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Summary. Single-fly polymerase chain reaction 
amplification and direct DNA sequencing revealed 
high levels of length polymorphism in the threo- 
nine-glycine encoding repeat region of  the period 
(per) gene in natural populations of Drosophila mel- 
anogaster. DNA comparison of  two alleles of iden- 
tical lengths gave a high number of synonymous 
substitutions suggesting an ancient time of  separa- 
tion. However detailed examination of  the se- 
quences of different Thr-Gly length variants indi- 
cated that this divergence could be understood in 
terms of four deletion/insertion events. In Drosoph- 
ila pseudoobscura a length polymorphism is ob- 
served in a five-amino acid degenerate repeat, which 
corresponds to melanogaster's Thr-Gly domain. In 
spite of  the differences between D. melanogaster and 
D. pseudoobscura in the amino acid sequence of the 
repeats, the predicted secondary structures suggest 
evolutionary and mechanistic constraints on the per 
protein of  these two species. 

Key words: Drosophila -- per gene -- Repeated 
sequence -- Threonine-glycine -- Length polymor- 
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Introduction 

The sex-linked period (per) gene controls biological 
rhythmicity in Drosophila. In D. melanogaster, mu- 
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tations of  this gene shorten, lengthen, or obliterate 
the fly's 24-h circadian cycles and have parallel 
effects on the 60 s lovesong rhythm of  the male 
(for reviews see Hall and Kyriacou 1990; Kyriacou 
1990). The per gene has been cloned and sequenced 
in several Drosophila species, revealing large blocks 
ofnonconserved coding DNA intercalated by regions 
of  conservation (Colot et al. 1988; Thackeray and 
Kyriacou 1990). The most striking feature of  the 
primary structure of  the conceptual protein in D. 
melanogaster is a run of alternating threonine-gly- 
cine pairs (Jackson et al. 1986; Citri et al. 1987). 
The region surrounding and including this repeat 
has been implicated in the determination of  the spe- 
cies-specific differences in the Drosophila lovesong 
cycle (Yu et al. 1987; Wheeler et al. 199 I). Moreover 
variability in the number of  the encoded Thr-Gly 
pairs (17, 20, and 23) has been reported among dif- 
ferent laboratory strains (Yu et al. 1987). Length 
polymorphism in coding DNA has also been ob- 
served in several other internally repetitive genes 
(e.g., Muskavitch and Hogness 1982; Goodbourn et 
al. 1983; Swallow et al. 1987; Lyons et al. 1988; 
Teumer and Green 1989). Part of such variability 
may be generated by slippage-like events (Dover 
1989), which can be a major factor in some DNA 
sequence evolution (Tautz et al. 1986; Levinson and 
Gutman 1987; Treier et al. 1989). The repeat region 
within theper gene thus provides a good opportunity 
to study any slippage events occurring within the 
coding minisatellite. 

Using single-fly polymerase chain reaction (PCR) 
amplification and direct DNA sequencing of the am- 
plified products we analyzed the variability in the 
Thr-Gly-encoding region of the per gene in natural 
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popu la t ions  o f D .  melanogaster. We have  obse rved  
high levels  o f  length  p o l y m o r p h i s m  a n d  h a v e  se- 
quenced new  length var ian ts .  We  also describe length 

var iants  f o u n d  in  three  s t ra ins  o f  D. pseudoobscura 
in a region o f  the per gene tha t  appears  to c o r r e s p o n d  
to the T h r - G l y  d o m a i n  in  D. melanogaster (Colot  
et al. 1988). These  resul ts  suggest tha t  length  var i -  
at ion in  this  pa r t i cu la r  d o m a i n  o f  the  per gene m a y  
be a c o m m o n  f ind ing  w i t h i n  Drosophila species a n d  

raise the q u e s t i o n  o f  whe the r  such p o l y m o r p h i s m s  
might  have  select ive va lue .  

Materials and Methods 

Natural Populations olD. melanogaster. Samples from Zakyn- 
thos (Greece), Pietrastornina (south Italy), and Merano (north 
Italy) were collected from the wild in October 1989 using grape 
baits. Very large samples from each population were obtained 
and these were immediately subdivided into 60 different mass 
cultures. Single flies from different cultures were analyzed within 
five generations from collection. The Bordeaux (France) sample 
was taken from the progeny of 30 inseminated females collected 
from the wild in October 1989 and kindly provided by Dr. P. 
Capy (Gif-sur-Yvette, France). 

Strains of D. pseudoobscura. The D. pseudoobscura strains 
were obtained from the National Drosophila Species Resource 
Center (Bowling Green State University, OH, USA). The strain 
PA (stock number 0121.88) is from Pachuca, Mexico; the strain 
TU (stock number 0121.0) is from Tucson, Arizona, USA; the 
BO strain (stock number 0121.35) is from Bogota, Colombia. 
The population from Bogota is isolated from the main distri- 
bution area of the species and is considered a different subspecies 
(Ayala and Dobzhansky 1974; Orr 1989). 

