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Abstract

Organisms living in seasonally variable environments utilize cues such as light and tempera-

ture to induce plastic responses, enabling them to exploit favorable seasons and avoid unfa-

vorable ones. Local adapation can result in variation in seasonal responses, but the genetic

basis and evolutionary history of this variation remains elusive. Many insects, including Dro-

sophila melanogaster, are able to undergo an arrest of reproductive development (dia-

pause) in response to unfavorable conditions. In D. melanogaster, the ability to diapause is

more common in high latitude populations, where flies endure harsher winters, and in the

spring, reflecting differential survivorship of overwintering populations. Using a novel hybrid

swarm-based genome wide association study, we examined the genetic basis and evolu-

tionary history of ovarian diapause. We exposed outbred females to different temperatures

and day lengths, characterized ovarian development for over 2800 flies, and reconstructed

their complete, phased genomes. We found that diapause, scored at two different develop-

mental cutoffs, has modest heritability, and we identified hundreds of SNPs associated with

each of the two phenotypes. Alleles associated with one of the diapause phenotypes tend to

be more common at higher latitudes, but these alleles do not show predictable seasonal var-

iation. The collective signal of many small-effect, clinally varying SNPs can plausibly explain

latitudinal variation in diapause seen in North America. Alleles associated with diapause are

segregating in Zambia, suggesting that variation in diapause relies on ancestral polymor-

phisms, and both pro- and anti-diapause alleles have experienced selection in North Amer-

ica. Finally, we utilized outdoor mesocosms to track diapause under natural conditions. We

found that hybrid swarms reared outdoors evolved increased propensity for diapause in late

fall, whereas indoor control populations experienced no such change. Our results indicate

that diapause is a complex, quantitative trait with different evolutionary patterns across time

and space.
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Author summary

Animals exhibit diverse strategies to cope with unfavorable conditions in temperate, sea-

sonally varying environments. The model fly, Drosophila melanogaster, can enter a physi-

ological state known as diapause under winter-like conditions. Diapause is characterized

by an absence of egg maturation in females and is thought to conserve energy for survival

during stressful times. The ability to diapause is more common in flies from higher lati-

tudes and in offspring from flies that have recently overwintered. Therefore, diapause has

been thought to be a recent adaptation to temperate climates. We identified hundreds of

genetic variants that affect diapause and found that some vary predictably across latitudes

in North America. We found little signal of repeated seasonality in diapause-associated

genetic variants, but our populations evolved an increased ability to diapause in the winter

when they were exposed to natural conditions. Combined, our results suggest that dia-

pause-associated variants evolve differently across space and time. We find little evidence

that diapause evolved recently in temperate environments; rather, alleles associated with

diapause are as common as expected in Zambia, suggesting that diapause may promote

survival under stresses other than cold. Our results provide future targets for research into

the genetic underpinnings of this complex, ecologically relevant trait.

Introduction

Organisms exhibit diverse strategies to survive environments that vary in space and time. Pop-

ulations can undergo local adaptation, producing genotypic combinations that optimize fitness

under present environmental conditions but may be less fit in other environments [1]. In tem-

perate, seasonal locales, environmental signals are often used to anticipate the onset of the

unfavorable season and induce plastic responses [2–4]. Insects exhibit a spectacular array of

plastic responses to changes in season that can affect morphology [5–7], behavior [8], and

developmental progression [9–11]. The ability to reprogram or arrest development, potentially

for a fixed period of time (diapause), allows insects to weather unfavorable conditions in a

hardy state of low metabolism [9–13]. Entry into diapause can result in tradeoffs between

immediate survival and future growth, longevity, and reproductive success [14–16]. Due to

these tradeoffs, some species exhibit local adaptation of their diapause response, producing

dramatic differences in life history patterns across space and time [17–22]. Therefore, diapause

is a plastic response to environmental changes, but the genetic ability to diapause can also dif-

fer across environments as a result of local adaptation. Intraspecific differences in diapause

strategies offer an opportunity to study the spatiotemporal variation and evolutionary history

of alleles contributing to a critical life history trait.

A number of reproductive life history traits vary in the genetic model organism Drosophila
melanogaster [18,23]. Female D. melanogaster are capable of arresting reproductive develop-

ment and oogenesis when exposed to short day lengths (10 hours light: 14 hours dark, or

10L:14D) and low temperatures (10–14˚C) soon after eclosion [24]. These winter-like condi-

tions induce a change in hormonal signaling that prevents reproductive development [25,26].

Physiologically, dormancy is regulated by hormones including insulin [27–29], juvenile hor-

mone [25,30,31], and ecdysteroids [30,32], as well as dopamine and serotonin [33]. D. melano-
gaster’s ovarian dormancy is accompanied by metabolic changes [34,35] and is enhanced by

starvation conditions [36]. Dormancy is coincident with transcriptional changes in up to half

of all genes in D. melanogaster [37–39] and in other drosophilid species [40–42]. Male D. mela-
nogaster also arrest spermatogenesis and undergo physiological changes under unfavorable
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conditions [43]. Dormancy subsequently diverts limited energy to survival rather than to

reproduction at the onset of winter, perhaps allowing flies to overwinter in situ [44,45] or in

local refugia [46]. Whether this dormancy state is a true diapause or a state of quiescence is

still open to debate [11], however it is clearly a substantial physiological reprogramming of the

normal female egg production program that phenocopies diapause strategies of temperate

endemic drosophilids [47–52]. Hereafter, we refer to D. melanogaster’s ovarian dormancy as

diapause, keeping with established terminology in the field [for example, 18,24,26,46, 52].

