Copyright © 2006 by the Genetics Society of America
DOI: 10.1534/genetics.106.058792

The period Gene Thr-Gly Polymorphism in Australian and African
Drosophila melanogaster Populations: Implications for Selection

Lesley A. Sawyer,*' Federica Sandrelli," Carlo Pasetto,*' Alexandre A. Peixoto,*?* Ezio Rosato,*
Rodolfo Costa’ and Charalambos P. Kyriacou*-*
*Department of Genetics, University of Leicester, Leicester LEI 7RH, United Kingdom and TDipan‘immto di Biologia,
Universita di Padova, 35131 Padova, Italy

Manuscript received April 3, 2006
Accepted for publication July 11, 2006

ABSTRACT

The period gene is a key regulator of biological rhythmicity in Drosophila melanogaster. The central part of
the gene encodes a dipeptide Thr-Gly repeat that has been implicated in the evolution of both circadian
and ultradian rhythms. We have previously observed that length variation in the repeat follows a lati-
tudinal cline in Europe and North Africa, so we have sought to extend this observation to the southern
hemisphere. We observe a parallel cline in Australia for one of the two major length variants and find
higher levels of some Thr-Gly length variants, particularly at the tropical latitudes, that are extremely rare
in Europe. In addition we examined >40 haplotypes from sub-Saharan Africa and find a very different
and far more variable profile of Thr-Gly sequences. Statistical analysis of the periodicity and codon
content of the repeat from all three continents reveals a possible mechanism that may explain how the
repeat initially arose in the ancestors of the D. melanogaster subgroup of species. Our results further
reinforce the view that thermal selection may have contributed to shaping the continental patterns of Thr-

Gly variability.

HE period (per) gene in Drosophila controls a
number of biological rhythms, the most prom-
inent and best studied being the circadian cycle of
behavior (Harr 2003). The PERIOD protein is an
autoregulator of its own gene as well as of timeless, and
the PER and TIM proteins form the negative limb of
the feedback loop that is central to the generation of
circadian rhythmicity (HaLr 2003). Within PER lies
a repetitive region that is composed of alternating
dipeptide pairs of threonine and glycine residues (Yu
et al. 1987). The Thr-Gly repeat has provided a useful
model system for studying the mutational properties
of the coding minisatellite that underlies this region,
and as observed with repetitive regions in general, the
repeat is highly polymorphic, both in sequence and
length, within Drosophila melanogaster (COSTA el al.
1991). The length mutation rate of the repeat within D.
melanogaster has been estimated experimentally and as
expected it is several orders of magnitude higher than
the nucleotide substitution rate (RosaTo et al. 1996,
1997). Not surprisingly, there is enormous interspecific
length variation in this sequence between different

! Present address: Forensic Science Service, Birmingham B37 7YN, UK.

*Present address: Departamento de Bioquimica e Biologia Molecular,
Fundagao Oswaldo Cruz, Rio de Janeiro 21045-900, Brazil.

*Corresponding author: Department of Genetics, University of Leicester,
University Road, Leicester LE1 7RH, United Kingdom.
E-mail: cpk@leicester.ac.uk

Genetics 174: 465-480 (September 2006)

dipteran species, but only within the drosophilid line-
age has a dramatic expansion occurred, with D. pseudo-
obscura showing a modified pentapeptide repeat motif
that has >30 copies compared to D. virilis, which has
only a few pairs of the dipeptide (PrixoTo et al. 1992,
1993; NIELSEN et al. 1994). D. melanogaster is intermedi-
ate and encodes between 14 and 24 pairs of uninter-
rupted Thr-Gly dipeptides (SAWYER et al. 1997).

Functional studies of the Thr-Gly region have re-
vealed that the repeat and its surrounding ~700 bp
encode species-specific patterns of rhythmic behavior
between D. melanogaster and its sibling species D.
simulans in some elements of circadian locomotor
activity patterns and, more dramatically, in the court-
ship song cycle of the male (WHEELER et al. 1991;
ROGERS et al. 2004). Furthermore, repeat length varia-
tion in natural populations within Europe follows a
latitudinal cline, so that high frequencies of the (7Thr-
Gly)zp and (Thr-Gly);; alleles are found in northern
and southern regions, respectively (CosTa et al. 1992).
Together these two length alleles make up ~90% of the
natural variation found on this continent, with variants
carrying 14 (1%) and 23 (8%) Thr-Gly pairs and very
rare variants with 18, 21, and 24 pairs (together ac-
counting for 1%) making up the rest. Linkage disequi-
librium pattern analysis of this region has suggested that
balancing selection may be operating and this would
seem to fitin nicely with the observed clinal distribution
(ROSATO et al. 1997).
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In support of this idea, the temperature compensa-
tion of the clock, i.e., how well the ~24-hr period is
buffered against temperature changes, differs among
the Thr-Gly variants (SAWYER et al. 1997). (Thr-Gly);;
variants on average show a 24-hr cycle at higher temper-
atures, but the period becomes shorter as the temper-
ature is reduced. The (Thr-Gly),, variants, on the other
hand, show a period that is not sensitive to temperature
change and is on average slightly shorter than 24 hr
(SAWYER et al. 1997). Thus the two main variants appear
to be adapted to the thermal environments in which
they predominate, (Thr-Gly);; in southern and (7Thr
Gly)zpin northern Europe. Furthermore, per transgenes
generated with different Thr-Gly encoding lengths
also show similar thermal phenotypes to their natural
counterparts, indicating that these effects are Thr-Gly
length specific and are not caused by genetic back-
ground (SAWYER et al. 1997). Finally the 14-17-20-23
Thr-Gly series shows a linear pattern of temperature
compensation, whereas the rare variants that are out of
phase with this (Thr-Gly)s interval (i.e., those variants
with 15, 18, 21, or 24 Thr-Gly) do not lie on this tem-
perature compensation gradient and generally show
poorer compensation (SAWYER et al. 1997). As the
conformational monomer from NMR studies is (Thr-
Gly)s, which forms a B-turn, this may explain why the
(Thr-Gly) 5 interval seems to play such a prominent role
in the population and behavioral biology of the per
variants (CASTIGLIONE-MORELLI et al. 1995).

