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TIMELESS: A link between fly’s circadian and photoperiodic clocks?
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Abstract. Potential involvement of circadian clock genes in so far unknown mechanism of photoperiodic time measurement is an 
important question of insect life-cycle regulation science. Here we report about the cloning of full-length cDNA of the structural 
homologue of the Drosophila's timeless gene in Chymomyza costata. Its expression was compared in two strains: a wild-type strain, 
responding to short days by entering larval diapause and a «pd-mutant strain, showing no photoperiodic response. The timeless 
mRNA transcripts were not detectable by Northern blot analysis in the fly heads of «pd-mutants, while they were detectable and 
showed typical daily oscillations in the wild-type strain. After disrupting the normal process of timeless transcription in the wild-type 
strain by injection of timeless double-strandRNA into early embryos of wild-type (RNAi method: Kennerdell & Carthew 1998, 
2000), a certain proportion of the individuals adopted a «pd-mutant phenotype, showing no-diapause in response to short-daylength. 
Cloning of genomic DNA fragments revealed that «pd-mutants carry a different allele, timeless"1“1, with a 13-bp insertion in an intron 
positioned within the 5'-leader sequence. Genetic linkage analysis showed that the 13-bp insertion (a marker for timeless"1“1) and the 
absence of response to short days (a marker for «pd-phenotype) are strictly co-inherited in the F2 progeny of the reciprocal crosses 
between wild-type and «pd-mutant flies. Such results indicated that the locus «pd could code for the timeless gene in C. costata and 
its product might thus represent a molecular link between circadian and photoperiodic clock systems in this fly.

INTRODUCTION

Circadian clock systems allow organisms to anticipate 
daily changes in environmental factors and appropriately 
tune their physiological state. Within the past three dec­
ades, starting with identification of the period gene locus 
in Drosophila mela«ogaster (Konopka & Benzer, 1971), 
enormous progress has been made in describing the 
molecular details of circadian clocks in cyanobacteria, 
fungi, plants, insects and mammals (for review see: Dun­
lap, 1999; Harmer et al., 2001).

The photoperiodic time measurement system (photope­
riodic clock) perceives seasonal change of day-length or 
night-length (for recent reviews on photoperiodism in dif­
ferent organisms see: Samach & Coupland, 2000; Gold­
man, 2001; Roenneberg & Merrow, 2001; Suzuki & 
Johnson, 2001; Wehr, 2001), which signals for seasonally 
cycling deterioration of conditions for life/development 
and allows organisms to prepare in advance, by entering 
diapause state in insects, for example (Denlinger, 2000, 
2002; Saunders, 2002). Physiological mechanisms of the 
photoperiodic time measurement system remain obscure. 
Part of the scientific community accepts that certain ele­
ments with circadian oscillatory nature may be function­
ally involved in photoperiodic clocks. This hypothesis, 
formulated first by Bunning (1936) for plants, has later 
received support from other organisms including insects 
(Saunders, 2002). Nevertheless, the evidence so far gath­
ered is not conclusive enough (Tauber & Kyriacou, 2001; 
Veerman, 2001).

A central question in the study of physiological basis of 
photoperiodism is whether the known molecular elements

of circadian clocks may serve as functional parts of pho­
toperiodic clock system. In insects, Saunders et al. (1989) 
analyzed photoperiodic response (diapause induction) in 
D. mela«ogaster carrying different mutant alleles of the 
period locus. They found that a double deletion of the 
period gene failed to prevent the ability of female flies to 
discriminate between long and short days. However, 
genetic dissection of geographical variation in diapause 
and eclosion rhythmicity in a closely related fly, D. lit- 
toralis, implied that the same central clock may be used 
for photoperiodic and circadian time measurements 
(Lankinen, 1986). More recently, Goto & Denlinger 
(2002) reported that the amplitude and phase of period 
and timeless expression is affected by photoperiod in Sar- 
cophaga crassipalpis fly heads. Experiments with mam­
mals showed that some of the elements of central 
circadian clock (mPer, tau) might directly participate in 
decoding photoperiodic time (Loudon et al., 1998; 
Majercak et al., 1999; Messager et al., 1999; Nuesslein- 
Hindelsheim et al., 2000; Sumova et al., 2002).

In the light of above information, we started an effort to 
elucidate the potential role of circadian clock genes in 
photoperiodism of the fly, Chymomyza costata (Diptera: 
Drosophilidae). The mature larvae of the wild-type (Sap­
poro) strain of the fly enter diapause in response to sub­
critically short days or low temperature (Riihimaa & 
Kimura, 1989; Kostal et al., 2000a). In 1983, Riihimaa & 
Kimura (1988) succeeded in selecting a mutant strain of 
flies which did not respond to a photoperiodic signal but 
were able to enter diapause at 11°C; the authors named 
the strain as NPD (Non-Photoperiodic-Diapause). Later,
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the rhythmicity of adult eclosión was studied and genetic 
dissection experiments confirmed that the non-
photoperiodism and eclosion arrhythmicity in the NPD 
strain were caused by mutation in a single autosomal gene 
locus npd (Riihimaa & Kimura, 1989; Riihimaa, 1996; 
Lankinen & Riihimaa, 1992, 1997). Formal analysis of 
the photoperiodic clock's function in C. cosíala revealed 
that an element with a circadian-oscillatory nature partici­
pates in photoperiodic time measurement (Yoshida & 
Kimura, 1995; Kostal et al., 2000b). Shimada (1999) 
sequenced the per homologue in C. cosíala and found 
that the NPD flies have a 6-bp deletion site (deleting two 
amino acids) in the coding region, in addition to a few 
other point mutations (see accessions Nos. AB014476 
and AB014477 in DDBJ/EMBL/GenBank database). 
These mutations were found to be primarily neither 
responsible for the loss of the eclosion rhythm nor for the 
loss of photoperiodic response in NPD strain. Neverthe­
less, the daily and circadian oscillations of the per gene 
mRNA abundance, that were detected in the Sapporo 
strain, were lost in the NPD strain, which suggested an 
impaired function of the central circadian clocks in npd- 
mutants (Kostal & Shimada, 2001). The gene limeless 
codes for a protein (TIM), which forms a heterodimer 
with PER within the cytoplasm of Drosophila clock neu­
rons; together they translocate to the nucleus where they 
repress their own transcription with the help of two 
dimerizing transcription factors, CYCLE and CLOCK, 
binding to E-box sequences in the period and limeless 
promoters. Such a negative feedback loop forms the core 
of the central circadian clock in Drosophila (Sehgal et al., 
1994; Allada et al., 1998; Darlington et al., 1998; Rutilla 
etal., 1998).

