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Seasonal environmental change is one of the most rapid and striking environmental variables.
Although relatively rapid adaptation to environmental changes over several years or several decades
has been described in many taxa, rapid responses to seasonal environments are delicate, and
therefore, the detection of the evolutionary responses requires sensitive methods. In this study, we
examined seasonal changes in phenotypes related to thermal tolerance and morphological traits

of Drosophila lutescens collected at the spring and autumn periods from a single location. We first
demonstrated that flies in the two seasonal periods were almost genetically identical using double-
digest restriction site-associated DNA sequencing and analysis. Using an experimental design to
eliminate the effect of possible confounding factors that influence phenotypes (i.e., maternal effects
and the environmental conditions in which each phenotype was analyzed), we showed that the

heat tolerance of D. lutescens was significantly higher in the autumn population than in the spring
population. Furthermore, cold tolerance was slightly higher in the spring population than in the
autumn one. Although wing length and thorax length did not change significantly between seasons,
the ratio of wing length to thorax length changed significantly between them. These results suggest
that seasonal environmental heterogeneity induces rapid phenotypic changes within a year. Finally,
we discuss the possibility of rapid evolutionary responses to seasonal changes.

Seasonal environmental heterogeneity presents rapid cyclic variation over time. Such environmental heterogene-
ity can impose highly variable selection on populations and regulate the evolutionary adaptation of species with
multiple generations within a year'~%. Drosophila species are among the most useful species for evaluating rapid
seasonal evolution®®. Studies have provided elegant evidence for rapid evolution by establishing isogenic lines’~*°.
In the fruit flies Drosophila melanogaster and D. simulans, the strains established from females collected at four
different seasonal timepoints exhibited markedly different phenotypes with respect to several life-history traits®.
Another study revealed the evolutionary tracking of various phenotypes in response to seasonal environmental
change in a field experiment!. These studies suggested the presence of rapid evolutionary responses to seasonal
environmental changes. Importantly, almost all previous studies that demonstrated seasonal changes in pheno-
types were unable to distinguish between genetically induced and environmentally induced phenotypic changes,
because the phenotypes of each seasonal generation were not examined simultaneously (that is, under the same
environmental conditions). There is a possibility that experimental (laboratory) conditions are not completely
stable and change seasonally (e.g., humidity). A previous study suggested that unknown and/or uncontrollable
environmental variation among seasons under laboratory conditions determines the phenotypes expressed, lead-
ing to rapid apparent seasonal changes in phenotype'?. Even under laboratory conditions, evidence of evolution
between seasons can be erroneously found if phenotypes are measured in each strain derived from a different
season in the seasons corresponding to the derivations. The verification of seasonal rapid evolution in a habitat
is delicate and therefore requires elaborate research methods. To obtain evidence of evolution, phenotypic vari-
ation should be accurately resolved into genetically induced phenotypic changes and environmentally induced
phenotypic changes'>'. Therefore, one of the most effective methods to detect genetically induced phenotypic
changes is to perform a simultaneous common-garden experiment.

Seasonal changes/oscillations in allele frequency provide additional evidence of seasonal evolution. In D. mel-
anogaster, genome-wide population genetic analysis revealed that hundreds of single nucleotide polymorphisms
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(SNPs) oscillated between spring and fall over multiple years'. This result suggests that evolutionary changes may
occur across seasons. Importantly here, differences in phenotype and allele frequency among seasons could be
generated without seasonal evolution. For example, seasonal changes in phenotype and allele frequency can also
be detected when the populations found in different seasons are genetically independent!>!® or when seasonal
populations are differentially affected by season-specific migration'”*®. Thus, we must examine whether seasonal
populations are genetically identical to verify seasonal evolution in phenotypes.

The present study aimed to perform an appropriate evaluation of rapid phenotypic changes in D. lutescens
in response to seasonal environmental changes. First, we established two sets of isofemale lines of D. lutescens
derived from flies collected at two periods, spring and autumn, in a single location. Then, we tested the genetic
structure and assessed the genetic differentiation in the two seasonal populations to confirm whether population
structures in the two periods were affected by seasonal immigration. Finally, for all strains, we simultaneously
measured the thermal tolerance, thorax length, wing length, and wing to thorax ratio.