PCR Amplification, Gel Electrophores&, and Direct DNA Se- 
quencing. Single fly genomic DNA extraction was performed by 
slightly modifying the method of Jowett (1986). About 100 ng 
of DNA were used as a template in the PCR amplification re- 
actions, which were carded out in a final volume of 20 #i, ac- 
cording to Jeffreys et al. (1988b). AmpliTaq polymerase from 
Perkin-Elmer-Cetus was used and reactions were cycled for i 
rain at 95~ 1 min at 65"C, and 1 min at 70"C for 30 cycles in 
a DNA thermal cycler (either a Techne Programmable Dri-Block 
PHC-1 or a Perkin-Eimer-Cetus DNA thermal cycler). 

In D. melanogaster two 24-mer oligonucleotides with the fol- 
lowing sequences were used as primers: 5'-CCCGTCCAC- 
GAGGGCAGCGGGGGC-3' and 5'-CCGCGCGACTCCC- 
GGTGCTTCTTC-3'. The first primer corresponds to the coding 
sequence numbered 5005-5028 in the sequence published by 
Citri et al. (1987) and the second to nucleotide positions 5364- 
5387. 

In D. pseudoobscura two 34-mer oligonucleotides with the 
following sequences were used as primers: 5'-TCACC- 
GGTGAATTCAACTATAACGAGAACCTGCT-3' and 5'- 
TCACCGGTGAATTCTTCTCCATCTCGTCGTTGTG-3'. 
These primers have a 14-nucleotide 5' extension (underlined) 
containing an efficiently cleaved EcoRI site that can be used to 
clone the amplified fragments if necessary (Jeffreys et al. 1990). 
The first primer corresponds to amino acid positions 579-586 
and the second to positions 878-884 in the sequence published 
by Colot et al. (1988). 

Drosophila melanogaster PCR products were electrophoresed 
through a 2.5-3.5% low melting point NuSieve (GTG) agarose 
gel. TBE buffer (0.045 M Tris-borate, 0.001 M EDTA) was used, 

and PCR-amplified DNAs from stocks carrying either 17, 20, or 
23 pairs of Thr-Gly's (Yu et ai. 1987), hereafter referred to as 
(Thr-Gly)~7, (Thr-GlY)20, and (Thr-Gly)23, respectively, were used 
as markers. In the case of D. pseudoobscura a 1.5% agarose gel 
was used and the PCR-amplified DNA from the plasmid con- 
taining the AY strain cloned gene (Color et al. 1988) was used 
as a marker. 

Double-stranded direct DNA sequencing of PCR products 
was carried out according to Bachmann et al. (1990) with the 
dideoxy chain-termination method (Sanger et al. 1977) using the 
Sequenase version 2.0 kit from United States Biochemical. The 
PCR.reamplified DNA to be sequenced was purified in a low 
melting point agarose gel (NuSieve) and recovered by phenol and 
double phenol-chloroform extraction followed by ethanol pre- 
cipitation. The same primers used in PCR amplification were 
used in the direct DNA sequencing. In the case of D. pseudoob- 
scura two additional internal primers (5'-ACATGAG- 
TAGTGCGACCAAC-3' and 5'-GCTGACAACTATGCAGT-3') 
were also used. 

Analysis of the DNA Sequences. The sequences were analyzed 
using the University of Wisconsin Genetics Computer Group 
(UWGCG) software (Version 4.0; Devereux et al. 1984). DNA 
sequence alignment was performed using the UWGCG program 
BESTFIT and final alignment carried out by eye. Codon usage 
was analyzed using the UWGCG program CODONFREQUEN- 
CY. 

Protein Secondary Structure Prediction. The JOINT PRE- 
DICTION program of the Secondary Structure Prediction Suite 
Version 3.0 kindly provided by Dr. E. Eliopoulos (University of 
Leeds) was used to predict the secondary structure of the con- 
ceptual per proteins of D. melanogaster and D. pseudoobscura. 
The program provides a consensus secondary structure obtained 
from the following eight different methods: Kabat and Wu (1973); 
Nagano (1973); Burgess et al. (1974); Chou and Fasman (1974); 
Lim (1974); Dufton and Hider (1977); McLachlan (1977); and 
Gamier et al. (1978). The graphical representation of the Chou 
and Fasman (1974) predicted secondary structure was obtained 
using the UWGCG programs CHOUFAS and PLOTCHOU. 

