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Many organisms, including cosmopolitan drosophilids, show circadian plasticity,
varying their activity with changing dawn-dusk intervals'. How this behaviour evolves
isunclear. Here we compare Drosophila melanogaster with Drosophila sechellia, an
equatorial, ecological specialist that experiences minimal photoperiod variation, to
investigate the mechanistic basis of circadian plasticity evolution. D. sechellia has lost
the ability to delay its evening activity peak time under long photoperiods. Screening
of circadian mutants in D. melanogaster/D. sechellia hybrids identifies a contribution
ofthe neuropeptide pigment-dispersing factor (Pdf) to this loss. Pdf exhibits species-
specifictemporal expression, duein part to cis-regulatory divergence. RNA interference

and rescue experiments in D. melanogaster using species-specific Pdfregulatory
sequences demonstrate that modulation of this neuropeptide’s expression affects
the degree of behavioural plasticity. The Pdf regulatory region exhibits signals of
selectionin D. sechellia and across populations of D. melanogaster from different
latitudes. We provide evidence that plasticity confers a selective advantage for

D. melanogaster at elevated latitude, whereas D. sechellia probably suffers fitness
costs through reduced copulation success outside its range. Our findings highlight
this neuropeptide gene as a hotspot locus for circadian plasticity evolution that might
have contributed to both D. melanogaster’s global distribution and D. sechellia’s

specialization.

Nervous systems coordinate animals’ behavioural responses to the
external world. This task becomes challenging when environments are
variable, particularly for broadly distributed species. One way to face
changing conditions is with behavioural plasticity—that is, the ability
to adjust behavioural phenotypes to match environmental fluctua-
tions. Many examples of plastic behaviours exist: songbirds shift their
vocalization frequencies in response to anthropogenic noise?, and
lizards change their basking behaviour according to altitude®*. How
behavioural plasticity is determined and evolves is unknown.
Acommonexample of plasticbehaviouris circadian activity, whereby
species adjust their activity patternsin response to seasonal variation
in day length®. This ability is critical, because circadian activity coordi-
nates specific behaviours with optimal activity throughout the day to
maximize food availability and synchronize social behaviours®. Devia-
tions from regular circadian patterns can negatively affect fitness and
species persistence’. Drosophilids are a powerful system with which
to study circadian behavioural plasticity. These flies show bouts of
activity surrounding dawn and dusk (morning and evening activity
peaks), separated by a period of relative inactivity®. The best-studied
species, the cosmopolitan Drosophila melanogaster, plasticly adjusts
its circadian rhythm depending on seasonal variation in photoperiod".
Notably, the degree of photoperiod plasticity of different strains of
this species correlates with their latitude of origin®. Moreover, several

distantly related, high-latitude species have evolved divergent patterns
ofactivity and extreme plasticity, allowing their daily activity to match
long summer days™®.

Aninteresting comparisonspecies to D. melanogasteris the closely
related Drosophila sechellia® (Fig. 1a), which is endemic to the equa-
torial Seychelles islands, where it experiences little seasonal photo-
period variation (Fig. 1a,b). Here we describe marked differencesin the
circadian activity and plasticity of D. sechellia and D. melanogaster, and
investigate the mechanistic basis of these differences.

Species-specific evening peak plasticity

We first measured the circadian behaviour of D. melanogaster and
D. sechellia under a 12:12 h light:dark cycle (12:12 h LD) and four
extended photoperiods, ranging from mild (14:10 h LD) to extreme
(20:4 h LD) (Fig. 1c). We used males of two strains each of D. mela-
nogasterand D. sechellia (Supplementary Table 1), to distinguishinter-
from intraspecific differences. The D. melanogaster strains (DmelCS
and DmelOR) were collected at around 41° N and 44° N, respectively;
the D. sechellia strains (DsecO7 and Dsec28) were from the Seychelles,
around 4° S (Fig. 1a). The D. melanogaster and D. sechellia strains thus
initially evolved in environments with annual photoperiod variation
on the scale of several hours or minutes, respectively (Fig. 1b). Under
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Fig.1|Interspecific circadian differencesinD. sechelliaand D. melanogaster.
a,D. melanogaster (Dmel) subgroup phylogeny (left) and ranges (right) of Dmel
(blue) and D. sechellia (Dsec) (orange), with approximate collection sites of strains.
b, Approximate photoperiod variation (www.srrb.noaa.gov) at collection sites
of Dmel (left) and Dsec (right) strains. ¢, Top, mean normalized activity of Dmel
and Dsecunder the indicated photoperiods. Yellow and grey barsindicate
lights-on and lights-off, respectively; vertical dashed lines indicate average
timing of the evening peak; error barsrepresents.e.m. Middle, box plots (Methods)
depicting evening peak time for individual flies under each photoperiod.
Bottom, pie charts representing the proportion of flies that maintained rhythmic
behaviour (colour) or no significant periodicity (grey).n,12:12 hLD: CS (18), OR
(21),07(24),28(19); 14:10 hLD: CS (22), OR (22), 07 (19), 28 (13);16:8 h LD: CS (18),

each photoperiod, all strains showed activity peaks during the morn-
ing and evening, although the timing of peak evening activity varied
by photoperiod (Fig. 1c). We quantified the average evening peak time
of the last 4 of 7 days in a given photoperiod (Methods and Fig. 1c).
For D. melanogaster, the timing of the evening activity peak was com-
mensurately delayed as photoperiod increased (Fig. 1c and Extended
Data Fig. 1a). By contrast, for D. sechellia we observed notably little
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OR(21),07 (24),28(19);18:6 hLD: CS (22), OR (23), 07 (21),28 (11); 20:4 hLD: CS
(21),0R (22),07(19),28 (18).d, Left, mean normalized activity of Dmeland Dsec
under12:12 hLD during the morning activity peak (-6 to +6 h datafromc).
Dashed boxes highlight the predawn period. Right, mean normalized activity
ofindividual flies within the predawn period. n: CS (89), OR (93), 07 (95), 28 (91).
e, Double-plotted actograms depicting the transition from the last 2 days of
12:12h LD to DD for each strain. Dashed boxes highlight morning activity peak
period during DD, -3to +3 h.n: CS (29), OR (32), 07 (29),28 (22). Grey bars indicate
timing of subjective lights-on during DD. f, Morning peak time, from lights-on,
forfliesfromd. c,d,f, Letters A-D indicate significant differences, P<0.05
(pairwise Wilcoxon test with Bonferroni correction). E, equinox; S, solstice.

evening peak plasticity, with a median delay in evening peak time of
maximum around1 hregardless of photoperiod (Fig.1cand Extended
DataFig.1a).Importantly, we detected asignificant interaction between
photoperiod and species (Extended Data Fig. 1a). Under the most
extreme photoperiod, many D. sechellia showed arrhythmicity (Fig.1c)
and decreased activity (Extended Data Fig. 1b), contributing to the
increased variability in evening peak time. The absence of evening


http://www.srrb.noaa.gov

peak plasticity was also apparentin female D. sechellia (Extended Data
Fig.1c).

Species-specific morning peak activity

D. sechellia is much less active during the dark phase than D. mela-
nogaster (Fig. 1c). Quantification of predawn activity (3 h preceding
lights-on) under 12:12 h LD showed that D. sechellia was generally
inactive during this period, whereas D. melanogaster showed ample,
albeitstrain-specific, activity (Fig. 1d), a difference also seenin females
(Extended Data Fig. 1d). We next measured free-running activity by
acclimating our strains to12:12 h LD before submitting themto constant
dark conditions (DD). Both D. melanogaster and D. sechellia remained
rhythmic under DD (Fig.1e) showing a period of around 24 h (Extended
DataFig.1e,f). However, at the subjective dawn, D. melanogaster showed
clear activity peaks, whereas D. sechellia exhibited very little activity,
even during the first day of DD (Fig. 1e). Low predawn activity there-
fore reflects areduced morning activity peak of D. sechellia, and the
activity observed after lights-on under 12:12 h LD is probably largely
astartle response. Consistently, when we quantified morning peak
timingunder12:12 h LD, D. melanogaster reached peak activity before
lights-on, as previously described", whereas D. sechellia peaked only
at, or just after, lights-on (Fig. 1f).