The case for balancing selection maintaining the Thr-
Gly polymorphism in Europe therefore encompasses
many different levels, from the behavioral to the con-
formational (Costa and Kyriacou 1998). One further
classic way of differentiating between natural selection
and drift in the generation of a latitudinal cline is
to study the polymorphism in a different continent
(OAKESHOTT et al. 1981). D. melanogaster was probably
introduced into Australia ~100 years ago (Bock and
Parsons 1981). Nevertheless, D. melanogaster shows a
number of latitudinal clines in morphological charac-
teristics such as body size (JAMES et al. 1997) or in
frequencies of various metabolic genes (OAKESHOTT
et al. 1981, 1984) on this continent, suggesting that
selection, in the face of considerable drift and migra-
tion, has already made its mark. While we might expect
selection to be stronger on such morphological and
biochemical phenotypes compared to more ephemeral
behavioral characters, we have nevertheless examined
the Thr-Gly length polymorphism on this continent. A
positive result would further support and extend the
adaptive scenario we have previously described for the
European variants.

In addition we have sampled the Thr-Gly region in
sub-Saharan African populations, from which D. mela-
nogaster is believed to have evolved (Davip and Capy
1988), and these results also offer further insights into
possible selective pressures that have molded the

variability of this repetitive motif. Furthermore, the
extensive Thr-Gly sequence variation we encounter in
Africa, together with our European and Australian
alleles, also allows us to investigate the possible muta-
tional mechanisms that generate these functionally
important polymorphisms.

MATERIALS AND METHODS

Australian populations: Samples from 20 natural popula-
tions of D. melanogaster were collected at sites on a 2600-km
transect along the eastern coast of Australia during February
1993 and kindly donated by Avis James and Linda Partridge.
The isofemale lines from each collection were sampled from
13 latitudes spanning 2600 km. Seven of these latitudes had
two independent collections made at different sites (Table 1)
(see JAMES et al. 1995 for map of collection sites). The nearest
weather stations were noted and used for both latitude and
longitudinal coordinates of the fly populations and the rele-
vant recorded temperature data were referenced (GENTILLI
1971). The computations for spatial autocorrelation were
carried out using the SAAP program developed by David
Wartenberg (Version 4.3, October 1989) and the correlations
by Statistica (Statsoft).

African populations: The D. melanogaster populations used
in this study were collected in four different geographical
locations within Kenya (Kericho, Matuga, Nairobi, and Nguru-
man) during October and November 1995 by Stefan Escher
and Kerstin Eriksson (European Drosophila Stock Centre,
Umea, Sweden) and subdivided into 25 isofemale lines
immediately after sampling. We obtained these lines in 1996
and four single males from each isofemale line were crossed to
D. melanogaster females carrying an attached-X chromosome.
Male progeny from these crosses were frozen and their Thr-Gly
regions studied (see below).

European populations: Flies were also collected from vari-
ous European localities between 1989 and 1996 and isofemale
lines set up immediately after collection. We thank Peter
Corish for the flies from North Wooton (Somerset, UK).

Genotyping: For the Australian populations, gene frequen-
cies were required for the sex-linked per Thr-Gly repeat, so two
males from each available isofemale line were selected at
random and frozen immediately after receiving the flies in
1994-1995. DNA preparation, PCR, and gel electrophoresis
were carried out as described in CosTa et al. (1992). Two males
were used to sample each isofemale line rather than a single
female, because this facilitates Thr-Gly length identification
on agarose gels. Markers composed of other known Thr-Gly
length variants were used and any band that was not exactly
in line with the markers was sequenced directly. The length
variants defined were further characterized in a second
reaction by coamplification of each DNA, with a previously
sequenced DNA from an isolength Thr-Gly allele. Coamplifi-
cation was made using a 1:1 ratio of the two DNAs. If
coamplification produced a heteroduplex this indicated a
difference in the DNA sequence of the variant vs. the isolength
standard. For amplification, the following primers were used:
5" primer, 5'-ATACACATGAGCAGTTGTGAG3' (5066-5085
in the persequence published by CITRI et al. 1987); 3’ primer,
5'-TTCTCCATCTCGTCGTCGTTGTG3" (5336-5355). For the
African populations, DNA was prepared from a number of
males from each attached-Xline, and PCR was used with the 5’
primer, 5'-AACTATAACGAGAACCTGCT3' (4874-4893), and
3" primer, 5-CCGCGCGACTCCCGGTGCTTCTTC3' (5364—
5387). All PCR fragments were sequenced directly, as for these
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populations we were interested in the sequences themselves
rather than their frequencies.

For the Thr-Gly sequences described, the codon usage data
were calculated using the CountCodon Program in the Codon
Usage Database (http:/www.kazusa.or,jp/codon/) and con-
verted to the relative synonymous codon usage (RSCU) values
(SHIELDS et al. 1988). These sequences were also analyzed for
periodicity using the autocorrelation procedure in the STA-
TISTICA 5.0 package (Statsoft).

RESULTS

Australian populations: Table 1 shows the frequencies
of the different Thr-Gly length variants in 20 popula-
tions. The most frequent alleles are represented in
order by the (Thr-Gly);; (Thr-Gly)zg, and (Thr-Gly)ss
variants, making up ~47, 36, and 9% of the Australian
population, respectively. In addition at least one of the
other rarer alleles—(Thr-Gly);4 (2%), (Thr-Gly);s (3%),
(Thr-Gly)2; (2%), (Thr-Gly)zz (0.7%), and (Thr-Gly)s4
(1%)—was also present in most of the populations. If
we consider the two Tasmanian samples, we also observe
the greatest intersite variation in both (ThrGly);7 and
(Thr-Gly), frequencies compared to the other samples
collected at the same latitude. Island populations are
particularly prone to the effects of drift, so this variance
in allele frequencies is perhaps not unexpected. Table 2
shows the correlations with latitude for each of the
Thr-Gly variant frequencies and reveals that only for
(Thr-Gly)sp and (Thr-Gly),s are they significant. The
positive correlation for the (Thr-Gly),, allele frequency
mirrors that found in Europe, so the higher the lati-
tude, the higher the frequency for this variant (Figure
1). The (Thr-Gly),; frequencies were also significantly
correlated with latitude, but as the majority of locali-
ties had zero frequencies for this length allele (Table 1)
this result is largely meaningless. The (7hr-Gly);; allele
does not show any significant correlations; however,
when we averaged the frequencies from the lines
collected from the same latitude and removed the two
island populations from Tasmania we obtained a corre-
lation of —0.195, which is not significant butis the largest
correlation we observed for this allele (Table 2). A much
larger, significant negative correlation is observed be-
tween gene frequency and latitude for this allele in
Europe.

