length or phase of entrainment when heterozygous with their respective wild-type
allele. While the genetic and functional significance of dominance/recessiveness of
the Chloamydomonas and Neurospora clock mutants decribed above is unclear, in
Drosophila melanogaster, the availability of chromosomal deficiencies and duplica-
tions allows the analysis of gene dosage effects which does allow the characteriza-
tion of mutant gene action. As described in detail in Chapter 3, dosage and comple-
mentation analysis of wild-type and mutant alleles of the per locus suggests that
the short- and long-period mutants alter period by respectively increasing and
decreasing per gene or gene-product activity and that arrhythmic mutant pheno-

types result from very large reductions or the total loss of per activity.

As described above (§1.1), temperature compensation of period is a basic feature
of all circadian clock systems. Several of the D. melanogaster clock mutants have
been examined for their effects on the temperature compensation mechanism (Orr
1982). Between 17° and 25°C the period of wild-type is shortened by 0.3h (from
24.1 to 23.8h), the period of per® is shortened by about 1h (from 19.5 to 18.7 h),
while the period of perl is lengthened by about 3h (from 27.8h to 30.5h). The
period phenotype of perw has even a greater dependence on temperature. At 17°C
period is lengthened to about 2Bh; at 22°C the period of most individuals is
lengthened to about 29h while other individuals are arrhythmic; at 25°C rhythmi-
city is abolished in all but a few individuals (the average period of the rhythmic
individuals is about 30h). The long- and short-period mutations apparently have an

inverse eflect on the temperature compensation mechanism of the Drosophila clock
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but it is unclear whether this is a direct or an indirect effect of the clock defects
producing period alterations in these mutants. In contrast to the large effects of
temperature on the periods of the per mutant alleles, between 17° and 25°C, the

%X is shortened by about the same amount as wild-type (0.3h) while

period of Cl
the period of And is shortened by less than 0.01h. Apparently the CtX% and And

mutations do not affect the temperature compensation mechanism.

The phase-resetting response of the locomotor-activity rhythm to short-duration
light pulses has also been determined for several of the D. melanogasier clock
mutants (Orr 1982). A comparison of the PRCs wild-type, per® and pe'rl suggests
that the short- and long-period mutations alter the period of the circadian clock by
differentially shortening and lengthening one portion of the circadian cycle, that
corr‘esponding- to the light insensitive phase (the subjective day).?® While the period

%59 could not be localized to one portion of the

alterations produced by And and ClL
cycle, the 8h phase delay portion of the circadian cycle does not appear to be

affected by these mutations or by the per® and pe'r‘ mutations.

In addition to their effects on circadian periodicity, the per mutants have been
shown to alter the period of a very short-term rhythm in the male courtship song of
Drosophila in a fashion parallel to that observed for circadian rhythmicity: the per®
allele shortens the normal 54 s period of the song oscillation to 42 s, perl lengthens
period to B2 s, and per® abolishes rhythmicity (Kyriacou and Hall 1980). While not
all aspects of the genetic behavior of the per mutants are identical for both
rhythms (see §3.5), the observation that the per mutants alter both circadian and
ultradian periodicities suggest that the per gene may encode a fundamental clock

function that is commmon to all time-keeping activities in this organism.

20. The frg mutants of Neurospore, which also have both long- and short-period phenotypes, alter a
different portion of the circadian cycle (the early subjective night; see above) compared to the per
mutants, but direct comparison of clock functions coded by these two loci would be premature
without knowing the degree of homology between the clock mechanisms of these two circadian sys-
tems.



-28 -

Recombinant DNA techniques are currently be used in an attempt to identify and
characterize the sequence organization of the wild-type and mutant per alleles (J.
Perlman, personal communication). The molecular localization of the DNA
sequence comprising the per locus will be very much aided by the availability and
phenotypic characterization of several chromosome aberrations with a breakpoint

in the region of the per locus (described in Chapter 2).
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1.7 Tables

Table 1. Chemical treatments that affect circadian clocks:
unknown/nonspecific clock targets

Treatment Organism1 Effect Reference
phase® period®
protists,plants, 5 6 see Engelmann and

Sptcnet anima.ls4p el el Schremph 1980
Aldehydes” Gonyaulaz none D8 Taylor and Hastings 1979
D.O protists,gp]ants. p1o L see Engelmann and

2 animals Schremph 1980
Lit plants, Die T see Engelmann and

animals!! Schremph 1980

hormones:

estradiol Mesocricetus gio Takahashi & Menaker '80

testosterone Mus g Daan et al 1975

melatonin Passer gis Turek et al 1878
neurotransmtrs:

serotonin Aplysia A+D1? Corrent et al 1978

carbachoil” rat pinealao A+D? Zatz 1981
pentobarbital Rattus D Ehret et al 1975
sulfhydral reagents:

pCcMB 18 Gonyaulaz A Hastings 1980

arsenite " A+D bt
acetoazolamidel? Gonyaulaz A+D Sweeney 1978

1 Rhythms:

protists: Gonyaulaz =photosynthesis or stimulated bioluminescence ; Fuglena =phototaxis
plants: Phaseotus, Kalanchoe, Desnonium =leaf or petal movement

animals: Drosophila, Passer (sparrow), Hus (mouse), Mesocricetus (hamster), Peromycus (deer mouse)
= locomotor activity
Rattus = body T°
Aplysia = compound action potential (CAP) activity of optic nerve
pulsed treatment; A =advances, D = delays
continuous application; S =shortening, L=lengthening
e.g. Gonyauloz, Euglena, Phaseolus, Kalanchoe, Desmonium, Peromyscus
in Gonyaulaz; no phase shifts observed in Fuglena
in Gonyculaz and Kalanchoe
formaldehyde, acetaldehyde, butraladehyde and propionaldehyde
possibly advances as well
e.g. Gonyaulazr, Phaseolus, Kalanchos, Aplysia, Excirolana, Drosophila, Peromyscus
10 in Phaseolus, Kalanchog
11  e.g. Phaseolus, Kalanchoe, (Aplysia: Strumwasser and Viele 1980), Leucophea
12 in Aplysie (Eskin 1877,1979)
13  p-chloromercuribenzoate
14 inhibits cabenic anhydrase (changes Co, availability ?)
15 oenlyby0.1-0.3h
18 by?
17 chlolinergic egonist
18 pineal serotonin N-acetyltransferase activity
19 PRCis similar to that for 8-benzylthio-cAMP (Eskin et al 1982; see Table 4)
20 PRCis similar to PRC for light pulses

O DV OWU WD
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Table 2. Chemicel treatments that affect circadian clocks:
Membrane permeability/depolarization effects
Organism! Treatment Effect Reference
phase2 period3
valinomycin A+D Sweeney 1978
Gonyaulaz vanillic acid D Kiessig et al 1979
valinomycin A+D® Koyama and Feldman 1981
Newraspora nystatin A+D® Koyama and Feldman 1981
Gossypium | fusaric acid A+D Sundararajan et al 1978
Kalanchoe abscisic acid D none Schremph 19880
K* A Bunning and Moser 1973
valinomycin A+D Bunning and Moser 1872
FPhaseolus | 4ipitonin S Keller 1960 :
abscisic acid D none Schremph 1980
P— High K* A+D* Eskin '72, Jacklett & Lotshaw '81
oLy strophanthidin’ A+D%*® Eskin 1877b

1 Neurospore (fungus) =conidiation;
Gossypium (cotten) =leaf movement
(see footnote 1 of Table 1 for others)

Nk W

pulsed treatment; A = advances, D =delays
continuous application; S =shortening

similar PRC's (also similar to PRC for light pulses)
similar PRC's (also similar to PRC for light pulses)
phase-shiiting abolished in low Na

Na-K pump inhibitor
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Table 3. Chemical treatments that affect circadian clocks:
Inhibitors of oxidative phosphorylation and/or

Ca**/Mg*™* uptake by mitochondria.