Material and methods

Field collections of study species

Drosophila lutescens is a species of the takahashii subgroup that is distributed in Korea and Japan'®. Adults of D.
lutescens are observed throughout the year in Japan®. Our collection site was located in Chiba prefecture, Japan,
where the average daily temperature increases in early summer and declines in fall (Fig. S1). The average tem-
perature of the sampling site fluctuated seasonally, between 2.7 and 31.7 °C. For this study, adults were collected
on the Nishi-Chiba campus of Chiba University, Japan (35° 37’ 34" N, 140° 6’ 8" E), using baited traps during
two seasons in 2020: from mid-February to early March (i.e., spring generation) and from early October to early
November (i.e., autumn generation). Each collected female was isolated to establish isofemale lines. These sib-
lings were maintained on media contained in plastic vials (30 mm x 100 mm) (KFB-1M, Chiyoda Science). The
media used was the one described in the study by* (500 ml H,0O, 50 g sucrose, 25 g active yeast, 8 g agar, 5.36 g
KNaC,H,044H,0, 0.5 g KH,PO,, 0.25 g NaCl, 0.25 g MgCl,, 0.25 g CaCl,, 0.35 g Fe,(SO,)-6.9H,0). The flies
were reared under a 12 L:12 D cycle at 25 °C, which are standard conditions for D. melanogaster'®*>?. In total, 49
and 23 isofemale lines were established for the spring and autumn generations, respectively. All isofemale lines
were reared for a minimum of three generations to remove environmental and maternal effects before being used
in all experiments described below. All experiments throughout our study were performed using adult females
from December 24th, 2020, to February 3rd, 2021. In the assay of heat tolerance and chill coma recovery, only
mature females with undamaged wings and a swollen abdomen were selected from rearing vials. This selection
was implemented because some previous studies have detected differences in phenotypes when studying only
adult females**%. Selected individuals were anaesthetized with CO, and transferred into new vials containing a
piece of filter paper soaked in 10% sucrose. Individual flies were allowed to recover for more than two hours in
an incubator (12 L:12 D, 25 °C) before initiating the assays.

Molecular analyses

To compare the population genetic structures of the flies collected in the spring and autumn periods, double-
digest restriction site-associated DNA sequencing (ddRAD-seq) was performed. To obtain a high concentra-
tion of DNA, genomic DNA was extracted from approximately 10 adult females for each isofemale line using a
Maxwell” 16 LEV Plant DNA Kit (cat. #A51420, Promega) and subsequently fragmented by restriction enzyme
digestion using PstI and Mspl. All isofemale lines were sequenced using ddRAD-seq of 100-bp paired-end reads
and a DNBSEQ-G400 instrument (MGI Tech. Co., Ltd.). Raw sequence reads were cleaned using Trimmomatic
(ver. 0.39). Quality-filtered reads were processed using the denovo_map.pl script with the -M 3 option in Stacks
v2.53% to reduce sequencing artifacts within the data and allow for SNPs. Only the first SNP per RAD tag was
used for population genetic analyses to avoid strong linkage between SNPs. The minor allele frequency threshold
was set at 3%, and the missingness by line filter was set at 1%. Based on the filtered SNPs, the population genetic
structure was examined using principal component analysis (PCA) in PLINK v1.90. In addition, Wright’s Fgr
between the two periods was calculated using all filtered SNPs and the SambaR package in R version 4.03%.

Heat tolerance assay

Heat tolerance was measured in terms of the heat knockdown time using 5-10 recovered females per isofemale
line placed individually in a small plastic tube (12 x 12 x45 mm) that was sealed with an air-penetrable plug.
The containers were tethered in a stainless-steel tube rack placed in a 37 °C water bath. Following the procedure
of?, the heat knockdown time was scored as the time taken by an individual fly to be knocked down and remain
immobilized even after the containers were shaken.

Chill coma recovery assay

Cold tolerance was measured in terms of chill coma recovery time using 5-10 recovered females per isofemale
line. Each female was placed in a small plastic vial (915 mm x 95 mm) that was sealed with an air-penetrable
plug. Following the procedure of MacMillan et al.?, the vials were immersed directly into a 1 L mixture of ice and
water in a container (24.5x 18.5 cm, 10.2 cm in height) at 0 °C, where they remained for 10 min. Individual flies
were then quickly transferred into a Petri dish preheated to 25 °C and filmed for 15 min under LED lighting in
an incubator (25 °C). The time until the flies started walking was recorded. The recovery time of the individuals
that were not walking within 15 min was recorded as 900 s.
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Body size
As proxies for overall body size, thorax length and wing length were quantified in 4 or 5 adult females per
isofemale line. Following the procedure of?, the length of a wing removed from a female was measured as a
straight line drawn from the intersection of the L2 and L3 longitudinal veins to where the L3 longitudinal vein
intersected the wing margin. Thorax length was measured from the base of the anterior humeral bristle to the
posterior tip of the scutellum. In addition, as an index of dispersal ability, the wing to thorax ratio was calculated
as wing length/thorax length.