Here we report an introductory analysis of the structure 
and expression of the gene limeless in two strains of C. 
cosíala (Sapporo and NPD). We found that the mRNA 
transcripts of C. coslala's structural homologue of Droso­
phila's limeless gene are not detectable by Northern blot 
analysis in the NPD strain fly heads, while they are 
detectable and show typical daily oscillation in the Sap­
poro strain. After disrupting the normal process of lime­
less transcription in the Sapporo strain by the mean of 
RNA interference methodology (RNAi, Kennerdell & 
Carthew 1998, 2000), a certain proportion of the indi­
viduals that were treated with limeless dsRNA adopted a 
npd-mutant phenotype, showing no-diapause in response 
to short daylength. Comparing the sequences of the 
genomic DNA fragment between the two strains revealed 
that the npd-mutants carry a different allele, limelessnpd, 
with numerous point substitutions and a 13-bp insertion 
in an intron positioned within the 5’-leader sequence of 
the mRNA. Genetic linkage analysis showed that the 
13-bp insertion (a marker for limelessnpd) and the absence 
of response to short days (a marker for npd-phenotype)

are strictly co-inherited in the F2 progeny of the recip­
rocal crosses between Sapporo and NPD flies. Such 
results indicate that the gene timeless might play a direct 
role in photoperiodic induction of diapause in C. costata 
and its product might thus represent a molecular link 
between the circadian and photoperiodic clock systems.

MATERIALS AND METHODS 

Insects
Two strains of Chymomyza costata were used for 

experiments: a wild-type (Sapporo) strain originally collected in 
Sapporo (43°N), Japan in 1983; a non-photoperiodic-diapause 
(npd)-mutant strain (NPD) which was isolated by Riihimaa & 
Kimura (1988) from wild-type flies collected in Tomakomai 
(42.3°N), Japan. Larvae, pupae and adults were cultured on an 
artificial diet of Lakovaara (1969) under a constant temperature 
of 18°C and a short-day (SD) photoperiod (10h light: 14h dark­
ness) that induces larval diapause in 100% of the population of 
Sapporo strain but no-diapause in the NPD strain.

DNA, RNA extractions
Genomic DNA was extracted by homogenization of whole 

adults in DNAzol Reagent (GibcoBRL) using the manufac­
turer's instructions. Precipitated DNA was dissolved in water.

For total RNA extraction, adults were frozen on a metal block 
submerged in liquid nitrogen. Their heads were separated, RNA 
extracted by homogenization in ISOGEN (Nippon Gene, Japan) 
using the manufacturer’s instructions, and dissolved in DEPC- 
treated water. Traces of DNA in total RNA samples were 
digested with DNase I (Roche), purified total RNA was isolated 
using standard phenol/chloroform extraction and re-dissolved in 
DEPC-treated water. Total RNA was extracted also from whole 
white puparia (freshly pupariated larvae, before formation of 
pupa), either from non-injected controls or from the “positive” 
individuals injected with timeless dsRNA in the RNAi experi­
ment (see below).

Cloning of timeless and fi-tubulin homologues, preparation of 
probes for Northern blot analysis

The timeless and fi-tubulin cDNA fragments were obtained 
using the standard RT-PCR method. In the first step, cDNA syn­
thesis was performed with ThermoScript RT-PCR System (Gib­
coBRL) according to the manufacturer’s instructions. Total 
RNA (2mg) was primed with 2.5pM oligo (dT)20 and reverse 
transcribed using 15U of the ThermoScript enzyme in 20pl 
reaction mixture. In the second step, aliquots of cDNA (0.5pl) 
were amplified by a standard PCR with 2.5U Taq DNA 
polymerase (Takara, Japan) in 50pl reaction mixture (10mM 
Tris-HCl, 50mM KCl, 1.5mM MgCh, 0.8mM dNTP, pH 8.3) 
under the following thermal conditions: 95°C, 3 min; 30 cycles 
of 94°C, 30 sec; 55°C, 30 sec; 72°C, 2 min. The annealing tem­
perature was changed between 50 and 65°C depending on Tm 
values of primers. The time at 72°C was extended to 3 or 5 min 
depending on the length of target cDNA. PCR primers tim11, 
tim12 and tub1, tub2 (Table 1) were designed on the basis of 
published timeless and tubulin cDNA sequences from other dro- 
sophilid species. The PCR products were digested with EcoR I 
or Sau3A I restriction enzymes, and cloned into pBluescript 
SK(+) vectors (Stratagene).