Organism1 Treatment Effect Reference
phase® period®
Gonyaulez | CCmP* D Sweeney 1976
Kalanchee | cyanide D Steinheil 1870
. 5
Phaseolus gjzzia;;de 25 Ma'?er 1981
cyanide D: Eskin and Corrent 1977
dinitrophenol D "
P 423187 D’ o
- Mnt*t D @
2-deoxy-D-plucose D Strumwasser et al 1879a
La%* L Woolum and Strumwasser 1981
Drosophile | anoxia (N,) p8 Pittendrigh 1974
1 scec footnote 1 of Table 1
2 pulsed treatment; D=deleys
3 continuous application; L=lengthening
4 carabonyl cyanide m-chloro phenylhydrazone
5 sirr}’i}_ar PRES: membrane depolarization effect ? (see text)
6 Ca ~ /Mg"" ionuphore
7 similar PRCs
8 possibly advances as well
*e

only 2 phase-points tested
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Table 4. Chemical treatments that affect circadian clocks:
Putative effects on cAMP levels
Organism! Treatment?® Effect Reference
phase® period*
cafleine L Goodenough & Bruce '81
Chlamydomonas theaphylline L =
cafifeine A+D® L Feldman '75; Perlman '81
theophylline L Feldmen '75
Newrospora aminophylline A+DP L Feldman '75; Perlman '81
P isobutylmethylxanthine none L Perlman '81
quinidine A+D® Sid Perlman '81
caffeine A+D? Mayer and Scherer 1875
Phaseolus theophylline A+D? Ii7 Keller '60; Mayer et al '75
papaverin L Keller 1980
CAMP D’ L Bollig et al 1978
Trifolium theophylline A+D L o
imidazole hid none i
8-benzylthic-cAMP A+D® Eskin et al 1982
caffeine Woolum & Strumwasser '81
theophylline none L Sxiommd l HR
Aplysia Woolum & Strumwasser '81
. . Eskin et al 1982
isobutylmethylxanthine none L I ou— T
papaverine A+D® Eskin et al 1882
Ro-20-1724 A "
FRattus theophylline A+D Ehret et al 1975

1 Trifolium = leaf movement rhythm
(see footnotie 1 of Tables 1,2 for others)
2 cafleine, theophylline, aminophylline, isobutylmethylxanthine, papavarin,
and Ro-20-1724 (an imidazolidinone) are phophodiesterase inhibitors;
quinidine is an adenylate cyclase inhibitor;

imidazole is an activator of phosphodiesterase
pulsed treatment; A = advances, D =delays
continuous application; S = shortening, L=lengthening

similar PRCs
by<1h

O DM~ DD @

similar PRCs ???

very similar PRC’s
gimilar to the PRC for serotonin (Table 1)
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Table 5. Chemical treatments that affect circadian clocks:
Inhibitors of RNA and protein synthesis
O:r'gam‘sm1 Treatment® Effect Reference
phiase3 period"'
e Walz and Sweeney 1979
cycloheximide A+D Dunlap et al 1080
Conuaulaz streptimidone A+D Hastings et al 1981
Y N—— D Karakashian & Hastings '63
P ¥ . Hastings et al 19881
anisomycin D Hastings et al 1981
Acetabularia cycloheximide D“ Karakashian & Schweiger '78a,b
puromycin D Karakashian & Schwieger '76a
Buglena cycloheximide L Feldman 1987
Neurospora cycloheximide A% Nekashima et al 1981a,b
Phaseolus cycloheximide A+D Mayer and Knoll 1981
Nicotiana actinomycin D L MacDowell 1984
aflatoxin i Rothman & Strumwasser '78,'77
Aplysia cycloheximide "ot . Rothman & Strumwasser '78,'77
puromycin A+D"8 Rothman & Strumwasser '76,'77
anisomycin A+D8® L Jacklet 1977, 1980a,b

1 Nicoctiena =sap exudation rhythm in roots
Acetabularic (protist) = photosynthesis rhythm
(see footnote 1 of Tables 1,2 for others)
2 cycloheximide, stepaimidone, puromycin, and anisomycin are
inhibitors of protein synthesis on 80S ribosomes;
actinomycin D is an inhibitor of RNA synthesis;
aflatoxin is an inhibitor of both protein (on 80 S ribiosomes) and RNA synthesis

-
e QOO DYDY W

pulsed treatment; A =advances, D = delays
continuous application; L =lengthening
uridine incerp. inhibited by 50-75%; leucine incorp. inhib. by 40-70%
maximuin phase-shifting when leucine incorp. inhibited by > 80%
leucine incorp. inhibited by about 50%
similar PRC's
leucine incorp. inhibited by 80-90%
at only 1 phase-point; rhythmicity abolished at other phases
only 1 phase-point tested
only 2 phase-points tested
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Table 8. Biochentical mutants of Neurospore that affect clock or clock-related functions

allele Biochemical effect Clock Phenotype Reference
respiratory decrease in :
ki mutant? light sensitivity® Brain et al 1877
Tib-1 g - 3 B ’
rib-2 riboflavin auxotroph "5 Paietta & Sargent '81
period (h)
wild-type R1.5
oli” (16-1) oligomycin resistant® 18.5 Dieckmann & Brody '80
oti” (18-3) il 18.5
oli" (16-14) i 18.5
oli” (16-18) 4 19.1
oli® (16-18R45) oli-sensit. revertant 22.2
mediuin period
cys-T cysteine auxotroph7 —— 18.8 Feldman et al 1979
high meth. 22.0
fatty acid
supplement period
none 21.5
8.0 208.1
cel fatty acid 9.0 35.5 Brody & Martins '79;
auxotroph 18:0 21.8 Mattern & Brody '79
18:0 21.7
18:1 26.0
18:2 40.5
18:3 33.0
cel cli” double mutant - 18:2 ~w.t.  Brody & Forman '80
1 also non-mitochondrial cytochrome reduced by 0.84
2 1/50th as sensitive (assayed as threshold intensity for inhibition of banding in constant light)
3 on riboflavin-limiting medium
4 1/B0th as sensitve in damping response (see #2 above): 1/16th as sensitive in phase-shifting response -

(assayed ac dose required to reach maximum phasé-delays)

m~N o

1/4th as sensitive in phase-shifting response (see #4 above)
all alleies affect one of the subunits of mitochondrial ATP synthetase
cyc-4 and cys-12 mutants show similar effects
defective fatty acid synthetase