Clinal variation in the severity of winter is correlated with clinal variation in the ability to

enter diapause in D. melanogaster. Flies from northern locations in North America, such as

Maine, are more likely to be capable of entering diapause than those from more southern loca-

tions, such as Florida [18]. Additionally, the ability to enter diapause varies seasonally: the off-

spring of flies captured in the early spring (the survivors of winter, or their direct descendants)

have a greater propensity for diapause than the offspring of flies captured in late summer [19],

the descendants of lineages that prospered during favorable conditions [53]. Whether the

same genetic loci underlie similar spatial and temporal evolution of phenotypes such as dia-

pause remains unknown at a genome-wide level (but see [54]).

Adaptive evolutionary change in diapause propensity [19] during the growing season (~15

generations; see [55]) suggests the existence of tradeoffs related to diapause: while diapause is

advantageous in unfavorable conditions, fitness costs occur when diapause is unnecessary

[12]. In the absence of diapause-inducing conditions, strains capable of diapause have lower

early reproductive success, putting them at a disadvantage when conditions are ideal for rapid

reproduction. However, strains able to diapause tend to live longer, have greater reproductive

success later in life, and are more tolerant of cold and starvation [15]. Laboratory selection

experiments offer further evidence for tradeoffs: outbred flies reared under alternating cold

and starvation stress in the lab evolve an increased genetic propensity to diapause, whereas

flies reared under benign lab conditions evolve a decreased propensity for diapause [19], as do

flies experimentally selected for heat tolerance [56]. Taken together, these findings suggest dia-

pause is an ecologically relevant trait with tradeoffs that underlie local adaptation across both

space and time.

In addition to being genetically polymorphic, D. melanogaster’s diapause is shallow relative

to the diapause of other insects, including other drosophilids [57,58]. Females may spontane-

ously resume ovarian development after ~6 weeks even when diapause-inducing conditions

persist [24] (but see [59]), and diapause is rapidly broken if temperature or day length is

increased [24]. In a short-lived species with many generations per year, this weak and faculta-

tive diapause strategy may be advantageous to allow individuals to quickly reenter reproduc-

tive mode soon after conditions become favorable. On the other hand, the relatively recent

colonization of temperate habitats [53–57] led to the suggestion that seasonal diapause may be

a recently evolved trait [24,60], so the weak diapause of D. melanogaster might reflect its incipi-

ent evolution. Phenotypic plasticity, such as diapause or behavioral modification, is predicted

to evolve when the environment varies more rapidly than generation time, whereas fixed alter-

native strategies are favored when environmental variation occurs more slowly than genera-

tion time [61]. However, in temperate D. melanogaster, the scale of temporal environmental

variation is similar to generation time (weeks), which may explain the reversibility of diapause

and the substantial genetic variation in diapause induction over seasonal timescales.

Despite our extensive knowledge of the natural history and physiological basis of diapause

in D. melanogaster and other insects, we still know little about the identity and evolutionary

history of polymorphisms underlying variation in this critical life history trait [62]. Herein, we

sought to identify genetic variants underlying diapause via a genome wide association study

(GWAS) and to link these variants to patterns of global polymorphism in D. melanogaster.
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After identifying hundreds of single nucleotide polymorphisms (SNPs) with small effects on

diapause, we specifically addressed two questions about the evolutionary history of these

alleles. First, do SNPs underlying diapause show predictable patterns of genetic variation

across latitudes and seasons, with pro-diapause alleles more common in northern latitudes

and in the spring? Second, are alleles associated with diapause present in ancestral populations,

and have they experienced recent selective sweeps in North America? Our results suggest that

the evolution of diapause across spatial gradients may be distinct from its evolution across sea-

sons: while diapause-associated alleles are weakly clinal, they do not tend to vary predictably

over seasons across multiple populations. Furthermore, alleles controlling diapause represent

ancestral genetic variation, suggesting they may play roles in seasonal, or even general, aspects

of stress response in ancestral localities. The favorability of diapause-associated alleles under a

variety of stressful conditions could explain the lack of repeated seasonality of these alleles as

well as their presence in tropical climates with pronounced seasonality. Our results provide a

roadmap to understand the role of small-effect alleles underlying the evolution of a complex,

ecologically relevant trait that varies across space and time.

Results

In order to characterize the genetic polymorphisms that underlie variation in diapause in D.

melanogaster, we used a novel hybrid-swarm based mapping approach [63] employing

sequenced, genetically diverse inbred lines collected around North America and the Caribbean

(Fig 1A; S1 Fig; S1 Table). We intercrossed these lines to produce two outbred populations

with recombinant genotypes (populations A and B, Fig 1B; S2 Fig) and then exposed these

hybrid individuals to various diapause-inducing conditions in custom-built chambers (Fig

1C). We mapped the genetic basis of diapause by dissecting and genotyping over 2,800 females

(Fig 1D). We used the results of this GWAS to analyze patterns of spatial and temporal varia-

tion in SNPs associated with diapause and concurrently conducted a field study of diapause

incidence of hybrid swarm populations placed in natural conditions (Fig 1E).

