
attributed to an excited-state dipole mo- 
ment, induced by the presence of local elec- 
tric fields. These fields, which vary over time 
and produce spontaneous spectral diffusion, 
are thought to result, in part, from the pres- 
ence of charge carriers on or near the QD 
surface. 
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Natural Variation in a Drosophila Clock Gene 
and Temperature Compensation 
Lesley A. Sawyer," J. Michael Hennessy," 

Alexandre A. Peixoto,? Ezio Rosato, Helen Parkinson, 
Rodolfo Costa, Charalambos P. Kyriacou$ 

The threonine-glycine (Thr-Gly) encoding repeat within the clock gene period of Dro- 
sophila melanogaster is polymorphic in length. The two major variants (Thr-Gly)l7 and 
(Thr-Glyj20 are distributed as a highly significant latitudinal cline in Europe and North 
Africa. Thr-Gly length variation from both wild-caught and transgenic individuals is 
related to the flies' ability to maintain a circadian period at different temperatures. This 
phenomenon provides a selective explanation for the geographical distribution of Thr-Gly 
lengths and gives a rare glimpse of the interplay between molecular polymorphism, 
behavior, population biology, and natural selection. 

T h e  clock gene period (per) in Drosophila 
mehnogaster is an essential component of 
circadian rhythmicity, and its product is 
involved in a negative autoregulatory feed- 
back loop with the Timeless protein [re- 
viewed in (1 )]. The per gene has a repetitive 
region, which encodes alternating pairs of 
predominantly threonine-glycine, but also 
serine-glycine dipeptide pairs (2). This re- 
petitive region is conserved in the mamma- 
lian per homolog, suggesting that it may 
play an important functional role in circa- 
dian phenotypes (3). However, the only 
role assigned for the Thr-Gly region is to 
convey the swecies-soecific characteristics 
of the ultradian male courtship song cycle 
(4). 

Within natural populations of D. mela- 
nogaster and D.  simulans, the Thr-Gly re- 
peat is polymorphic in length (5). In D. 
melanogaster, Thr-Gly alleles that encode 
14, 17, 20, and 23 dipeptide pairs [termed 
(Thr-Gly) 14, (Thr-Gly) 17, and so on] make 
up about 99% of European variants (6). The 
(Thr-Gly) 17 and (Thr-Glyj2O alleles are 
distributed as a highly significant latitudinal 
cline, with high occurrences of the former 
observed in the southern Mediterranean 
and the latter predominating in northern 
Europe (6). In both D. melanogaster and D. 
simuhns, analvses of intrasoecific Thr-Glv 
haplotypes aimed at testin; neutral model's 
suggest that the repetitive regions are under 
selection (7,  8). Furthermore, several stud- 
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ies revealed that Thr-Gly repeat length co- 
evolves with the immediate flanking amino 
acids (9,  10). If selection is shaping varia- 
tion in the reuetitive region, then the Thr- u ,  

Gly cline in Europe implicates temperature 
as a possible selective agent. 

Therefore, we studied the temperature 
responses of natural Thr-Gly length vari- 
ants, which have the sequences shown in 
Fig. 1 (1 1 ). For simplicity, the (Thr-Gly) 17c 
allele, which has the downstream (Thr- 
G1y)2 deletion, is referred to as (Thr- 
GIy) 15. The Ser-to-Phe replacement is the 
only amino acid polymorphism that has 
been encountered in the immediate flank- 
ing regions surrounding the repeat in Euro- 
pean (1 1 ) and other populations (1 2). 

Free-running circadian locomotor activi- 
ty rhythms of males from 37 different at- 
tached-X lines, whose per-carrying X chro- 
mosomes originated from eight European 
and North African localities, were examined 
at 18" and 29°C (Table 1) 113). A further , ~ ,  

attached-X line whose original male carried 
the (Thr-Glv123 allele from the American 
Canton-S laboratory strain was also added. 
This Thr-Gly haplotype is also found in Eu- 
ropean populations (1 1). The results based 
on spectral analysis (14) are presented in 
Table 1 and Fig. 2, A and B. Similar results 
were obtained with autocorrelation (Table 
1) (15), but are not presented in detail. 
Two-way analysis of variance (ANOVA), 
performed with the 38 lines and temperature 
as the variables, gave significant Line and 
Temperature X Line interactions (P < 
0.01). and further ANOVA of the data , , 