Table 7. Circadian clock mutants

- D

Organism allele! 1'nu’r.agen2 map loc. perioda dominance Reference
Chlamydomonas | w.t. 23.5-25%
(phototaxis)
90- -5 ? 21 ? Bruce 1972
we, spont. ? 21.5 ? 4
per-1 NG 17 27 domin. Bruce 1974 ;
per-2 NG ? 28.5 recess. Bruce & Bruce '78
per-3 NG ? 26.5 ? "
per-4 NG ? 28 incompl. "
Neurospora w.t. 21.6
(conidiation)
fro-1 NG VIIR 18.5 incompl. Feldman & Hoyle '73
frg-2 a " 19.3 incompl. "
frg-3 " " 24.0 incompl. "
frg-4 " " 19.3 incompl. "
frg-6 t o 10.2 incompl. Gardner & Feldman '80
frog-7 & t 29.0 incompl. 2
frg-8 ki % 28.0 incompl. .
chr NG VIL 23.5 incompl. Feldman et al 1979
pra-1 NG L ¢ 25.8 recess. . Feldman & Atkinson '78
prd-2 uv VR 25.5 recess. Feldman et al 1979
prd-3 uv IC 25.1 recess. "
prd-4 uv ? 18.0 incompl. "
Drosophila w.t 24
pseudoobsura
(eclosion) group I EMS X arrhy. incompl. Pittendrigh 19748
group 2 EMS X arrhy. incompl. "
Drosophila w.t. 24
melanogaster
(eclosion & per’® EMS X:3B1-2 arrhy. incomp1.7 Konopka & Benzer '71
locom. act.) per"‘e . " arrhy. incompl.” Smith & Konopka o
per’ d " 19 incompl. Konopka & Benzer '71
per 4 " 208 incompl. "
perle " 4 30/arr.318 incompl. Orr 1982
perw43 X-ray9 o see 10 incompl. Smith & Konopka 'g1t?
And EMS X:10E2-F1 25.5 incompl. see Chapt. 4
CLi o8 EMS X:distal 22.58 incompl. Orr 1982
posi-2 EMS 1L see #13 incompl. Jackson 1981
psi-3 EMS III see #14 incompl. =
gat EMS II see #15 incompl. "

NG WA

w.t.= wild-type

NG =nitrosoguanidine; EMS = ethyl methane sulfonate

inh
for 5 diflerent w.t. strains

wild-type strain (one of 6 tested)
see also Bruce 1978, Konopka 1979

see Smith and Konopka 1982 = chapter 3
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12
13
14
15
16
17
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eclosion rhythm not tested

from 7(1,4)JC43, however this pcr mutant may have an orgin independent of the X-ray induced 3B1-2 breakpoint
31-39 h and/or arrhythmic activity records (as 1 dose in a female); eclosion is completely arrhythmic

Chapter 3

Chapter 2

eclosion peak is phase advanced by 2-3 h in LD 12:12; 25-26 h eclosion rhythm period

eclosion peak is phase advanced by 3-4 h in LD 12:12; 24-25 1 eclosion rhythm period

eclosion is arrhythmic in DD after 2 d of transient rhythmicity

period is T° dependent; at 25° C, period =30.3 £ 2.3 (n=8) + n=19 are arrhythmic

per 1-4 are unlinked
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Chapter 2

Circadian Clock Phenotypes of Chromosome Aberrations

with a Breakpoint at the per Locus*

* Smith RF, Konopka RJ (1981) Mol Gen Genet 183:243-251
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2.1 Summary

The circadian rhythm phenotypes of eight chromosome aberrations with a break-
point in the region of the per locus (3B1-2) were analyzed. Two duplications and
five deficiencies with a 3B1-2 breakpoint produce either a wild-type or an
arrhythmic clock phenotype while one translocation with a 3B1-2 breakpoint,
T(1;4)JC43, produces locomotor-activity rhythms with either very-long periods (31-
39 hr), rhythms that grade into arrhythmicity, or completely arrhythmic pheno-
types. This is a unique phenotype that had not previously been observed for
mutants at the per locus. An extensive complementation analysis of 3B1-2 chromo-
some aberrations and per mutant alleles provided no compelling evidence for
genetic complexity at the per locus. This is in contrast to the report of Young and
Judd (1978). Analysis of both the locomotor-activity and eclosion phenotypes of
3B1-2 chromosome aberrations did not uncover differences in the genetic control of
these two rhythms. The clock phenotypes of 3Bl-2 chromosome aberrations, the
three per mutant alleles, and per"' duplications suggest that mutations at the per
locus shorten, lengthen, or eliminate periodicity by respectively increasing, decreas-

ing, or eliminating per activity.
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2.2 Introduction

Daily rhythmicity in behavioral and physiological activity has evolved as an adaptive
response to the 24-hour fluctuations in the environment. When these rhythms per-
sist in the absence of environmental cues and have a period of around one day,
they are termed circadian. Genetic analysis of the circadian ''clock” mechanism can
be performed by the isolation and characterization of mutations that alter period
or phase. Circadian clock mutants have been isolated in JDrosophila melanogaster
(Konopka, 1979), Drosophila pseudoobscura (Pittendrigh, 1974), Neurospora (Feld-
man et al., 1979) and Chlamydomonas (Bruce,1976). Of these, only in Drosophila is
it possible to conduct a genetic analysis of the neural mechanisms underlying cir-

cadian behavior.

In Drosophila melanogaster, three mutant alleles of the per locus have been iso-
lated that drastically alter the period of the adult emergence (eclosion) rhythm and
the adult locomotor activity rhythm (Konopka and Benzer, 1971). The per® allele
shortens the normal 24-hr period of both rhythms to about 19 hr, the pe'rl allele
lengthens the period to about 29 hr, while the per® allele completely abolishes
rhythmicity. The per locus maps within one of the most extensively investigated
regions of the Drosophila genome, between zeste and white on the distal X-
chromosome (Konopka, 1972, 1979). Its location, between a lethal complementa-
tion group assigned to band 3Bl and another lethal group assigned to band 3B2
(Young and Judd, 1978) is within one of the few known regions of the Drosophila
genome that contains more than one gene per polytene chromosome band (see

Lefevre, 1974, Judd, 1977).

The existence of several chromosomal aberrations with a breakpoint in the 3B1-2
region (see Young and Judd, 1978) provided us with an opportunity to study the

locomotor activity and eclosion rhythm phenotypes of additional mutational events
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at the per locus and to compare these phenotypes to those of the 3 previously iso-
lated per mutants. An analysis of the clock phenotypes of 3B1-2 chromosome aber-
rations seemed particularly intriguing since these chromosomes have been
observed tc exhibit complexity in their complemenation behavior (Young and Judd,
1978). We report here that an extensive complementation analysis of 3B1-R chro-

mosome aberrations provided no compelling evidence for genetic complexity at the

per locus.
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2.3 Materials and Methods

The cytogenetic extent of the chromosome aberrations used in this study are shown
in Fig. 1. A description of these chromosome aberrations and other mutants of D.
melanogaster used in this study can be found in Lindsley and Grell (1968), Judd et
al. (1972), Young (1975), Young and Judd (1978) and Liu and Lim (1975).
T(1;,4)JC43 also carries an inversion, In(1)3B1-2; 3E3-4 (G. Lefevre, personal com-
munication). Df(1)TEM-202 was kindly provided by Dr. J K. Lim.. All other chromo-
some aberration stocks and the two 2w lethals were kindly supplied by Dr. Burke
Judd. The per® chromosomes were marked with ¥ or w spl or sn? m. The per® chro-

3 m. The perl chromosomes were unmarked or

mosomes carried w spl or ¥y sn
marked with v sn® m. The w'Y chromosome was obtained from a
Df(1)64j4/w™Y/ C(1)DX stock. In the activity-rhythm studies, per™ X-

chromosomes were obtained from a Canton-S (C-S) wild-type strain. In the eclosion

studies, per+ chromosomes were either C-S or FIM7.