Fig. 1. Alignment of TIMELESS amino acid sequences from Chymomyza coslala (C.cos) (EMBL/GeneBank/DDBJ accession 
number, AB073724) and Drosophila melanogasler (D.mel) (Swiss-Prot accession number, P49021) (alignment was performed using 
FASTA software; http://www.genome.ad.jp). Several known functional motifs are shown using dashed line above the sequence and 
the sites to which the limSL, limL1, limu  and limr“ mutations have been mapped are indicated by triangles (see text for explanations). 
Identical and positive amino acids are indicated by double dot (:) and single dot (.) marks, respectively.
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Fig. 2. Northern hybridization analysis of the expression of timeless gene in adult heads of Chymomyza costata of the (A) wild­
type (Sapporo) and (B) npd-mutant (NPD) strains. Samples of total RNA were taken at 3h-intervals of Zeitgeber time (Zt) (white 
and dark portions of the x-axis represent light and dark phases, respectively). Total RNA was loaded on formaldehyde-agarose gel 
(20pg per lane), electrophoresed at 100V for 90 min and stained by ethidium bromide (part a). After transfer to nylon membranes, 
RNA was hybridized sequentially with 32P-labeled probes for timeless (tim) and B-tubulin (tub) (part b). The quantified radioactive 
signal of timeless hybridization (normalized to signal of B-tubulin) is plotted in part c) of the Figure. Parts a) and b) depict one of 
three replications of the experiment; part c) shows mean ± S.E. results of three replications.

The timeless and B-tubulin cDNA clones were used as sources 
for probes for Northern blot analysis. The timeless probe, iso­
lated from the clone by EcoR I digestion, had 321 nucleotides. 
The deduced sequence of 107 amino acids corresponded to 
amino acids 610-716 of D. melanogaster TIMELESS protein 
and 87% of amino acids were identical between the two insect 
species. The R-tubulin probe was isolated from the clone by 
digestion using Pst I and Xba I restriction enzymes. It consisted 
of 665 nucleotides. The deduced sequence of 221 amino acids 
corresponded to amino acids 84-304 of D. melanogaster 
B-TUBULIN protein and 90% of amino acids were identical 
between the two insect species.

Sequencing the full-length timeless cDNA
Two timeless-gene-specific primers tim15, tim16 (Table 1) 

were designed based on cDNA sequence of the cloned timeless 
fragment. The upstream and downstream coding regions were 
amplified by RT-PCR with two sets of primers: upstream: 
tim16, tim21; downstream: tim15, tim28 (Table 1). 5’- and 3’- 
unknown sequences flanking to the coding region were ampli­
fied by 5’ Rapid Amplification of cDNA Ends (5’RACE) and 
3'RACE Systems, respectively, according to the manufacturer’s

instructions (GibcoBRL). Gene-specific primers tim31, tim35 
(Table 1) were used to prime the target sequences. RT-PCR 
products, digested with or without EcoR I, were cloned into 
pBluescript SK(+) (Stratagene) or pGEM-T Easy (Promega) 
vectors. The clones carrying target genes were cultured in Ter­
rific Broth. The plasmid DNA was extracted by the standard 
alkali lysis and purified by precipitation with polyethylene 
glycol (Sambrook et al., 1989).

Purified plasmid DNA was sequenced by using THERMO 
Sequenase II dye terminator cycle sequencing kit (Amersham 
Pharmacia Biotech). Cycle sequencing reactions were carried 
out according to the manufacturer’s instructions. The precipi­
tated products were re-dissolved in sample loading buffer 
(Amersham Pharmacia Biotech) and were analyzed on ABI 
PRISM 377 DNA Sequencer (Applied Biosystems).

Northern blot analysis
Adult flies of the Sapporo and NPD strains maintained at 

18°C/SD for 7 days (since adult emergence) were subjected to 
Northern blot analysis. The fly heads (100/sample) were col­
lected at 3-hour intervals of Zeitgeber time throughout the pho­
toperiodic cycle. Total RNA was extracted by the standard
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Ta b l e  1. Primer sequences.
Purpose name Sequence (5’ ^  3’)

Fig. 3. RNA interference. Total RNA was extracted from 15 
pupariating individuals of Chymomyza costata (wild-type, Sap­
poro strain) that were differently treated in early embryonal 
stage (from the left): injected with the timeless dsRNA dis­
solved in injection buffer under halocarbon oil; treated with 
halocarbon oil without any injection (control-2); injected with 
injection buffer alone under halocarbon oil (control-1). The 
upper part (a) shows total RNA (5.5gg in each lane) separated 
on formaldehyde-agarose gel and stained by ethidium bromide. 
The middle part (b) shows Northern hybridization with 32P- 
labeled timeless probe on a nylon membrane. The lower part (c) 
show proportions of pupariating individuals in each treatment 
(total numbers of survivors were: 504 after dsRNA injection; 
258 in control-2; 82 in control-1).

protocol described above. Each aliquot (20gg) was separated by 
formaldehyde-agarose gel electrophoresis, transferred to nylon 
membranes (Hybond-N+, Amersham) and hybridized with radio­
active 32P-labeled probe for timeless. After washing out the 
timeless probe, the separated RNA on nylon membranes was 
hybridized with fi-tubulin 32P-labeled probe. The membranes 
were exposed to a BAS-1500 Imaging Plate (Fujifilm, Japan) 
for 2 hours and quantitatively analyzed using the NIH Image 
software (http://rsb.info.nih.gov/nih-image/).