To further dissect these initial correlations, the fre-
quencies of the (Thr-Gly);; and the (Thr-Gly)s, allele
were compared with the cumulative frequencies of all
other alleles across localities using a G-test (SOKAL and
RoHLF 1995). The (Thr-Gly)s3 could not be included in
this analysis as a separate allele but was pooled with the
rest of the rarer variants as it was not present in all
localities. The populations that had been collected
at the same latitudes were pooled but the Tasmanian
populations excluded because only one fly in the two
Tasmanian populations represented an allele other
than the two common classes (see Table 1). This pooling

and exclusion yielded 33 overall frequency classes that
were then compared. The Gtest was highly significant
(G = 46.18, d.f. 10, P < 0.001), showing that the
observed gene frequencies do not represent random
samples drawn from a unique, panmictic, or genetically
uniform population.

Allele frequency patterns were summarized using a
spatial autocorrelation statistic, Moran’s / (SOKAL and
ODEN 1978), which represents the degree of similarity
between populations as a function of their distance
apart. The data were subdivided into six equally in-
formative distance classes, each one containing from 30
to 34 comparisons; class limits are shown in Table 3.
Moran’s [ was then calculated for the (Thr-Gly);7 (Thr-
Gly)z0, and (Thr-Gly)z5 length alleles for each distance
class. A cline is present when Moran’s I values decrease
continuously from significantly positive to significantly
negative with an increase in distance between popula-
tions (SOKAL 1979). A steady decline of Moran’s Ivalues
was observed for the (Thr-Gly)s, allele from highly
significantly positive within ~350 km to significantly
negative at large distances (Table 3). Moran’s [ for the
(Thr-Gly);7 was insignificant for all distance classes
(Table 3). The (Thr-Gly),5 variant was observed to have
asignificantly negative Moran’s Ifor the largest distance
class although there was no complementary significant
positive value. Additional significance testing of the
overall trend for each spatial correlogram was carried
out using the highly conservative Bonferroni procedure
(OpEN 1984). This test, however, was not significant for
(Thr-Gly)so (P=0.093) or for either the (Thr-Gly);;or the
(Thr-Gly),5 allele (Table 3).

The Royaltey—Astrachan—Sokal nonparametric test of
departure from random geographic variation (ROYALTEY
et al. 1975) was also applied. The 20 localities were
connected by means of a Delaunay graph (Brasser and
Rerr 1979), which is a triangulation network connecting
all neighboring localities together. The frequencies of the
different Thr-Gly alleles were ranked among localities.
The rank differences between the frequencies of pairs of
adjacentlocalities, called edge lengths, were calculated, as
was the expected edge length with a correction for
continuity. The deviations from the observed mean edge
length from the expected mean were then examined with
a ttest. A Student’s ¢ of 0.93, with infinite degrees of
freedom, was observed for the (Thr-Gly),;; allele frequen-
cies, which agreed with the null hypothesis of random
variation of this allele. The (Thr-Gly), allele frequencies,
when calculated in the same way, gave a t= —2.55, which is
significant beyond the 0.02 level with infinite degrees of
freedom. The negative tvalue shows that departure from
randomness results from an underlying clinal pattern of
allele frequencies (ROYALTEY et al. 1975). The frequen-
cies of the (Thr-Gly),; length allele were also treated in
the same way and gave a Student’s ¢ of —2.18, which
is significant beyond the 0.05 level, again with infinite
degrees of freedom.
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TABLE 2

Correlations of the frequency of the Thr-Gly variants with
respect to latitude and mean yearly wet bulb temperature

Latitude Temperature
Allele r P r P
(Thr-Gly) 14 —0.10 0.670 0.10 0.673
(Thr-Gly),; 0.09 0.718 —0.12 0.626
(Thr-Gly) s —0.10 0.671 0.14 0.548
(Thr-Gly)2 0.47 0.036%* —0.54 0.014*
(Thr-Gly)2, —0.45 0.046%* 0.41 0.073
(Thr-Gly) 22 —0.19 0.422 0.17 0.473
(Thr-Gly)23 —0.54 0.015%* —0.44 0.053
(Thr-Gly)24 —0.08 0.724 —0.05 0.844

7, Pearson product moment correlation. *P < 0.05.

We next examined the relationship between the
expected heterozygosity (based on length allele fre-
quencies) and number of Thr-Gly alleles with latitude.
In both cases significant negative correlations were ob-
served (heterozygosity, r= —0.60, P= 0.0026; number of
alleles, r= —0.66, P= 0.0008). A significant correlation
was also observed between (7hr-Gly),, frequency and
yearly mean wet bulb temperature taken at 3 pm from
the nearest field station (GENTILLI 1971) (Table 2).
While this result should be treated with caution because
of multiple testing, the fact that statistical significance
with temperature was associated specifically with (7Thr-
Gly)zp would seem to be more than just coincidence.

African populations: A large number of new length
alleles were discovered. Surprisingly, one of the two
major length variants in Europe and Australia, (77
Gly);7 was not found among the 41 sequences. The
shortestlength variant observed was the (Thr-Gly) 5, with
the rest ranging from (Thr-Gly)sg to (Thr-Gly)z4 Of
particular note is the observation of large numbers of
variants that are found very rarely or notat all in Europe,
including (Thr-Gly)z;, (Thr-Gly)zs, and (Thr-Gly).4. Table
4 shows all the Thr-Gly length variants from Europe,
Australia, and Africa, using a single letter code that

0.8

0.6

Frequency 044
(Thr-Gly)oo ™

0.2

T
15 25 35 45 55
Latitude (°)

F1Gure 1.—A cline in Thr-Gly frequencies in Australia. The
frequency of (Thr-Gly)20 vs. latitude is shown for Australia
(solid squares) compared to Europe (open squares). The data
from Europe are redrawn from the results of CosTa et al
(1992).