Locomotor activity of individual adults was monitored at constant tempera-
ture (+ 0.5°C) in the range 23-25°C and in infrared light using a device similar to
that described previously .(Konopka and Benzer,1971). The wing-tips of most flies
used in locomotor-activity studies were clipped to facilitate movement in the
activity monitor chamber. This operation had no eflect upon rhythm phenotype.
The number of activity events per hour was electronically counted and computer-
plotted. The periods were determined as the average interval between successive
offsets for each cycle. The activity offset was defined as the time at which the fal-
ling edge of the activity peak drops to a point halfway between its maximum and
minimum amplitude, estimated to the nearest half-hour. For all except the very
long-period rhythms, period estimates were obtained from those records showing at

least 6 cycles of rhythmicity. Since the phase of activity offsets of the very long-
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period rhythms were often difficult to assess, the periods of these rhythms were
obtained by periodogram analysis (Enright, 1965) for those records showing at least

4 cycles of rhythmicity.

For the determination of activity and rest durations, periodogram analysis
was used to determine period and form estimates were used to determine the phase
of the activity peaks. The activity onset and offset of each cycle were defined as
that time at which 20% and 95% of the total summed counts of each cycle had
occurred, measured to the nearest hour (Konopka and Orr, 1980). This yields a
measure of alpha (the duration of the active portion of each cycle) which is similar
to that obtained from visual analysis of activity profiles recorded using an
Esterline-Angus event recorder. Some single hourly data points of the raw activity
records were found to have a very large amplitude (larger than twice the maximum
amplitude of the other data points) apparently as the result of continuous blocking
of the light beam by the fly. Since the periodogram and activity-rest duration ana-
lyses are very sensitive to such large amplitude spikes in the data, such points were
replaced by the average amplitude of the two data points immediately preceding

and following this point. No more than 4 such points were averaged in any record.

Eclosion rhythms were monitored in constant darkness and constant tem-
perature using 'bang-boxes”, as described previously (Konopka and Benzer, 1971).
Some of the bang-boxes were generously provided by Dr. Colin Pittendrigh. The
bang-boxes automatically collected flies that emerged each hour; these flies were
subsequently scored and counted. Crosses were reared at the same temperature at
which the eclosion rhythms were monitored (18, 22 or 25°C). Between 18 and 25°C
the variability in the period of the eclosion rhythm of wild-type and the per
mutants is on the order of an hour (Konopka and Benzer, 1971). Most eclosion runs
were conducted at 18°C since this temperature maximized run duration. This

allowed a more accurate estimnate of period than at higher temperatures without
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seriously decreasing the amplitude of the eclosion peaks. The period of the eclosion
rhythm was determined as the average interval between medians of each eclosion

peak, with each median estimated to the nearest half-hour.
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2.4 Results

2.4.1 Activity Rhythm Phenolypes of 351-2 Chromosome Aberrations

Since the chromosome aberrations studied are lethal when homozygous, the clock
phenotypes of 3B1-2 chromosome aberrations were first monitored in combination

© acts as a recessive null allele of the per locus (Konopka and

with per®. Since per
Benzer, 1971), the period phenotype of each of the 3B1-2 chromosome aberrations

should be fully expressed when combined with per®.

A wild-type phenotype (i.e. 24- 25 hr period) was displayed by Df(1)K95, Df(1)w
64d (Table 1) and Dp(z;4)wm65g (Table 3). Figs. Ra and 2b show the locomotor
activity records of individuals of the genotype pero/per+ and per®/Df(1)K95. To
the right of each record is a periodogram, which is a statistical analysis of the
strength of a record’s periodicity. Peaks in the periodogram indicate periodicity in
the data at the designated trial period. The periodograms of both records show a
large peak centered at 24-25 hr and at 48 hr. A large peak at 48 hr and smaller
peaks at 12 and 36 hr which appear in many wild-type periodograms (e.g. Fig. 4a)

represent harmonics of the 24-hr rhythm (Enright, 1985).

Arrhythmic activity phenotypes were produced by deficiencies for the entire 3B1-
2 region, Df(z)wr‘” and Df(1)64f1, and by the 3B1-2 chromosome aberrations
Df(1)6454, Df(1)62d18, Df(1)TEM-202 (Table ) and Dp(z,-B)wm4'9a (Table 3). Figs.
2c and 2d show activity records of individuals of the genotype pera/Df(l)wTJI and
per®/Df(1)62d18. The periodograms of these records show no prominent peaks. In
the case of Dp(1 ,'B)wm{lga', arrhythmicity could be the result of a wild-type per gene
that is inactivated by position-effect variegation rather than of a break within the
per locus since the white, roughest, and Notch loci within the duplicated segment

are varicgated (Lefevre, 1951).
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A unique phenotypic class is produced by a translocation with a 3B1-2 break-
point, T(1,4)JC43 (Table 2). Six of the fourteen T(1,4)JC43/per® individuals moni-
tored displayed 4-8 cycles of very long-period rhythmicity (average period 35 hr).
The variation in cycle length of these individuals was greater than that observed for
other rhythmic phenotypes. The other T(1,;4)/C43/per® individuals showed either
transient long-period rhythmicity that graded into arrhythmicity (designated "long-

arr'in Table 2) or were arrhythmic from the onset of the run.

Very long-period and arrhythmic phenotypes were also observed when
T(1;4)JC43 was combined with any of the deficiencies with an arrhythmic pheno-
type (Table 2). Fig. 3 shows examples of an arrhythmic, a long-arrhythmic and a
very long-period activity record obtained from Df(1)64j4/T(1,;4)JC43 siblings that
were monitored simultaneously. Fig. 3a is a completely arrhythmic record with a
virtually flat periodogram. Fig. 3b shows a record which is weakly rhythmic for 1-2
cycles before becoming arrhythmic, The periodogram shows a broad hump between
2B8-37 hr. Fig. 3c shows a very long-period record which is rhythmic up to the end
of the activity run. The periodogram shows a higher and narrower peak centered at

36 hr.