Temperature and nutrition affect diapause

We initially assessed ovarian development in F4 and F5 hybrid swarm individuals exposed to a

range of cool temperatures (10–16 ˚C, S3 Fig) and photoperiods representing the approximate

range of day lengths experienced by our northernmost Maine population. We recorded the

stage of the most advanced non-stage 14 ovariole [66] (Fig 2A) and counted the number of

mature eggs in each individual. We found a strong effect of temperature on ovarian develop-

ment: higher temperatures led to more advanced ovarian development and more eggs (Fig 2A

and 2B). When examining the most advanced pre-stage 14 ovariole in flies that had produced

eggs, we also found that higher temperatures increased the proportion of individuals with

advanced ovariole stages (Fig 2C).

We initially scored diapause as an absence of development past three different ovariole

stages [66]: stage 8 (no ovarioles past stage 7), stage 10 (no ovarioles past stage 9), and stage 14

(no mature eggs present) (Fig 2A). Diapause at stage 8 and stage 10 were modestly correlated

(Pearson correlation, R = 0.49, P = 2 x 10−172) and diapause at stage 10 and stage 14 were

strongly correlated (R = 0.92, P< 1 x 10−200). After accounting for differences caused by tem-

perature, photoperiod had an effect on diapause in the opposite direction predicted: individu-

als exposed to long day (13L:11D or 15L:9D) light cycles tended to have higher diapause

induction (Fig 2D–2F), regardless of the ovariole stage cutoff used to determine diapause.

Based on recent studies [35], previous work [18,19,52,59,67], and developmental evidence that

a checkpoint exists between stages 9 and 10 in ovariole development [68–70], we chose to
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classify diapause either as an absence of ovariole development to stage 8 (Fig 2D) or stage 10

(Fig 2E) for the remaining genetic analysis.

We next investigated other factors besides temperature and photoperiod that may affect

diapause. The F4 generation of our outbred populations had increased diapause incidence at

all temperatures (S4A Fig; P< 2 x 10−16) relative to generation F5, potentially reflecting inad-

vertent rearing differences (such as larval density) between generations. Outbred populations

A and B also showed significantly different diapause induction across temperatures (S4B Fig,

P< 0.01), though the differences were much less pronounced than the effect of generation. In

an experiment conducted in the F20 generation of the hybrid swarm, we found that feeding

adults supplemental live yeast substantially reduced diapause incidence across a range of tem-

peratures, further suggesting that adult nutrition and temperature contribute to diapause

induction (S5 Fig, P< 1 x 10−10).

Lastly, we tested for an influence of Wolbachia infection on diapause. We quantified the

proportion of sequencing reads mapping to the Wolbachia genome for each hybrid individual

to infer Wolbachia infection status. We found that Wolbachia decreased the likelihood of dia-

pause at stage 8 (diapause was observed in 17% of Wolbachia-infected individuals vs 23% of

Fig 1. Experimental design for hybrid-swarm based association mapping of diapause. (A) A total of 68 sequenced, inbred lines

from seven North American collections were used to initiate hybrid swarm crosses. The lines were divided into two groups of 34

(populations A and B) so that each hybrid swarm had equal representation from the seven collections. Map generated using [64]. (B)

Within each population, randomly ordered round-robin crosses were established. The F1 adults were released into cages and

propagated with non-overlapping generations. (C) Virgin females from the F4 and F5 generations were collected and placed in

environmental chambers with varying photoperiods and temperatures for 28 days. (D) Individual flies were dissected to phenotype

diapause. DNA was extracted from the carcasses and individually sequenced to approximately 0.5X coverage. Sequencing reads were

used to reconstruct full genome sequences and perform a genome-wide association study; results of the GWAS were integrated with

D. melanogaster population genetic data. E) After one year of laboratory culture, hybrid swarm flies were placed in outdoor cages for

a seasonal study of diapause phenotypes; the wild-reared flies were compared to indoor controls. Ovary drawing in (D) modified

from [65] under a CC-BY license.

https://doi.org/10.1371/journal.pgen.1009110.g001
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uninfected individuals; Fisher’s exact test; P = 0.0001) but did not influence diapause at stage

10 (P = 0.31). Placing all of these variables into a single model revealed that temperature and

generation accounted for the majority of explainable variation in the diapause phenotype,

though more than 50% of the variation remains unexplained by environmental factors (S2

Table).

