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The first clock gene in Drosophila - In the 1980s, we 
were at the dawn of the molecular dissection of the circa-
dian machinery; at the time, only one clock gene, period 
(per), had been identified and cloned (Konopka & Benzer 
1971, Bargiello & Young 1984, Reddy et al. 1984). With 
this limited molecular knowledge, the organisation and 
functioning of the circadian machinery was a complete 
mystery and it was six more years before the first experi-
mental circadian molecular model, the negative feedback 
loop, was generated for the fly (Hardin et al. 1990).

The population and evolutionary genetics approach - 
At the beginning of 1991, in the Department of Genetics 
at the University of Leicester (UK), Alexandre Peixoto, 
Bambos Kyriacou and myself (RC) began to speculate on 
the possibility of investigating the Drosophila per gene 
from a population and evolutionary perspective. We first 
explored the naturally occurring genetic variability at 
the per locus in Drosophila melanogaster. We examined 
dozens of population samples obtained from different 
European localities (including flies collected during our 
summer holidays on fabulous Greek islands) and we fo-
cussed our attention on a naturally occurring length poly-
morphism in the so-called “threonine-glycine encoding 
repeat region” (the Thr-Gly region) in the fifth exon of 
the per gene. At this locus, a variable number of cassettes 
made by the “ACN GGN” codon motif generated a stretch 
of Thr-Gly pairs at the protein level while retaining im-
portant molecular signatures at the third silent nucleotide 
position. It turned out that the flies from natural popula-
tions encoded several length variants, which were most 
commonly stretches of 14, 17, 20 or 23 Thr-Gly pairs 
(Costa et al. 1991). This repetitive coding region had fea-
tures similar to minisatellite sequences and we decided to 
undertake a systematic geographical analysis of this poly-
morphism within the European and North African natural 

populations. We observed a large-scale, robust latitudinal 
cline for the main allelic length variants (Costa et al. 1992), 
which suggested that the length polymorphism could be 
maintained by climate-related selection. We then extend-
ed our studies on the geographical distribution of the Thr-
Gly length polymorphism in D. melanogaster. In fact, we 
analysed several population samples from the Southern 
Hemisphere. In these samples, we observed an inverse 
latitudinal cline for the (Thr-Gly)20 allele compared with 
the European samples and a higher level of the Thr-Gly al-
lelic variants that are quite rare in European populations, 
which were present particularly at tropical latitudes in the 
southern hemisphere (Sawyer et al. 2006). Overall, these 
results suggested that the clinal distribution of the major 
Thr-Gly length alleles in Australia is less robust than the 
distribution described in Europe and North Africa, most 
likely due to the much more recent colonisation of Aus-
tralia by D. melanogaster (David & Capy 1988). Mean-
while, our hypothesis that temperature-related selection is 
the main force shaping the Thr-Gly length polymorphism 
in D. melanogaster in nature received significant support 
from the results of our study on the effects of temperature 
on the free-running period associated with the locomotor 
activity behaviour of flies with variable Thr-Gly length 
alleles (Sawyer et al. 1997). We examined flies homozy-
gous for various common or rare natural Thr-Gly alleles 
and per0 null mutant flies that were transformed with 
constructs of artificially manipulated Thr-Gly encoding 
regions [deletion of the complete region, ∆(Thr-Gly), 1 
cassette encoding for one Thr-Gly pair, (Thr-Gly)1 or the 
naturally occurring variants, (Thr-Gly)17 and (Thr-Gly)20]. 
We found that the transgenic ∆(Thr-Gly) and (Thr-Gly)1 
homozygous flies lost temperature compensation, while 
the transgenic or natural flies homozygous for the ma-
jor European alleles (Thr-Gly)14, (Thr-Gly)17, (Thr-Gly)20 
and (Thr-Gly)23 showed an approximately linear relation-
ship between the Thr-Gly repeat length and temperature 
compensation. Where the (Thr-Gly)20 homozygous flies 
exhibited the best temperature-compensated circadian 
rhythmicity, which, consequently, is potentially favoured 
in latitudes with more variable temperatures. As tempera-
ture varies systematically with latitude, we hypothesised 
that the different Thr-Gly length variants are involved 
in the mechanisms conferring behavioural temperature 
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compensation, a cardinal property of the circadian clock 
(Sawyer et al. 1997). At the time, it was well established 
that circadian clocks maintain a stable ~24-h periodicity 
over a large range of temperatures (Pittendrigh 1954). 
Therefore, the latitudinal clinal structure for the Thr-Gly 
length polymorphism might be adaptive. Indeed, using 
statistical analysis of the DNA sequences around the Thr-
Gly region, we were able to conclude that the nucleotide 
variation observed was consistent with a balancing se-
lection scenario (Rosato et al. 1996, 1997). This finding 
was very important, as it verified the signature of natu-
ral selection at the DNA level, providing an independent 
assessment that this region was of adaptive significance. 
We also extended this type of statistical analysis to the 
Thr-Gly region in Drosophila simulans, the cosmopolitan 
sibling species that also revealed a signature of balancing 
selection (Rosato et al. 1994); we followed this analysis up 
with functional studies of temperature compensation in 
the Thr-Gly D. simulans variants (Rogers et al. 2004a, b).