The X-distal, 4-proximal element of T(1,4)JC43 can be combined with the X-
proximal, R-distal element of T(1;2)EC45 to form a synthetic X-chromosome
deficiency extending proximally from the 3B1-2 breakpoint of 7(1,4)JC43 to the 3CR2
breakpoint of T(1;2)RC45 (Fig. 1, Table 2). Since this synthetic deficiency also
exhibits the very long-pericd and long-arrhythmic phenotypes when combined with
per® (Table 2), that portion of the per locus which is distal to the 3B1-2 breakpoint
of T(1;4)JC43 is sufficient for the production of the very long and long-arrhythmic
phenotypes. Although 7(1,4)JC43 is inviable when homozygous as a result of at

least one lethal mutation proximal to white, the combination xP487ce3;
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xPPreas/ T(1;4)JC43 is viable and exhibits much stronger rhythmicity than
per® /T(1;4)JC43 (Table 2; Fig. 3d). Almost all the individuals of this genotype
displayed very long-period rhythms and none were completely arrhythmic. We have
not been able to construct a synthetic deficiency using the X-distal element of

T(1;4)JC43 that would extend distally from the 3B1-2 breakpoint of T(1,4)JC43.

Of all of the T(1,4)JC43 and XD4PJC43; xP2Prees genotypes that produced very
long-period and long-arrhythmic phenotypes, only one individual of each of the
genotypes Df(1)TEM-202/T(1;4)7C43 and Df(1)64j4,XP4Fic43; xF2PRrC45 was
observed to have a near wild-type phenotype. However, rhythmicity was weak for
both individuals. The pericdograms displayed only a small peak at 25 hr and 23 hr,

respectively (Table 2 and 5a).

Since Young and Judd (1978) observed several examples of complex complemen-
tation behavior for 3B1-2 chromosome aberrations, these chromosomes might show
a different pattern of complementation when combined with the other per alleles.
Complementation tests were therefore performed using the per® and perl mutants.
With the exception of T(1;4)JC43, 3B1-2 chromosome aberrations were found to
exhibit the same pattern of complementation with respect to all three mutant per
alleles. Those 3B1-2 chromosome aberrations that behave as per+ when combined
with per® (Df(1)K95 and Df(1)w” 6"‘td) also behave as per’ when combined with per®
or perl (Table 1). Likewise, those 3B1-2 chromosome aberrations that behave as
per® when combined with per® (Df(1)64j4, Df(1)62d18 and Df(1)TEM-202) also
behave as per® when combined with per® or pe’rl (Table R). The alleles of the 2 lethal
complementation groups flanking the per locus, {(1)zw3 and I(1)zwé6, also behaved

as per” in all of the combinations tested (Table 1).

T(1,4)JC43, however, does exhibit a difference in complementation pattern when

combined with the different per alleles (Table 2). When combined with per®,
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T(1,4)JC43 exhibits weak rhythmicity in its expression of very long-period pheno-
types and thus acts as a hypomorph. When combined with either per® or perl. on
the other hand, 7(1,;4)JC43 behaves as a deficiency for the entire 3B1-2 region, and

thus acts as an amorph.

3B1-2 chromosome aberrations were also combined with per™ to test for dom-
inant mutant effects. All such combinations exhibit a wild-type (24-25 hr period)

phenotype (Tables 1 and 2).

In order to test for complex complementation behavior between two different
3B1-2 chromosome aberrations, complementation tests were performed 1) between
T(1;4)JC43 and all of the deficiencies with a 3B1-2 breakpoint, and 2) for most of
the viable combinations of two deficiencies with a 3B1-2 breakpoint., No examples
of complex complementation behavior were observed for any éf these combina-
tions. Those chromosomes that behaved as pe'r"' when combined with the per
mutant alleles also behaved as per” when combined with T(7;4)JC43 (Table 1) while
those chromosomes that behaved as per® also behaved as per® when combined with
T(1,4)JC43 (Table 8). Similarly, those combinations which included at least one of
the two deficiencies with a wild-type activity phenotype, Df(1)w’ 644 and Df(1)K95,
also exhibited a wild-type phenotype (Table 4a; Fig.4a) while those combinations
which included only deficiencies with an arrhythmic phenotype, Df(1)64j4,
Df(1)62d18, and Df(1)TEM-202, also produced arrhythmic phenotypes (Table 4a;

Fig. 4b).

2.4.2 Fclosion Rhythm Phenotypes of 351-2 Chromosome Aberrations

The eclosion phenotypes of various 3B1-2 chromosome aberration genotypes were
monitored tc detect differences in the genetic controel of the eclosion and activity

rhythms. Tables 4b and 5 show that with the exception of those T(1;4)JC43 geno-
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types that showed the long-arrhythmic phenotypes, all of the genotypes monitored
displayed an eclosion phenotype which corresponds to its activity rhythm pheno-
type. Figs. Ba-d show examples of wild-type and arrhythmic eclosion profiles pro-
duced by the 3B1-2 chromosome aberrations, Df(1)w’ 64d ynd Df(1)64j4 and by the
combinations Df(1)64j2/D0f(1)w %%¢ and Df(1)64j4/Df(1)TEM-202. Young and
Judd (1978) reported that the combination Df(1)w’ 64d /Dr(1)6454 produced a long-
period (28-hr) eclosion profile. We found that this genotype produces a wild-type

phenotype for both the activity and the eclosion rhythm (Table 4b; Figs. 4a and 5c).

T(1;4)JC43 was the only chromosome that did not produce similar eclosion and
activity rhythm phenotypes. Those T(1,;4)JC43 genotypes that exhibited very long-
period and long-arrhythmic activity phenotypes exhibited completely arrhythmic
eclosion profiles (Table 5). For example, the genotype Df(1)64j4/T(1;4)JC43
showed no evidence of long periodicity in its eclosion profile (Fig. 6a), while the
internal control population which eclosed simultaneously in the same bang-box

(Df(1)64j4 /per™ siblings) showed 4 cycles of wild-type rhythmicity (Fig. 6b).

The eclosion rhythms of most of the genotypes shown in Tables 4b and 5 were
also monitored at 25°C in order to determine if there were any significant
differences between the eclosion and activity phenotypes as a result of differences
in temperature at which the rhythms were monitored (activity at 24°C; eclosion at
18° or 22°C). Since only 2-3 cycles per eclosion run can be monitored at this tem-
perature, period could not be accurately assessed and thus the eclosion rhythms at
25°C were only characterized as rhythmic or arrhythmic. No difference in the eclo-

sion rhythm phenotypes at the different temperatures were detected on this basis.
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2.4.3 Dosage Senitivity of the per Locus

Young and Judd (1978) reported that pe'r"' males carrying one of several different
duplications of the entire 3B1-2 region showed an altered locomotor activity pheno-
type in which the duration of the active portion of each 24-hr cycle (called alpha)
was lengthened from the normal 12 hr to 19-20 hr of activity. These pe'r+ duplica-
tions were not reported to have any effect on period length. We have re-examined
this dosage-sensitive phenotype and found no consistent effect of per+ duplications
on alpha. In order to control for the eflects of differences in genetic backgrounds

3 m., and two different pe'r"'

we have studied two different per™ stocks, ¢-S and w sn
duplications, w*Y and Dp(1;3)w87%27 (Table 8). Both of the per’ duplications pro-
duced a wild-type phenotype when combined with per® (Table 3). When w’Y was

+

combined with a C-S per™ chromosome, we observed that alpha was shortened (p

<.001) rather than lengthened. However, when w¥Y was combined with a per+ w

sn’® m chromosome, we observed no significant effect on alpha. There was also no

BPET on alpha. Young and Judd

significant eflect of the per™ duplication Dp(1,3)w
(1978) also reported that wty produces an arrhythmic phenotype when combined
with Df(1)64f1 or Df(1)K95. However, we find that both of these genotypes have a
wild-type phenotype for both the locomotor-activity and eclosion rhythms (Table 7

and Figs. 4c¢,d).