Diapause is heritable with a polygenic signal

To characterize the genetic architecture of natural variation in diapause, we performed a

GWAS with reconstructed genotypes (S6 Fig) from 2,740 hybrid individuals for diapause

scored at two cutoffs. We performed this analysis using 100 different imputations of missing

genotype data (see Methods) in populations A and B separately, as well as the two populations

combined (“both”). We also generated 1000 permutations of the combined dataset and 100

permutations of each individual population. Importantly, these permutations preserved the

linkage structure among SNPs and the relationship between environment and phenotype,

while randomizing the relationship between genotype and phenotype. We initially conducted

Fig 2. Effects of temperature and photoperiod on diapause in hybrid swarm populations. (A) Ovaries were scored based on the

most advanced ovariole stage and the total number of eggs, according to King (1970) [66]. Dashed lines indicate three cutoffs for

scoring diapause: stage 8, stage 10, and stage 14. Colors correspond to panels B and C. (B) The most advanced ovariole stage,

proportion of flies with eggs, and the total number of eggs per individual all increase with increasing temperature. Numbers above

bars indicate the total number of flies phenotyped in each temperature range. (C) Among flies with eggs, the stage of the most

advanced egg chamber also increases with temperature. (D-F) Diapause incidence, scored at the stage 8, stage 10, or stage 14 cutoffs,

decreases with increasing temperature (binomial general linear model, P< 2 x 10−16 for all phenotypes). Unexpectedly, longer

photoperiods (shown as hours of light: hours of dark) result in increased diapause incidence (binomial glm, P = 0.002, P = 2.7 x 10−7,

P = 5.0 x 10−8, respectively). Points represent individual fly phenotypes (diapause = 1, non-diapause = 0).

https://doi.org/10.1371/journal.pgen.1009110.g002
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the GWAS incorporating genetic related matrices (GRMs) generated with a leave-one-chro-

mosome-out (LOCO) approach to avoid proximal contamination: the deflation of GWAS

effects caused by using a GRM that includes the focal SNP and linked SNPs [71,72]. We then

calculated the genomic inflation factor, λGC, for the mapping results of each phenotype in each

permutation. We discovered that in our study design, a LOCO approach resulted an inflation

of the genomic inflation factor (λGC > 1.5, Fig 3A) and an excess of low P-values observed in a

quantile-quantile plot (Fig 3B). This inflation of genetic signal was not due to population struc-

ture, as it was observed in populations A and B separately as well as the combined populations.

Further, inflation was seen only in the actual data, and not in the permutations, suggesting that

true, linked genetic signal in the actual data was exaggerated by excluding nearby SNPs from

the GRM. In the permutations, where no true genetic signal exists, we observed no such infla-

tion. As an alternative approach, we included all SNPs in the GRM (non-LOCO analysis),

which leads to an overcorrection that reduces GWAS signal, because the potential phenotypic

effect of the SNP has been accounted for in the GRM. This non-LOCO analysis resulted in λGC

values and quantile-quantile plots that are similar between permuted and observed data (Fig

3A and 3B), across all mapping populations and chromosome arms (S7 Fig).

Log-transformed LOCO and non-LOCO P-values were highly correlated (Spearman rank

correlation, R ranges between 0.83 and 1.0). The correlation of P-values was substantially

higher in permuted relative to non-permuted data (mean ± standard deviation: Rpermuted =

0.99 ± 0.006; Robserved = 0.89 ± 0.016). This observation further suggests that true genetic infor-

mation incorporated into the GRM influences the mapping when the data are in their original

order, but the GRM is less influential for the mapping when the data are permuted. However,

because all LOCO and non-LOCO P-values are highly correlated, we decided to proceed in

our analysis with the more conservative non-LOCO GWAS, which likely underestimates the

effect of individual SNPs due to proximal contamination.

The two GWAS strategies suggested that true genetic signal in the hybrid swarm influences

diapause; to confirm this finding, we estimated narrow-sense heritability of diapause using

genome-wide genotypes in a restricted maximum likelihood analysis in GCTA [73,74]. We

estimated heritabilities of approximately 0.12 and 0.08 for stage 8 and 10 diapause, respec-

tively, using all genotype data from both populations combined. These estimates far exceeded

the heritability calculated for 1,000 permuted phenotype datasets (Fig 4A and 4B).

Visual inspection of a representative Manhattan plot also revealed a broadly polygenic sig-

nal of diapause, with SNPs scattered throughout the genome (Fig 4C).

Following the GWAS, we used LASSO [75] to identify a subset of unlinked, informative

SNPs (hereafter, “LASSO SNPs”) from the top 10,000 SNPs ranked by P-value (Fig 4C).

LASSO takes a number of potential predictor variables and chooses those that are most infor-

mative yet independent [76]. Each LASSO model started with environmental covariates, the

top 32 principal components derived from genome-wide SNPs, and the SNP genotypes; the

resulting model usually retained several hundred SNPs. LASSO SNPs (S6 Table) showed low

levels of LD (S8 Fig), suggesting the algorithm was successful in choosing unlinked informative

markers. In general, a larger number of LASSO SNPs were identified in the observed data rela-

tive to permutations, but this excess was only significant in the combined mapping population

(S9 Fig), demonstrating increased genetic signal in the true ordering of the data. LASSO SNPs

are variable between imputations; of a total of 38,442 LASSO SNPs identified in various itera-

tions of the GWAS, nearly half (18,632) were found in only one imputation, and only 333 were

found in 50 or more imputations. Therefore, we note that LASSO SNPs may be markers of

important haplotypes and not causative loci.

To determine whether the SNPs identified by LASSO were in fact informative for predict-

ing diapause phenotypes, we implemented a receiver operating characteristic curve (ROC)
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analysis [77]. The SNPs chosen by LASSO substantially improved the accuracy of the predicted

phenotypes, with a higher true positive rate (TPR) and lower false positive rate (FPR) in the

observed data relative to the permutations (Fig 4D and 4E, compare blue/green/purple lines to

grey). This difference can be quantified using the area under the curve (AUC), which was

higher for predictions in the observed data relative to the permutations for both phenotypes

(Fig 4F and 4G). Additionally, we found that for both phenotypes, adding genetic principal

components to the model improved the model relative to environment alone, and adding

LASSO SNPs further improved the model over principal components plus environment (Fig

4F and 4G). This improvement was greater in the actual data relative to the permutations;

combined, these observations suggest true genetic signal in the observed data.