pooled into genotypes also gave sign~ficant 
Genotype and Temperature x Genotype in- 
teraction (both P < 0.001). Planned com- 
uarisons revealed that six of the 38 lines 
showed significant period differences be- 
tween the two ternoeratures, whereas nine 
were significantly different when periods 
were determined with autocorrelation (Ta- 
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ble 1). These significant differences tended 
to fall in the comparisons involving the 
shorter (Thr-Gly) variants (Table 1). How- 
ever, these results should he treated with 
some caution, because the critical P value of 
0.05 was not adjusted for the 38 planned 
comparisons. 

(Thr-Glyj20 variants showed the most 
efficient circadian temperature compensa- 
tion, with no overall significant difference 
between the periods at the two tempera- 
tures (Fig. 2A; P = 0.47). However, the 
mean periods at both temperatures were 
somewhat shorter than 24 hours. The (Thr- 
Gly) 17 lines, on the other hand, produced a 
per~od closer to 24 hours at the warmer 
temperature, but the period shortened sig- 
nif~cantly at the colder temperature (P 
= 0.029). Nevertheless, the (Thr-Gly) 17 
and (Thr-Gly)2O variants, which make up 
90% of natural alleles (6),  are better con-  
pensated than the others. In addition, the 
periods of the (Thr-Gly) 14 and (Thr-Gly) 1 7 
flies became longer as temperature in- 
creased (the direction of the arrow in Fig. 
2A shows the change in period at warmer 
temperatures), whereas, the converse was 
seen with (Thr-Gly)23 (Fig. 2A). The (Thr- 
Gly) 15-21 -24 variants, which are structur- 
ally "out of phase" with the (Thr-Gly)3 
interval of the (Thr-Gly) 14-1 7-20-23 allelic 
series, appear less predictable in this respect 
as can be seen from Fig. ZB, which illus- 

trates temperature differences in period as 
computed froin the pooled means for each 
genotype. The "in-phase" (Thr-Gly)l4-17- 
20-23 series of variants, which differ by 
units of (Thr-Gly)?, fall close to the regres- 
sion line (r = -0.98, P < 0.02; for these 
four variants onlv). whereas the out-of- , , ,  

phase variants fall further from the illustrat- 
ed regression line (overall r = -0.57, not 
significant; for all seven variants). Howev- 
er, because of the unavoidably small sample 
sizes for the rare variants, we also weighted 
the correlation, using the period differences 
shown for each strain (Table 1).  A signifi- 
cant correlation was obtained (r = -0.328, 
P = 0.044, n = 38). Removing the five 
lines with out-of-uhase 15-21-24 leneths u 

again strengthened the correlation (r = 

-0.365, P = 0.037, n = 33), but not s~gnif- 
icantly. Thus, it appears that an approxi- 
mately linear relations hi^ exists between 
Thr-Gly length and temperature compensa- 
tion; this is particularly evident with the 
(Thr-Gly) 14-1 7-20-23 series, which inake 
up the vast majority of natural variants (6). 
Structural studies of Thr-Gly peptides show 
that a (Thr-Gly)3 peptide represents a con- 
forrnatio~lal monomer, generating a P turn 
(16). Perhaps then, the relationship be- 
t\veen Thr-Gly length and temperature 
compel~sation has a structural component 
related to the dynamic properties of the 
(Thr-Gly)3 motif (16). 

B~atural 
variants SGSSGNFTTASNIHNSSVTNTSIAGTGG NGTNSGTGTGTASSSKGGSAAIP 

. . . . . . . . . . . . . . . . . . . . . . . . . . . .  (Thr-Gly124 . . . . . . . . . . . . . . . . . . . . . . .  