Although we found no consistent effects of per"’ duplications on alpha, we found
that both per+ duplications tested shortened period by approximately 1-hr in all

combinations tested (Table 6).
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2.5 Discussion

We have shown that two duplications and five deficiencies with a 3B1-2 breakpoint
produced either a wild-type or an arrhythmic clock phenotype while one transloca-
tion with a 3Bl-2 breakpoint, T(1;4)JC43, exhibited very long-period and
arrhythmic activity phenotypes. The wild-type clock phenotypes of Df(1)K95,
Df(1)w 4% and Dp(1 +4)w™%% appear to result from a breakpoint within the 3B1-2
interval but outside of the per locus. Since arrhythmic phenotypes are produced by
deficiencies for the entire 3B1-2 region, the arrhythmic phenotypes of per®,
Df(1)64j4, Df(1)62d18, Df(1)TEM-202 and Dp(1:3)w™*% would appear to be the

result of genetic alterations that completely block per function.

If arrhythmicity results from the total lack of per function, the weakly rhythmic
and arrhythmic phenotypes produced by 7(1,;4)JC43 would appear to be the result
of drastic reduction of per activity. Such an effect of T(1,;4)JC43 on per activity is
consistent with the observation that two doses of xP4Prcas (in the combination
xP4Prca3; xF2Prces, T(1;,4)JC43) produced stronger rhythmicity than one dose
of XP4F7c23 or T(1;4)J7C43. If the reduction in per activity of 7(1,;4)JC43 is the
result of the 3B1-2 breakp;)int. rather than a separate (e.g. co-induced) point muta-
tion within the per locus, it would be one of the very few known cases in Drosophila
of a chromosome aberration producing a rs_aduction, rather than complete elimina-

tion, of gene activity (see Lefevre, 1973, 1974; Spradling, 1980).

Greatly reduced levels of per activity for T(1,4)JC43 could account for the
differences in patterns of complementation when this chromosome was combined
with the 3 mutant per alleles. T(1;4)JC43 behaved as a extreme long-period allele
when combined with per? or the arrhythmic deficiencies, but behaved as a null
allele when combined with either pers or perl. It is possible that a greatly reduced

level of per activity is sufficient to produce weak rhythmicity when T(1;,4)JC43 is
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combined with a null per allele but is not sufficient to influence the activity levels of

the other per alleles,

In their mapping study of the per locus, Young and Judd (1978) examined the
eclosion rhythm phenotypes of five 3B1-2 chromosome aberrations (7(1,4)JC43,
Df(1)K95, Df(1)w" 64d Df(1)64j4, and Df(1)62d18) when in combination with one
another and with per®. Since we found that the period phenotypes of several of the
genotypes observed in our locomotor activity study did not correspond to the eclo-
sion phenotype reported by Young and Judd, we re-examined the eclosion pheno-
types of 3B1-2 chromosome aberrations using methods that would more accurately
estimate period (see Methods section). Of those genotypes in common, our eclosion
results are comparable to those of Young and Judd except for the one case in which
they observed unusual complementation behavior. Young and Judd report that the
combination Df(1)w” 54d/Df(1)6‘4j4 displayed a long-period (28 hr) eclosion rhythm
while we observed that this genotype displayed a wild-type phenotype for both the
eclosion and activity rhythms (Table 2B). In fact we found no significant differences
between activity and eclosion rhythms for any of the genotypes in which both
rhythms were monitored, .except for T(1,4)JC43. In the case of T(1,;4)JC43, the
apparent difference in phenotype between rhythms (very long-period and
arrhythmic activity phenotypes vs. completely arrhythmic eclosion phenotypes) is
most likely the result of two properties of the very long-period and long-arrhythmic
phenotypes which could mask its expression in the eclosion rhythm. First, most of
the individuals of this phenotypic class are either arrhythmic from the onset of the
run or become arrhythmic shortly thereafter. Since an eclosion profile is obtained
from a population, an arrhythmic majority could mask the expression of a
rhythmic minority. Second, in order to show a rhythmic eclosion pattern, the indi-
viduals of the population must not only be rhythmic, but the individuals must have

similar period and phase. Since those individuals which exhibit the very long period
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phenotype are variable in both period and phase, the rhythm of a population of

such individuals would be less rhythmic than each individual rhythm.

We could not confirm Young and Judd’s (1978) report that the addition of a pe'r+
duplication to a wild-type male significantly increased the duration of the active
portion of each cycle. Since we found no consistent effects of pe'r+ duplications on
the alpha of wild-type strains using our method of analysis , the complex comple-
mentation pattern for dosage sensitivity observed by Young and Judd for 3B1-2
chromosome aberrations may not be a reflection of genetic complexity at the per
locus. In contrast to Young and Judd (see also Young, 1975; Judd, 1977), we
observed no cases of inconsistent complementation behavior in any of our studies

and thus found no compelling evidence for genetic complexity at the per locus.

Although we found no consistent effects of per+ duplications on alpha, we did
find that an additional per"' dose in wild-type males did shorten period length by
about 1 hr. This result, along with the observation that arrhythmicity is the null
phenotype and our suggestion that weak rhythmicity of T(1,4)JC43 is the result of
a drastic reduction in per activity, suggests that the per alleles per®, perl and per®
alter period by respectively increasing, decreasing, or totally eliminating the quan-
tity or activity of the per gene product. A detailed dosage analysis of the per locus

supports this hypothesis (manuscript in preparation).

In summary, we find that 7(1;4)JC43 produces a unique activity rhythm pheno-
type that had not previously been observed for mutants at the per locus. An exten-
sive complementation analysis of 3B1-2 chromosome aberrations provides no com-
pelling evidence for genetic complexity at the per locus. Analysis of both the
activity and eclosion phenotypes of 3B1-2 chromosome aberrations did not uncover
differences in the genetic _control of these two rhythms. Thus either a single clock

system controls both rhythms or the action of the per gene is similar for both clock
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systems. The clock phenotypes of 3B1-2 chromosome aberrations, the three per
mutant alleles, and per+ duplications suggest that mutations at the per may alter

period by increasing as well as decreasing per gene or product activity.
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2.7 TFipures

Fig. 1. Schematic representation of the zeste-white region of the distal X-
chromosome (based on Lefevre 1978) showing the cytological extents of the chro-

mosome aberrations used in this study.
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Fig. 2. Locomotor activity phenotypes of the following X-chromosomes (assayed

when heterozygous with per®): a) per™, b) Df(1)K95, c) Df(l)wr'”. d) Df(1)62d18.
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Fig. 3. Activity rhythm phenotypes of 7(1;4)JC43. a-c) activity phenotypes of
siblings of the genotype Df(1)64j4/ T(1;4)JC43 ranging from totally arrhythmic (a)

to = 6 very long-period cycles (c¢); d) very-long period phenotype of a xXP4Frcas;
xP2PRrea5, T(1:4)7C43 individual.
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Fig. 4. Activity rhythm phenotypes: a,b) deficiency combinations
Df(1)64j4,Df(1)w 4% and Df(1)64j4/Df(1)62d18; cd) Df(1)64f1/w*Y and

Df(1)K95/w™Y.
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Fig. 5. Eclosion rhythm phenotypes: a,b) Df(1)w 64d and Df(1)6474 (assayed when
heterozygous with per®); c,d) deficiency combinations Df(1)64j4/Df(1)w” %% and

Df(1)64j4/ Df(1)TEM-202.