D. sechellia-specific loss of plasticity

We extended our analyses to two other D. melanogaster strains' (col-
lected near their ancestral range® (roughly 16° S)), two additional
D. sechellia strains, as well as closer relatives of D. sechellia (Fig. 1a):
Drosophila simulans® (collected from its ancestral range™, around
19°S) and Drosophila mauritiana (endemic to Mauritius, roughly
20°S) (Extended Data Fig. 2a,d). Under 16:8 h LD conditions, all
D. melanogaster, D. simulans and D. mauritiana strains exhibited a
higher degree of evening peak plasticity compared with D. sechellia
(Extended DataFig. 2b). The degree of evening peak plasticity reflected
alatitudinal effect: tropical D. melanogaster strains showed reduced
plasticity when compared with high-latitude strains (Extended Data
Fig. 2b). The majority of non-D. sechellia strains also exhibited sub-
stantial morningactivity (Extended DataFig.2c). Theseresultsindicate
that the lack of plasticity and reduction in morning activity observed
in D. sechellia probably represent losses in this lineage.

Pdfunderlies species plasticity loss

To identify the genetic basis of species differences, we took a candi-
date approach. In D. melanogaster, 150 circadian neurons contain a
molecular feedback loop that tracks a period of approximately 24 h
(refs.15,16) and controls the rhythmic expression of effectors, repre-
senting many candidates (Fig. 2a). Because D. sechellia traits reflect
evolutionary losses, we reasoned that causal D. sechellia alleles were
probably recessive to D. melanogaster and thus designed a screenin
D. melanogaster/D. sechellia hybrids (Fig. 2b). We generated hemizy-
gous test hybrids containing D. melanogaster mutations for individual
candidates to show any recessive phenotype of the D. sechellia allele
at the same locus. We also generated heterozygous control hybrids,
using either the D. melanogaster w™*® strain (a common genetic back-
ground of mutants) or CSY (pigment-dispersing factor (Pdf); Methods)
and each D. sechellia strain. Differences between control and test
hybrids are probably due to loss of the D. melanogaster allele in the
test hybrid. Gene dosage effects were assessed by testing control
D. melanogaster hemizygotes. Genes whose mutations showed a
consistent effect in both test hybrid backgrounds compared with
control hybrids, but not in hemizygous D. melanogaster, were con-
sidered the strongest candidates to explain interspecific differences
(Fig.2c).

To assess candidates for an effect on evening peak plasticity, we
observed testand control hybrids under 16:8 h LD. Control hybrids of
either the w™ (Extended Data Fig. 3a-d) or CS" background (Fig.2d,e
and Extended Data Fig. 4) showed a higher degree of evening peak
plasticity than their D. sechellia parental strain, confirming that the
D. melanogaster genotype underlying plasticity is partially dominant to
that of D.sechellia, although the degree of plasticity is strain dependent.
We screened 14 genesrepresenting the majority of the circadian feed-
backloop,and many of its modulators and effectors. Mutationsin only
one reduced evening peak plasticity in both test hybrid backgrounds
but not in hemizygous D. melanogaster: Pdf (Fig. 2d,e and Extended
DataFig.3e-g). Thisisapromising geneinregardto explaining species
differences because, in D. melanogaster, Pdf is essential for delaying
the phase of the endogenous clock in circadian neurons under long
photoperiods” ™.

Many genes affect morning activity

We also screened these genotypes under 12:12 h LD and quantified
predawn activity as a measure of morning activity (Extended Data
Fig. 5a-d). w™® control hybrids showed intermediate morning activ-
ity relative to parental strains. Consistently, four genes showed an
effectintest hybrids of both backgrounds (Fig. 2f,g) but notin hemizy-
gous D. melanogaster (Extended Data Fig. S5e-g). These encode the
transcriptional feedback loop proteins CYC and CRY (responsible
for light-dependent synchronization of the molecular clock®), and
Hr38 and VRI, which are neural activity-dependent transcriptional
and post-transcriptional regulators of Pdf, respectively?** (Fig. 2h).

Species-specific Pdfexpression

We focused on Pdf, because of its unique effect on evening peak plas-
ticity and evidence that trans-regulation of Pdf expression influences
morning peak activity. The Pdf coding sequence is almost perfectly
conserved across species (Extended DataFig. 6), indicating that behav-
ioural divergence must be due to species-specific differences in Pdf
expression. In D. melanogaster, Pdf is expressed in eight neurons in
each brain hemisphere: four large and four small ventrolateral clock
neurons (I-LNvs and s-LNvs, respectively) (Fig. 3a). s-LNvs control the
timing of morning activity, whereas I-LNvs can delay the phase of the
evening activity peak under long photoperiods?* 2, although a func-
tional clockisrequiredinboth for photoperiod plasticity**?. The spatial
distribution of this neuropeptide is conservedin D. sechellia (Fig. 3a),
consistent with analysis across diverse drosophilids®, suggesting that
species-specific differences exist in the temporal pattern and/or levels
of Pdf expression.

Using quantitative single-molecule RNA fluorescencein situ hybridi-
zation (smFISH), we compared Pdf transcript levels between D. mela-
nogaster and D. sechellia, focusing primarily on s-LNvs, in which Pdf
expression shows a clear temporal pattern that more probably corre-
lates with secretion of this neuropeptide®. Under 12:12 h LD, DmelCS
expressed overall more PdfRNA than DsecO7 throughout the morning
activity peak, particularly predawn, with DsecO7 reaching near-similar
levels only after lights-on (Fig. 3b). Immunofluorescence quantifica-
tion of Pdf peptide levels in the axonal projections of s-LNvs for the
same time points spanning the morningactivity peak (Fig. 3c) showed
a consistently high level of Pdf in D. melanogaster, including in the
hours preceding lights-on. By contrast, in D. sechellia, Pdf signal was
lower in the predawn period and increased to an equivalent amount
to D. melanogaster only by lights-on. This pattern corresponds well to
that of therelative levels of Pdftranscripts, and to species differences
in morning peak activity at these times (Fig. 1c,d). We also analysed
Pdfimmunofluorescenceinthe s-LNvsoma. Consistent with previous
observations®, Pdf signal remained high across the morning peak times
in the s-LNv soma of D. melanogaster (Fig. 3d). In D. sechellia, the Pdf
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Fig.2|Geneticscreens forinterspecific circadian differences. a, The

D. melanogaster circadian clock. Arrows denote transcriptional activation,
blunt-ended connectorsrepresent repression/degradation and dashed lines
indicate hypothesized connections. b, Crossing schemes of the genetic screen.
The fourth chromosome is not shown. ¢, Schematicsillustrating the sought-after
behavioural phenotypes of hybrid genotypes. d, Mean normalized activity of
theindicated genotypesunder16:8 hLD.n: CSY (16), Pdf®/CSY (47),07/CSY (25),
28/CSY (23), 07/Pdf* (37), 28/Pdf®(40), 07 (24), 28 (19). Full screenresults are
givenin Extended DataFig.3. e, Evening peak time for the flies depictedind.
*P<0.05,***P<0.001(Wilcoxon tests with Bonferroni correction). Comparisons
were made only between control and test hybrids of the same genetic

signal began high but dropped significantly only after lights-on. These
observations suggest that D. sechelliahas aweaker and/or shorter pulse
of Pdf expression in s-LNvs around the morning peak compared with
D. melanogaster, such that once this neuropeptide accumulates to
high levelsinthe axon termini at or after lights-on (Fig. 3¢c), it becomes
depleted from the soma (Fig. 3d).