During these investigations, we became particularly 
interested in the comparison of the Thr-Gly allelic vari-
ants of identical lengths (isolength alleles), which appar-
ently were carrying high numbers of synonymous substi-
tutions. For instance, in the case of two different alleles 
encoding 23 Thr-Gly pairs, putative silent substitutions 
were detected at 21 of the 46 silent sites. At first glance, 
this finding indicated an ancient time of separation of 
approximately 25 Myr since a common ancestor, a time 
interval that was completely inconsistent with the esti-
mation that D. melanogaster originated approximately 2 
Myr ago in tropical Africa (Lachaise et al. 1988). Howev-
er, a detailed examination of the sequences of several nat-
ural-length variants indicated that this divergence could 
be understood in terms of four deletion/insertion events: 
from an ancestral (Thr-Gly)23, through a deletion of five 
pairs to a (Thr-Gly)18, another deletion to a (Thr-Gly)17, 
then successive duplications of the same (Thr-Gly)3 
cassette to generate a (Thr-Gly)20 and then the derived 
(Thr-Gly)23, a much more parsimonious evolutionary sce-
nario (Costa et al. 1991, Rosato et al. 1996)! Later, with 
E Rosato, we were able to measure the approximate mu-
tation rate of the Thr-Gly repeat (~104 times faster than 
the point mutation rate) (Rosato et al. 1997), which, when 
applied to the sequences we had studied, suggested that 
their evolution could have taken at most approximately 
1,000-5,000 years. The Thr-Gly region thus appeared to 
be a rapidly evolving coding sequence resembling the 
non-coding minisatellites that are characterised by high 
rates of mutational events, which were being studied at 
about the same time a few meters from our bench in Le-
icester by Sir A Jeffreys et al. (1990).

We then extended the evolutionary analysis to the 
DNA sequence surrounding and including the Thr-Gly 
encoding region of the per gene from the eight species 
that form the D. melanogaster subgroup. This region can 
be divided into the Thr-Gly repeat and the less-repetitive 
flanking sequences. The number of amino acids encod-
ed in the variable region ranged from 40 in Drosophila 
teissieri to 69 in Drosophila mauritiana. Even in this 
case, it was possible to derive a specific Thr-Gly allele 
of one species from that of another by invoking only one 

or a few deletion/insertion events or a few hypothetical 
Thr-Gly intermediates (Peixoto et al. 1992). Indeed, the 
Thr-Gly region could be used as a proxy for the phy-
logeny of the species and mirrored more classical phy-
logenies based on other loci (Coyne & Kreitman 1986, 
Lemeunier et al. 1986).