RNA interference
The RNAi method (Kennerdell & Carthew, 1998, 2000) was 

applied in an attempt to silence the timeless gene expression in 
the Sapporo strain larvae and observe its effect on photoperiodic 
phenotype (developmental response to short days). Template

Cloning
tim11 AAAGAATTCTGGGGNGTNACNATGGT 
tim12 AAAGAATTCCDATRTGRTGCATCAT
tub1 a a g a g c t c t g g a g c c m g g y a c s a t g g a c t c k g t  
tub2 a a g a g c t c g t c t t c a c g t t g t t g g g g a t c c a

Sequencing cDNA
tim15 GCTCAAGGGCTATAACTATTTGG 
tim16 ACCACAAGATGCATGCGACGC 
tim21 AAGAATTCATGGAYTGGTTRCTNGCNAC 
tim28 AAGAATTCRTCYTCRTCRCTNACRTACAT 

RACE
tim31 GCTTAAAGCGCTCTTGGTTAGCTGTGC 
tim35 AAGAATTCGGTGGCATCTATATACGAAAA

Sequencing intron
tim23 AAGAATTCACCCAATGCATYGGGGCTGACCACAT-
a g g t
int1 AAGAATTCNNNAGGGTAAG 
tim26 AAGAATTCAAGCTGCTAGTCGCCATAGCAG 
tim27 AAGAATTCGTGTTATCATCCTGCCACG 

Genetic linkage analysis 
tim24 CGACACGTTGAACGCTCATACG 
tim29 TTCAGAGCGTGATTTTGCAGCAGTC

DNA for synthesis of double-stranded (ds) RNA was produced 
by a standard PCR using primers tim16, tim21 (Table 1) with 
the T3 and T7 promoters added to primer sequences [reaction 
conditions: 5U Taq DNA polymerase (Takara, Japan) in 200 gl 
reaction mixture (10mM Tris-HCl, 50mM KCl, 1.5 mM MgCl2, 
0.8mM dNTP, pH 8.3); thermal conditions: 95°C, 3 min; 30 
cycles of 94°C, 30 sec, 60°C, 30 sec, 72°C, 5 min]. Single 
strand timeless RNA was transcribed using the T3,T7 RNA 
polymerase on the genomic DNA template according to the 
instruction manual (Stratagene). Remaining DNA was digested 
by DNAase (Roche). Single strands of RNA with T3 and T7 
ends were mixed in injection buffer [IB, 5mM KCl, 0.1mM 
NaH2P04, pH 6.8 (Rubin & Spradling, 1982)], heated at 100°C 
for 1 min, and kept at room temperature for 18h. Aliquots were 
frozen at -80°C. Resulting dsRNA had 1966 nucleotides, the 
deduced sequence of 655 amino acid corresponded to amino 
acids 24-711 of D. melanogaster TIMELESS protein (76% 
amino acids were identical between the two insect species). The 
dsRNA was dissolved in IB and approximately 0.2 fmol (ca 0.3 
gl of IB) aliquots of dsRNA were injected, under halocarbon oil 
(Sigma), into the ventral side of the posterior domain of C. 
costata embryos, Sapporo strain. The embryos were not more 
than 1h old. Control embryos were either injected with injection 
buffer alone (control-1) or were only exposed to halocarbon oil 
(control-2). After the treatment, the embryos and larvae were 
reared under short-day conditions, which promote entrance into 
diapause (no-pupariation) in untreated Sapporo strain larvae. 
Those dsRNA-treated individuals that pupariated (“positive” 
individuals) were collected in the stage of white puparium and 
total RNA was extracted for the analysis of the presence of 
timeless mRNA transcripts by Northern (15 puparia were pooled 
for one sample, see above for RNA isolation).

Sequencing the intron
Sequential Thermal Asymmetric Interlaced (TAIL)-PCR (Liu 

et al., 1995) was carried out to determine genomic sequence 
flanking to the timeless coding region. The genomic DNA from 
the wild-type C. costata was amplified in a 50gl PCR buffer 
[(500ng DNA, 0.8mM dNTP, 2.5U of Taq DNA polymerase 
(Takara, Japan)] using 0.2gM of the timeless-specific antisense 
primer tim23 and 1mM of a degenerate sense primer int1 (Table 
1). After 3min of denaturation at 95°C, the DNA fragments 
were amplified for 5 cycles of 60 sec at 94°C, 60 sec at 65°C,
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S a p  - 1 3 9 9 i G T G T T A T C A T C C T G C C A C G T T A C G T A G C T G C A C A T T G C A T T G A C T G T G G C T G T C C G T C T C  
NPD - 1 4 2 1 i G T G T T A T C A T C C T G C C A C G T T A C G T A G C T G C A C A T T G C A T T G A C T G T G G C T C T C C G T C T C

S a p  i C A T A T A A C T G C T T G A G T G A C A G T T A C T G C A G T T A A C A T G C T A C T T G T A C G T G G T T A C A T G
NPD i C A T A T A A C T G A T T G A G T G A C A G T T A C T G C A G T T A A C A T G C T A C T T G T A C A T G G T T A C A T G