The broad-sense heritability (H*)** was estimated by calculating the variance components of a between-
isofemale line and a within-isofemale line using one-way ANOVA in the VCA package in R.

Statistical analyses

All analyses were conducted in R version 4.03. Differences between seasons were analyzed by linear mixed models
(LMMs) for body size and generalized linear mixed models (GLMMs) for thermal tolerance (gamma distribu-
tion) in the Ime4 package. In both mixed models, isofemale lines and experimental assay dates were treated as
random effects to consider in the pseudo-replication of individuals within isofemale lines. The P values of the
fixed effects in the LMM and GLMM were calculated using the x? test of the car package in R. In addition, the
effect sizes (Cohen’s d) were calculated to compare wing length, thorax size, and wing to thorax ratio.

Results

Information on the number of raw reads for each isofemale line is summarized in Table S1. A total of 1828 SNP
loci were shared among the isofemale lines. Using these loci, PCA was performed to identify the relationship
between the two seasons. Two-dimensional plots of PC1 and PC2 showed that isofemale lines derived from
the two seasons overlapped (Fig. 1). Using all SNPs, the Fg; value between the spring and autumn periods was
estimated to be 0.007.

There was no significant difference in the thorax length of the adult females between the spring and autumn
periods (Fig. 2a; x?=0.21, df=1, P=0.65, Cohen’s d= —0.03). The wing length of females from the autumn
period was slightly longer than that from the spring period, but the difference was not statistically significant
(Fig. 2b; x*=3.08, df=1, P=0.08, Cohen’s d=0.34). However, the females from the autumn period had a sig-
nificantly greater wing-to-thorax ratio than those from the spring period (Fig. 2¢; x*=4.67, df=1, P=0.03,
Cohen’s d=0.33). The H? values of thorax length, wing length, and wing to thorax ratio were 0.17, 0.42, and
0.24, respectively.

In the heat tolerance assay, females often remained on the tube wall or stood on the tube bottom prior to
heating. Upon transfer to a preheated water bath, the females dropped to the bottom of the tube and were immo-
bilized within an average of 876 s (minimum: 335 s, maximum: 1441 s). The heat knockdown time for flies from
the autumn period was significantly longer than that for flies from the spring period (Fig. 3a; x*=18.67, df=1,
P<0.001). On the other hand, in the chill coma recovery assay, females immersed in an ice bath started to walk
ca. 220 s on average after being transferred to a 25 °C incubator. Although the time the flies took to start walking
tended to be shorter for flies from the spring period than for those from the autumn period, the difference in

0.4 | @ spring
O autumn
9
< 02
o
N
O]
o
0.0 4
-0.2

T T T
0.0 0.2 0.4

PC1 (2.5%)
Figure 1. Representation of Drosophila lutescens collected in spring and autumn via principal component

analysis (PCA). Convex polygons for each period are shown in the two-dimensional space. Dots represent
isofemale lines (N'="72; spring: 49, autumn: 23).
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Figure 2. Body size of Drosophila lutescens from the spring and autumn periods. Thorax length (a), wing length
(b), and wing-to-thorax ratio (c). In all boxplots, boxes and thick black lines represent the 25th (lower) to 75th
(upper) percentile and median, respectively. The upper and lower whiskers represent scores outside the middle
50%. The plots show all sample data.
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Figure 3. Thermal tolerance of Drosophila lutescens from the spring and autumn periods to heat (a) and cold
(b). The meaning of the boxes, thick black lines, and points is described in Fig. 2.

the recovery time was not significant between the two groups (Fig. 3b; x*=0.18, df=1, P=0.67). The H? values
of heat knockdown time and chill coma recovery were 0.26 and 0.06, respectively.