Fig. 1. (A) Intron and exon structure of per showing the positlon of the Thr-Gy repeat. Filled boxes 
represent translated exons, and the hatched box represents the Thr-Gly regon. (8) Amino acd  se- 
quences of the Thr-Gly regon from the natural strains and from the Thr-Gly transgenes (27). The 
uninterrupted Thr-Gy repeat length IS given, and a, b, or c Identify different isolength DNA sequences (5, 
7 1). Dots denote identical amino acids; dashes show deletions. A European (Thr-G/y)23b variants 
show a fixed substtuton (Ser to Phe) In the 3' fanknq reqion. The (Thr-Glyj17c varant has a down- 

The phenotypic effects associated with 
these very small changes In natural Thr-Gly 
length are marginal. To test their validity, 
we generated per transgenes in which inter- 
nal deletions of the repetitive tract froin a 
cloned (Thr-Gly)2O per gene were made. 
(Thr-Gly) 17 and (Thr-Gly) 1 transgenes 
were constructed, and a h(Thr-Gly) trans- 
gene was included (Fig. 1)  (17, 18). The 
free-running circadian locomotor rhythms 
were examined in two to four independent- 

2 3 . 0 1 " " ' " " " '  
13 15 17 19 21 23 25 

Thr-Gly length 

-0.8 I I I I I I 

12 14 16 18 20 22 24 

Thr-Gly length 

Fig. 2. (Top) Mean-free runnng periods at 18" 
(box) and 29°C (arrowhead) of males carrying 
different Thr-Gy length alleles. The means rep- 
resent the pooled perlod averaged across the 
number of lndivduals within each Thr-Gy length 
(Table 1). The arrow reflects the change in direc- 
tlon of the period at 29°C. The (Thr-Gly)20 vari- 
ants show almost identlca perlods at the two 
temperatures. (Bottom) The same data as (A) is 
used, but IS  plotted as the mean period obtalned 
at 18°C subtracted from that obtained at 29°C. 
The regression line IS  plotted. 

L L U .  

A(Thr-Gly) (Thr-Gly) 1 (Thr-Gly) 17 (Thr-G1y)PO 

(Thr-Gly) Length 

stream deletlon of two Thr-Gly pars and IS therefore referredto as (Thr-Gly)l5 In the text Fly popuatlons Fig. 3. Mean (and SEM) for free-runnlng perlods of 
were sampled from Europe and North Afrca (5, 6) and sofemae lhnes were estabshed lmmedlately pep '  transformants at 18" (open bars) and 29°C 
One male from each lsofemale n e  was crossed to attached-Xfemaes, generating a stable lhne In whlch (filled bars), whlch carry a slnge copy of a Thr-Gly 
the males carry the orlgnal paternal X chromosome The length of the Thr-Gly encodlng m~n~satell~te transgene The spectrally derlved data from the 
wlthln per was examlned In the males of each attached-Xlne by PCR, by heteroduplex formailon, and dfierent Independently transformed Ilnes wlthn 
by subsequent DNA sequencng each Thr-G/y genotype have been pooled (19) 
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ly transformed lines for each Thr-Gly trans- 
gene, on a per" background (Fig. 3). TWO- 
way ANOVA on spectrally derived data 
gave significant Line, Temperature, and 
LineXTernperature interaction effects (all 
P < 0.001). A posteriori tests revealed that 
all lines for the A(Thr-Gly), (Thr-Gly) 1, 
and (Thr-Gly) 17 transgenes gave signifi- 
cantly longer periods at 29°C (P << 0.01 
for each case). In contrast, only two of the 
four (Thr-Gly)20 lines gave significant 
lengthening of the period at 29"C, and the 
temperature differences were smaller than 
for the other genotypes (1 9). These results 
convincingly support those based on the 
natural variants, even to the extent that the 
(Thr-Gly)2O transformants show overall 
better temperature compensation than do 

the (Thr-Gly) 17 variants. Furthermore, the 
design of the transgenes (1 7) means that 
the associated temperature compensation 
differences cannot be due to any linkage 
disequilibrium with the different repeat ar- 
rays (7), but are caused by changes in the 
number of Thr-Gly pairs, with similar im- 
plications for the natural Thr-Gly variants. 