Pdfexpressioninthel-LNvs of D. melanogasterhasbeen described as
high and constant®. Consistently, using smFISH under both 12:12 and
16:8 hLD, we observed relatively stable expression across time points
(Extended DataFig.7a,b). However, we noted a D. melanogaster-specific
drop in transcript abundance under 12:12 h LD following lights-off
that was not apparent under 16:8 h LD, when the lights remained on
atthe sametime point. Pdf immunofluorescence intensity in the [-LNv
soma was not significantly different between these species under both
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hybrids. Dashed boxes highlight the predawn area used to quantify predawn
activity, 3 hbefore lights-on. Error bars represents.e.m. Full screenresultsare
shownin Extended DataFig. 5. g, Mean normalized predawn activity for the
genotypesshowninf.**P<0.01,***P<0.001 (Wilcoxon tests comparing each
test hybrid with the appropriate control hybrid strain, with Bonferronicorrection).
h, The circadian molecular network, in which screen hits for morning activity
are highlighted in green; genes depictedinlight grey could notbe tested
(Methods). mRNA, messenger RNA; NS, not significantly different.

photoperiods, but showed substantial variability, particularly for
D.sechelliaunder16:8 h LD (Extended DataFig. 7c,d). It remains unclear
whether and how Pdf secretion rate in the I-LNv axon termini differs
between these species under distinct photoperiods.

Pdfneuron structural plasticity

In D. melanogaster, the axonal projections of s-LNvs to the dorsal cir-
cadian neurons (Fig. 3a) show circadian structural plasticity, reach-
ing peak branching complexity during the day*°. This phenomenon
depends, in part, on cyclic expression and release of Pdf from both
s-LNvsand I-LNvs and expression of the Pdf receptor®. To test whether
the species-specific temporal patterns of Pdf expression are accom-
panied by differences in neuronal remodelling, we quantified the
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branching complexity of s-LNv projections during both light (2 h) and
dark (14 h) phases under12:12 h LD (Fig. 3e). During the light phase, we
found statistically indistinguishable levels of complexity in the two
speciesand observedinboth a decrease in complexity fromthelight to
the dark phase. However, branching complexity in the dark phase was
significantly lower in D. melanogaster thanin D. sechellia (Fig. 3e). This
apparentlower structural plasticity of D. sechellia Pdf neurons corrobo-
rates the reduced dynamic changes in Pdf expression in this species.

Cis-regulatory evolution of Pdf

Because our hybrid screenidentified an effect of the Pdflocus (and not
atrans-regulator) on evening peak delay, we hypothesized that expres-
sion differences result from divergence in this gene’s cis-regulatory
region. We cloned around 2.4 kb genomic DNA 5’ of Pdf from D. mel-
anogaster (similar to the sequence used in ref. 29) and D. sechellia
upstream of a green fluorescent protein (GFP) reporter. These con-
structs were integrated in an identical location in D. melanogaster,
facilitating comparison of their activity inacommon genomicand trans
environment. Both species’ Pdfreporters exclusively labelled the [-LNvs
and s-LNvs (Fig. 3f). We first measured reporter expression in I-LNvs,
focusing on behaviourally relevant time points under12:12and 16:8 h
LD (Fig.3g,h). InI-LNvs, throughout the evening activity peak under
both photoperiods, the D. sechellia 5'-regulatory region consistently
drove lower and more constant reporter expression relative to the
D. melanogaster sequence (Fig.3g,h). Notably, the D. melanogaster Pdf
reporter showed asuddendropinexpressionateither 8 h (under12:12h
LD) or12 h (under 16:8 h LD), before returning to a higher level; this
expression pattern potentially reflects a new pulse in transcriptional
activity that is photoperiod sensitive.

In D. melanogaster, s-LNvs are essential for resetting the phase of
the circadian clock®* and morning peak activity?>*. We therefore
compared reporter expression in s-LNv axonal projections—in which
the highest cyclic Pdf expression was observed over a24 h period”—for
time points spanning the morning activity peak (Fig.3i). The D. sechellia
5-regulatory sequence drives lower expression of the reporter but, in
contrasttoreporter expressioninl-LNvs during the evening peak, with
asimilar temporal pattern.

These results indicate divergence of the Pdf5’-regulatory region
between D. sechellia and D. melanogaster, most probably affecting
transcriptional activity. However, because the region encompasses
the Pdf5’-untranslated region, we cannot exclude the possibility that
itinfluences transcript stability or translation®*.

Pdfregulatory regions affect plasticity

We next asked whether species-specific cis-regulatory activity of
Pdfis sufficient to influence behaviour. We initially used the D. mel-
anogaster and D. sechellia Pdf 5 -regulatory regions to generate Pdf
neurondriverstoinduce ‘strong’ (D. melanogaster Pdf-Gal4) or ‘weak’
(D.sechellia Pdf-Gal4) RNA interference (RNAI) of Pdf*, validating the
distinct efficacy of knockdown with smFISH (Extended Data Fig. 8).
Under both 12:12 and 16:8 h LD, DmelPdf-Gal4>Pdf*"* flies showed a
marked advance in evening peak time relative to controls (Fig. 4a-c).
Under 12:12 h LD, there was no difference in the degree of evening
peak advance between knockdown treatments. By contrast, under
16:8 h LD, DsecPdf-Gal4>Pdf*flies showed a smaller, non-significant,
decreasein evening peak timerelative to control animals, with a nota-
bleincrease in variance (Fig. 4a-c). Importantly, under 16:8 h LD, the
difference between the Pdf®™ genotypes—of otherwise identical
genetic background—was significant. These results indicate that the
level (and possibly temporal dynamics) of Pdf expressionis sufficient to
affect evening peak plasticity. We also quantified the predawn activity
(Fig.4d) of these flies under 12:12 h LD. Both DmelPdf-Gal4>Pdf™* and
DsecPdf-Gal4>Pdf™ " flies exhibited reduced predawn activity relative
to controls. However, DmelPdf-Gal4>Pdf*™* and DsecPdf-Gal4>Pdf™*
flies did not show significant differences in predawn activity following
post hoc correction for multiple comparisons.

Totest explicitly whether divergence of Pdf cis-regulatory regionsis
sufficient to explain species’ behavioural differences, we rescued Pdf
expression in a Pdf-null D. melanogaster background with transgenes
containing either the D. melanogaster or D. sechellia Pdf 5’ -regulatory
region fused to the D. melanogaster Pdf coding sequence. Under12:12 h
LD, rescue strains showed typical patterns of activity, with evening peaks
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Fig.4 |Species-specific Pdfregulatory regions contribute to divergent
evening peak plasticity and morning activity. a, Mean normalized activity
oftheindicated Dmelgenotypes under12:12 h LD (left) and 16:8 h LD (right).
n:12:12 h LD, DmelPdf-Gal4/+ (31), DsecPdf-Gal4/+ (29), UAS-Pdf™"/+ (47),
DmelPdf-Gal4/UAS-Pdff™* (34), DsecPdf-Gal4/UAS-Pdf*™ (30); 16:8 h LD,
DmelPdf-Gal4/+ (34), DsecPdf-Gal4/+ (32), UAS-Pdf®™*/+ (16), DmelPdf-Gal4/
UAS-Pdf*" (31), DsecPdf-Gal4/UAS-Pdf*" (24). b,c, Evening peak time for the
fliesshowninaunder12:12hLD (b)and16:8 hLD (c). d, Mean normalized
predawn activity for the genotypes showninaunder12:12 hLD. e, Mean
normalized activity of the Pdfmutant and Pdf-rescue genotypesunder12:12h
LD (top) and16:8 h LD (bottom) (combined data from two independent lines).

centred around lights-off, whereas Pdfmutants showed a significantly
advanced evening peak time (Fig. 4e,f). Under16:8 h LD, rescue strains
showed greater evening peak plasticity than Pdf mutants (Fig. 4g).
Importantly, those containing the D. melanogaster Pdf 5 -regulatory
region showed slightly, but significantly, greater evening peak delay
thanthose withthe D. sechellia 5'-regulatory sequence (Fig. 4g). We also
recorded substantial predawn activity in D. melanogaster 5’-regulatory
rescue strains compared with Pdfmutants under12:12 h LD (Fig.4h), but
observed alowerincreasein those expressing Pdfunder the D. sechellia
5-regulatory region (Fig. 4h). Importantly, there is again a significant
difference between species-specific rescue strains. Together, these
results support acontribution of Pdfcis-regulatory divergence to spe-
cies differences in both evening peak plasticity and morning activity.
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n: Pdf® (30); DmelPdf*,Pdf® (40); DmelPdf*,Pdf * (49); DsecPdf",Pdf° (44);
DsecPdf?,Pdf° (42).b-d,f-h,*P < 0.05,***P < 0.001 (Wilcoxon tests with
Bonferronicorrection).f-h, Results forindependent species-specific rescue
strainsand pooled rescue strains are showninbox plots to the left and right of
thedashedline, respectively; letters A-Cindicate significant differences,
P<0.05(Wilcoxon tests with Bonferroni correction).