Discussion

Differences in traits across seasons are known to occur in various organisms*>*!. This phenomenon is suggested
to be evidence supporting rapid evolution. However, comparing phenotypes in each season alone is not sufficient
to prove rapid evolution among seasons. The effects of plasticity and the season-specific migration of popula-
tions with different genotypes can also explain the observed seasonal changes. One of the most important steps
to detect rapid evolution in a natural population is improving the method for measuring phenotypic values in
each season. The present study first demonstrated that the Fg; values between the spring and autumn periods
of D. lutescens were very low; the two periods exhibited little genetic differentiation, and therefore, season-
specific migration is unlikely to occur in the population that we observed. Nevertheless, we detected significant
differences in heat tolerance and the wing to thorax ratio between the two collection time periods. Removing
environmental effects, which are potential factors affecting phenotypic values, allowed for strong confirmation
of the presence of genetic changes across seasons. Therefore, as in previous studies, this difference may reflect
rapid seasonal evolution. It should be noted that flies collected in the spring period were kept in our laboratory
for alonger time than flies collected in the autumn period. Unfortunately, we cannot currently exclude the pos-
sibility that a difference in breeding length in the laboratory affects the phenotypic values owing to inbreeding
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depression, stochastic drift, or adaptation to laboratory conditions®’. To mitigate these effects, we should rear
our lines for sufficiently long before phenotyping or reverse the order of seasonal sampling. Detecting oscilla-
tions in phenotypic values over several years is also important to provide evidence to support rapid evolution.
In addition, simultaneous measurements of phenotypes should be undertaken at multiple sites to deepen the
understanding of rapid seasonal evolution.

A higher heat tolerance after summer (i.e., autumn period) suggests that selection associated with seasonal
climate drives the adaptive evolutionary response. The prevalence of individuals with higher heat tolerance might
increase in the population during summer and decrease during winter. Although the heritability estimates of
heat tolerance among studies may not be directly comparable because of the different assessments used, our
estimate of the heritability of heat tolerance was similar to that reported in*}, whereas our heritability estimate
of cold tolerance was very low compared with previously reported heritability**. In the population studied in the
present study, the genetic variation in heat tolerance, but not cold tolerance, may be maintained across seasons
in our specific population of D. lutescens.

Insects often show latitudinal variation in flight morphology, such as wing size and the ratio of wing size to
body size, which directly affects foraging, mating, dispersal, and thus reproductive success. In the present study,
the effect size (Cohen’s d) showed that the difference in wing size was greater than that in thorax size. Therefore,
the difference in ratio of wing to thorax may be attributed to the difference in wing size. Along the environmental
gradient on a continental scale, the wing size relative to body size of Drosophila spp. is known to be larger in
cold regions than in warm regions. Larger wings are advantageous in the cold because ectotherms generate less
energy per wingbeat®. However, the opposite pattern was observed for the wing-to-thorax ratio in the context of
seasonal environmental changes; a larger ratio of wing-to-thorax length was observed in flies from the autumn
period, which had just experienced summer. Such an opposite pattern could be explained by seasonal variation in
population density. Previous theoretical studies demonstrated that a dispersal strategy could evolve in a density-
dependent manner*®. The wing to thorax ratio could reflect the ability to access resources; that is, a larger wing
to thorax ratio could increase dispersal ability*’. Since the population density of Drosophila spp. could be higher
during a warm season than during a cold season, genotypes expressing a higher dispersal ability (i.e., larger wing
to thorax ratio) may be favoured during summer, when densities and competition increase.

Data availability

Phenotypic and SNP data of ddRAD-seq are available in the publicly accessible repository Dryad at https://doi.
org/10.5061/dryad.kh189327r. (temporal link for reviewers: https://datadryad.org/stash/share/6 AbpZnbLna
51Ilig_tU0IpUIpRQc-IHUR9yTcRbTRbVO).

Received: 11 October 2023; Accepted: 28 November 2023
Published online: 19 December 2023