Later, we further extended our analyses to compare 
the Thr-Gly region from other Drosophila species with-
in the Drosophila and Sophophora subgenera and found 
that this repetitive region exhibits enormous variability 
in both DNA sequence and length in these species (Peixo- 
to et al. 1993). For instance, Drosophila pseudoobscura 
has approximately 35 copies of a 5-amino-acid degen-
erate repeat (rich in serine, glycine and asparagine or 
threonine), which appears to be derived through replica-
tive slippage from a Thr-Gly repeat sequence. This cor-
responding repeat region in D. pseudoobscura is greater 
than 200 residues in length, which is approximately four 
times longer than the repeat region of D. melanogaster 
(Colot et al. 1988). Other species have very short repeats 
with little more than 10 residues (Peixoto et al. 1993). 
Moreover, in spite of the differences between the amino 
acid sequences of the repeats, their predicted secondary 
structures (a stretch of flexible turns that separates 2 
globular domains) were conserved, suggesting that evo-
lutionary and mechanistic constraints shaped the PERI-
OD protein of these two species (Costa et al. 1991). More 
importantly, a comparative analysis of the DNA se-
quences of the species under investigation indicated that 
the changes in length of the so-called “Thr-Gly variable 
region” were associated with amino acid replacements 
in the more conserved flanking sequences (Peixoto et 
al. 1993, Nielsen et al. 1994). A Peixoto immediately 
realised that this finding implied that the repeat length 
was co-evolving with the flanking region to maintain 
the protein conformation of that region. To challenge 
this coevolution hypothesis, we designed a functional 
test in which several chimeric per transgenes from D. 
melanogaster and D. pseudoobscura were generated; we 
used various chimeric junctions to maintain or disrupt 
the species-specific contiguity of the “Thr-Gly repeti-
tive region” with either all or part of the co-evolved 5’ 
flanking region that encodes the 55 amino acids imme-
diately upstream of the Thr-Gly regions of the two spe-
cies (Peixoto et al. 1998). The analysis of the locomotor 
behaviours of the different transgenic flies provided dra-
matic experimental support for the coevolutionary inter-
pretation: disrupting the coevolution of the repeat with 
its flanking region led to an almost arrhythmic clock, 
whereas maintaining the species-specific contiguity of 
the two regions resulted in wild-type phenotypes. A 
partial disruption of the species-specific contiguity gen-
erated a highly temperature-sensitive period, revealing 
a disturbance of the temperature compensation of the 
clock (Peixoto et al. 1998) (Figure).

At present, the molecular mechanism of temperature 
compensation and the role of the Thr-Gly region remain 
largely elusive. We suspect that PERIOD temperature-
sensitive degradation may be part of the puzzle. Never-
theless, the molecular evolutionary approach initiated in 
the 1990s and consolidated in the first decade of the new 
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century (Kyriacou et al. 2008) added an important and 
novel dimension to the field of modern molecular chro-
nobiology and has opened the way for similar studies in 
other organisms (Bauzer et al. 2002a, b, Mazzoni et al. 
2002, Meireles-Filho et al. 2006a, b, Gentile et al. 2009, 
Chahad-Ehlers et al. 2013).

Background on the role of ion channels in the spe-
ciation of Lutzomyia longipalpis - In the laboratory of 
J Hall, the D. melanogaster cacophony (cac) gene was 
identified in a mutant hunt for flies exhibiting an aber-
rant male courtship song (Schilcher 1977, Kulkarni & 
Hall 1987, Smith et al. 1998). D. melanogaster males 
extend their wings during courtship and, through high 
frequency vibration, produce a species-specific “song”, 
which consists of sound “pulses” (2-3 cycles each) 
that are repeated between two and 30 times (train of 
pulses) roughly every 35 msec and are interspersed by 
“inter pulse intervals” (IPIs) (Hall 1994). The cac mu-
tant earned its name because the song produced by cac 
males has (i) an increased number of cycles per pulse, 
(ii) pulses with larger amplitudes and (iii) longer IPIs 
compared to wild-type flies (Schilcher 1977, Kulkarni & 
Hall 1987, Smith et al. 1998). Interestingly, the song pro-
duced by cac males is more similar to the songs of other 
Drosophila species (Peixoto & Hall 1998), suggesting 
that the song characteristics contribute to the reproduc-
tive isolation between closely related species (an idea 
later adopted in sandfly studies, see below).