Pdfregulatory region sequence evolution

To determine whether the Pdf5’-regulatory sequence exhibits evo-
lutionary signatures, we constructed a maximum-likelihood phylog-
eny of sequences of this region from D. melanogaster, D. sechellia,
D. simulans and D. mauritiana strains, rooted with sequences from
moredistant drosophilids (Fig. 5a). Unlike the species tree, D. sechellia
Pdf5'-regulatory sequences formed a monophyletic group, whereas
the cosmopolitan D. melanogaster and D. simulans sequences clus-
tered, representing the most derived sequences. D. mauritiana and
Madagascan D. simulans strains showed closer similarity to D. sechellia
sequences than cosmopolitan D. melanogaster and D. simulans, poten-
tially reflectinginter- and intraspecific variation between populations
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were shared among D. melanogaster and D. simulans sequences, four
were degenerated or absent in D. sechellia and one site was unique to
thisspecies (Fig. 5b), potentially affecting its activity through the loss
(or gain) of transcription factor-binding sites.

We next investigated whether sequence divergence between the
D. melanogaster and D. sechellia 5’-regulatory sequences results from
natural selection. We first determined whether variants within the
D. melanogaster Pdf 5’ -regulatory region are associated with higher
degrees of evening peak plasticity observed with increasing latitudes’.
Using single-nucleotide variant frequenciesin the genomes of globally
distributed D. melanogaster populations®, we chose 13 populations
representing a wide range of latitudes (Fig. 5¢). We correlated minor
allele frequency (MAF) across all variable sites detected within the
Pdf5-regulatory sequence with the estimated latitude of the popula-
tion collection site. Because correlations could reflect the underlying
population structure as aresult of D. melanogaster's demographic his-
tory during emigration from its native African range®, as controls we
repeated this analysis fora2.4 kb 5’ region of two other neuropeptide
genes, SNPFand AstC. A positive correlation was consistently observed
between population latitude and MAF for each variable site within
the Pdf5’-regulatory region, but not for controls (Fig. 5c). These com-
parisonsindicate that the effect of latitude on MAF of Pdf5’-regulatory
variants is different from that expected due to demography alone,
suggesting arole for selection onthese sites in D. melanogaster, similar
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under-represented in Dsecrelative to Dmel (Fisher’s exact test). e, Sequence-
based tests of neutrality in the Dsec putative regulatory sequences of Pdfand
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pooled these by species, finding asignificant effectin Dsec (right, Fisher’s
exacttest).c-g,*P<0.05,**P<0.01,***P<0.001.

to clinal variation in other circadian genes***'. Among laboratory
D. melanogaster strains, these single-nucleotide variants occur with
an approximate MAF of 25%, but none were present in D. sechellia
strains (Fig. 5d), consistent with a potential function of these variants
inincreasing evening peak plasticity.

To test for signs of selection within the D. sechellia population,
we used 82 Pdf 5’-regulatory sequences (plus sSNPF and AstC control
sequences) from individuals recently sampled from the Seychelles*
to calculate Tajima’s D- and Fu and Li’s D*- and F*-statistics*’. All three
statistics were significantly negative for Pdf, but not for control genes,
consistent with recent directional selection acting on this circadian
gene (Fig. 5e). Thus, selection might also act to reduce aspects of cir-
cadian plasticity at the equator.

Plasticity affects reproductive fitness

To identify a potential mechanism by which natural selection acts,
we asked whether plasticity in circadian activity impacts fitness. We
first examined lifespan, which is impacted by photoperiod in other
animals*® and probably affects lifetime reproductive output. Both
D. melanogaster and D. sechellia maintained under 16:8 h LD showed
asignificant reduction in lifespan relative to those under 12:12 h LD
(Fig.5fand Extended DataFig. 9a,b). However, the detrimental effect of
longer photoperiod was not observed until several weeks had elapsed,
by which time flies could certainly reproduce, making it less likely to
impact fitness in nature.
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Circadian rhythms are important for synchronization of sexual
behaviour among conspecifics®**. We therefore reasoned that if
evening peak plasticity (or the lack thereof) influences copulation
success, it might affect fitness. We acclimated male and female virgins
to12:12and 16:8 hLD for 4 days and observed copulation rates among
pairs over a2 h period after lights-on (Fig. 5g). For D. melanogaster,
we observed no difference in copulation rates between treatments
(Fig. 5g). By contrast, for all D. sechellia strains, there was a consistent
reduction in copulation rate for flies acclimated to 16:8 h LD (Fig. 5g,
left). Pooling of strains by species showed a significant decrease in
overall copulation by D. sechellia acclimated to 16:8 h LD, but not by
D. melanogaster (Fig. 5g, right). For some strains, this reduction per-
sisted for several days (Extended Data Fig. 9c). These results demon-
strate that D. sechellia’s reproductive success—and thus, probably its
fitness—isinfluenced by its lack of evening peak plasticity when exposed
to extended photoperiods that it would never experience in nature.
By contrast, D. melanogaster’s behavioural plasticity could allow it to
circumvent these negative effects.

Discussion

Identifying the mechanisms of behavioural plasticity is key to under-
standing how organisms have evolved to inhabit variable environments
and to predict how they will persist in increasingly unstable ones*. We
have characterized a circadian plasticity difference in drosophilids,
providing a rare example of linking changes in gene function, central
neuron populations and behavioural divergence.

In D. melanogaster, Pdf is required in the I-LNvs for photoperiod
plasticity®, and interspecific spatial differences in Pdf expression
exist®®, notably in high-latitude species in which Pdf is restricted to
the -LNvs'®#¢, These observations, combined with our analyses, point
to the Pdflocus as a hotspot of evolution. Given Pdf’s terminal place-
ment as an effector gene of the clock network?, its role in broad syn-
chronization of circadian clock neurons* and its strong influence on
circadian behaviours, changes in the cis-regulation of Pdf expression
might representaminimally pleiotropic means of introducing plasticity
into the clock neuronal network.

Asinglelocus clearly does not explain the entirety of species differ-
ences in plasticity, as is true of most behaviours*®, There are almost
certainly contributions of additional genes that we have not tested
and/or more complex genetic interactions that we cannot identify
with our screen design. Beyond the cis-regulatory differences in Pdf
characterized here, the translation?, transport and secretion of this
neuropeptide® are all potentially subject to divergent regulation.