We tested for shared genetic signal for diapause between the two mapping populations by

counting the number of SNPs shared between populations A and B for each imputation and

permutation of the data. We found that the number of shared LASSO SNPs or quantile-ranked

SNPs was very small, and the overlap between SNPs identified from actual data did not exceed

the overlap between SNPs identified in permutations (S10A Fig), suggesting that the genetic

architecture of diapause may be dependent on the mapping population. However, we did

observe an excess of shared SNPs associated with both of the two phenotypes. We found that

for the quantile-ranked cutoffs, the number of SNPs shared in the observed data was generally

greater than the number of SNPs shared between permutations (S10B Fig). This finding sug-

gests that some loci affect diapause at both stages. But, we note that like LASSO SNPs, top

quantile-ranked SNPs are not entirely consistent across imputations. For example, when con-

sidering stage 8 diapause in both populations, a total of 6,145 SNPs fall into the top 0.1% of

SNPs in at least one imputation. Of these, 194 are found in� 90 of imputations, and 2,146 are

Fig 3. A leave-one-chromosome-out (LOCO) genetic relatedness matrix results in inflated P-values in actual but

not permuted GWAS. (A) Genomic inflation factor (GIF or λGC) for 100 imputations of actual data and 100–1000

permutations for LOCO (top) and non-LOCO (bottom) GWAS of two diapause phenotypes. Points represent the

median and bars extend to the 2.5 an 97.5% quantiles. Grey bars show permutations for each mapping population. (B)

Average quantile-quantile plots (blue = A, purple = B, teal = both, grey = permutations) for each GWAS. Observed P-

values were averaged for each expected P -value across all imputation/permuations. Ribbons represent standard

deviation; black lines have slope of 1.

https://doi.org/10.1371/journal.pgen.1009110.g003
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found in only one imputation (see S6 Table for complete details). In contrast, we observed little

overlap of LASSO SNPs between the two phenotypes, again indicating that LASSO SNPs may

be markers and not causative.

Intriguingly, we found no effect of two previously described variants (cpo SNP: dm3 chr3R:

13,793,588; and timeless indel: chr2L:, 3,504,474) [52,54,60,78] on diapause (S11 Fig). We

tested for association between diapause and karyotype at five cosmopolitan inversions [In(2L)

Ns, In(2R)t, In(3R)Payne, In(3R)C, and In(3R)Mo] segregating in the hybrid swarm. We

found that individuals heterozygous for In(3R)Payne had a modest decrease in diapause

Fig 4. Diapause is a polygenic trait. (A-B) Vg, Ve and heritabiilty estimates for stage 8 (A) and stage 10 (B) diapause

phenotypes. Teal points indicate observed estimates +/- 95% confidence interval for heritability in the hybrid swarm

(populations A and B combined). Grey points indicate heritability estimates for 1000 permutations. (C) Manhattan

plot for GENESIS P-values for stage 10 diapause in one imputation. Teal points indicate LASSO SNPs. (D-E) Average

receiver operating characteristic (ROC) curves for stage 8 (D) and stage 10 (E) diapause predictions made using

LASSO SNPs (blue = A, purple = B, teal = both, grey = permutations). Phenotypes for each individual in the mapping

population were predicted using the informative environmental variables, genetic principal components, and SNPs

chosen by LASSO. At any given false positive rate (FPR), the true positive rate was averaged across all imputations or

permutations. Observed data (colored lines) have higher true positive rates (TPR) relative to permutated GWAS (gray

lines). (F-G) Quantification of ROC analysis using area under the curve metric (AUC) for stage 8 (F) and stage 10 (G)

phenotypes. “env” is a model containing only environmental data; “env + PC” includes environmental data and 32

principal components; “env + PC + GWAS” includes the former plus the genotypes of up to several hundred SNPs

chosen by LASSO.

https://doi.org/10.1371/journal.pgen.1009110.g004

PLOS GENETICS Diapause genetics in D. melanogaster

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1009110 November 20, 2020 9 / 45

https://doi.org/10.1371/journal.pgen.1009110.g004
https://doi.org/10.1371/journal.pgen.1009110


induction at both stages in population A and both populations combined (S3 Table); however,

these effects were not significant after correcting for multiple testing of the various inversions.

Therefore, the cosmopolitan inversions do not appear to play major roles in diapause induc-

tion. We also investigated the functional annotation categories of SNPs associated with dia-

pause. The vast majority of diapause-associated SNPs were found in non-coding regions:

upstream/downstream of annotated genes, or in introns (S4 Table). However, there was little

signal of enrichment or de-enrichment for particular classes of diapause-associated SNPs rela-

tive to permutations (S5 Table).