describes each Thr-Gly encoding cassette. From these
we generated a Thr-Gly network that is illustrated in
Figure 2 and that describes the derivation of each length
allele from its closest sequence neighbor (CosTa et al.
1991; PErxoTo et al. 1992; RoSATO et al. 1996). All of the
variants can be easily derived from each other by single
deletions/duplications of Thr-Gly cassettes, plus the
odd nucleotide substitution. This provides an unrooted
parsimony network with two alleles, (Thr-Gly)s3, and
(Thr-Gly)s0,, found on all three continents and one
allele, (Thr-Gly)sz, found in sub-Saharan Africa and
Australia but not in Europe/North Africa. These ob-
servations would suggest that these three “cosmopoli-
tan” alleles are ancestral. About half the European/
North African alleles (6/13) are also found in Australia,
but none of these haplotypes other than the cosmopol-
itan (Thr-Gly)z3,and (Thr-Gly)sg, variants (see above) are
present in sub-Saharan Africa.

In addition we examined the ~150 bp flanking each
type of Thr-Gly repeat from the three continents and
these are shown in Figure 3. There are 10 polymorphic
sites (4 replacement, 6 silent), plus one small deletion
surrounding these sequences, that give rise to 20 dif-
ferent haplotypes (A to T), of which 5 (G, H, I, R, and T
are found outside Africa. We observe that the (Thr-Gly).»
allelic series is flanked by the highest number of
haplotypes, 9, followed by the (Thr-Gly)s3, which has 8.
However, the (Thr-Gly)s3, (Thr-Gly)sz,, and (Thr-Gly)zq,
repeats represent the specific alleles that are each
associated with the highest number of flanking haplo-
types, namely 4. Formal phylogenetic analyses of these
haplotypes were not informative, given the paucity of
informative sites, but we did generate a network for the
flanking haplotypes in which we connected all those
that differ by a single mutational event (Figure 4). It is
clear to see that most haplotypes are African in origin
and can be connected to either the African haplotype
A or Fvia a single mutation. In turn, A and F are also
connected together by a single event. There are some
private European haplotypes, G, H, I, and one exclusive
Australian, 7

Mutational mechanisms: The RSCU (SHARP et al.
1988) values for ACN Thr and GGN Gly codons within
eight per Thr-Gly repeat length categories (14, 17, 18, 20,
21, 22, 23, 24) were compared with those of the full-
length per cDNA sequence of Oregon-R per (CITRI ¢t al.
1987), both with and without the corresponding Ore-
gon (Thr-Gly),, fragment (Table 5). The ACN Thr and
GGN Gly RSCU indices showed elevations of about
twofold for ACT and ACA, and GGT, respectively,
compared with Oregon-R, although the favored codons
within the repeat are ACA for Thr and GGA for Gly.
We also compared the codon distributions between
two 5" and 3’ subregions of equal length spanning 16
codons in each sequence—except for (Thr-Gly), —that
was subdivided into two equal portions of 14 codons
(Table 6). Along each repeat analyzed, we noted a
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TABLE 3

Spatial autocorrelation statistics

Distance classes (km) (Thr-Gly) ;7 (Thr-Gly)2 (Thr-Gly)»5

Min Max N I I P I P
0.0 347.9 31 —0.258 0.099 0.292 0.015* 0.132 0.119
347.9 765.2 34 0.008 0.346 0.194 0.053 —0.040 0.465
765.2 1065.8 30 0.032 0.297 —0.128 0.319 0.153 0.093
1065.8 1388.2 31 —0.238 0.124 —0.276 0.082 —0.049 0.491
1388.2 1778.3 32 0.166 0.086 —-0.117 0.345 —0.151 0.266
1778.3 2898.3 32 —0.037 0.455 —0.298 0.039* —0.344 0.017%

Distance classes used in kilometers, the number of comparisons contained within each class, Moran’s /, and its relative signif-
icance for the (Thr-Gly);; (Thr-Gly),o, and (Thr-Gly),5length alleles, respectively, are shown. *P < 0.05. Bonferroni approximations
for correlograms: (Thr-Gly);7, 0.516; (Thr-Gly)zg, 0.093; (Thr-Gly)z3, 0.099.

characteristic distribution of the codon species, with
significant higher frequencies of ACT Thr and GGT Gly
codons in the 5’ subregion (ANOVA F g4 = 208, P <
0.001 for ACT Thr; F g4 = 453, P < 0.001 for GGT Gly)
and significant higher frequencies of ACAThr and GGC
Gly codons in the 3’ subregion (/1 g4 = 291, P < 0.001
for ACA Thr; Iig4 = 611, P < 0.001 for GGC Gly).
Furthermore, alignment of the repeat shows that the
first 24 bp in the 5’ region encodes four Thr-Gly cas-
settes that are the most highly conserved, being identi-
cal with the exception of two cases, (Thr-Gly)zp, which
shows a T — A transversion at the 18th nucleotide, and
(Thr-Gly) 24, which carried an A — T transversion at the
21st nucleotide. In contrast, the 24-bp 3’ subregion
reveals one or more modifications for every Thr-Gly
encoding cassette.

To evaluate the duplication process we examined
each Thr-Gly sequence for periodicity, using a modifi-
cation of a binary code method (NIELSEN et al. 1994).
For each codon, we gave the value of 0 to the invariant
nucleotides in the first and second positions and con-
sidered the nucleotide in third position and scored
the presence of adenine (the most frequent nucleotide
in this position) as 1 and its absence as 0. Each repeat
sequence was subdivided into three portions: a5’ and 3’
subregion of 16 codons each, except for Thr-Gly,4, which
was subdivided into two subregions of 14 codons each
and avariable length central region (from 2 to 16 codons).
We then performed an autocorrelation, searching for
periodicity in any sequence =36 bp long. Figure 5 shows
the graphical representations of the autocorrelation
coefficients for one short allelic series, (Thr-Gly),p, and
one long one, (Thr-Gly),s For the majority of the shorter
repeats (Thr-Gly < 21 pairs), the hexanucleotide sub-
unit gave the largest significant correlation coefficient
in the 5" and also usually in the 3’ subregion. The only
exception was the (7hr-Gly);4 in which the 3’ regions
showed a strongly significant periodicity corresponding
to the dodecanucleotide subunit. In the longer alleles
(Thr-Gly > 20), the same 5’ periodicity was observed,
but the most significant 3’ periodicity was always the

12-bp subunit, whereas the central region was more
heterogeneous in its repeatability.