D. sechellia also shows greatly reduced morning activity compared
with other drosophilids. This phenotype is similar to that observed
in D. melanogaster Pdf mutants®, and species-specific Pdfrescue in
D. melanogasterindicates a contribution of cis-regulatory divergence
of the locus. That our candidate screen did not find an effect of the
Pdflocus itself in this difference might reflect coevolution of the
Pdf5'-regulatory region and its trans-acting factors, which could be
maskedinahybrid genetic background. Indeed, our screenidentified
several genes with the ability to regulate Pdfexpressionin trans, high-
lighting a different evolutionary trajectory to evening peak plasticity
divergence that nevertheless converges on this neuropeptide. The
morningand evening oscillators partially overlap in function, sharing
synaptic feedback, with both being required for long-photoperiod
adaptation?. Potential mechanistic and evolutionary connections
between evening peak plasticity and morning activity require fur-
ther exploration. Moreover, the evolutionary consequences, if any, of
reduced morning peak activity in D. sechellia remain unclear. These
issues might be illuminated by analyses of the circadian pattern of
other behaviours of this species (and its sympatric sister species),
such as courtship or feeding, which could constitute further barriers
to reproduction®,
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Why has D. sechellialost evening peak plasticity? One hypothesisis
that, inaconstant photoperiod, selection to maintain plasticity mecha-
nismsisrelaxed, leading these to degenerate over time. Alternatively,
instable environments, plasticity might come at afitness cost, leading
selectionto favouritsloss under constant photoperiods—for example,
to enhance the robustness of circadian activity. Regardless, our view
of D.sechellia’s specialization should expand beyond evolution of host
fruit preference to restriction to an equatorial environment. Indeed,
D. sechellia’s circadian phenotype might contribute to its endemism,
despite the wider range of M. citrifolia®. Exploration of the impact of
differencesincircadian plasticity mechanisms on latitudinal constraint
of other species seems warranted.
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Methods

Drosophila strains and rearing

All flies were reared on a wheat flour/yeast/fruit juice medium in
non-overlapping 2 week cycles, and kept in 12:12 h LD at 25 °C. For
D. sechellia strains, we added an additional mixture of instant Dros-
ophila medium (Formula 4-24 blue, Carolina bio-supply) mixed with
nonijuice (Raab Vitalfood).

For comparisons of the circadian behaviour of D. melanogaster,
D. sechellia, D. simulans and D. mauritiana, at least two wild-type
strains of each species were used (DmelCS, DmelOR, DmelLZV .72,
DmellLZV 176, Dsec07, Dsec28, DsimMD221, DsimMD242, Dmau90 and
Dmau91). To screen candidate genes for effects on circadian behav-
iour differences between D. melanogaster and D. sechellia, we used
D. melanogaster strains containing loss-of-function mutations for
genes previously associated with circadian behaviour phenotypes. A
list of fly strains and their hybridization success (when applicable) is
provided in Supplementary Table 1. When strains were not available
(vrille) or not hybridizable (Jet and timeless), we used D. melanogaster
deficiency strains containing engineered chromosomal deletions span-
ning the region of a candidate gene (in addition to many other loci)**.
Inthe case of timeless, a deficiency strain did not hybridize either. The
Pdf strain we used is the Pdf° allele® in the Canton-S genetic back-
ground (provided by C. Forster, University of Wiirzburg), because we
were unable to hybridize the original Pdf* strain. To confirm that the
effect we observed (Extended Data Fig. 3) was not due to a difference
in D. melanogaster genetic background, we compared hybrids made
with this Pdf® strain to the same parental Canton-S (denoted here as
DmelCS", where W represents Wiirzburg), which showed predawn
activity and evening peak plasticity qualitatively similar to our DmelCS
strain (Extended Data Fig. 4). To visualize the collection sites of these
strains, we generated a world map using the R package ‘maps’.

Hybrid crosses and circadian candidate gene screening

We generated D. melanogaster/D. sechellia hybrids as previously
described®. In brief, hours-old virgin females were crossed to males
that were collected as virgins and aged at high density (15-20 flies) for
5-7 days. Toincrease interactions between flies, we pushed a plug into
thevial to leave a2-3 cm space above the food surface. These crosses
yielded only sterile, but viable, males. This method does not allow us
to test sex-linked candidate genes, including the core transcriptional
feedback loop member period® and the Pdf receptor gene, Pdfr.

Drosophila activity monitoring
For all activity measurements, we used 1-3-day-old males in the Dros-
ophilaactivity monitor system® in smallincubators that continuously
regulate light and temperature conditions (TriTech Research, no.
DT2-CIRC-TK). In brief, this system uses an infrared beam that bisects
aglass tube (5 mm inner diameter, 65 mm length) in which the fly is
housed, torecord activity as the number of beam crosses per minute.
Flieswere transferredinto tubes under light CO,anaesthesiawitha5%
sucrose, 2% agar (w/v) solution at one end and capped with a cotton
plug at the other. Each monitor recorded the activity of up to 32 flies
simultaneously, and multiple monitors were placed in asingle incuba-
tor.For each genotype, we tested flies in at least two technical replicates.
Allflies were first exposed to 7 days of 12:12 h LD and then shifted to
oneoffourextended photoperiod cyclesforanadditional 7 days—14:10,
16:8,18:6 or 20:4 h LD—to allow us to measure 12:12 h LD-associated
(that is, predawn activity) and extended photoperiod-associated
behaviours (that is, evening peak plasticity) for each animal. For
assessment of free-running period, flies were exposed to 7 days of DD
following 7 days of 12:12 h LD. For each photoperiod regime, we took
the average activity of the final 4 days of each 7 day period. The initial
3 days were considered an acclimation period. All subsequent analyses
were performed in R using the Rethomics package®®. For activity plots,

maximum normalization was performed to standardize all plots to a
range of 0-1.

To quantify predawn activity, average normalized activity was calcu-
lated for each flyin30 minbinsinthe 3 h preceding dawn. To quantify
morning and evening peak times, peak activity was identified from
the average activity of each fly in 10 min bins during the last 4 days of
boththe12:12 h LD and extended photoperiod using custom Rscripts
(available at github.com/mshahandeh/circ_plasticity). First, a rolling
triangular mean was applied to smooth the data, which were then split
intotwo 12 hsections, the first spanning the time around lights-on and
the second spanning the time around lights-off (at least 3 h preced-
ing and 3 h after for both). The global peak was identified within each
dataset and recorded as the timing of the morning and evening peak,
respectively.

For activity plots shownin the figures, average activity is plotted in
30 minbins, withyellow and grey bars at the bottom indicating timing
of lights-onand-off, respectively. Error barsindicate the standard error
of the mean. For evening peak time, vertical dashed lines indicate the
average timing of the evening peak; for predawn activity, dashed boxes
highlight the predawn period (3 hbeforelights-on). For quantifications
of both evening peak time and predawn activity, standard box plots
were used in which the bold middle line represents the median of the
data, the box the interquartile range and the whiskers the remaining
quartiles. Outliers are depicted with data points.

smFISH

We used the Pdfprobe library described previously® bound to the
Cys5 fluorophore (LubioScience), essentially following a published
protocol®. Brains were imaged using aninverted confocal microscope
(Zeiss LSM 710 or 880) equipped with a x40 or x63 oil-immersion objec-
tive, and using fixed settings to maximize the comparability of images
within experiments. Images were captured using Microsoft ZEN 2.3 SP1
software. Images were processed in Fiji and RNA spots were counted
using the Fiji macro RS-FISH®". No signal was detected outside of the
LNv cellbodies. RNA spot counts between strains within photoperiod
treatments were compared using a Wilcoxon rank-sumtest followed by
post hoc correction for multiple tests®2. We did not compare between
experiments because these flies were dissected, stained and imaged
separately. smFISH was repeated for two time points during the morn-
ingand evening peaks under both12:12and 16:8 hLD to ensure replica-
bility of the overall pattern of expression. We did not pool these data
because they are from a separate staining/imaging.

Immunofluorescence

Forimmunofluorescence of whole-mount Drosophila brains, 1-2-day-
old males were collected and acclimated to aspecific photoperiod for
four additional days. To standardize sampling times, we fixed these flies
in4% paraformaldehyde for 2 hat room temperature with gentle agita-
tion before dissection. Brains were dissected and stained essentially
asdescribed®. Primary and secondary antibodies and concentrations
used are provided in Supplementary Table 2. Brains were imaged using
aninverted confocal microscope (Zeiss LSM 710 or 880) equipped
with a x20 or x40 objective, and using fixed settings to maximize the
comparability of images. Images were captured using Microsoft ZEN 2.3
SP1software. To quantify fluorescence, images were processed in Fiji
by first creating a maximum-intensity projection z-stack, which was
thresholded to remove background signal®*. Relative fluorescence
was measured for each set of neurons by structure (that is, LNv soma
or s-LNv dorsal axonal projections) as integrated density of pixel
intensity, and the average of both hemispheres was recorded for
each brain. We compared Pdf immunofluorescence between strains
within photoperiod treatments using a Wilcoxon rank-sum test fol-
lowed by post hoc correction for multiple tests®2. We did not compare
between experiments because these flies were dissected, stained and
imaged separately. We repeated immunostainings for two time points



during the morning and evening peaks under both 12:12 and 16:8 h
LD, to ensure replicability of the overall pattern of expression. These
data cannot be pooled, however, because they are from a separate
staining/imaging and produce different fluorescence measurements
(arbitrary units).