ECLOSIONS / HOUR

617

a

18+

b

81+

Cc

- 73 -

BB-1578 PER®/ Dft1Iw" PERIODO%RHML
/*/\A A

BB-1838 PER®/ Df (1) B4ja PERLODOGRAM
V

T I I i I I I
BB-16UR Df (1) 844 / Df (1) W-.f'md PERIBDOGRAM
k IIIIIII'II LA LR RARARRAERANI IIIIHIIILIHIHHI
BB-231A Df(nB4ja / DFMTITEM-202 Psmoooqoaﬂm

WWWMWW

N Y
T [T T O O T T T (T RO I T T T oo oY

/\/\f/\MW\/

DAYS



- 74 -

Fig. 6. Eclosion phenotype of 7T(1;4)JC43: a) arrhythmic profile of
Df(1)6454/ T(1;4)JC43 (cf. Fig. 3); b) rhythmic eclosion profile of the internal con-

trol, siblings of the genotype Df(1)64j4/per™.
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2.8 Tables

Table 1. Activity rhythm phenotypes: complementation behavior of X- chromosomes that behave as pert
when combined with per®. (Period in hr)

per® T(1,4)JC43 per® perl pert
period + s.d. n | period n | period n | period period n
per* 248 £ 0.2 9250+ 03 ©|215+ 02 10| 248+ 0.8 242+ 0.2 13
Df(1)K95 || 25.2 + 0.3 6|25.1+02 6|21.7+04 7257+ 0.5 245+ 02 6
Df(i)w 4% || 24.9 + 0.4 16 | 244+ 03 5 | 214+ 04 122522+ 0.3 239+ 02 6
1(1)zw3™® |l 255+ 0.2 6257+ 03 822104 B8 . 248+ 04 7
1(1)zw6™% || 258 + 0.4 8|255+02 4(21.9+05 5 - 249+ 02 6




Table 2. Activity rhythm phenotypes:

phenotype when combined with per®
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complementation behavior of X-chromosomes that exhibit a mutant

0

S

i

4

per T(1,4)JC43 per per per
period + s.d. n | period n | period n | period n | period n
352+32 8
per® arrhythmic 18 | long- arr® 5/192+ 04 4308+ 1.3 5°(248z+ 0.2 9
arrhythmic 3
TJ1 : long- arr 8
8 . . . J ; .
Df(1)w arrhythmic 1 . el S 202 + 0.2 8 (303+08 7 |251+ 0.1 5
38.0 1
Df(1)64f1 arrhythmic 13 | long-arr 6 | 203+ 0.2 8 304+04 4 |254+ 03 10
arrhythmic 12
34.1+ 2.8 8
Df(1)6454 arrhythmic 19 | long-arr 71198+ 0.3 8 301+12 6 |[25.1+ 03 7
arrhythmic 4
3256 + 2.1 2
Df(1)62d18 arrhythmic 10 | long-arr 71195+ 03 10 - 245+ 0.2 7
arrhythmic 3
25.0 1
. . 33.9+ 23 4 .
Df(1)TEM- 202 || arrhythmic 10 g ey . 19.7 + 0.2 7 24.8 + 0.3 6
arrhythmic 8
35.2 + 3.2 8
T(1;4)JC43 long- arr® 5 | (lethal) 20.3 £ 0.2 71295+08 7 |25.0+ 0.3 9
: arrhythmic 3| -
D P o 33.5 2 ;
X4 JC435; long- arr 2 132"’ = 0.8 lg - - 24.4 + 0.4 8
xP2Preas arrhythmic g | “omg- B

a
b

Transient long-period rhythmicity (1- 3 cycles) that graded into arrhythmicity

From Konopke and Benzer (1971)
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Table 3. Activity rhythm phenotypes of
X-chromosome duplications when present
in per® males

Genotype pericd + s.d. n
pero/ Y arrhythmic 25
pero/w+Y 23.7 + 0.3 12
per® /Y ; Dp(1;3)w8%%7 234+ 02 11
per® /Y Do(1;4)w™0%9 235+ 0.2 8

per® /Y ; Dp (1;5)7.0"‘49"' arrhythmic 10
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Table 4. Complementation behavior of combinations of deficiencies with a 3B1-2 breakpoint

Activity Rhythm Eclosion Rhythm®
Df(1)64j4 Df(1)K95 Df(1)64j4 Df(1)K95
period £+ s.d. n | period n || period + s.d. cy19111€1’1S/ period cyl‘?lll%S/
Df(1)w 644 24.8 + 0.4 11 {241+ 04 7| 244+ 05 8 24.1 £ 1.0 4
2d18 hythmi 19 | 25.2+ 0.3 11 | ®Thythmic 5 . :

Df(1)62d1 arrhythmic + 1 i s 3b 248 + 0.3 4
Df(1)TEH-202 || arrhythmic 15 - arrhythmic 7 -

D P 3 23.0 1

X747 JC45, long-arr 1 - - -

xF2Preas arrhythmic 8
a 18°C

b 22°C
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Table 5. Eclosion rhythm phenotypes: complementation behavior of 3B1-2 chromosome
aberrations. (18°C)

per® T(1,4)JC43 per® (FM7)
les/ les/ 1
period * s.d. cyrcu%s period cy19u?1s period cyz?u%S/
o 24.7 £ 0.7
per” (C-S) 248 + 0.8 7 24.9 + 0.5 8 241+ 1.0 b
Df(1)K95 gg;: ‘1’-8 Z 24.6 + 0.4 8 245+ 0.0 4
Df(1)w 642 gz-g = g-g ; 24.0 £ 0.7 8 238+ 07 6
1(1)zw3™® 258+ 1.2 g4 25.3+ 0.8 G o 25.3 + 0.8 3?
1(1)zw6™ 18 255+ 1.5 3* | 257+ 06 38 243+ 1.9 38
0 a"iythml? g arrhythmic 8 249+ 1.7 4
per :;;hﬁﬁz M arrhythmic 3° 245+ 1.4 2°
Df(1)w™! arrhythmic 8 arrhythmic 3% 24.8 + 3.9 2
Df(1)64f1 arrhythmic 8 -- --

. arrhythmic 6 arrhythmic 4 25.0 + 1.0 3
Lritags arrhythmic 4 arrhythmic 4° 24.7 + 0.8 38
Df(1)62218 arrhythmic 5 arrhythmic 4% | 24.7 +1.3 3¢

arrnythmic 5
Dy(1)TEM-202 || arrhythmic 7 -- --
T(1;4)JC43 ol ﬁggﬁg ga (lethal) 240+ 0.7 6
a 22°C

b (C-5/C-5)
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Table 6. Activity periods and alphas {(in hr) of wild-type males with or
without an additional ger dose