Results 

Length Polymorphism in D. melanogaster 

U s i n g  P C R  a mp l i f i c a t i on  a n d  agarose gel e lectro-  

phores i s  we ana lyzed  the T h r - G l y - e n c o d i n g  repea t  
reg ion  o f  1 10 single flies f r o m  four  na tu ra l  p o p u -  
l a t ions  o f  D. melanogaster (Zakyn thos  in  Greece ,  
P i e t r a s t o r n i n a  a n d  M e r a n o  in  Italy, a n d  B o r d e a u x  
in  France) .  T a b l e  1 shows the f requenc ies  o f  each 
T h r - G l y  length  v a r i a n t  f o u n d  in  each p o p u l a t i o n .  
T h e  Z a k y n t h o s  p o p u l a t i o n  seems to be m o n o m o r -  
ph ic  for the  (Thr-Gly)17 va r i an t .  T h e  o the r  three  
p o p u l a t i o n s  were highly  p o l y m o r p h i c  wi th  the  (Thr -  

GIy)~7, (Thr-Gly)2o, a n d  (Thr-Gly)23 v a r i a n t s  be ing  
the  m o s t  f requent .  Rare  v a r i a n t s  were also o b s e r v e d  
wi th  mob i l i t i e s  c o r r e s p o n d i n g  to 14 a n d  18 T h r - G l y  
pairs.  F igure  1 i l l u s t r a t e s - a  s epa ra t i on  o f  P C R -  
ampl i f i ed  v a r i a n t s  as o b t a i n e d  by  agarose gel elec- 
t rophores i s  (see Ma te r i a l s  a n d  Methods) .  T h e  (Thr -  
Gly)I4 ( lane d), (Th r -G ly ) l  v ( lanes c a n d  e), (Thr -  

Gly)2o ( lane h), a n d  (Thr-Gly)23 ( lane i) v a r i a n t s  are 
clearly ident i f ied .  Differences  due  to on ly  one  T h r -  
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Table  1. Thr--Gly length var iant  f requencies  in four  natural  popula t ions  o f  D. melanogaster 

Alleles 
Popula t ion  sampled  14 

Thr -Gly  length var ian ts  

17 18 20 23 

Zakyn thos  (Greece) 22 - -  
Merano  (nor th  Italy) 30 0.03 
Pie t ras tornina  (south  Italy) 46" 0.02 
Bordeaux (France) 23 - -  

1 . 0 0  - -  - -  - -  

0 . 4 0  0.03 0.33 0.20 
0.56 - -  0.33 0.09 
0.52 - -  0.35 0.13 

a Eleven females  are also included in this  sample,  i.e., 22 alleles 

Gly pair (six nucleotides) are also detectable as shown 
in the case of the (Thr-Gly)18 variant (lane g). Lane 
f shows  the pattern obtained from a (Thr-Gly)~4/~7 
heterozygous female. The two closely spaced bands 
that migrated more slowly are due to heteroduplex 
formation. 

DNA Sequencing Analysis of 
Thr-Gly Variants 

By direct DNA sequencing of  these PCR products 
we analyzed a number of Thr-Gly variants from 
each population, including the three rare variants 
we found [two of  these represented the (Thr-Gly)14 
and one the (Thr-Gly)~s variant]. In Fig. 2 the DNA 
sequences encoding the Thr-Gly repeats are shown. 

The length of the Thr-Gly repeat in the rare vari- 
ants estimated on the basis of  their relative electro- 
phoretic mobility (see Fig. 1) was confirmed. The 
DNA sequence analysis of three (Thr-Gly)~7 vari- 
ants (two from Zakynthos, ZA1 and ZA2, and one 
from Pietrastornina, PI1) and two (Thr-Gly)20 (one 
from Pietrastornina, PI2, and one from Merano, 
ME1) from wild populations matched those found 
previously in laboratory stocks (Yu et al. 1987) ex- 
cept for one synonymous substitution (C -~ A) in 
the PI 1 variant. The sequences of three (Thr-Gly)23 
variants from different populations (one from Pie- 
trastornina, PI3; one from Merano, ME2; and one 
from Bordeaux, BX1) were also obtained. These 
(Thr-Gly)23 variants share exactly the same se- 
quence except for one synonymous substitution (C 

T) in the last Thr-Gly-encoded pair in the BX 1 
variant. However, all three had diverged signifi- 
cantly from a (Thr-Gly)23 variant previously de- 
scribed in a Canton S laboratory stock, originally 
collected in Ohio, USA (Lindsley and Grell 1972; 
Jackson et al. 1986; Yu et al. 1987), labeled 'CS' in 
Figs. 2 and 3. 

In Fig. 2, the alignment of  the sequences of the 
different Thr-Gly variants takes into account pu- 
tative deletion/insertion events. This alignment has 
been performed with the aim of obtaining a parsi- 
monious solution to the question of  the origin of  
each Thr-Gly length variant. The approach we 
adopted minimizes the number of synonymous 
substitutions between two different variants and as- 

sumes that only one deletion/insertion event oc- 
curred. Yu et al. (1987) have shown that the (Thr- 
GIy)17, (Thr-Gly)20, and (Thr-Gly)23 variants from 
laboratory stocks differ from each other by the pres- 
ence of one, two, or three copies, respectively, of an 
18-bp perfect direct repeat (indicated by the arrow 

> in Fig. 2). Consequently, they can 
originate by deletion/insertion events in this region. 
The (Thr-Gly)18 variant we found in the Merano 
population (ME3) differs from the ZAI and ZA2 
(Thr-Gly) l 7 variant by just a 6-bp repeat (ACAGGT, 
indicated by the arrow = = >  in Fig. 2). This repeat 
appears in three tandem copies in ME3 and only in 
two in the (Thr-Gly)l 7 variants. 