The cloning of cac revealed that the gene encodes 
the ion-conducting α1-subunit of a voltage-gated N-type 
Ca2+-channel and that the original cac mutant carries a 
single-nucleotide substitution resulting in a missense 
mutation in one of its transmembrane domains (a Phe to 
Ile change, most likely affecting the pore of the channel) 
(Smith et al. 1996, 1998, Peixoto et al. 1997). In addi-

tion to being among the first Ca2+-channel α1-subunits 
cloned from invertebrates, cac was the first example of 
a behaviourally relevant gene that is modified by RNA 
editing: an adenosine nucleotide in the DNA is changed 
to a guanosine in the mRNA by a double-stranded RNA 
deamination reaction (Smith et al. 1996, Peixoto et al. 
1997). In the case of cac, RNA editing and alternative 
splicing resulted in the generation of multiple versions of 
the α1-subunit, potentially differing in voltage sensitiv-
ity and β-subunit selection (Smith et al. 1996).

Again, the diversity of the cac isoforms and their role 
in courtship song quality implicate this gene in specia-
tion, suggesting that other ion channel genes could have 
similar roles. Indeed, the voltage-gated Na+-channel 
paralytic (para) and the Ca2+-gated K+-channel slow-
poke (slo) also affect the courtship song. Similar to the 
mutations in para and slo, cac mutant flies also exhibit 
locomotor defects (seizures) at high temperatures, which 
is not surprising given that these genes affect neuronal 
membrane excitability (Peixoto & Hall 1998) and also 
demonstrates that ion channel mutants have pleiotropic 
effects (but not all ion channel mutants exhibit song phe-
notypes) (Peixoto & Hall 1998). In summary, the results 
obtained from studying ion channel mutations in D. mel-
anogaster suggest that the subtle and cumulative chang-
es in individual or multiple ion channel genes could con-
tribute to the generation of species-specific love songs 
and could therefore also drive speciation.

Cacophony, paralytic and love songs in sandflies 
- Phlebotomine sandflies also produce love songs, al-
though in contrast to D. melanogaster, the males sing 
to the females during copulation rather than before. Do 
ion channels and love songs also influence speciation 
in these and other insects, some of which are vectors of 
epidemic diseases? To address this question, sequences 
from the cac gene in Lu. longipalpis, the main vector 
of American visceral leishmaniasis in the New World, 
were cloned (Peixoto et al. 2001). cac sequences from 
other Lutzomyia species were also isolated and it was 
determined that a particular intron sequence (not present 
in D. melanogaster) undergoes rapid alteration between 
different sandfly species while the coding region for a 
transmembrane domain of the channel is highly con-
served (Lins et al. 2002). Overall, the sequences con-
firmed the classification of the various Brazilian Lutzo-
myia species into the Lutzomyia, Nyssomia and Migonei 
subgroups, demonstrating that these cac sequences are 
useful molecular phylogenetic markers.