Genotype '%igseg; period? + s.d. alpha + s.d. n
pert (- 8) /Y 1 24.0 £ 0.4 14.8 + 0.9 12
pert (¢-8) swtY 2 232+ 04"  117: 22" 21
pert (wsn®m) s Y 1 23.7 + 0.3 18.2 + 1.8 8
pert (wsnlm) s wtY g 220+ 04" 137+ 21 10
per’ (wsn’m) /Y, 2 226%02" 130: 03" @

Dp (],.3)w6'7k27

a Determined from activity ofisets
*» p<.001
Ns Not significant
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Table 7. Activity and eclosion rhythm periods

Activity Rhythm Eclosion Rhythm
; . cycles/
Genotype period + s.d. n | period + s.d. run
Df(1)64f1 swt Y| 24.1 £ 04 16 | 24.2 + 0.8 8

Df(1)k95 swt Y|l 23.7 + 0.6 14 | 237+ 0.8 5
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Chapter 3

Effects of Dosage Alterations at the per Locus
on the Period of the Circadian Clock of Drosophila *

* Smith RF, Konopka RJ (1882) Mol Gen Genet 185:30-36
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3.1 Summary

The normal 24-h period of the circadian rhythms of locomotor activity and eclosion
of Drosophila melanogaster is altered by changes in per gene dosage. Females with
only one dose of per® or per® (the 19-h short-period mutant allele) or pe'rl (the 29-h
long-period mutant allele) have periods which are about 1-2 h longer than the
corresponding females with 2 doses. Females with 3 doses of per+ and males with 2
doses of per® or per® have periods which are % to 1 h shorter than the correspond-
ing individuals without the extra dose. Males with three per’ doses have periods
which are about 1.5 h shorter than wild-type males; additional per* doses do not
shorten period further. The observation that decreased per dosage lengthens
period while increased dosage shortens period suggests that the long- and short-
period mutations alter period by respectively decreasing and increasing per gene or
gene product activity. The per™ dosage results and the complementation behavior
of per® indicate that the hypermorphic phenotype of per® results from increased
activity of the per® gene product rather than an overproduction of pe’r"’ product.

This is the first report of such a mutant action in Drosophila.
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3.2 Introduction

In Drosophila melanogasier, several EMS-induced mutations that alter the normal
24-h period of the circadian rhythms of locomotor activity and eclosion have been
mapped to a single locus in the 3B1-2 region of the distal X-chromosome. Two
mutant alleles, per® and pe'r"g. completely abolish rhythmicity, perl and perw both
lengthen period to about 29 h, while per® shortens period to about 19 h (Konopka
and Benzer 1971; Konopka 1972, 1979 and unpublished results). In addition,
several chromosome aberrations with a breakpeint in the 3B1-2 region have mutant
per phenotypes (Young and Judd 1978, Smith and Konopka 1981). Deficiencies of
the entire per region and four deficiencies and one duplication with 3B1-2 break-
points have arrhythmic clock phenotypes. The only available translocation with a
3B1-2 breakpoint, 7(1,4)JC43, produces activity-rhythm records that are totally
arrhythmic, very long-period (31-39 h), or transiently long-period before becoming
arrhythmic (Smith and Konopka 1981). The per mutations are particularly
interesting in that they can cause period changes in both directions away from the
wild-type period as well as the elimination of periodicity. Arrhythmic alleles appear
to be null mutants since they behaviorally and genetically act as a deficiency of the
per locus. In this paper we present the results of a dosage and complementation
analysis of wild-type and mutant per alleles which indicate that long- and short-
period mutations alter period by respectively decreasing and increasing per
activity. In addition our results suggest that the hypermorphic phenotype of per®
results from increased activity of the per® gene product rather than an overproduc-

tion of per” product.



- 886 -
3.3 Materials and Methods

The per mutants used in this study are described in Konopka and Benzer (1971)

o mutation was

except for per°2 which has not been previously described. The per®
isolated from a screen for X-linked locomotor-activity mutants. Mutagenesis was
conducted as described previously (Konopka and Benzer 1971) and stocks were
examined for ones with abnormal activity phenotypes. An arrhythmic strain was

isolated and complementation and mapping tests identified this mutant as a second

arrhythmic per allele.

The pert per® and per® per® tandem duplications were derived from Dp(1,1)w,108
as described in the footnote to Table 4. The tandem duplications Dp(1,1)w,108 and
Dp(1,;1)w,129 and the tandem quintuplications @n(1;1)w,126 and @n(1;1)w,144 (all
derivatives of Dp(1;1)w ) were generously provided by Dr. E.B. Lewis. All other dupli-
cation and deficiency strains were generously provided by Dr. Burke Judd. A
description of the chromosome aberrations and other mutants used in this study

can be found in Lindsley and Grell (1968) and Young and Judd (1978).

Locomotor-activity rhﬁhms of individual Drosophile melanogasier adults and
the eclosion rhythms of populations of individuals were monitored and periods cal-
culated as described previously (Smith and Konopka 1981). Locomotor-activity
rhythms were monitored at constant temperature (+ 0.5° C) in the range 23-25° C.
Eclosion rhythms were monitored at 18° C in order to maximize run duration (see
Smith and Konopka 1981). In this study the locomotor-activity periods of some
genotypes were obtained from records showing a minimum of 5, rather than 6,

cycles of rhythmicity.
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3.4 Results
8.4.1 Effecls of Genetic Background on Period

Wild-type doses of the per locus can be added to and subtracted from genotypes
using X-chromosome duplications and deficiencies of the 3B1-2 region. Several
different deficiencies, duplications, and wild-type chromosomes were used in the
dosage studies in order to determine and control for the effects of genetic back-
ground on period. The activity-rhythm periods of these chromosomes are shown in
Table 1. The periods of two per’ strains are not significantly different (Table 1, a vs.
b). When two deficiencies of the per locus, Df(])wr‘” and Df(1)64f1, and the two

% are combined with the w*Y duplication of the

arrhythmic alleles, per® and per®
per locus, the resulting periods are also not significantly different from the C-S
wild-type strain (Table 1, a vs c-f). The period phenotypes of three duplications
used in this study were assayed when combined with per®, which acts as a recessive
null mutation of the per locus (Konopka 1972, Smith and Konopka 1981). One of
these duplications, Dp(z,'3)w67k27, did produce a significantly shorter period than
wild-type (Table 1h). Part of this difference appears to be the result of a shortening
of period produbed by the genetic background of the per® strain since all three
combinations of per® and a duplication displayed periods slightly shorter than the
C-S wild-type strain (Table 1f-h) and shorter than both deficiency/w*Y combina-
tions ( Table 1c,d). Thus there appears to be 1) a 0.3 h period difference between

6727 and the other two duplications, and 2) a

the genctic backgrounds of Dp(1,;3)w
0.4-0.5 h difference between the genetic backgrounds of per’ and t<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>