When the (Thr-Gly)z3 variant that we found in 
Merano (ME2) and Pietrastornina (PI3) was com- 
pared with the Canton S (CS) (Thr-Gly)23 variant, 
we observed that 21 synonymous substitutions were 
required for the alignment (Fig. 3). The same figure 
reveals that 22 substitutions were required in the 
case of  the (Thr-Gly)23 BX 1 variant. We discuss the 
possible origin of  these variants below. 

A parsimonious model indicates that the (Thr- 
Gly)23 variant from Merano (ME2) and Pietrastor- 
nina (PI3) gave rise to the (Thr-Gly)~a variant (ME3) 
by the occurrence of a single 30-bp deletion (see Fig. 
2). One synonymous substitution (C -~ A) is also 
observed in ME3 in the last nucleotide immediately 
upstream of the last encoded Thr-Gly pair (indi- 
cated by an asterisk). The (Thr-Gly)~4 variant from 
Merano (ME4) and Pietrastornina (PI4) can also be 
derived from the same (Thr-Gly)23 variant by the 
occurrence of a single 54-bp deletion. It is interesting 
to note that the hypothesized deletion breakpoints 
in the (Thr-Gly)23 variants [to give the (Thr-Gly)14 
and (Thr-Gly)ls variants] are preceded by perfect 
6-bp motifs (indicated, respectively, by the arrows 
- - - ->  and + + >) that might work as a possible 
substrate for slippage or unequal exchange events 
(Levinson and Gutman 1987; Dover 1989; Jarman 
and Wells 1989). The (Thr-Gly)~7 alleles ZA1, ZA2, 
and PI 1 can be derived from the (Thr-Gly)ls variant 
(ME3) by a single 6-bp deletion (plus one synony- 
mous substitution, C -~ A in the case of PII). The 
(Thr-Gly)2o (ME1 and PI2) variant can originate 
from the (Thr-Gly)~7 variant (ZA1 and ZA2) by an 
insertion involving the 18-bp motif  mentioned 



above. The CS (Thr-Gly)23 variant can in turn orig- 
inate from the (Thr-Gly)2 o variant by the same 18- 
bp insertion. Therefore, by invoking two deletions, 
two insertions, and one point mutation we can de- 
rive the CS (Thr-Gly)23 variant from the European 
(Thr-Gly)23 ME2 and PI3 allele. This presents a more 
parsimonious solution to the origin of  these two 
variants compared to a model that requires 21 (or 
22) point mutations. Figure 4 shows a tentative phy- 
logeny of  the different Thr-Gly length alleles based 
on these assumptions. 
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Length Variants in D. pseudoobscura 

Figure 5 shows the sequences of  the region corre- 
sponding the Thr-Gly domain in D. melanogaster 
in three different strains of  D. pseudoobscura (PA 
from Pachuca, Mexico; TU from Tucson, AZ, USA; 
and BO from Bogota, Colombia) compared with the 
sequence of  the Ayala reference strain (AY) already 
published (Colot et al. 1988). This sequence analysis 
was carried out after size differences in PCR-am- 
plified fragments were detected by agarose gel elec- 
trophoresis. 

Because only four different sequences were avail- 
able, no attempt was made to reconstruct a possible 
origin of  the different variants. Moreover, a prelim- 
inary analysis of  the sequences revealed more com- 
plexity than in D. melanogaster. Therefore the se- 
quences were aligned with the publ ished AY 
sequence (Color et al. 1988). The length variants 
from the three strains show a number of  synony- 
mous and nonsynonymous nucleotide substitutions 
when compared to the AY reference strain. Addi- 
tionally, our sequencing analysis indicates that the 
length polymorphism is due to deletion/insertion 
events involving 15 nucleotides. The three strains 
(PA, TU, and BO) share one insertion and two syn- 
onymous substitutions in comparison with the AY 
strain. The PA strain sequence also has one addi- 
tional synonymous substitution. The TU strain 
shows an additional insertion, three more synony- 
mous substitutions, and three other nonsynony- 
mous substitutions, two of  them in the same codon. 
The BO strain shows one additional insertion, which 
is different from the insertion in TU but encodes 
the same five amino acids. One further nonsynon- 
ymous substitution is found in BO. It is intriguing 
that TU presents more differences in relation to AY 
and PA than does BO in spite of  the fact that the 
latter is a different subspecies (Ayala and Dobzhan- 
sky 1974; Orr 1989). 