Linkage is not responsible for the polygenic basis of diapause

Collectively, these results suggest that many loci throughout the genome contribute to pheno-

typic variation in diapause. Alternatively, the nature of our mapping population might increase

linkage disequilibrium (LD), potentially causing large linkage blocks to be associated with dia-

pause. To test the latter possibility, we examined the general signal of LD in our mapping pop-

ulation in contrast with a wild-derived population from North Carolina (the Drosophila

Genetic Reference Panel, or DGRP [79]). We also analyzed the two sets of 34 parental lines

that produced the hybrid swarms, and randomly down-sampled the DGRP to 34 lines for

comparison. Four to five generations of mating reduced LD in the hybrids relative to the

parental lines (Fig 5A and 5B; compare solid and dashed lines). The LD of the DGRP is slightly

lower than that of the hybrid swarm at large distances (>105 bp; compare orange and teal) but

higher at shorter distances. This effect is partially mediated by the number of lines, as the

down-sampled DGRP (yellow) had higher LD than the hybrid swarm at all distances. None of

the mapping populations demonstrated substantial long-distance LD between arms of the

same chromosome or across chromosomes (Fig 5B–5D), and long-distance LD was reduced in

the hybrid swarm relative to parental populations (compare solid boxplots to dashed boxplots).

Therefore, while LD between nearby SNPs may contribute to some signal in the GWAS, the

polygenic signal is not solely due to linkage, since LD drops below 0.05 within ~10 kb in the

F4s and F5s of the hybrid swarm.

Diapause-associated SNPs are likely to be clinal, but not consistently

seasonal

We tested for signatures of local adaptation across space (a north to south cline in North

America) and time (between fall and spring) by intersecting the GWAS results with existing

datasets of spatiotemporal SNP variation in D. melanogaster [53,80]. Based on D. melanoga-
ster’s natural history [18,19], we predicted that pro-diapause alleles (which increase diapause

in the GWAS) would be at higher frequency in the north and in the spring. We used LASSO

SNPs as well as genome-wide quantile thresholds to conduct this analysis. We calculated a

polygenic score [81,82] by multiplying the clinal or seasonal effect size (including sign) by the

GWAS effect size and sign and summing this product across all SNPs, all LASSO SNPs, the top

0.01% of the GWAS, or the top 0.1% of the GWAS (see S6 Table and Materials and methods

for details). In this test, we predict that concordant signal in the GWAS and the clinal/seasonal

datasets should result in positive polygenic scores that exceed permutations. We identified sig-

nificant signal as cases in which over 50% of the imputations scored within the most extreme

5% of the permutations.

We first compared our data to the results from Bergland et al (2014), which sampled allele

frequencies across a latitudinal cline and also identified SNPs that repeatedly oscillate in allele

frequency between spring and fall in a single Pennsylvania orchard over three years. We found

that in population A and both populations combined, the average clinal polygenic score of the
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actual data was positive and exceeded the permutations for the stage 8 diapause phenotype for

the top 0.01% and 0.1% of GWAS SNPs (Fig 6A). Therefore, the combination of many small-

effect alleles that vary clinally could produce the clinal variation of diapause observed in North

America. This trend was not observed in LASSO SNPs, suggesting that LASSO SNPs may not

be the subset of SNPs with the greatest ecological relevance, or that the clinal signal that we

observe is driven by linked sites among quantile-ranked SNPs.

We also observed a significantly positive clinal trend when looking at all SNPs in population

A (93/100 imputations have a clinal polygenic score greater than 97.5% of permutations when

summing across all SNPs). This finding could be caused by the effect of the most significant

SNPs, or due to a strong clinal signal across a larger percentage of SNPs in the genome that are

weakly associated with diapause. The positive clinal signal remained even when excluding top

SNPs from the analysis (S17 Fig), suggesting pervasive parallelism of small diapause effects and

clinal changes in allele frequencies. No strong clinal trends were observed for the SNPs associ-

ated with stage 10 diapause, suggesting the possibility of different spatial selection pressures on

Fig 5. Analysis of linkage disequilibrium supports a polygenic basis of diapause. (A): Linkage disequilibrium (LD)

decay for SNPs with minor allele frequency> 0.05 in the hybrid swarm (blue = A, purple = B, teal = both) contrasted

to the DGRP (orange) and the DGRP down-sampled to 34 lines (yellow). Dashed lines indicate parents of the hybrid

swarms, while solid lines indicate the hybrid offspring. 10,000 SNPs were randomly sampled and LD (R2) to nearby

SNPs at fixed distances was measured. Lines represent median LD; ribbons represent the 95% confidence intervals.

(B-D) Long distance LD between pairs of SNPs randomly sampled from 2L and 2R (B), 3L and 3R (C), or sampled

from different chromosomes (D). Dashed box plots indicate parental lines.

https://doi.org/10.1371/journal.pgen.1009110.g005
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SNPs underlying the two phenotypes. Furthermore, no strong seasonal trends were observed

for either phenotype (Fig 6B), suggesting that pro-diapause alleles in our mapping population

do not repeatedly increase in frequency in spring relative to fall in natural populations.