DISCUSSION

Latitudinal clines are not observed on all continents
at allozyme loci thought to be under climatic selection
(BuBLiy et al. 1999). In Australia, however, we have
observed a spatial pattern of distribution for the fre-
quency of the (Thr-Gly)s allele that is reminiscent of
the similar cline observed in Europe with this variant
(CostaA et al. 1992). This observation provides addi-
tional support for the hypothesis that these clines in
Thr-Gly repeat length may have been shaped by selec-
tion. The decline of spatial autocorrelation with dis-
tance for the (Thr-Gly)s allele and the result of the
Royaltey—-Astrachan—-Sokal test agree in suggesting that
this variant is geographically structured along an ap-
proximately north—south axis of Australia. Also, the
correlations and spatial structure for the (Thr-Gly)ss
allele suggest a higher prevalence in the north com-
pared to the south of Australia. Although the (Thr-Gly);
allele did not show any evidence for a cline, an inverse
relationship between allele frequency and latitude was
observed when steps were taken to reduce the variance
of the data by pooling samples from the same lati-
tude and removing the Tasmanian populations, which
seemed particularly prone to drift. Such an inverse but
statistically significant relationship is observed in Eu-
rope, so perhaps the data for this allele are not so dis-
similar between the two continents (COSTA et al. 1992).
WEEKS et al. (2006) have recently published findings
suggesting that neither the (Thr-Gly)zonor (Thr-Gly);; per
alleles show the expected relationship with latitude in
samples from eastern Australia collected between 2000
and 2004. While there is some uncertainty associated
with the data presented by these authors, itis interesting
that a reanalysis of their data reveals a weak positive
correlation between latitude and (Thr-Gly)s, frequency
and the inverse relationship for the (Thr-Gly);; as
expected from the European studies (C. P. Kyriacou,
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TABLE 4

Structure of the Thr-Gly repeat

Repeat Sequence

TG24a abcc---dddddefd, -------- gc-hdghdhhh-4d;h
TG24b abccc---ddddefdy-------- gc-hdghdhhh-4d; h
TG24c abcccec---dddefd-------- gc-hdghdhhh-4d;h
TG24d abcc---dddddefd-------- gc-hdghdhhh-4d;h
TG24e abcccg----dddefd-------- gchih-ghdhhh-4d;h
TG24f abccc---ddddefd-------- gc-hdghdhhh-4d; h;
TG24g abcc----ddddefd-------- gc-hdghdhhhhd; h
TG24h abc-co--dddddefdy------- gc-hdg-dhhhh-h
TG241 abccc---ddddefd------- gc-hdghdhhh-4d;h

TG24j abccc----- dddefd------- gchihdghdhhh-4d;h
TG23a abcc------ dddefdefdefdgc-------- hhh-dh
TG23b abccc----- dddefd------- gc-hdghdhhh-4d;h
TG23c¢ abccc----dddefd-------- gc-hdghdhhh-4d; h;
TG23d abcc----ddddefdy-------- gc-hdghdhhh-4d;h
TG23e abccc---ddddefd-------- gc-hdghdhh,--4d; h
TG23f abcc----dddds;efd-------- gc-hdghdhhh-4d;h
TG23g abcc----- dddefd-------- gchihdghdhhh-4d;h
TG22a abcc----- dddefd--------- gc-hdghdhhh-4d;:h
TG22b abccc----dddefd--------- gc-hdghdhh,h--h
TG22c abcc----- dddefdef---------- hdghdshhh-dh
TG22d abccc----- ddefd--------- gcchdghs;dhh-d; h
TG22e abcc----- dddefdefd----- gchh--hdh---d, h
TG22f abccccc-dddefd--------- gchihdghdh----- -
TG22g abcc----- dddefds-------- gc-hdsghdhhh-d, h
TG22h abcc----ddddefd-------- gc-hdghdhh--4d;h
TG22i abccc----- ddefd-------- gchihdghdhh- - -d;h
TG21a abcc----- dddefdefd----- gc--------- hhhhdh
TG21b abcc------ ddefdy--------- gc-hdghdhh-hd h
TG21c abcc------ ddefd,--------- gc-hdghdhhh-4d;h
TG20a abcc----- dddefdefd----- gc----—-—--- -+ hhhdh
TG20b abcic----- ddde;fde-d---ggc--------- - hhhdh
TG20c abcc----- dddefdefd----- gc---------- hhhd; h
TG20d abcc------ ddefdy--d------- c-hdghdhh---4d;h
TG20e abccc----dddefd-------- gchhdgh------- dh
TG18a abccc----dddefd-------- gc----—=-—----- hhhdh
TG18b abcc----- dddefd-------- gc----=----- hhhhdh
TG18c abcc----- dddefdefd----- gc--—-=—=—-—-— == - - - hdh
TG18d abcc----- dddefds;-------- gc-hd-hdh----h
TG17a abcc----- dddefd-------- gC-—==—======== hhhdh
TG17b abcc----- ddde, fd-------- goc-=--=-=---=---=- hhhdh
TG17c abcc----- dddiefd-------- gC == == == == === hhhdh
TG14 abccoc-=-=----=-- - - - - - - - - - - - - - - dghd--hhhd h

ACTGGT; d, ACTGGA; d,, ACTGGC; dy, ACAGGC; ds, ACTGGT; dy, ACTGGG; e, ACCGGG; ey, ACAGGG; f, ACAGGA; g, ACGGGA;

h, ACAGGGC; hy, ACAGGT; he, ACGGGC; hs, ACAGGG.

A. A. PrrxoTo and R. Costa, unpublished data). Thus
the conclusion that the Thr-Gly repeat cline is less
robust than in Europe (see below) and that its strength
may be modulated by interyearly environmental factors
seems to be merited.