In D. pseudoobscura the repeat region encodes a 
short run of  Thr-Gly imperfect repeats (interrupted 
once by the sequence Thr-Ile-Ile-Ala-Thr-Ser-Gly), 
followed by a large amino acid sequence that con- 
tains a long degenerate repeat of  a five-amino acid 

Fig. 1. PCR-amplified Thr-Gly length variants separated on a 
3.5% low melting point agarose gel (NuSieve). Lanes a and k, 
~X 174 RF/HaeIII;  lanes b and j, pUC 13/HpaII; lanes c and e, a 
(Thr-Gly)~7 variant previously sequenced (Yu et al. 1987); lane 
d, ME4 variant (14) Thr-Gly pairs); lane f, PI4/PI1 variants, 
heterozygous female (14 and 17 Thr-Gly pairs); lane g, ME3 
variant (18 Thr-Gly pairs); lanes h and L respectively, a (Thr- 
Gly)2 o and a (Thr-Gly)23 variant previously sequenced (Yu et al. 
1987). In l a n e f t h e  two slowly migrating, closely spaced bands 
are due to heteroduplex formation. 

motif  (Colot et al. 1988). A detailed analysis of  the 
DNA sequence in this region shows the presence of  
32-34 (32 in AY, 33 in PA, and 34 in TU and BO) 
degenerate tandem repeats o f a  15-nucleotide mot i f  
( indicated by arrows in Fig. 4) with the 
GGCGCCGACAACTCT consensus sequence (see 
Table 2). Each repeat in the four sequences always 
has at least eight bases identical to the consensus. 
A consensus motif  of  five amino acids (Gly-Ala- 
Asp-Asn-Ser) can also be drawn from the conceptual 
protein (Table 2). Finally, it can be deduced from 
the sequence data that the length polymorphism in 
the repeat region of  D. pseudoobscura is due to a 
variation in the number of  the 15-nucleotide mot i f  
and not in the number of  the encoded Thr-Gly pairs. 

Predicted Secondary Structure of the 
Conceptual per Protein 

Using several different methods (see Materials and 
Methods), a predicted consensus secondary struc- 
ture of  the conceptual protein of  D. melanogaster 



242 

first pair [aBt p~ir 
ThrGly . . . . . . . . . . . . . . . . .  > . . . . . . . . . . . . . . . . .  > . . . . . . . . . . . . . . . . .  > Th~Gly 

:::::>=::==) ..... ) ..... ) ..... ) ..... ) ..... ) ..... ) :::::)§247247247247247247247247 ,§247247247247 

25 CS GGC~T~GTG~AC~GGCACTGGTACA~TAC~GGT~CTGGkACTGG~GG~/CCGGGACA~GAACTGGA3CC~G~CAGG~CTGG~3CCGGGACAGG~3cTGG~CGGGA~AGGTA~AGG~Ar 

............... ) ................. ) 

::~::):z~:~> ..... ) ..... > ..... ) ..... > ..... ) =:::=)+~§247247247247247247247 .+~§ 

20 MEI GGT~G~C~CACT~GTRCA~ACk~TkCTGG~ACT~CT ~~~CCGGGA~GGIA~GG~/CGGGAA ~G~TACAGGCACAGGCACAGGCACTGGAA CRGGffAATGG~CA~T 
20 PI2 ~ i  

.............. ) 

: = = : : ) : : : : : )  . . . . .  > . . . . .  ) . . . . . . . . . .  ) : : = : : ) §  . 4 + §  

17 ZM G GCACTGGTGGC~C GGGC ACTG~TACA G~ACAGGTACTGG~CTGGAACTGG CGGG~CkG~TACAGGCACAGGCACAGGC~CTG~ACAGGC~TGGA~C~T 
17 Zl2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  .~.iii 
17 FI1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  X . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

:~=~:=:~:::='~.....) ..... ) ..... ; ..... ~ :::::~§247 .+++++> 
[fl Kg] GGCAC?GG'GGa~:~C'~'x~AG~AC~wCR~G'~6~.t~C~GG~CT~/t~GGa~AGC~/C~L~t~G~Mt~GG~A~A~~~C/~TcGjU~ 

~ s x ,  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  .,,,,.,,.,.,..................,=.....,..... 
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Fig. 2. D N A  sequences of  Thr-Gly length variants f rom dif- 
ferent natural populat ions compared with the Canton S (CS) 
sequence (Jackson et al. 1986; Yu et al. 1987). MEI and PI2 are 
(Thr-Gly)2o variants from Merano and Pietrastornina, respec- 
tively; ZA1, ZA2, and PI1 are (Thr-Gly)t7 variants f rom Zak- 
ynthos and Pietrastornina; ME3 is the (Thr-Gly),8 variant from 
Merano; ME2, PI3, and BX1 are (Thr-Gly)23 variants from Mer- 
ano, Pietrastomina,  and Bordeaux, respectively; ME4 and PI4 
are (Thr-Glyh4 variants from Merano and Pietrastornina, re- 
spectively. The first and last pairs of  the encoded Thr-Gly run 