For comparison of the structural plasticity of s-LNv axonal projec-
tions between D. melanogaster and D. sechellia, we imaged the most
dorsal projections during two time pointsin the light and dark phases
(2and 14 h, respectively) at x40 with a x2 digital zoom. We performed
Scholl analysis on these images, counting the number of axonal cross-
ings with concentric 10 pm arcs using the Neuroanatomy Fiji plugin®.
The number of axonal crossings was averaged per hemisphere for each
brain and compared using a Wilcoxon rank-sum test. We performed
this experiment in two replicates and pooled replicates for analysis
because fluorescence intensity was not measured.

Construction of transgenic lines

Approximately 2.4 kb upstream of the Pdf start codon was PCR ampli-
fied from D. melanogaster (DmelCS) or D. sechellia (Dsec28) gDNA
and Gateway cloned into the pDONR221 vector, sequenced verified
and subcloned into pHemmarG (Addgene, no. 31221) for CD4:tdGFP
reporters, pBPGUw (Addgene, no. 17575) for Gal4 drivers or fused to
the D. melanogaster (DmelCS) Pdf coding sequence in pattB® with Gib-
son assembly, for species-specific rescue constructs. Constructs were
injected and integrated into the attP2 landing site (chromosome 3)¢ in
the D. melanogaster genome by BestGene Inc. Rescue constructs were
recombined into the Pdf° background and genotyped with PCR and
Sanger sequencing. For elimination of genetic background effects, for
each species-specific rescue construct we collected data for two inde-
pendent insertions. Oligonucleotides used for cloning and sequence
verification are listed in Supplementary Table 3.

Pdfgeneregion sequence comparisons

We PCR amplified and Sanger sequenced the Pdf gene region using
the oligonucleotides listed in Supplementary Table 3. Sequences were
assembled and aligned inSnapGene (www.snapgene.com) using MUS-
CLE v.3.8.1551 (ref. 68) and visually inspected for alignment errors. Pdf
codingsequenceswere translated to an amino acid alignment and visu-
alized using Jalview® (v.2.11.2). For 5'-regulatory sequences, we used
the R package phangorn to generate maximum-likelihood trees™, with
the modelTest function to identify the best-fitting substitution model
and performing standard bootstrappingto obtain support values. The
MEME programwas used to discover putative regulatory motifscommon
across Pdf5'-regulatory sequences with n > 5sequences per species®. We
restricted this analysis to the top ten most significant motifsidentified.

Population genetic analysis of Pdf 5’ -regulatory sequences

For detection of genomic patterns of clinal adaptation in Pdf
5 sequences, we used a dataset of single-nucleotide variants in glob-
ally distributed D. melanogaster populations>. We selected popula-
tions from this dataset with aread depth greater than five to ensure
confidenceinvariant frequencies. For each population, we calculated
MAF across all variable sites in this region, and for the same-sized region
upstream of the start codon of two control neuropeptide genes. Spear-
man’s rho was used to correlate MAF with the latitude of the capital
city in each country in which the populations were sampled (precise
latitudes were not available). Correlation coefficients for all variable
sites within each locus were compared using a t-test.

We obtained 41 D. sechellia genomes sampled in the Seychelles
archipelago from the Sequence Read Archive*?, aligned them to the
D. sechellia reference genome (ASM438219v2), phasing the data by
chromosome (Samtools v.1.19.2), and created consensus sequences
for the 82 Pdf5’-regulatory haplotypes. The software DNA sequence
polymorphism (v.6) was used to calculate neutrality test statistics, with
significance determined by 1,000 coalescence simulations.

Longevity assay

To test for photoperiod-dependent differences in lifespan, we accli-
mated 1-day-old DmelCS, DmelOR, DsecO7 and Dsec28 males to either
12:12h LD or16:8 hLD. We kept ten flies of each genotype individually
in vials containing wheat flour/yeast/fruit juice medium, to which we
added an additional mixture of instant Drosophila medium (Formula
4-24 blue, Carolina bio-supply), mixed with noni juice for D. sechellia
or apple cider vinegar (Denner) for D. melanogaster. Flies were trans-
ferred to fresh vials every 3 days to prevent media from drying out.
We recorded for each weekday the number of vials in which a fly died
until all fliesamong one treatment per strain were dead. No significant
differences were detected between strains within species (Fisher’s
exact test, all P> 0.05), which were therefore pooled to represent the
species for Fig. 5f. We compared cumulative survival probability using
the R package ‘survival’ (ref. 71). We performed a second replicate of
these experiments to verify the observed effects (Extended Data Fig. 9).

Copulation assays
To test for photoperiod-dependent differences in copulation rate, we
first acclimated 1-day-old virgin DmelCS, DmelOR, DsecO7 and Dsec28
males and females to either 12:12 or 16:8 h LD for 4 days. We aspirated
single femalesinto25-mm-diameter food vials containing wheat flour/
yeast/fruitjuice medium, returned themto their respective photoperi-
odsand allowed themtorecover for 24 h. The following day, 30 min after
lights-on, we aspirated asingle male of the same genotype into each tube
and pushed the plug into the vial so that pairs had a 2 cm space above
the food surface, forcing them to interact. We observed courtship for
2 h, recording successfully and unsuccessfully copulating pairs. We rea-
soned that aconsistent reductionin copulation success over 2 hwould
be sufficient to affect fitnessinthe field, in which individual fliesinteract
for only muchshorter periods of time’>”%, We observed no differences
between strains within species (Fig. 5g; Fisher’s exact test, all P=1), so
these data were pooled to represent the species for analysis (Fig. 5g).
Todetermine whether these differences persisted over the long term,
following acclimationto either12:12 hLD or16:8 h LD for 4 days, single
male-virgin female pairs were aspirated into the same food vials and
stored at 25 °C for 3 days, after which the males were removed. Vials that
produced offspring were counted as successful copulation. Copulation
frequencies within species between treatments were compared using
Fisher’s exact test.

Datareporting

No statistical methods were used to predetermine sample size. For
behavioural experiments, we aimed for asample size of25-30 individu-
als because significant differences are easily detected at these sizes.
In the case of our hybrid screen, in which hybrid flies were difficult to
produce, we reduced this to 15 individuals per strain but, due to the
strong reproductive isolation between species, some genotypes were
difficult to cross with D. sechellia, resulting in alower sample size. For
image analyses, we obtained images from five brains from each strain
per treatment, because this allowed for parallel processing of multiple
genotypes and time points. For both behavioural assays and image
analyses, data were collected and analysed blind to treatment (spe-
cies, genotype, sampling time and so on). We did not randomize within
experiments, but instead ran all genotypes in parallel for all experi-
ments, with the exception of the hybrid screen, inwhich the behaviour
of hybrids was measured as offspring were successfully obtained from
crosses. Inthis case, test hybrid behaviour was measured at least once
inparallel to control hybrids and parental strains. For all experiments,
flies were 3-5 days old at the start of the experiment.

Reporting summary
Furtherinformation onresearch designis available in the Nature Port-
folio Reporting Summary linked to this article.
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Data availability

Data supporting the findings of this study are available at Dryad
(https://doi.org/10.5061/dryad.vq83bk42z)™. We additionally used
D. melanogaster single-nucleotide variation data fromref. 36 (data avail-
able at https://doi.org/10.5061/dryad.7440s)”. We used sequences of
D. sechelliafromref. 42, available from SRA: SRP113415. To align these
sequences, we used the D. sechelliareference genome (ASM438219v2).
Source Data are provided with this paper.