S a p  i C A T T C T T G A G A T T T C T T T G A C A T A T A G T A C T G T G A A A A G G T G G T G G C C A G C A C A T A G G T A
NPD i C A T T C T T G A G A T T T C T T T G A C A T A T A G T A C T G T A G A A T G G T G G T G G C C A G C A C T T A C G T A

tim2 4
S a p  i G C T A T T T T T A T A T G C  GACACGT T G A A C G C T T A T A C G T T G T T T G G G A T T C A C A A T G A A T G A
NPD i G C T A T T T T T A T A T G C G A C A C G T T A A A C G C T C A T A C G T T G T T T G G G A T T C A C A A T G A A T G A

S a p  i A C A C T G C A A A G G T T T T T T G T A C T A T G G G T G G T G G G G -------------------------------- TGCT G C TATGG
NPD i A C A T T G C A A A G G T T T T T T G T A C T A T G G G T G G T  GGGG TACGAAAATTTAA T G C T G C T A T G G

S a p  i C G A C T A G C A G C T T A T G A A A G G C A A A G G C A T T T T T T T A T G A T G A T T T T T G A A T C G A A A A T T
NPD i C G A C T A G C A G C T T A T G A A A G G C A A A T A T T T C T C T T T A T T T T T A T G A T G G T T T T T G A A T G G

tim2 9
S a p  i A G A A A T T T A T A T A A A T G C T T T T T G T T T A A A A T A A A A A C G C  GACT G C T G C A A A A T C A C G C T
NPD i AAAAGT T T A T A T A A A C G C T T T T T G T T A A A A A T A A A A A C G T G A C T G C T G C A A A A T C A C G C T

S a p  i C T G A A A A A T A T T G A A C C A A G A A A T A T T C T C A T C T G A A T T A A T T A T G C A A A A A C T A C G C A A
NPD i C T G A A A A G T A T T G A A C A A A A A A A T A T T C T C A T T T G A A T T A A T T A T G C A C A A A C T A C G C A A

S a p  i T A T T C A T C A T C T A T T A A A T A A A C A T T G G C T A T A T A T T T T A A T G T A T T T A G T A C A T A T T C A
NPD i T A T T C A T C A T C T A T T A A A T A A A G A T T G G C T A T A T A T T T T A A T G T A T T T G G T A C A T A T T T A

S a p  i C A G A G T T A G C C G T C G T T A T T G C C A A C T G A G T T A A T A T T C G A T A T T T T T T T A G T C C C T C T A
NPD i AAG A GG T A G CCGT  C G T T A T T G C C A A C T G A G T T A T T A T T C G A T A T T T T T T T A G T T C C T C T A

S a p  i GAGT T T G C C A T A T G C A A T T T T T T G T T A C T T T A T A A T G C C T A T A A C T A G T G G A C G A C C A A G
NPD i GAGT T T G C A A T A T G C A A T T T T T T G T T A C T T T A T A A T G C C T A T A A C T T G T G G A C G A C C A A A

S a p  i T C G C T T C A A A C G A T A C C T C A T T T G T C G A A T T A T G A T A T A C A G C T T A G A A G T T A C G A G G G A
NPD i A C G C T T C C A A C G A T A C C T C A T T T G T C A A A T T A T G A T A T A C A G T T T A G A A G T T A A G A G G G A

S a p  i ACAGAT G —  C A ---------C T T C T T T G T T G C A T T A A C T T C T A G T G G A G C A T A G G G C C T T C C G A A
NPD i A C A G A T G C A C A T C T T C T T C T T T G T T G C A T T A A C G C C T A G T A G A G C A T A G G G C C T T C C G A A

S a p  i GAT A A A C A T A A A T A C A G A C A T  T T A T G T C A A A A A C A A A A C A C T C C T T T T T A T T C G C C G T A G
NPD i GA T A A A C AC A A AT AC A G AC A T  T T A T G T C A A A A A C A A A A C A C T C C T T T T T G T T C G C C G T A G

S a p  i C C G T G G C T A A T T T C T T T T A A A A A G C A C T G C T C A T C T T C A A G A C T T A C T C A T T T A A G A G T T
NPD i T C G T G G C T A A T T T C T T T T A A A A A G C A C T G C C C A T C T T C A A G A C T A A C T C A T T T A A G A G T T

S a p  i AAAAAGCT T T C T T A T T A A A A A T T C A A T A G A A T T T T A C G A G C A G A A G A C -------T G T A T T A A A
NPD i AAAAAGCT T T C T T A T T A A A A A T T C A A T A G A A T T T T A C G A G C A G A A G A C T A T T G T A T T A A A

S a p  i G C T A G T G T T C C A A A T C T A T T G G T T G G T T A G G A T A G A A C C A A G G C C C G T T C A G C T T A T T T T
NPD i G C T A G T G T T C C A A A T C T A T T G G T T G G T T A G G A T A G A A C C A A G G C C C G T T C A G C T T A T T C T

S a p  i G T T G T C G G A G T T G T C T T C A A A T T G C G A C A C T T C T T T T T A T G T C T C A A A C C A A T T T T T T T T
NPD i G T T G T C G C A G T T G T C T T C A A A T T G C G A C A C T T C T T T T T A T G T C T C A A A C C A A T T T T T T T T

S a p  i AAGT T T T A G A A T G C A C A T C A A A A A T G T A A A G A A T T C T T C T A C T T A A A A A G A T T A T C T C C A
NPD i AAGT T T T A G A A T G C A C A T C A A A A A T G T A A A G A A T T C T T C T A C T T A A A A A G A T T A T C T C C A