23 CS 
23 ~]2 
23 PI3 
23 BIl 

Fig. 3. 

are underlined. The arrows > ,  = = > ,  + + > ,  and 
-- - - > )  indicate direct repeats that may  be involved in the origin 
o f  different alleles (see text for details). The lines connecting 
different length variants show the putative deletion/insertion 
events. Only point  mutat ions  between variants of  the same length 
are indicated. The asterisks indicate a synonymous  nucleotide 
difference between the ME2, PI3, BX 1, ME4, PI4 group o f  alleles 
and the ME3, PI1, ZA2, ZA1, PI2, ME1, CS group. The number  
preceding the acronym used to label each sequenced allele refers 
to the encoded number  o f  Thr-Gly pairs. 

first pair last pair 
Thralu Thraly 

~ACT~TGGCA~GGG~C~GG~CAGGT~C~GYA~T~eI.~C~G~CCG~Ac~G~cT~CG~r 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  l..Y . . . . . . . . . . . . . .  T,.L,C,,G.A ..... T.A..6 ..... L.T..~..e..T ..... ~ ..... ~..C..T.A . . . . . . . . . . . . . . . . . . . . . . .  C . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  A..T . . . . . . . . . . . . . .  T.,A..C.,G..A ..... T,.A..G ..... A.,T..A,.C..T ..... G ..... A.,C..T..~ ....................... C . . . . . . . . . . . . . . . . . .  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  L.? . . . . . . . . . . . . . .  T..A..C..G.A ..... T..L.G ..... A.,T.A..C..T ..... G ..... A..C..T..A . . . . . . . . . . . . . . . . . . . . . . .  r ..... ? . . . . . . . . . . . .  

A l i ~ m e n t  between the Canton S ~ S )  Oackson et al. 1986; Yu et al. 1987) and the Merano (ME2), P i e t~s tomina  (PI3), and 
Bordeaux (BX 1) (Thr-Gly)2a length variants. See also legend in Fig. 2. 

was obtained. A continuous series of turns for the 
Thr-Gly-encoding region is predicted. This region 
of  turns seems to subdivide the conceptual per pro- 
tein into two main globular domains. Similar results 
have been obtained for the degenerate five-amino 
acid repeat in the corresponding region of  the per 
protein ofD. pseudoobscura. Figure 6 shows a graph- 
ic representation of  the obtained per protein sec- 
ondary structure of both species when the Chou and 
Fasman (I 974) method is applied. 

Codon Usage within the Repeats 

We examined the codon usage for Thr and Gly with- 
in the repeat of the D. melanogaster CS sequence 
(Jackson et al. 1986) and compared it with the usage 
in the remainder of  the gene. We obtained a G value 
of  12.66 (df = 3, P < 0.01) for Thr and a G value 
of  14.94 (df = 3, P < 0.01) in the case of Gly. In 

the D. pseudoobscura AY sequence (Colot et al. 1988) 
a significant difference in codon usage was also ob- 
served for Ser (G = 58.42, df  = 5, P << 0.01) out 
of the consensus five amino acids encoded by the 
degenerate repeat, when compared to the rest of  the 
gene. 

Discussion 

The repeat encoding region in the per genes of  D. 
melanogaster and D. pseudoobscura confirms some 
of the expectations of  theoretical models concerning 
the evolution of  tandem-repetitive DNA sequences 
through replication slippage and/or unequal sister- 
chromatid exchange (Smith 1976; Dover 1987). For 
example, we observed the existence of higher-order 
structures such as the 18-bp "cassette" and the clus- 
ters of  6-bp direct repeats in D. rnelanogaster. An- 
other likely consequence of  replication slippage and/ 



or unequal sister-chromatid exchange in this coding 
region is the observed significant bias in the codon 
usage within the repeats. 

The phylogeny of the different D. melanogaster 
Thr-Gly length variants shown in Fig. 4 and derived 
from the data in Fig. 2 was obtained using an ar- 
bitrarily chosen parsimony criterion, which mini- 
mized both the number of point mutations and de- 
let ion/insertion events between two alleles. It 
assumes that the alleles originated by slippage and/ 
or unequal sister-chromatid exchange. Indeed, these 
seem to be the major mechanisms by which new 
alleles arise in minisatellite sequences (Jeffreys et al. 
1990). The resulting model predicts that one of the 
(Thr-Gly)23 alleles found in the European popula- 
tions (ME2, PI3, and BX1) is representative of the 
ancestral state compared to the others we examined, 
because they can all be derived simply from these 
(Thr-Gly)23 alleles. Furthermore our results show 
that without a careful analysis of several DNA se- 
quences from other natural Thr-Gly alleles, we would 
have made serious error in interpreting the evolu- 
tionary history of  the two (Thr-Gly)23 variants. Gene 
conversion and unequal crossing-over between the 
different length variants may also play a role in the 
evolution of  this region. Perhaps this could explain 
the apparently complex pattern ofpolymorphism in 
D. pseudoobscura where in the TU strain a 3-bp 
substitution occurs as a cluster. 