We performed the same analysis on seasonal allele frequency data collected by Machado

et al (2019), which also sampled a cline and compared spring and fall allele frequencies in 20

populations sampled from North America and Europe. We see similar trends in clinal signal

in diapause-associated alleles in this dataset and no seasonal signal (S12 Fig). The lack of pre-

dictable polygenic signal in the seasonal tests led to the intriguing possibility that diapause

might evolve seasonally via changes in allele frequencies of different SNPs in different popula-

tions. We tested for concordant signal of diapause-associated SNPs among seasonally varying

polymorphisms from 20 individual locales sampled in Machado et al 2019 [80]. Ten geo-

graphic populations showed stronger than expected seasonal allele frequency changes of top

Fig 6. SNPs associated with diapause at stage 8 vary predictably across latitudinal clines. (A) Polygenic scores

calculated by multiplying clinal effect size reported in Bergland et al (2014) and GWAS effect size for each SNP and

summing across all SNPs, LASSO SNPs, and the top 0.01% or 0.1% of the SNPs in the GWAS. Effect sizes are polarized

such that positive numbers indicated pro-diapause alleles are more common in the north. (B) Polygenic scores

calculated for seasonal data by multiplying seasonal effect size reported in Bergland et al (2014) and GWAS effect size,

polarized so that pro-diapause alleles and alleles with higher frequency in spring are positive. Data are shown with a

point for the mean and error bars extending to the 2.5% and 97.5% quantiles. Colored points indicate actual data for

100 imputations of each mapping population; grey points indicate the distribution for permutations. Numbers indicate

the percentage of imputations that exceed the 97.5% quantile of the permutations, if greater than 50%.

https://doi.org/10.1371/journal.pgen.1009110.g006
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0.01% diapause-associated SNPs for the stage 8 phenotype, but not stage 10, in hybrid popula-

tions A and both (S13 and S14 Figs). However, the direction of this effect varied, with some

locales showing an excess of pro-diapause alleles in the spring (3 populations with significantly

positive scores), and others showing an excess of pro-diapause alleles in the fall (10 populations

with significantly negative scores). Therefore, we suggest that seasonal evolution of diapause-

associated SNPs can and does occur in individual populations, but in an unpredictable manner

across years and populations.

Hybrid swarms evolve an increased capacity for diapause in the winter in

natural environments

To study the natural seasonal dynamics of diapause expression, we introduced our hybrid

swarm populations to outdoor cages fed regularly with rotting apples and bananas to experi-

ence semi-natural “wild” conditions (S15 Fig). These cages were not density controlled and

were composed of individuals of various ages because they were allowed to propagate freely,

with overlapping generations. We sampled flies periodically from these cages over six months

and assessed ovary status in the captured females. Surprisingly, we found that a substantial

proportion of flies appeared to be in diapause, even during the favorable months of summer

and early fall. We refer to these flies as “diapause-like” since they were not placed in the stan-

dard laboratory diapause assay as virgin females. All field-caught samples (G0) from fruit-fed

cages (Fig 7A, green lines) had higher incidence of diapause-like ovaries than a reference sam-

ple of flies reared in lab cages at 25˚C (Fig 7A, grey dashed lines). The single highest rate of dia-

pause-like ovaries for stage 10 was observed from a sample in mid-December that was

collected in sub-freezing conditions (Fig 7C), suggesting that cold temperatures may be one of

several factors that reduce ovary maturation in natural conditions. However, the highest dia-

pause incidence for stage 8 was observed in October, suggesting other factors besides cold tem-

perature may contribute as well, and the two phenotypes may respond to somewhat different

signals. Intriguingly, diapause incidence of field caught samples was quite low in November,

even though conditions were cool relative to previous months. This observation further sug-

gests that environmental factors beyond temperature mediate ovary development.

Diapause in the field was influenced by nutrition: flies sampled from a separate set of out-

door cages that were fed cornmeal-molasses food revealed a much lower proportion of flies in

diapause when compared to fruit-reared flies captured just one day later (Fig 7A; compare

brown and green points in October). Therefore, fruit consumption, or the microbiota associ-

ated with fruit in the wild [83], may cause reduced ovary maturation relative to standard lab

medium. This finding agrees with our result that live yeast diminishes diapause (S3 Fig); the

large quantity of deactivated yeast present in the cornmeal-molasses food, or other nutritional

differences between the two substrates [84], may have enhanced ovary development in outdoor

flies fed standard food. However, we cannot rule out additional differences between indoor

and outdoor cages since density and age of sampled flies were not controlled in the outdoor

cages. Nonetheless, the fruit-fed cages, which more closely resemble the environment of wild

flies in an orchard or compost pile, may more accurately represent the natural state of invest-

ment in reproduction in the wild; rich laboratory fly medium may permit more oogenesis than

normally occurs in nature [85–88].

To test the hypothesis that evolved genetic changes in the outdoor populations also contrib-

uted to increased diapause propensity in early winter, we captured seasonal samples from out-

door cages and reared them in the lab for two generations (“G2”). We exposed the G2

offspring to diapause-inducing conditions to perform a common-garden assay of diapause in

flies that evolved under natural conditions. We concurrently sampled flies from our indoor
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Fig 7. Plasticity and selection contribute to increased diapause in late fall in field-reared samples. (A) Ovaries were dissected from outdoor cage

flies reared on fruit and diapause was assessed at stage 8 (light green) or 10 (dark green). A general linear model was used to determine whether

diapause at later collection dates differed significantly the first collection on June 26th, 2018. (‡ P< 0.1, � P< 0.05, �� P< 0.01, ��� P< 1x 10−4).