In this regard, Figure 1 compares the spatial distribu-
tions of the (Thr-Gly),pallele from our studies on the two
continents. We can see clearly that the European (7hr-
Gly)s cline is much steeper than that of Australia. A
similar Old/New World relationship has been observed

in the clines of wing size in male (but not female)
D. subobscura, where again the cline is less steep in the
Americas. As with D. melanogaster in Australia, D.
subobscura is a species that was recently introduced to
North and South America, in this case almost 30 years
ago (GILCHRIST et al. 2001, 2004; HUEY et al. 2000).
Australia’s recent colonization by D. melanogaster means
that perhaps only 90-100 years have elapsed since the
introduction of this species (Bock and PaArsons 1981).
If weak selection is acting on the Thr-Gly repeat, as
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F1GURE 2.—Global Thr-Gly allelic network. Thr-Gly alleles are connected by deletion/duplication (solid ovals) and single base
changes (slashes). A single nucleotide change within a duplicated/deleted cassette is shown as a slash through an oval. Heavy
circles around (Thr-Gly)sg, and (Thr-Gly),3, represent alleles that are found on all three continents. The circle (Thr-Gly)s, is found
in Australia and Africa. Otherwise all alleles are placed around the continent in which they are found. European alleles also found

in Australia are shown in italic type.

suggested by a study of linkage disequilibrium patterns
around this repetitive region (RosaTo et al. 1997), then
longer periods of time would be required for the sta-
bilization of any spatial pattern. The Australian colo-
nization is considered to have occurred from Africa,
Asia, and Europe (Davip and Cary 1988), and along
the eastern coast the colonization and subsequent mi-
gration by humans and their fly commensals contrib-
uted to a constant admixture of the founder Thr-Gly
variants. It might therefore appear surprising that any
cline in Thr-Gly length at all was discovered on this
continent, given the relatively short chronological period
available for the allelic spatial patterns to establish
themselves. However, given the effective population
size of D. melanogaster of ~10° (AQUADRO 1992), even a
relatively weak selection coefficient could be effective
and generate these geographical patterns.

As in northern Europe, we see a higher frequency of
(Thr-Gly),p alleles in the more thermally variable south-
ern regions of Australia, with a hint of the opposite
relationship for the (Thr-Gly);; Furthermore, variants
that are out of phase with (Thr-Gly) intervals observed
for the most common alleles in Europe, the 14-17-20-

23 series, are observed at much higher frequencies in
Australia: 7.3% compared to <1% in Europe (Table 1).
The circadian temperature compensation of these Eu-
ropean out-of-phase variants does not follow the linear
trend seen for the in-phase variants and they are gen-
erally poorer in maintaining 24-hr cycles at varying
temperatures (SAWYER et al. 1997). Taken as a whole,
the rarer out-of-phase alleles are observed more fre-
quently in the northern tropical Australian latitudes
(Table 1). In fact, there are significant negative corre-
lations between Thr-Gly expected heterozygosity and
latitude and between number of alleles and latitude.
These observations suggest that the polymorphism might
tend toward neutrality in the lower tropical latitudes.
This might be because selection related to circadian
temperature compensation may not be as important
in the tropics given the warmer, more constant ther-
mal environments, and therefore more Thr-Gly alleles
could be tolerated. Thus even the data from these rare
Australian variants provide some further support for
Thr-Gly variation playing a role in thermal adaptation
(CosTa et al. 1992; EWER et al. 1992; PEIXOTO el al. 1993,
1998; SAWYER et al. 1997). To this can also be added the
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TABLE 6

Thr-Gly repeat codon distribution

% of codons (mean * SD)

i Codons 5’ region 3’ region

B— ACT 49 = 9.4 25 + 6.1%

/ ACC 6 = 6.3 0.3 + 1.9%*

A ACA 31 = 8.9 62 * 7.8%*

O— E ACG 13 + 2.4 13 + 4.7

/ \ GGT 43 = 8.9 5+ 7.3%*%

GGC 13 =19 65 £ 13.6%*

GGA 38 =75 29 * 8.0%*

GGG 6.5 * 6.4 0.6 * 2.6%*

A
@/\@\1

F1GURE 4.—A network of Thr-Gly allele flanking haplotypes
from three continents. The haplotypes from Figure 3 are
shown and can be connected in a network by single base
changes. African haplotypes are boxed but if also found in Eu-
rope and/or Australia they are italic boldface and not boxed.
Private European haplotypes are circled and the single private
Australian haplotype 7 is underlined. The boxed Australian
haplotype R is also found in Europe.

significant correlation between mean annual tempera-
ture with the frequency of the (Thr-Gly)s, allele across
Australia (Table 2). In addition, recent geographical
analyses of Thr-Gly length variation from flies in
Evolution Canyon in Israel reveal not only that, as
expected, the (Thr-Gly);7is the most frequent allele in
southern Europe/Middle East but also that the (7%
Gly)zp variant is nearly three times as frequent on the
colder north-facing slope compared to the south,
whereas the opposite is found for the (Thr-Gly);;variant
(ZAMORZAEVA et al. 2005). These results further cement

#*P < 0.0001.

the emerging relationship between Thr-Gly length
variation and temperature.

One important question that needs to be resolved is
whether the cline in Thr-Gly variation, even though it is
seen in two continents for at least one of the major
alleles, is actually driven by selection at another nearby
locus. This is a thorny issue that has received some
attention, particularly with studies of polymorphic sites
around the Adh locus (BERrRY and KrerTmMAN 1993). If
linkage disequilibrium is strong and spans many tens
of kilobases, then it is conceivable that clines could
be generated in many genes simply by their spatial rela-
tionships to the site under selection (DUVERNELL ef al.
2003). With the Thr-Gly region this potential problem
is less pervasive because of the relatively rapid length
mutation rate that has been observed in the Thr-Gly
array and that is at least three orders of magnitude
greater than the point mutation rate (RosaTo el al.
1997). Consequently, linkage disequilibrium, although
present, would be expected to break down much more

TABLE 5
RSCU index for per Thr-Gly alleles

RSCU = SD

Sequence ACT ACC ACA ACG GGT GGC GGA GGG
TGy (1) 1.14 0 2.28 0.57 1.14 2.00 0.85 0