It is expected that the tandem-repetitive coding 
sequences in the per genes of  these two species may 
be under different constraints from noncoding re- 
petitive DNA sequences (Jeffreys et al. 1988a, 1990; 
Jarman and Wells 1989). An obvious requirement 
is the maintenance of the reading frame. However 
it is interesting to observe that, with the exception 
of the rare (Thr-Gly)~ s variant, all the other Thr- 
Gly alleles in D. melanogaster differ by multiples of 
three Thr-Gly pairs. Could this suggest some kind 
of functional constraint at the level of the protein? 
Our observation of a convergence producing two 
kinds of  (Thr-Gly)23 variants (CS, originally col- 
lected from the USA, and those found in European 
natural populations) further supports this intriguing 
possibility. In this respect it would be interesting to 
know whether the CS (Thr-Gly)23 variant found in 
the laboratory reflects a common variant in Amer- 
ican natural populations. 

Analysis of  the predicted secondary structure of 
the conceptual protein olD. melanogaster using eight 
different methods indicates that the Thr-Gly region 
may represent a series of turns that act as a spacer 
dividing the per protein into two main globular do- 
mains. Similar secondary structure is obtained for 
the D. pseudoobscura per protein in which the long 
D. melanogaster Thr-Gly repeat is replaced by a 
degenerate five-amino acid repeat. This suggests that 
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BX 1(23"rG) ME4( I4TG) 

I~IE2 (23TG) 

1 
ME3(18TG) 

I 
ZA1 ZA2(]7TG) 

/ \  
PI1(17TG) ~E21(20TG) /I 

CS(23TG) 
Fig. 4. Hypothetical phylogeny of the different Thr-Gly alleles 
based on the alignment of the sequences in Fig. 2. Arrows indicate 
the direction of the hypothesized deletions/insertions and point 
mutation events needed to derive one allele from another. 

in spite of  the high divergence in the primary protein 
sequences between the two species in this region, 
the secondary structure is quite conserved. 

Could the length polymorphism in the repeats 
have selective value? A recent result from Ewer et 
al. (1990), who examined the circadian behavior of 
arrhythmic D. melanogaster flies that had been 
transformed with a per gene from which the Thr- 
Gly-encoding motif  had been deleted (Yu et al. 1987), 
may be relevant. They observed that the circadian 
period in locomotor activity of  these transformants 
became temperature dependent. This result suggests 
that the Thr-Gly repeat may play a role in the ther- 
mostability of the per protein. The absence of  such 
temperature sensitivity is a cardinal feature of a true 
biological clock and is termed temperature com- 
pensation (Pittendrigh 1954). Consequently, per- 
haps different length variants may have altered tem- 
perature compensation properties when challenged 
with different temperature regimes. 

Finally, in D. melanogaster the island population 
from Zakynthos appears monomorphic for the (Thr- 
Gly)l 7 variant. If  other length variants exist in this 
population, they will certainly have low frequencies. 
We can almost certainly exclude inbreeding and 
founder effects to explain this lack of  variation as 
two gene-enzyme systems, esterase-6 (Est-6) and 
alcohol dehydrogenase (Adh), were studied in this 
population, and the results revealed high levels of  
polymorphism (R. Costa, unpublished). The pattern 
of allele frequencies was typical for Mediterranean 
natural populations (Anderson and Oakeshott 1984; 
David et al. 1988). The apparent monomorphism 
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Au CCAAAAGTGC~GT~T~GGAT~TGAGCAGCACC~GCGAGGAT~CCCGCAGCACGCT~AGC~CC~GAA~GG~T~GAGGGCAGTGGCGCCAGTGGCTCCT 

TU ........ , ............... , ........................................... ,,,, ..... , ...................... 

imperfect 

first Thr-Gly pairs 
AY cAGGcCA~A~CA~CGGCAGCAATATACACA~GAG~AG~GCGA~CA~cACAA~CAAT~C~G~r 

last GIy 
.............. ) .............. ) .............. ) .............. > .............. > ...... 

AY AATAGCCAC~TCCGGGACC~CACTGTCACCTGCGCCTCCGGCAACAT~GACGCCAACAC~TCTGCGGCCTTCAACATTGcCGC~ACACCTCTGCCGCC 

SeT 

........ ) .............. > .............. > .............. ) .............. ) .............. > .............. ). 

AY GACAACT~TGGCGCCGATACCTCTGCCGCTGACACCTCT~GCGCCG~CACCTCTGCTGCTGACA~CTAT ............... GGCCCCGGC~ACTTTG 

PA ..................................................................... GCAGTCGACAACTAT ................ 