A free-running circadian period of 24 
hours inay be optimal in Drosophih, reducing 
the physiological "cost" of a daily resetting of 
the circadian clock (20). Thus, at warmer 
temperatures, the (Thr-Gly) 17 variant has a 
period very close to 24 hours (Fig. 2A) and 
may enjoy an advantage, whereas at colder 
temperatures, its period shortens significant- 
ly. The more robust temperature compensa- 
tion of the (Thr-Gly)20 allele might there- 

Table 1. Spectrally-derived (14) free-runnng periods in constant darkness (DD) of males from at- 
tached-X lines carrying various Thr-Gly length alleles at different temperatures. The or~gins of the 
d~fierent n e s  are Cognac (CO), France; Conselve (CON), Pietrastornina (PI), and Lecce (LEC), Italy; 
Leiden (LE), Netherlands; Casablanca (CAS), Morocco; Rethimnon (RET), Greece; Canton-S (Cants), 
Unted States; and North Wooton (NW), United Kingdom. Sgnificant dfferences for a prior comparisons 
based on ANOVA are highlighted (*P < 0.05,**P < 0.01 ; see text). These spectrally derved results are 
mcre conservative than those obtained from autocorrelation (28), in which sgnificant period dfierences 
at the two temperatures were obtained in nine of the comparisons, six of which involved (Thr-Gly)l4 and 
(Thr-Gly) 17 variants. 

uhr-Gy) 
n Period (in hours) ? SEM 

Line 
number Origin length 

18°C 29°C 18°C 29°C 

CON 
CON 
co 
LEC 
CO 
CON 
CON 
CON 
LE 
PI1 
PI9 
C AS 
RET9 

20 PI5 
21 PI8 
22 C AS 
23 RET4 
24 CON 
25 CON 
26 LEC6 
27 LEC3 
28 NWI 
29 CO 
30 CON 
3 1 CON 
32 CO 
33 CON 
34 CON 
35 Cant.S 
36 LEC79 
37 LEC30 
38 NW5 

fore be at a premium in colder, more ther- 
mally variable environments, such as in 
northern Europe (21 ). Consequently, a bal- 
ancing selection scenario can be envisaged, 
whereby the (Thr-Gly) 17 circadian periods 
are particularly adapted to warmer environ- 
ments and the (Thr-Gly)20 to colder cli- 
mates. In fact, in Europe (6)  and Australia 
(22), the (Thr-Gly)17 allele generally pre- 
dominates over the (Thr-Gly)20 and only 
starts to fall in frequency at the more ex- 
treme, cooler regions within these conti- 
nents. The behavioral differences we see in 
these variants in the laboratory represent 
only a limited snapshot of the true variation 
in circadian period that would be observed 
in the wild, where far greater extremes of 
temperature will challenge the Drosophila 
clock, both on a daily and seasonal basis 
(21 ). Consequently, the differences observed 
with natural length variants in the laborato- 
ry are likely to be considerably amplified in 
the wild. 

There are considerable difficulties associ- 
ated with measuring putative fitness charac- 
ters for an organism such as D. melanogaster 
with an effective population size (n?) of 
about 105 to 106 (23). Because the smallest 
selection coefficient visible to natural selec- 
tion is the reciprocal of n,, laboratory exper- 
iments are usually orders of magnitude too 
insensitive to detect tiny, but evolutionarily 
significant adaptive differentials (24). Nev- 
ertheless, in spite of this, we detected subtle 
behavioral differences among the naturally 
occuring Thr-Gly genotypes, which may il- 
luminate our understanding of the European 
spatial patterning of the two major length 
alleles. Furthermore, our conclusions are 
buttressed by studies of linkage disequilibria 
involving the Thr-Gly repeat, which have 
revealed patterns of associations that are 
consistent with the maior Thr-Glv alleles as 

24.37 2 0.20 being under selection (7). Finally, the dif- 
24.31 ferences in temperature compensation asso- 
24.14 i- 0.17 
23,84 0,14* ciated with the different Thr-Gly lengths 
23.39 ? 0.18 are consistent with the coevolutionary dy- 
23.91 i- 0.30 namics that have been shown to act in this 

4 8 23.37 ir 0.42 23.61 ? 0.22 region (9, 10). Within D. melanogaster, the 
10 8 24.01 i- 0.18 24.28 2 0.16 differences in repeat length are not coinpen- 
38 13 
16 11 

2369 ' O.O8 23.12 i- ',I5* sated by changes in flanking haplotypes, so 
23.81 i- 0.18 24.20 ? 0.29 