S a p  i T G T T G G A A A A T G C T A A T T T C T T T G T A A A G C T T A T T G A A A T A T A A A A T A T T C C G T T T A A G T
NPD i T G T T G G A A A A C G C A A A T T T C T T T T T A A A G C T T A T T G A A A T A T A A A A T A T T T C G T T T G A G T

----  5'-leader sequence ----
S a p  i AAACT G C A T T T A A A A T A A T A T T A T C T C A T C C A G T T G C A G C C C C A G C C T G C T T A C A A A - G G
NPD i AAACT G C A T T T A A A A T A A T A T T A T C T C T T C C A G T T G C A G C C C C A G C C A G C T T A C A A A G G G

S a p  i A C C T G T A G C T G G C C T A A A C C C T A T T A A C T A G G G T T G C G T T T C A T G C T C T A C G C T G A T C A T
NPD i A C C T G T A G C T G G C C T A A A C C C T A T T A A C T A G G G T T G C G T T T C A T G C T C T A C G C T G A T C A T

S a p  i G T G C T G C A A G T G G C T A C A A A T A A T A A A T T G T G T C C A A A A T A T C A A C G T T A T A T A C A A A T C
NPD i G T G C T G C A A G T G G C T A C A A A T A A T A A A T T G T G T C C A A A A T A T C A A C G T T A T A T A C A A A T C

---------------------------------------------------------------------------------------------------------+ 1 = = = = = = = = = = = = = = = = =
S a p  i C A A G T A T T A T C A T A C C A G A A A C A T C A C A T A A G C G C C G G G C T A T G G A C T G G T T A C T C G C A A
NPD i C A A G T A T T A T C A T A C C A G A A A C A T C A C A T A A G C G C C G G G C T A T G G A C T G G T T A C T C G C A A

M D W L L A

= = = = = = = = = = = = = = = = = =  coding sequence = = = = = = = = = = = = = = = = = = = = = = = = =
S a p  i C G C C A C A G T T G C A T A G C G C C T T C T C A T C A T T G G G G G C G C T T G T G G G T G A C A C C T A T G T G G
NPD i C G C C A C A A T T G C A T A G C G C C T T C T C A T C A T T G G G C G C G C T T G T G G G T G A C A C C T A T G T G G

T P Q L H S A F S S L G A L V G D T Y V

S a p  i T C A G C C C C A A T G C A T T G G G T  + 9 9
NPD i T C A G C C C C A A T G C A T T G G G T  + 9 9

V S P N A L G
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and 3min at 72°C followed by 15 cycles of 30 sec at 94°C, 60 
sec at 68°C, 3min at 72°C, 30 sec at 94°C, 60 sec at 68°C, 3min 
at 72°C, 30 sec at 94°C, 60 sec at 44°C, and 3 min at 72°C. Fur­
ther sequencing for the non-coding region was tried with a new 
gene-specific primer tim26 and inti (Table 1). The TAIL-PCR 
products were digested by EcoR I, cloned into pBluescript 
SK(+) (Stratagene) and sequenced as described above.

Genomic DNA of timeless gene from npd-mutants was ampli­
fied by a standard PCR with a set of timeless-specific primers 
tim27, tim23 (Table 1). The PCR products were cloned into 
pBluescript SK(+) and sequenced as described above.

Genetic linkage analysis
Genetic linkage analysis was performed to examine the co­

inheritance of the NPD phenotype (no-diapause induction in 
response to short days) and a mutant allele of timeless gene (as 
revealed by intron sequencing). Females of npd-mutant flies 
were mated with wild-type Sapporo strain males and the recip­
rocal crosses were also performed. F1 progeny were reared 
under long-day conditions (16h light : 8h darkness, 18°C) to 
prevent larval diapause and the adults were intercrossed. F2 
progeny were reared under short days to screen for the NPD 
phenotype: those larvae that pupariated under short days (i.e. 
did not enter diapause) were recognized as npd individuals; 
those larvae that had not pupariated within 40 days after ovipo- 
sition (i.e. entered diapause) were recognized as wild-type indi­
viduals. Later, the diapausing larvae were exposed to constant 
light (24h light : 0h darkness, 18°C) to terminate their diapause 
and allow development of adults. DNA was extracted from each 
individual fly and the fragment of intron-DNA in the 5’-leader 
sequence of timeless was amplified by a standard PCR with a 
set of primers tim24, tim29 (Table 1, Fig. 4). The PCR products 
were separated on 8% polyacrylamide gel by electrophoresis to 
analyze the length difference (a 13-bp insertion in mutated time­
less allele).

RESULTS

Full-length sequence of timeless cDNA
The timeless cDNA of C. costata (wild-type, Sapporo 

strain) had 5295 nucleotides (data not shown, see 
EMBL/GenBank/DDBJ accession number: AB073724). 
It consisted of 3 main regions: 5’-leader sequence (453- 
bp), coding sequence (4128-bp) and 3’-untranslated 
region (714-bp). The sequence coded for 1355 amino 
acids, which corresponded to amino acids 24-1421 of D. 
melanogaster’s TIMELESS protein (Fig. 1).
Northern blot analysis

In the wild-type Sapporo strain, Northern hybridization 
indicated that the abundance of timeless mRNA tran­
scripts oscillates on a daily basis in fly heads. The 
maximum abundance of mRNA transcripts was detected 
during the first half of the dark phase (Zt 12-15). The 
minimum abundance was registered during “late night” 
and “early morning” (Zt 0-3) (Fig. 2A). In the NPD 
strain, no timeless mRNA transcripts were detectable 
throughout the photoperiodic cycle (Fig. 2B).