TU ...C ................................................................. GCAGTCGACAACTAT ................ 

BO . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  GCAGTCGACAACTAT ................ 

His ~laValAspAsnTyr 

Aap 
............. ) .............. ) .............. > .............. ) .............. ) .............. ) ........... 

A~ ~CGCAGAAAACTCTTGCGcC~AT~cTCTGGCGCCGAAAACTCATGCGCAGATA~CTCTGGCGTCGATAACTCCCGGCCCGATAACTCTGGGGCCGA?~ 

TU .... T .......................................................................... TTG .................. 

Cys 

...) .............. > .............. > .............. ) .............. ) .............. > .............. ) ...... 

AY CTCTGCGGCCGATAACTTT ............... GGGCCCGACAATTCCGGGGCCGACAATTCC ............... GGGCCCGACAACACTGGACCC 

TU ................... GGCGCCGACAACTCT..A ........................... - .............. ..A .................. 

BO . . . . . . . . . . . . . . . . . . .  - . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  GGCGCCGACAATTCC . . . . . . . . . . . . . . . . . . . . .  

alyAlaAspAsnSar GlyAlaAspAsnser 

........ ) .............. ) .............. ) .............. ) .............. ) .............. > .............. ). 

AY GACAATTCCGGCGCCGAAAACTCTCGGGCCGA~ACTCTCGAG~CGAT~ACTCTAGACCCGACCACCCTAGACCCGACATCTCTGGCGCCAGcAATTCT~ 

~ ,,,,,,o ....... ,,,,,,,o,,,,,,,,.,.,.,,.,.,.,,,,,,,,,,,,.,,,,,,,,,,.,,,.,.,., ....... ,,.,, .... ,,,,.,,o, 

. . . . . . . . . . . . .  ) . . . . . . . . . . . . . .  ) . . . . . . . . . . . . . .  ) 

AY GA~CGAC~tAA~CTGGACC~GA~GTCGGGCG~CGAi~AC?CTG~CT~TGGATCGGGAT~GGGCAC~T~CGGC~CG~GG?~CCTC~AGTGGTGGGCA 

Au GGACACCAGGACCAC CGCTGGGACT 

PA . . . . . . . . .  A . . . . . . . . . . . . . . .  
TU ......... A ............... 

BO . . . . . . . . .  1~ . . . . . . . . . . . . . . .  

Table 2. Consensus sequence of  the 15-nucleotide degenerate repeat of D. pseudoobscura 

Fig. 5. Sequences of length 
variants in the Thr-Gly-encoding 
region of different strains of D. 
pseudoobscura compared with 
the published sequence of  the 
Ayala (AY) reference strain (Col. 
at et al. 1988). PA, Pachuca, 
Mexico; TU, Tucson, Arizona, 
USA; BO, Bogota, Colombia. 
The first and last pairs of the 
Thr-Gly imperfect repeat are 

underl ined.  The arrows 
(. >)  indicate the 
degenerate tandem repeats 
of the 15-nucleotide mot i f  
GGCGCCGACAACTCT. Each 
repeat in the four sequences has 
at least eight bases identical to 
the consensus. Synonymous and 
nonsynonymous substitutions as 
well as the insertions found in 
relation to the AY strain are also 
shown. 

O G C G C C G A C A A C T C T 
75 75 53 66 97 84 88 84 60 97 78 81 84 78 75 

Gly Ala Asp Asn Ser 
50 63 63 69 69 

The numbers below each base represent their percentage frequency of  occurrence as calculated for the 32 repeats of the Ayala reference 
strain (AY) (Color et al. 1988). A consensus mot i f  of five amino acids (Gly-Ala-Asp-Asn-Ser) can also be drawn from the conceptual 
protein. The numbers below each amino acid represent their frequency of occurrence in percentage 
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Fig, 6. The predicted second- 
ary structure of the per protein 
in D. melanogaster and D. pseu- 
doobscura using the Chou and 
Fasman (1974) method. The po- 
sition of the Thr-Gly repeat of 
D. melanogaster and the five- 
amino acid degenerate repeat of 
D. pseudoobscura are indicated. 
Both these regions are character- 
ized by a series of turns that sub- 
divide the conceptual proteins 
into two main globular domains. 
The amino acids of the per pro- 
tein are numbered from the ami- 
no terminus. 

at the per locus could be due to selection or to the 
accidental fixation of the (Thr-Gly)17 variant by ge- 
netic turnover mechanisms (Dover 1989). 

In summary our results suggest that length vari- 
ation will be a common finding in the repetitive 
encoding region of  the per gene in Drosophila spe- 
cies, irrespective of  the amino acid moiety that is 
encoded by the repeat motif. Furthermore, our se- 
quence analyses highlight some of  the dangers in- 
herent in drawing premature evolutionary histories 
from superficial DNA examination of  internally re- 
petitive genes. 
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