25 30 23,47 i- 0,13 23,28 i- 0,14 small but detectable phenotypic changes are 

22 26 23.72 ir 0.17 23.79 ? 0.14 observed. 
15 14 23.90 i- 0.13 24.40 ir 0.19 It is rare that natural variation in a be- 
12 14 23.88 i- 0.14 24.27 i- 0.12 havioral ~ h e n o t v ~ e  can be shown to be , L 

caused by a molecular polymorphism at a 
single locus. The Thr-Gly array appears to 
provide an additional dimension to the fly's 
circadian temperature compensation system. 
This association between behavior and Thr- 

21 23 24.03 ? 0.14 24.03 i- 0.14 Gly polymorphism may "fine-tune" the cir- 
16 19 24.00 i- 0.1 9 23.1 9 2 0.21 ** cadian clock to different thermal environ- 
12 13 
8 10 

23.95 23.49 i- ments and leads us to propose a simple se- 
24.1 8 i 0.1 7 23.70 ? 0.34 

15 16 23,77 0,15 23,1 ir 0,14* lective explanation for the clinal pattern of 
Thr-Gly length variation seen in Europe (6). 
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Arabidopsis NPHl : A Protein Kinase with a 
Putative Redox-Sensing Domain 

Eva Huala, Paul W. Oeller,* Emmanuel Liscum,l-ln-Seob Han,$ 
Elise Larsen,Q Winslow R. Briggsll 

The NPHl  (nonphototropic hypocotyl 1) gene encodes an essential component acting 
very early in the signal-transduction chain for phototropism. Arabidopsis NPHl  contains 
a serine-threonine kinase domain and LOVl and LOV2 repeats that share similarity (36 
to 56 percent) with Halobacterium salinarium Bat, Azotobacter vinelandii NIFL, Neuro- 
spora crassa White Collar-I, Escherichia coli Aer, and the Eag family of potassium- 
channel proteins from Drosophila and mammals. Sequence similarity with a known (NIFL) 
and a suspected (Aer) flavoprotein suggests that NPHl LOVl and LOV2 may be flavin- 
binding domains that regulate kinase activity in response to blue light-induced redox 
changes. 

Plants irradiated with unilateral blue light 
grow toward the light source, a phenome- 
non known as phototropism. We studied a 
120-kD olant olasma membrane-associated 
protein that becotnes heavily phosphoryl- 
ated on irradiation with blue lieht both in - 
vivo and in vitro. Physiological and genetic 
evidence imolicates this orotein in an earlv 
step in the signal-transduction pathway for 
phototropism (1, 2). We previously isolated 
phototropism mutants at four loci in Arabi- 
dopsis thaliana (L.) Heynh., designated 
NPIHl through NPH4 for nonphototropic 
hypocotyl (2). Three nphl alleles generated 
by fast neutron irradiation (nphl-l , nphl-4, 
and nphl-5) lack all known phototropic 
responses, demonstrating that the NPHl 
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protein is essential for all phototropic sig- 
nal-transduction pathways in Arabtdopsis. In 
addition, these mutants lack the 120-kD 
phosphoprotein, suggesting that NPHl 
might encode the phosphoprotein itself (2). 

The NPHl locus is located on chromo- 
some 111, within 26 centimorgans (cM) of 
GLl (2). Using described methods ( 3 ) ,  we 
employed amplified fragment length poly- 
~norphisln (AFLP) (4) to identify DNA 
markers flanking the NPHl gene at distanc- 
es of 0.3 and 0.4 cM (Fig. 1A). These 
markers were used to screen an Arabidopsis 
yeast artificial chromosome (YAC) library 
(5) by polymerase chain reaction (PCR) 
(6). Of three YACs identified, two 
(yUPlC7 and yUP21F3) overlap each oth- 
er and lnap to chromosome 111 near the 
NPIHl gene (2). Using sequences from 
yUPlC7 as a probe, we detected an altered 
restriction fragment pattern in nphl -5 and 
cloned an 18-kb Eco RI fragment that ap- 
peared in nphl-5 but not in the wild type. 
From this fragment, we subcloned a 7-kb 
Bgl I1 fragment that contains an end point 
of the DNA rearrangement in this mutant 
(Fig. 1B). Because we had biochemical ev- 
idence that the NPHl gene product was 
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