Code availability

Code used for analyses is available from GitHub (github.com/msha-
handeh/circ_plasticity).
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Extended DataFig.1|Activity of D. melanogaster and D. sechelliamales and
females under different photoperiods. a, Left: reaction norm depicting the
interaction between species and photoperiodindetermining evening peak
time. Points represent species means and error bars represent SEM. Right:
results of atwo-way nested ANOVA detecting asignificantinteraction between
speciesand photoperiodin determining evening peak time. b, Mean non-
normalised activity of flies from Fig. 1c. Vertical dashed lines indicate the
average timing of the evening peak for each strain. Error bars represent SEM.
SamplesizesasinFig.1c.c, Top: mean normalised activity of two D. melanogaster
(CSand OR, blue) and two D. sechellia (07 and 28, orange) strains, using female
flies, under the indicated photoperiods. Plots depict normalised average
activity of thelast 4 days of a 7-day photoperiod; for 16:8 h LD, this was preceded
by 7 days of12:12 hLD. Bottom: box plots depict evening peak time quantifications
forindividual fliesunder each photoperiod. Here and elsewhere, box plots show
themedian (bold line), interquartile range (box) and final quartiles (whiskers).
Individual data points are overlaid on the box plots; outliers are points that fall
beyond the box plot whiskers. Sample sizes (numbers of individual flies) are:

12:12hLD:CS (37), OR (34),07 (95),28 (146);16:8 hLD: CS (16), OR (21), 07 (30),
28(33).Forb-c, Vertical dashed lines indicate the average timing of the evening
peakforeachstrain. Here and elsewhere, yellow and grey bars indicate timing
oflights-onand lights-off, respectively. Error barsrepresent SEM. d, Mean
normalised activity of D. melanogaster and D. sechellia strains under12:12h LD
duringthe morningactivity peak (same data from c). Top: plots depict average
activity of thelast 4 days of a7-day recording period. Dashed boxes highlight
the pre-dawn period, 3 hbeforelights-on. Error bars represent SEM. Bottom:
mean normalised activity of individual flies within this pre-dawn period.
Samplesizesasinc.Forc-d, lettersindicate significant differences: P< 0.05
(pairwise Wilcoxon test with Bonferroni correction). e, Periodogram analysis
from 5 days of constant darkness (DD) for D. melanogaster (CS and OR) and

D. sechellia (07 and 28) strains. Period estimates: CS (24.36 h), OR (23.45 h),
07(23.16 h),28(23.57 h). Sample sizes asin Fig. le. f, Table of P-values from all
pairwise comparisons of the datain e between strains (Wilcoxon test with
Bonferronicorrection). No species-specific differences were observed.
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Extended DataFig. 2| Tropical D. melanogaster, D.simulans and D. mauritiana
strains display prominent evening peak plasticity and morning peak
activity.a, Mean normalised activity of laboratory D. melanogaster (DmelCS
and DmelOR), two recently-collected strains of D. melanogaster (DmellL72 and
DmellL76,fromthe Lower Zambezi Valley), D. simulans (MD221and MD242,
from Madagascar), D. mauritiana (Dmau90 and Dmau91, from Mauritius) and
laboratory D. sechellia (Dsec07, Dsec13, Dsec28 and Dsec32) under12:12h LD
(top) and16:8 h LD (bottom). Plots depict average activity of the last 4 days of a
7-day recording period; for16:8 h LD, this was preceded by 7 days of 12:12 h LD.
Dashed boxes highlight the pre-dawn period, 3 hbeforelights-on. Dashed lines
highlight the average evening peak time. Error barsrepresent SEM. b, Evening

peaktime for these fliesunder12:12 h LD (left) and 16:8 h LD (right). Sample
sizes: DmelCS (22), DmelOR (16), DmelL72 (29), DmelL74 (46), DsimMD221 (27),
DsimMD242 (34), Dmau90 (19), Dmau91 (28), Dsec07 (19), Dsec13 (20), Dsec28
(24), Dsec32(22).c,Mean normalised activity of individual flies within this pre-
dawn period. Sample sizes: DmelCS (24), DmelOR (21), DmellL72 (41), DmellL.74
(61), DsimMD221 (57), DsimMD242 (52), Dmau90 (33), Dmau91 (34), Dsec07 (19),
Dsecl3 (82), Dsec28(77), Dsec32 (73).d, The approximate collection sites of the
D. melanogaster, D. simulans, D. mauritiana and D. sechellia strains used in a-c.
Forb-c, letters depictsignificant differences detected betweenstrains (Wilcoxon
tests for all pairwise comparisons with Bonferronicorrection, P< 0.05).
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Extended DataFig. 3 |Screenresults for the geneticbasis of interspecific
differencesinevening peak plasticity. a, Mean normalised activity of the
indicated controland hybrid genotypes under 16:8 hLD. Plots depict average
activity of the last 4 days of a 7-day extended photoperiod, following 7 days of
12:12 hLD. Vertical dashed linesindicate the average timing of the evening peak
foreach genotype. Error bars represent SEM. Sample sizes: w'¢ (22), 07/w™S
(53),07/CCHal (34),07/Clk (29), 07/cwo (16), 07/cyc (33),07/Cry (21), 07/Fer2 (17),
07/Hr38(50),07/ITP(23),07/Jet (22),07/Pdf (37),07/Rh7 (16), 07/scro (22), 07/vri
(23),07 (24).b, Evening peak time for the genotypesin a. Asterisksindicate
significant differences: ** P<0.01and ***=P < 0.001 (Wilcoxon tests comparing
eachtest hybrid to the control hybrid strain (07/w'*®) with Bonferroni correction).
NS =notsignificantly different. The orange line marks the median evening peak
delay of the D. sechellia parental strain (07).c, Mean normalised activity of the
indicated controland hybrid genotypes under16:8 hLD. Plots depict average
activity of the last 4 days of a 7-day extended photoperiod, following 7 days of
12:12 hLD. Vertical dashed linesindicate the average time of the evening peak
for each strain. Error bars represent SEM. Sample sizes: w'® (22), 28/w"* (31),
28/CCHal (4),28/cwo (27),28/cyc(52),28/Cry (28),28/Fer (8),28/Hr38(23),

28/Itp (25),28/Jet (16),28/Pdf (40), 28/scro (31),28/vri (29),28 (19).d, Evening
peak time for the genotypesin c. Asterisks indicate significant differences:
*=P<0.05(Wilcoxon tests comparing each test hybrid to the control hybrid
strain (28/w'%) with Bonferroni correction). Red asterisk denotes asignificant
increase in evening peak plasticity. NS = not significantly different. The orange
line marks the median evening peak delay of the D. sechellia parental strain (28).
e, Mean normalised activity of hemizygous D. melanogaster Pdf mutants (the
only mutant that displayed an effectin both hybrid backgrounds) undera16:8 h
LD cycle.Plots depict average activity of the last 4 days of a 7-day extended
photoperiod, following 7 days 0of12:12 h LD. Vertical dashed linesindicate the
average time of the evening peak for each strain. Error bars represent SEM.
Sample sizes: w'* (22), Pdf/w'* (37).f, Evening peak time for the flies depicted
ine. Pdf” hemizygotes displayed a significant increase in morning peak activity
compared to the control strain (w').** = P< 0.01 (Wilcoxon test). g, Summary
ofthe overlapping hits. A priori, we considered the strongest candidates would
display areductioninevening peak plasticity inboth Dsec07 and Dsec28
hybrids, but notin w”** hemizygotes; only Pdffulfilled these criteria.
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Extended DataFig. 4 |Qualitatively similar evening peak plasticity and
morning peakactivity in two Canton-S strains. a, Mean normalised activity
of two Canton-S (CS and CSY) strains under12:12 h (left) and 16:8 h LD (right).
Plots depictaverage activity of the last 4 days of a 7-day extended photoperiod,
following 7 days of12:12 h LD. Vertical dashed lines indicate the average timing
of the evening peak for each strain. Dashed boxes highlight the pre-dawn