RNAi
Double-stranded (ds) timeless RNA was injected into 

5562 early embryos of the wild-type Sapporo strain. 
Another 472 embryos were injected with injection buffer 
(IB) alone (control-1) and 270 embryos were only treated 
with halocarbon oil, without any injection (control-2). 
Surviving larvae were reared under short-day conditions 
to screen their photoperiodic phenotype. Results are sum­
marized in Fig. 3. None of the surviving control-2 larvae 
pupariated (all larvae entered diapause) and their timeless 
mRNA was detectable by Northern. Only about 17 or 9% 
of embryos survived the treatment in dsRNA injected or 
IB-injected (control-1) variants, respectively. Three out of 
82 (3.65%) surviving control-1 larvae pupariated and 
remaining larvae entered diapause. The number of pupari­
ated control-1 larvae was too low to perform a reliable 
Northern analysis of timeless mRNA (our preliminary 
experiments showed that 10-15 puparia is a minimum 
number to obtain enough total RNA). Thus, we can not 
decide whether the pupariation in control-1 larvae 
resulted from the disruption of transcription of timeless 
gene or from some non-specific effect of IB injection. 
Forty-six out of 504 (9.13%) surviving dsRNA-treated 
larvae pupariated and their timeless mRNA was not 
detectable by Northern (Fig. 3). Pupariating individuals 
were considered as having lost their photoperiodic 
response after injections with either timeless dsRNA or 
IB.
Sequence of intron in 5’-leader region of timeless 
cDNA

About 1.4Kbp genomic DNA fragment flanking to the 
timeless coding region was amplified by TAIL-PCR (Fig. 
4). Comparison of intron sequences between the Sapporo 
and NPD strains revealed that npd-mutants carry a differ­
ent, potentially “deficient”, timeless allele, which we call 
here timelessnpd. The timelessnpd allele shows, in addition 
to many point-substitutions, a remarkable 13-bp insertion. 
This insertion sequence was used as a marker of a time- 
lessnpdallele in a genetic linkage analysis.
Genetic linkage analysis

The npd-mutant flies (NPD strain), homozygous for the 
timelessnpd allele (with 13-bp insertion in intron), were 
reciprocally mated with the wild-type flies (Sapporo 
strain), homozygous for the normal timeless allele. The 
wild-type and npd photoperiodic phenotypes were distin­
guished based on their response to short days (diapause 
induction or not, respectively). Flies carrying the deficient 
and/or normal timeless alleles were distinguished by the 
length of PCR fragments amplified with timeless-intron- 
specific primers (218-bp or 205-bp, respectively). Pedi­
grees in Fig. 5a) and b) show the inheritance of 
photoperiodic phenotypes and the dimorphic timeless

Fig. 4. Alignment of intronic DNA sequences of timeless alleles from wild-type (Sapporo strain, Sap) and npd-mutant (NPD 
strain) of Chymomyza costata (alignment was performed using GENETYX-MAC software, Software Development, Tokyo, Japan). 
The intron is located in the 5’-leader sequence (indicated by single line above the sequence) flanking to the coding region (indicated 
by double line) of timeless gene. A remarkable 13bp-insertion found in the sequence from NPD strain (timelessnp‘l allele) is indicated 
by bold-faced letters. Primers used for PCR amplification of the insertion regions are indicated by underlines. Asterisks (*) indicate 
identical nucleotides.
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F2npd? F2npd<Ÿ1 F2wild ? F2wild? F2wild(-d F2wild<f1

Fig. 5. Genetic linkage analysis between the photoperiodic phenotype and a dimorphic allele of timeless gene in the reciprocal 
hybrids between the wild-type flies (Sapporo strain) and npd-mutants (NPD strain) of Chymomyza costata. Photoperiodic phenotype 
is either wild-type (wild, white box; entrance to diapause in response to short-day signal) or npd-mutant (npd, gray box; no response 
to short-day signal). The timeless allele is either wild-type (yielding a 205-bp DNA fragment after PCR amplification) or npd-mutant 
type (timelessnpd, yielding a 218-bp DNA fragment due to the presence of a 13-bp insertion). Pedigrees show the inheritance of the 
two traits in the progeny of reciprocal hybrids: (a), npd-mutant female was mated with wild-type male; (b) reciprocal cross. Indi­
vidual flies of the F2 progeny were tested for the presence of each of the two traits (numbers given below). The npd-mutant photope­
riodic phenotype was strictly co-inherited with the timelessnpd allele.

alleles in F1 and F2 progeny. In both pedigrees, which 
reciprocally differed in parental genotypes, F1 progeny 
showed wild-type phenotype and carried both deficient 
and normal timeless alleles (heterozygous). In F2 
progeny, which was produced by intercrosses between F1 
siblings, the phenotypes and genotypes were distributed

approximately according to the Mendelian laws (1:2:1 for 
genotypes and 3:1 for phenotypes). Importantly, a non­
photoperiodic (NPD) phenotype was in all cases (21 
females, 22 males) accompanied by the presence of 
homozygotism for a deficient timelessnpd allele. Indi­
viduals that were either heterozygous (51 females, 56
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males) or homozygous for normal timeless allele (28 
females, 30 males) always showed a wild-type photoperi­
odic phenotype.