References
1. Brakefield, P. M. Differential winter mortality and seasonal selection in the polymorphic ladybird Adalia bipunctata (L) in the
Netherlands. Biol. J. Lin. Soc. 24, 189-206 (1985).
2. Carvalho, G. R. The clonal ecology of Daphnia magna (Crustacea:Cladocera): II Thermal differentiation among seasonal clones.
J. Anim. Ecol. 56, 469-478 (1987).
3. Hendry, A. P, Letcher, B. H. & Gries, G. Estimating natural selection acting on stream-dwelling Atlantic salmon: Implications for
the restoration of extirpated populations. Conserv. Biol. 17, 795-805 (2003).
4. Danks, H. V. Seasonal adaptations in Arctic insects. Integr. Comp. Biol. 44, 85-94 (2004).
5. Dobzhansky, T. Genetics of natural populations. XXV. Genetic changes in populations of Drosophila pseudoobscura and Drosophila
persimilis in some localities in California. Evolution (N Y) 10, 82-92 (1956).
6. Levitan, M. Studies of linkage in populations. V1. periodic selection for X-chromosome gene arrangement combinations. Evolution
(N'Y) 27, 215-225 (1973).
7. Magiafoglou, A., Carew, M. E. & Hoffmann, A. A. Shifting clinal patterns and microsatellite variation in Drosophila serrata popula-
tions: A comparison of populations near the southern border of the species range. J. Evol. Biol. 15, 763-774 (2002).
8. Jenkins, N. L. & Hoffmann, A. A. Limits to the southern border of Drosophila serrata: Cold resistance, heritable variation, and
trade-offs. Evolution (N Y) 53, 1823-1834 (1999).
9. Behrman, E. L., Watson, S. S., O’Brien, K. R., Heschel, M. S. & Schmidst, P. S. Seasonal variation in life history traits in two Dros-
ophila species. J. Evol. Biol. 28, 1691-1704 (2015).
10. Bergland, A. O., Behrman, E. L., O’'Brien, K. R., Schmidt, P. S. & Petrov, D. A. Genomic evidence of rapid and stable adaptive
oscillations over seasonal time scales in Drosophila. PLoS Genet. 10, €1004775 (2014).
11. Rudman, S. M. et al. Direct observation of adaptive tracking on ecological time scales in Drosophila. Science (1979) 375, 1246
(2022).
12. Stone, H. M, Erickson, P. A. & Bergland, A. O. Phenotypic plasticity, but not adaptive tracking, underlies seasonal variation in
post-cold hardening freeze tolerance of Drosophila melanogaster. Ecol. Evol. 10, 217-231 (2020).
13. Pereira, R. ., Sasaki, M. C. & Burton, R. S. Adaptation to a latitudinal thermal gradient within a widespread copepod species: The
contributions of genetic divergence and phenotypic plasticity. Proc. R. Soc. B Biol. Sci. 284, 20170236 (2017).
14. Sasaki, M. C. & Dam, H. G. Genetic differentiation underlies seasonal variation in thermal tolerance, body size, and plasticity in
a short-lived copepod. Ecol. Evol. 10, 12200-12210 (2020).
15. Su, Y. C, Su, S. H, Li, H. Y., Wang, H. Y. & Lee, S. C. Implication of single year seasonal sampling to genetic diversity fluctuation
that coordinates with oceanographic dynamics in torpedo scads near Taiwan. Sci. Rep. 10, 16829 (2020).
16. Yao, I. & Akimoto, S. Seasonal changes in the genetic structure of an aphid-ant mutualism as revealed using microsatellite analysis
of the aphid Tuberculatus quercicola and the ant Formica yessensis. J. Insect Sci. 9,9 (2009).
17. Kimura, M. T. & Beppu, K. Climatic adaptations in the Drosophila immigrans species group: Seasonal migration and thermal
tolerance. Ecol. Entomol. 18, 141-149 (1993).
18. Mitsui, H., Beppu, K. & Kimura, M. T. Seasonal life cycles and resource uses of flower- and fruit-feeding drosophilid flies (Diptera:
Drosophilidae) in central Japan. Entomol. Sci. 13, 60-67 (2010).
19. Markow, T. A. & O’Grady, P. Drosophila: A guide to species identification and use. Elsevier https://doi.org/10.1017/CB0O9781107
415324.004 (2006).

Scientific Reports |

(2023) 13:21940 | https://doi.org/10.1038/s41598-023-48571-x nature portfolio


https://doi.org/10.5061/dryad.kh189327r
https://doi.org/10.5061/dryad.kh189327r
https://datadryad.org/stash/share/6AbpZnbLna5Ilig_tU0IpUIpRQc-lHuR9yTcRbTRbVo
https://datadryad.org/stash/share/6AbpZnbLna5Ilig_tU0IpUIpRQc-lHuR9yTcRbTRbVo
https://doi.org/10.1017/CBO9781107415324.004
https://doi.org/10.1017/CBO9781107415324.004

www.nature.com/scientificreports/

20. Beppu, K. Newly recorded drosophilid species and seasonal change of ecological structure of the drosophilid assemblage in the
Imperial Palace, Tokyo. Me. Natl. Museum Nat. Sci. Tokyo 50, 407-434 (2014).