period, 3 hbefore lights-on. Sample sizes:12:12 h LD CS (29), CS¥ (42);16:8 hLD
CS (18), CS™ (16). b, Evening peak time for the fliesinais shown for each strain
under12:12 h(left) and 16:8 h LD (right). No significant differences were observed
betweenstrains (Wilcoxon test). ¢, Mean normalised pre-dawn activity for flies
under12:12h LD (froma, within theindicated pre-dawn period). Asterisks indicate
significant differences: **=P < 0.01 (Wilcoxon test).
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Extended DataFig. 5|Screenresults for the genetic basis of interspecific
differencesinmorningactivity. a, Mean normalised activity of the indicated
genotypesunder12:12 hLD. Dashed boxes highlight the pre-dawn area used

to quantify pre-dawn activity, 3 h before lights-on. Error bars represent SEM.
Sample sizes: w"™ (78), 07/w"* (69), 07/CCHal (21), 07/Clk (34), 07/cwo (43),
07/cyc(43),07/Cry (26),07/Fer (18),07/Hr38(87),07/ITP(23), 07//et (49), 07/Pdf
(42),07/Rh7 (33),07/scro (58),07/vri (28), 07 (40).b, Mean normalised pre-dawn
activity for the genotypesin a. Asterisks indicate significant differences:
**=P<0.0land**=P<0.001(Wilcoxon tests comparing each test hybrid to
the control hybrid strain (07/w"%) with Bonferroni correction). Red asterisks
denote asignificantincreasein morning activity relative to control hybrids.
The orange line marks the median pre-dawn activity of the D. sechellia parental
strain (07).c, Mean normalised activity of the indicated genotypes under
12:12h LD. Dashed boxes highlight the pre-dawn area used to quantify pre-
dawn activity, 3 hbefore lights-on. Error bars represent SEM. Sample sizes: w'*®
(78), 28/w'8(22),28/CCHal (4),28/cwo (20), 28/cyc (56), 28/Cry (66), 28/Fer (5),
28/Hr38 (43),28/ITP(25),28/Jet (22),28/Pdf (21),28/PDPI (14), 28/scro (38),
28/vri(33),28 (36).d, Mean normalised pre-dawn activity for the genotypesinc.

Asterisksindicate significant differences:*=P<0.05and ***=P<0.001
(Wilcoxon tests comparing each test hybrid to the control hybrid strain
(28/w"*) with Bonferroni correction). The orange line marks the median pre-
dawn activity of the D. sechellia parental strain (28). e, Mean normalised
activity of the indicated hemizygous D. melanogaster genotypes that displayed
aneffectinahybrid background under12:12 hLD. Dashed boxes highlight the
pre-dawn area used to quantify pre-dawn activity. Plots depict average activity
ofthelast4 days of a7-day recording period. Dashed boxes highlight the pre-
dawn period, 3 hbefore lights-on. Error bars represent SEM. Sample sizes: w'*®
(78), cyc/w'™8 (31), Cry/w" (32), Hr38/w™® (25), vri/w™® (46).f, Mean normalised
pre-dawn activity for the genotypesin e. Asterisks indicate significant
differences: Hr38hemizygotes displayed asignificantincreasein morning
peakactivity compared to the control strain (w'®). **= P < 0.01 (Wilcoxon tests
comparing each test hemizygote to the control strain (w'*¥) with Bonferroni
correction). g, Summary of the overlapping hits from each of the above
genotypes. Apriori, we considered the strongest candidates to display a
reductioninmorning peak activity in DsecO7 and Dsec28 hybrids, but notin
w8 hemizygotes. Four genes fulfilled these criteria: cyc, Cry, Hr38and vri.
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Extended DataFig. 6| The predicted Pdfpeptidesequenceishighlyconserved = Aminoacidresidueswere coloured by chemicalsimilarity usingJalView. Periods
between D. melanogaster, D. sechelliaand D. simulans. Alignment of the indicate conserved amino acid residues and lettersindicate variable residues.
predicted Pdf peptide sequence of 10 D. melanogaster, 6 D. sechellia and No fixed differences are observed between species.

5D.simulansstrains. The consensus sequence is displayed at the bottom.
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Extended DataFig. 8| Validation of differential Pdftranscript depletion

by RNAI. Left: representative images of PdfsmFISH for one genetic control
(UAS-Pdff™*/+), DmelPdf-Gal4/UAS-Pdf*™* and DsecPdf-Gal4/UAS-Pdf " strains
withRNA spotsidentified by RS-FISH. Right: quantifications of RNA spots.
n=5foreachgenotype.*=P<0.05 (Pairwise Wilcoxon tests with Bonferroni
correction).
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Sample size No statistical methods were used to predetermine sample size. For behavioural experiments, we aimed for a sample size of 25-30 individuals,
as significant differences were easily detected at these sizes. In the case of our hybrid screen, where hybrid flies were harder to make, we
aimed for 15 individuals per strain but due to the strong reproductive isolation between species, some genotypes were difficult to cross to D.
sechellia, resulting in a lower sample size. For image analyses, we obtained images from 5 brains from each strain per treatment because this
allowed for parallel processing of multiple genotypes and time points. Additionally, quantifications of these stainings were largely consistent
and significant differences were apparent at this sample size.

Data exclusions  No data were excluded.

Replication All behavioural experiments were collected over at least two technical replicates with corresponding controls to ensure reproducibility, with
the exception of those shown in Fig. 1c, where we replicated only two photoperiod treatments: 12:12 h LD and 16:8 h LD, because we
continued the use of these specific photoperiods throughout the work. All brain dissections and stainings for a given experiment were
performed in parallel to ensure comparability between time points and fixed microscope settings were used within each experiment. Two
time-points of each histological experiments (Pdf smFISH, Pdf immunofluorescence, and Scholl analysis of s-LNv axonal projections) were
replicated once in order to ensure the overall patterns of expression were the same.

Randomization  We did not randomise within experiments, and instead ran all genotypes in parallel for all experiments, except for the hybrid screening, where
we measured the behaviour of hybrids as and when crosses produced offspring, with at least one replicate run in parallel with corresponding

controls (data collection for hybrid screening took >2 years).

Blinding Quantifications for stainings and collection of behavioural data were performed blind to treatment.
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Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies X[ ] chip-seq
Eukaryotic cell lines |Z| |:| Flow cytometry
Palaeontology and archaeology |Z| |:| MRI-based neuroimaging

Animals and other organisms

Clinical data
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Plants

Antibodies

Antibodies used All antibodies used are described in Supplementary Table 2.

Validation All antibodies were previously validated:
- mouse anti-Pdf, obtained from DSHB with confirmed species reactivity in Drosophila for IHC-IF (https://dshb.biology.uiowa.edu/
PDF-C7)
- rat anti-Cadherin-N, obtained from DSHB with confirmed species reactivity in Drosophila for IHC-IF (https://dshb.biology.uiowa.edu/
DN-Ex-8)
- rabbit anti-GFP, Molecular Probes AB_221570; this is a fully-validated commercial antibody

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals All fly strains used are described in Supplementary Table 1. All fly strains were domesticated and have been reared in common
laboratory conditions for 20+ years, with the exception of the MD and LZV strains, which were collected and domesticated in ~2014
(PMID 24920013). For all experiments, flies were 3-5 days old at the start of the experiment.

Wild animals No wild animals were used in this study.

Reporting on sex As is standard in the Drosophila circadian field, we only used males in most of the experiments of this study because they do not
reproduce within the long-term behavioural assay. Males were identified by the presence of the male genital arch under a stereo-
microscope. However, we verified that the key species-specific behaviours described in males were also observed in females
(Extended Data Fig. 1c-d).

Field-collected samples  No field-collected samples were used in this study.

Ethics oversight No ethical approval or guidance was required for this study, as we used exclusively invertebrate animals.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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