DISCUSSION

In this study, full-length cDNA and amino acid 
sequences of the structural homologue of D. melanogas- 
ter’s timeless gene were obtained from a closely related 
fly, Chymomyza costata. The 62% of amino acids were 
identical between the two species. In several conserved 
domains, the structural homologuey of amino acid 
sequences was much higher: 88% in PER interaction 
domain I (PID I), 75% in PID II, and 90% in nuclear 
localization signal (NLS) domain. In addition, a 32 aa 
region that is important for restoring wild-type rhythms 
(Ousley et al., 1998) was also highly conserved (91% of 
amino acids were identical between the two species). An 
acidic domain, thought to be involved in the activation of 
transcription factor in D. melanogaster, is rich (60%) in 
acidic amino acids, E (glutamic acid) and D (aspartic 
acid) (Myers et al., 1995). A corresponding region in C. 
costata, however, contained only 24% acidic amino acids, 
and the similarity between the two species was quite low 
(19%). The cytoplasmic localization domain (CLD) at the 
C-terminus was also less conserved (49% similarity 
between C. costata and D. melanogaster). Reduced con­
servation in the CLD and acidic domains of TIMELESS 
was also observed among other drosophilid species 
(Ousley et al., 1998). The sites to which timSL (which 
shortens the wild-type period by half an hour; Rutila et 
al., 1996), timL (lengthens the circadian rhythm; Rothen­
fluh et al., 2000), timL  (produces 26.3 h circadian rhythm; 
Rothenfluh et al., 2000) and timnt (alters free-running 
periods in a temperature-dependent manner; Matsumoto 
et al., 1999) mutations have been mapped in D. mela­
nogaster were also conserved in C. costata.

In the wild-type (Sapporo) strain of C. costata, the 
abundance of mRNA transcripts of this gene were shown 
to oscillate on a daily basis, in phase with the transcripts 
of another clock gene, period (Kostal & Shimada, 2001). 
Similar oscillations in period and timeless transcription 
were found in lateral neurons of the brain of D. mela­
nogaster and proved to represent a central feature of its 
circadian clock (Sehgal et al., 1994; Allada et al., 1998; 
Darlington et al., 1998; Rutilla et al., 1998; Dunlap, 1999; 
Harmer et al., 2001).

No mRNA transcripts, however, were detected by 
Northern blot analysis in the non-photoperiodic-diapause 
mutants (NPD strain) of C. costata (irrespective of Zeit­
geber time of RNA sampling). Thus, it seems that the rate 
of timeless transcription is either zero or severely dimin­
ished in npd-mutants (relatively low sensitivity of 
Northern does not allow us to distinguish between the 
two possibilities). Mal-functioning of the central cir­
cadian clock system in the brain of npd-mutants is highly 
probable because: (1) no daily/circadian oscillations of 
period mRNA transcripts were found (Kostal & Shimada, 
2001); and (2) no/diminished expression of timeless gene 
was detected (this study). Such a striking difference in

timeless expression between the two strains of C. costata 
appears interesting when related to npd-mutant’s cir­
cadian and photoperiodic phenotypes. NPD strain flies 
are non-photoperiodic and behaviourally arrhythmic (Rii- 
himaa & Kimura, 1988, 1989; Kostal & Shimada, 2001) 
and it was confirmed by classical crossbreeding experi­
ments that both traits were caused by mutation in a single 
autosomal gene locus npd (Riihimaa & Kimura, 1989; 
Riihimaa, 1996; Lankinen & Riihimaa, 1992, 1997).

The above results led us to hypothesize that the npd 
locus might code for a functional element, which is 
shared by circadian and photoperiodic clock systems. 
Some results obtained in this study indicate that TIME­
LESS protein might be such a linking element. First, 
selective disruption of timeless gene transcription (RNAi) 
in the wild-type flies resulted, in a certain proportion of 
survivors at least, in adoption of a npd photoperiodic phe­
notype (i.e. no response to short days). The results of 
RNAi experiments, however, are difficult to interpret 
conclusively because of: (1) low survival rate after injec­
tion of timeless dsRNA (ca. 17%); (2) low rate of specific 
response (loss of photoperiodic sensitivity) to dsRNA (ca. 
9%); and (3) relatively high non-specific response to the 
injection buffer alone (ca. 3.7%). All three problems 
(1-3) are more or less typical for RNAi methodology 
(Kennerdell & Carthew, 1998, 2000), especially when the 
phenotypic effect is to be observed some time after the 
injection of dsRNA. In our case, the pupariation of C. 
costata typically occurred 21 days or more after the injec­
tion, which makes the persistence of RNAi effect prob­
lematic. Second, the existence of dimorphism in the time­
less allele (a 13-bp insertion found in intron of npd 
mutants in this study) allowed performing genetic linkage 
analysis of inheritance of timeless alleles and photoperi­
odic phenotype. In total, 208 F2 hybrids of Sapporo and 
NPD strains were individually analyzed and it was found 
that the deficient allele of timeless gene (timelessnpd) is 
strictly co-inherited with the non-photoperiodic pheno­
type.

In conclusion, introductory results presented in this 
paper imply that there might exist a close functional 
linkage between circadian and photoperiodic time meas­
urement systems in the drosophilid fly C. costata. At pre­
sent, the npd locus, which could be coding for TIME­
LESS protein, seems to be a candidate for such a linking 
element. Our ongoing work is focused on testing this 
hypothesis.
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