21. Fitzpatrick, M. ]., Feder, E., Rowe, L. & Sokolowski, M. B. Maintaining a behaviour polymorphism by frequency-dependent selec-
tion on a single gene. Nature 447, 210-212 (2007).

22. MacKay, T. E C. et al. The Drosophila melanogaster genetic reference panel. Nature 482, 173-178 (2012).

23. Pallares, L. E et al. Dietary stress remodels the genetic architecture of lifespan variation in outbred Drosophila. Nat. Genet. 55,
123-129 (2023).

24. MacMillan, H. A., Andersen, J. L., Davies, S. A. & Overgaard, J. The capacity to maintain ion and water homeostasis underlies
interspecific variation in Drosophila cold tolerance. Sci. Rep. 5, 18607 (2015).

25. Sgro, C. M. et al. A comprehensive assessment of geographic variation in heat tolerance and hardening capacity in populations of
Drosophila melanogaster from Eastern Australia. J. Evol. Biol. 23, 2484-2493 (2010).

26. Lack, J. B., Monette, M. J., Johanning, E. J., Sprengelmeyer, Q. D. & Pool, J. E. Decanalization of wing development accompanied
the evolution of large wings in high-altitude Drosophila. Proc. Natl. Acad. Sci. USA 113, 1014-1019 (2016).

27. Rochette, N. C., Rivera-Colon, A. G. & Catchen, J. M. Stacks 2: Analytical methods for paired-end sequencing improve RADseq-
based population genomics. Mol. Ecol. 28, 4737-4754 (2019).

28. R Core Team. R: A Language and Environment for Statistical Computing (R Foundation for Statistical Computing, 2020).

29. Falconer, D. S. Introduction to Quantitative Genetics 3rd edn. (Longman Scientific and Technical, 1989).

30. Levins, R. Evolution in Changing Environments (Princeton University Press, 1968).

31. Varpe, @. Life history adaptations to seasonality. Integr. Comp. Biol. 57, 943-960 (2017).

32. David, J. R. et al. Isofemale lines in Drosophila: An empirical approach to quantitative trait analysis in natural populations. Heredity
(Edinb) 94, 3-12 (2005).

33. Mitchell, K. A. & Hoffmann, A. A. Thermal ramping rate influences evolutionary potential and species differences for upper thermal
limits in Drosophila. Funct. Ecol. 24, 694-700 (2010).

34. Kellermann, V., Van Heerwaarden, B., Sgro, C. M. & Hoffmann, A. A. Fundamental evolutionary limits in ecological traits drive
drosophila species distributions. Science 1979(325), 1244-1246 (2009).

35. Gilchrist, G. W. & Huey, R. B. Plastic and genetic variation in wing loading as a function of temperature within and among parallel
clines in Drosophila subobscura. Integr. Comp. Biol. 44, 461-470 (2004).

36. Travis, J. M. J., Murrell, D. ]. & Dytham, C. The evolution of density-dependent dispersal. Proc. R. Soc. B 266, 1837-1842 (1999).

37. Hoffmann, A. A. et al. Antagonistic selection between adult thorax and wing size in field released Drosophila melanogaster inde-
pendent of thermal conditions. J. Evol. Biol. 20, 2219-2227 (2007).

Acknowledgements

This study was supported by KAKENHI (Grant no. 20H04857, 23H03840) to Y.T. and by the Toyota Foundation
and Sumitomo Foundation to Y.T. Computation in this study was partially performed on the NIG supercomputer
at ROIS National Institute of Genetics.

Author contributions
A.T. and Y.T. designed the research. A.T., T.U., K.H. and M.P.S. performed the research. T.U., M.P.S. and Y.T.
analyzed the data. T.U. and Y.T. wrote the paper.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-023-48571-x.

Correspondence and requests for materials should be addressed to Y.T.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |

(2023) 13:21940 | https://doi.org/10.1038/s41598-023-48571-x nature portfolio


https://doi.org/10.1038/s41598-023-48571-x
https://doi.org/10.1038/s41598-023-48571-x
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Rapid seasonal changes in phenotypes in a wild Drosophila population
	Material and methods
	Field collections of study species
	Molecular analyses
	Heat tolerance assay
	Chill coma recovery assay
	Body size
	Statistical analyses

	Results
	Discussion
	References
	Acknowledgements