TG;7 (3) 1.41 = 0.00 0.15*0.13 196 = 0.13 047 =0.00 094 = 0.00 125 =*0.14 156 *0.13 0.23 = 0.00
TGs (4) 1.43 = 0.11 028 =£0.11 183 *0.22 044 £0.00 094 £0.12 1.05 028 1.66 *0.22 0.33 =£0.13
TGy (5) 1.44 = 0.09 0.28 =£0.11 180 *0.00 048 £0.11 084 £0.22 1.12*0.23 1.68 =£0.18 0.36 = 0.09
TGy (3) 1.27 = 0.11 0.26 =0.11 196 =0.11 051 =011 0.76 £ 0.00 1.46 =029 146 = 0.22 0.32 = 0.11
TGy (10)  1.40 = 0.12 022 £0.08 1.85*0.11 053 *0.10 0.89 *0.25 127 * 024 1.56 *0.15 0.27 = 0.13
TGys (7) 1.46 = 0.09 0.23 =0.13 1.79 =0.13 052 = 0.10 0.84 +0.12 127 £0.19 1.64 £0.14 0.25 = 0.13
TG,y (10)  1.50 = 0.11 0.16 = 0.00 1.83 = 0.11 0.50 =0.00 0.83 *0.16 135 =*=0.09 1.62 £0.11 0.19 = 0.07
per 0.54 [15] 1.24 [34] 0.84 [23] 1.38 [38] 0.46 [17] 1.94 [71] 1.12 [41] 0.46 [17]
per ATG,y  0.35 [8] 1.42 [32] 0.62 [14] 1.6 [36] 0.41[13] 2.09 [66] 1.02 [32] 0.48 [15]

“D. melanogaster Oregon-R per full-length ¢cDNA characterized by a (Thr-Gly)p (TGzp) repeat (CITRI el al. 1987) GenBank se-
quence no. M30114.

*The same per cDNA sequence without the TGy, repeat. The number of codons is given in brackets and the number of Thr-Gly
haplotypes is given in parentheses.
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(Thr-Gly)op

central

3

(Thr-Gly)23

FIGURE 5.—Periodic structure of Thr-Gly repeats. Autocorrelograms for the adenine nucleotide are shown for the 5" and 3’
region of the (Thr-Gly), series of alleles and for the 5’, central, and 3’ regions for the (Thr-Gly),5 allelic series. In the 5 regions
both allelic series show a predominant periodicity corresponding to 6 bp. In the 3’ region of the repeat, the periodicity also peaks
at 6 bp for the (Thr-Gly),g series (P < 0.05), whereas for the (Thr-Gly),5 the periodicity 3" is 12 bp (all P < 0.05). This difference in
pattern is generally observed between the shorter alleles [Thr-Gly < 21, except for (Thr-Gly),4 see D1scussioN]| and longer alleles
(Thr-Gly > 20). In the central regions of the longer alleles, the autocorrelogram reveals a more heterogeneous set of periodicities.
A supplemental file showing these correlograms for all allelic series can be downloaded from http:/www.genetics.org/supplemental /.

rapidly with respect to Thr-Gly length alleles (RosaTo
et al. 1997). In fact this is exactly what we see in that
repeatedly the same Thr-Gly allele is found on a variety
of different flanking haplotypes.

The African alleles have been extremely informative,
and we observe that two Thr-Gly repeats, the (Thr-Gly).3,
and the (Thr-Gly)sg, are found on all continents, with
(Thr-Gly)sz, present in Africa and Australia. It is these
three repeats that also have the highest number of
flanking haplotypes, suggesting that they might repre-
sent the oldest alleles. The (Thr-Gly)s3, is particularly
important because it connects the vast majority of the
African repeats to the European network as seen in
Figure 2. Indeed, within Europe, each European and
North African repeat can be derived from the (7hr
Gly)z3, by simple deletions and duplications (CosTa
et al. 1991). As the (Thr-Gly)szz, and (Thr-Gly),z, differ
by only a single deletion/insertion event, we can see
how these two variants could be considered to be the

ancestral alleles from which all the others are derived.
However, one puzzle is that the (Thr-Gly)sg, is derived
from the (Thr-Gly);3, most parsimoniously via a single
deletion involving five Thr-Gly pairs from the (Thr
Gly)23, and a base change to create the (Thr-Gly);g,,
then by deletion of a single Thr-Gly encoding hexamer
to generate the (7Thr-Gly);,, followed by a duplication of
the efd cassettes to create the (Thr-Gly)sg, (see COSTA
et al. 1991 and Table 4). Thus if (Thr-Gly)s, is an older
allele, why are not the likely older intermediates by
which it arose, (Thr-Gly);s, and (Thr-Gly),7,, also found
in Africa, particularly given that the (Thr-Gly);; series is
found at an average frequency of 45% in Europe and
North Africa? One could be tempted to speculate that
the (Thr-Gly);7 length alleles represent a relatively new
series of mutations that arose after the lastice age, when
flies colonized Europe. This view would be supported
by the observation that (Thr-Gly);;, has two flanking
haplotypes, I'and 7, compared to (Thr-Gly)z0,, which has
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four, B, I, Q, and R. Thus our tentative conclusion is that
the (Thr-Gly)s, was derived in Africa via the 23b-18a-
17a-20a mutational pathway. The (Thr-Gly);7, was sub-
sequently lost in Africa, but the (Thr-Gly)z, migrated to
Europe, from which a back mutation to (Thr-Gly);;, was
readily generated by a single deletion involving efd,
from which a single base change independently gener-
ated the (Thr-Gly);7,. repeats. This scenario might
explain the smaller number of flanking haplotypes for
the latter alleles. Thermal selection on the circadian
clock would then act to favor the newly derived (7hr-
Gly);7, allele, particularly in southern Europe (SAWYER
et al. 1997; PE1XoToO et al. 1998).

The I flanking sequence predominates in both
Europe and Australia for the two major Thr-Gly length
variants (20 and 17) but in Africa is only observed in
association with a (ThrGly),, repeats, suggesting a
founder-flush event during the colonization of Europe
and the New World. The other major European/
Australian flanking region is G, which is associated with
the (Thr-Gly);3, in Europe and Australia but is not ob-
served in Africa, but this is most likely derived by a single
base difference from the flanking African haplotypes A
and J. The general lack of variability in both the repeat
itself and its flanking regions in Europe and the New
World is to be expected, as ancestral population should
retain more variability. However, this effect will be am-
plified in the seasonal environments of Europe and
mid- to southern Australia, which will further impose
thermal selection on the repeat and it associated regions
by reducing variation (SAWYER et al. 1997; PEIXOTO et al.
1998). Such thermal selection would be expected to be
weak at best in sub-Saharan Africa and tropical Aus-
tralia, where Thr-Gly length variability should be, and
indeed appears to be, more easily tolerated.