Using the same approach, cac sequences (and se-
quences of other genes with potential roles in love song 
generation: the L. longipalpis homologues of the D. mel-
anogaster per and para genes) were compared between 
various populations of L. longipalpis in Brazil. These 
studies were partially driven by the increasing doubts in 
the field that the various L. longipalpis populations be-
long to the same species, as had been concluded mainly 
from isoenzyme comparisons [reviewed in Bauzer et al. 
(2007)]. Over a time span of approximately 10 years, a 
careful analysis of approximately 14 different Brazilian 
sandfly populations was conducted in several laborato-

period (per) transgenes of Drosophila melanogaster (mel) (black) and 
Drosophila pseudoobscura (pseudo) (light gray). H [25 amino acid 
(aa)] and P (30 aa) domains represent the protein region immediately 
N-terminal to the repetitive region in both species. mps2, mps3, mps4 
and mps5 are chimeric melanogaster-pseudoobscura transgenes in 
which different portions of the two mel and pseudo genes are com-
bined, so that to maintain or disrupt the conspecific coevolving aa 
blocks. The repeat region corresponds to the threonine-glycine enco-
ding repeat region (Thr-Gly) dipeptide run in D. melanogaster and to 
the pentapeptide run in D. pseudoobscura. Levels of rescue of rhyth-
micity (% of rhythmic flies) for the different transgenes in a per01 
genetic background and presence (+) or absence (-) of temperature 
compensation are indicated.
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ries (Table and references therein). In addition to a com-
parison of the cac, per and para sequences isolated from 
individuals of these populations, love songs from a ma-
jority of the populations (those that were possible to keep 
in the lab) were also recorded. The recording technique 
developed in the Hall lab for Drosophila was adapted to 
record the love songs of sandfly males (Peixoto & Hall 
1998, Souza et al. 2004); a virgin male and female (from 
the F1 of a female collected in the wild) were placed 
in the recording chamber of an INSECTAVOX (Gorc-
zyca & Hall 1987) to record the sounds produced by the 
male during copulation. In parallel, the pair was filmed 
with a video camera, which enabled the correlation of 
the flies’ behaviours with the songs they produced. The 
results obtained were both interesting and surprising 
and are broadly summarised in the Table. Males from 
the populations native to the coastal regions of the North 
and Northeast down to the Southeast of Brazil produce a 
burst-type song, which is characterised by trains of ex-
tremely polycyclic pulses (“bursts”) with irregular fre-
quencies and amplitudes. In addition, all burst-type popu-
lations produce the same sex pheromone (cembrene-type 
1), strongly suggesting that they all belong to the same 
species. In contrast, populations from more central parts 
of Brazil produce “pulse” songs that are more similar to 
the songs described above for D. melanogaster. Interest-
ingly, the pulse songs between populations differ repro-
ducibly in several parameters (leading to their classifica-
tion into P1-P5 pulse song types) (Table), suggesting that 

they contribute to the reproductive isolation between 
different populations. In addition, most of the pulse sing-
ers produce different sex pheromones (Table), strongly 
supporting the idea that they indeed represent different 
sibling species rather than a single species.

The existence of an L. longipalpis species complex 
is also strongly supported by the comparison of the per, 
cac and para genes between the different populations 
(Table). Phylogenetic trees based on the DNA sequences 
of all three genes for the populations producing different 
pulse or burst songs indicate that they represent diver-
gent species, which, in the case of the two Sobral popu-
lations, separated approximately 1 Myr ago (Bauzer et 
al. 2002a) (Table). Moreover, this DNA analysis revealed 
some fixed differences between the sibling species that 
were analysed for para polymorphisms, which can be 
used as reliable species indicators for sandflies collected 
in the field. Perhaps the most interesting examples with 
respect to reproductive isolation are the three sympat-
ric populations that were analysed (Sobral, Estrala and 
Jaiba). Morphologically, these populations can be dis-
tinguished by the number of spots on their abdominal 
tergites; 1S populations carry a single pair of spots on 
the fourth tergite, while 2S populations carry an ad-
ditional pair of spots on the third tergite. Considering 
all L. longipalpis populations, these spots are not a reli-
able marker for indicating different species, but in the 
sympatric species they are a reliable species indicator. 
The 2S populations from the three locations all belong 