We also took the opportunity to use the large sample
of repeat sequences to study the mutational mecha-
nisms that generate the length variability. Duplications
of the Thr-Gly encoding hexanucleotide appear to gen-
erate the 5’ part of the repeat, but the dodecanucleotide
encoding two repeat cassettes appears to be the unit of
duplication in the 3’ region in the longer Thr-Gly allelic
series. This also included the shortest allele, (Thr-Gly), 4,
but as this is most likely derived by a simple nine-cassette
deletion from the central region of the (Thr-Gly),3, we
can appreciate why its repeatability profile is similar to
that of the longer alleles. The shorter alleles gener-
ally have a different pattern of repeatability in the 3’
region because compared to the (Thr-Gly)23, alarge five-
cassette deletion has probably occurred in the 3’ region
to generate the (7Th1-Gly);s, from which all the other
shorter European alleles are derived [save for the
African (Thr-Gly);s4] (see Table 4, Figure 2). Thus from
the ancestral (7hr-Gly);3, allele we can account, al-
though somewhat speculatively, for the types of dele-
tions that may have originally given rise to the repeat
(see below).

A rather different pattern of duplication has been
observed in the more extensive pentapeptide repeat of
D. pseudoobscura per; where 30-bp duplications in the 5’
region are replaced by 15-bp duplications in the central
and 3’ region (NIELSEN et al. 1994). The 5’ region of
the D. melanogaster repeat is the most highly conserved,
with the 5’ cassettes abcc almost invariant within D.
melanogaster and also observed in nearly all per alleles
examined so far within the melanogaster complex of spe-
cies, which also includes D. simulans, D. mauritiana, and
D. sechellia (PEIXOTO et al. 1992; RoSATO et al. 1996).
While it would be tempting to conclude that these
cassettes may represent the oldest repeats, with newer
duplications of these cassettes with their single nucleo-
tide variations being generated in the 3’ direction, the
fact that these are largely invariant could also suggest
that they are the newest repeats and not enough time
has elapsed since species divergence for them to accrue
any mutations. On the basis of this argument, the 3’
variable repeats would represent the oldest sequences,
as suggested for the per repeat in D. pseudoobscura
(NIELSEN et al. 1994), so that in the common ancestors
of the melanogaster complex the length of the repeat
extended from the 3’ to 5’ direction. Comparison with
the species of the melanogaster subgroup—D. yakuba, D.
orena, D. erecta, and D. teissieri, which are more distantly
related to the melanogaster complex (Ko et al. 2003)—
reveals that the dgh-type repeats are also generally
found in the 3’ region but that the 5’ region has only
the a cassette in D. erecta, D. teissieri, and D. orena, whereas
D. yakuba contains no 5" abe-type cassettes at all (PEIxoTo
et al. 1992). Thus these data would also support the
view that abc cassettes may be the most recent and that
in the ancestors of the subgroup the repeat extended
in a 3’ to 5" direction. Under this scenario, repeat ex-
pansion may have originally relied more on two-cassette,
12-bp duplications, but with the more recent sequences
added by one-cassette duplications in the 5" region. The
central regions that show more evidence of turnover
(see Table 4) would also represent the more unpre-
dictable double/single cassette duplications/deletions.
Similar scrambling has been observed with the D. pseu-
doobscura pentapeptide cassettes in the central part of
the repeat (NIELSEN ef al. 1994).

In spite of the rapid evolution of the repeat the
preferred use of Thr ACTand ACA codons within this
region matched the most abundant isoacceptor tRNA
types in D. melanogaster (8 AGT and 6 TGT tRNA iso-
acceptors; genomic tRNA database, http:/lowelab.ucsc.
edu/GtRNAdb/) (Lowk and Eppy 1997), yet was very
different from the codon usage for the rest of the per
gene. Similarly for Gly the most commonly used codons
were consistent with the relative abundance of the tRNA
species in D. melanogaster: the major tRNA class is GCC
(14 GCC tRNA isoacceptors that optimally bind both
GGCand GGT) (MoriyaMA and PowEiLL 1997) followed
by TCC (6 tRNA isoacceptor types), which binds GGA
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(Lowe and Eppy 1997). Given the stochastic nature of
duplications/deletions in the repetitive region, it might
be argued that no such coherent overall pattern of
optimal codon use would be expected. If duplication
did indeed initiate from ancestral 3’ cassettes that
happened to be dh-like (ACTGGA, ACAGGC), then the
derived codons would be similar, thereby explaining the
Thr codon preferences in the repeat. This scenario
would also explain why GGA and GGC are the most
frequent codons in the 3" and central region of the
repeat. The fact that these and the Thr codons are
consistent with the major tRNA isoacceptors would be
accidental. In support of this view, the ACN and GGN
RSCU values were not high enough to resemble those of
typical highly expressed genes in D. melanogaster (SHARP
et al. 1988) so it is difficult to argue that any kind of
selection might be acting on codon identity. Thus the
Thr-Gly codon profile may reflect the ancestral expan-
sion of the repeat 3’ to 5'.

In conclusion, finding that the frequency of a major
Thr-Gly variant shows a latitudinal cline in Australia that
is parallel to that found in Europe provides further
evidence that natural selection is operating to maintain
this polymorphism. Although allele frequency gradients
on such large geographical scales can be generated by
other processes, such as range expansion, a classical
explanation for a latitudinal cline is an adaptive re-
sponse to climatic variation. Climate-related selection is
thought to be responsible for latitudinal clines at other
loci in D. melanogaster (OAKESHOTT et al. 1981, 1984;
BERRY and KREITMAN 1993) as well as in phenotypic
traits such as thorax length and wing area (JAMES et al.
1995, 1997). The correlation observed with the fre-
quency of (Thr-Gly),, alleles in Australia and tempera-
ture suggests that this cline is also temperature related
and that selection, in addition to historical factors in
Thr-Gly allele evolution (ROSATO et al. 1996), has pro-
duced these continental patterns of polymorphism.
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