TABLE
Summary of Brazilian Lutzomyia longipalpis population characteristics

Species Population Song type Pheromone DNA phylogeny

1 Marajó
Sobral 2S
Natal
Estrela 2S
Jaiba 2S
Pancas

burste,f

burste,f

burste,f

bursti

bursti

bursti

cemb-1f,i

cemb-1f,g,i

cemb-1f,i

cemb-1i

cemb-1i

cemb-1i

peri, parak

perb,i, cacd4, parah,k

pera,c,i, caca,d, parak

peri, parak

peri, parak

peri, parak

2 Sobral 1S
Teresina

P3e-g

P3i
germf,g,i

germi
perb,i, cacd, parah,k

peri, parak

3 Estrela 1S P5i cemb-1i peri, parak

4 Jacobina P1e-g himaf,g,i pera,c,i, caca,d, parak

5 Jaiba 1S P4i cemb-2i peri, parak

6 Lapinha P2e-g germf,g,i pera,c,i, caca,d, parak

7 Mesquita mixi ? peri

8 Barra de Guaratiba ? germ and cembi peri

9 Lutzomyia cruzi burstj germj perj, parak

summary of evidence for a Lu. longipalpis species complex and the grouping of the populations that have been analysed mainly 
by the Peixoto’s lab. For a detailed description of song types “burst”, “pulse P1-P5” and mix (mix of burst and pulse), sex pherom-
ones and phylogenetic DNA analysis (DNA phylogeny) (cac: cacophony; para: paralytic; per: period) see references indicated 
in main text. Entries in bold in the DNA phylogeny column indicate fixed differences between populations. Note that most of 
the sex pheromone determinations were performed in various labs, as cited in the references [a: Oliveira et al. (2001); b: Bauzer 
et al. (2002a); c: Bauzer et al. (2002b); d: Bottecchia et al. (2004); e: Souza et al. (2004); f: Bauzer et al. (2007); g: Maingon et al. 
(2007); h: Lins et al. (2008); i: Araki et al. (2009); j: Vigoder et al. (2010); k: Lins et al. (2012)].



78 Mem Inst Oswaldo Cruz, Rio de Janeiro, Vol. 108(Suppl. I), 2013

to the same species according to their song type (burst), 
sex pheromone (cembrane-type 1) and DNA phylogeny 
(Table). In contrast, the 1S populations each belong to a 
different sibling species based on the same criteria (in-
cluding a fixed polymorphism in the per gene between 
Jaiba 1S and 2S) (Table).

The ultimate test to determine if the sibling species are 
indeed reproductively isolated is the outcome of crosses 
between them. This test has partly been accomplished; 
the copulation rates in heterospecific crosses between 
Jacobina, Natal and Laphina populations were reduced 
compared with the rates in homospecific crosses and 
no offspring were obtained in the heterospecific crosses 
(Souza et al. 2008). Interestingly, when crosses between 
the Sobral 1S and 2S populations were attempted, not 
even copulation took place, indicating that pre-mating 
behaviour may contribute to reproductive isolation.

The work summarised here beautifully demonstrates 
how an integrated approach led to the firm establishment 
of the L. longipalpis species complex. Importantly, this 
conclusion would not have been possible by following 
only a single trait (e.g., relying only on pheromone differ-
ences would not have distinguished between Estrela 1S 
and 2S populations, as both produce the cembrane-type 
1 pheromone) (Table). Hopefully these studies will be 
continued and extended to investigate whether the dif-
ferent sibling species also differ in their vectorial capac-
ity. It would also be interesting to try functionally link-
ing L. longipalpis homologues of the D. melanogaster 
“song genes” cac and para to love songs in sandflies by 
RNAi methodology. If these genes also influence song 
in the sandflies (which is likely, based on the results of 
the phylogenetic DNA analysis), this finding would ulti-
mately link back to the idea that subtle changes in these 
conserved ion channels result in behavioural changes 
that are a driving force for speciation.
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