Samples were also collected at a single time point from cages reared on cornmeal-molasses food (brown). This sample had significantly lower diapause

incidence than fruit-reared samples collected one day later at both stages. The horizontal grey lines indicate diapause incidence for stage 8 (light grey)

and stage 10 (dark grey) in a single sample of 96 mated, 5–8 day old flies reared in laboratory cages on cornmeal-molasses food. (B) Field cage and

laboratory cage flies were collected at several timepoints and reared in the lab for two generations before assessing diapause at stage 8 in the standard

assay at either 10.5 ˚C (solid lines) or 12 ˚C (dashed lines). Diapause was marginally increased in the December outdoor sample at 12 ˚C (P = 0.08) and

significantly increased in December at 10.5 ˚C (P = 0.0002), whereas it remained relatively consistent across indoor flies. (C) Same as B, but phenotypes

for stage 10 diapause. Diapause increased in the December sample of outdoor cage flies relative to the first sample from June (general linear model,
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hybrid swarm cages and bred them under identical conditions as negative controls. We found

that the outdoor populations evolved a significantly increased propensity for diapause in late

fall for both diapause phenotypes, whereas the indoor populations experienced few significant

changes in diapause propensity (Fig 7B and 7C). This result was observed in flies held at two

different diapause-inducing temperatures (10.5 ˚C and 12 ˚C), and the changes in diapause

incidence were stronger for stage 10 diapause (Fig 7C) relative to stage 8 (Fig 7B). We note

that both indoor and outdoor cages experienced parallel changes in diapause, likely due to

experimental variation between cohorts. However, the magnitude of change from the first col-

lection to the final collection was significant for outdoor cages (P< 0.05 for three of four tests,

Fig 7B and 7C) but not indoor cages (P> 0.05 for all tests). The evolved change in diapause

corresponds to the onset in mid-November of sustained cold conditions at our field site (Fig

7D), suggesting that these conditions may have caused selection for individuals able to dia-

pause. Collectively, our field results suggest that environmental conditions produce plastic

changes in ovary development and also result in selection for increased propensity to diapause.

We note that the results of these field experiments may have been influenced by potential inva-

sion of wild flies into our field cages, which would change the genetic composition of the D.

melanogaster populations. Based on the ratio of D. simulans to D. melanogaster at nearby

Carter Mountain Orchard in Charlottesville, VA, we estimate that at most 5% of D. melanoga-
ster in the cages were invaders (see Methods). However, even if the seasonal signal was driven

by contaminating flies that outcompeted the hybrid swarm, it still suggests an increase in the

survival of diapause-prone flies in winter field conditions.

Diapause-associated SNPs are present in Zambia

Diapause has been proposed to be a recent adaptation to seasonal cold in temperate popula-

tions of D. melanogaster [12,24,89], but see [35,90]. To test whether the diapause-associated

alleles mapped here are present in ancestral populations, we first examined the median allele

frequency of pro-diapause alleles in a large sample of flies from Zambia [91,92]. We predicted

alleles that increase diapause would have lower allele frequencies in Zambia than the pro-dia-

pause alleles identified in permutations if pro-diapause alleles were recently selected in tem-

perate habitats. We found that the actual median allele frequency of pro-diapause alleles falls

within the expected range of allele frequencies based on permutations for both phenotypes

(Fig 8). The occurrence of these alleles in Zambia is not due to an excess of diapause associated

SNPs in regions of admixture with European flies (S16 Fig). The presence of pro-diapause

alleles at expected frequencies suggests they are longstanding polymorphisms that are not dele-

terious in ancestral climates.

Evidence for partial sweeps of anti-diapause alleles in North America

We tested for signals of partial selective sweeps on pro-diapause alleles in North America. We

used the DGRP, from Raleigh, North Carolina [79], and a set of sequenced, inbred lines col-

lected from Pennsylvania and Maine (“Northern” lines) to calculate the integrated haplotype

homozygosity score (iHS) [93] for the pro-diapause alleles identified in the GWAS. In this test,

an elevated iHS would suggest that the pro-diapause allele is found on a longer shared haplo-

type, suggesting a recent sweep, whereas depressed iHS would suggest a sweep of the anti-dia-

pause allele. Median iHS of stage 8 top 0.01% diapause SNPs was depressed relative to

P = 3.7 x 10−5 at 12 ˚C, P = 6.1 x 10−5 at 10.5 ˚C), while diapause was consistent across samples in the lab-reared flies (P> 0.05 for all pairwise

comparisons). (D) Weather Underground temperature data during the field season for Carter Mountain, VA, approximately 2 km from our field site.

https://doi.org/10.1371/journal.pgen.1009110.g007
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permutations in both the DGRP and Northern populations (Fig 9), suggesting the possibility

of partial selective sweeps that increased the frequency of anti-diapause alleles. This trend

was also seen, albeit more weakly, when looking at IHS of all SNPs (polarized based on the

direction of diapause effect), suggesting potential partial sweeps on a large number of SNPs

underlying this polygenic trait. This signal generally persisted when excluding top-ranked

SNPs from the analysis (S17 Fig), suggesting that on a broad scale, alleles associated with

decreases in diapause propensity are found on longer haplotypes in North American

populations.

Fig 8. Diapause-associated alleles are as common as expected in Zambian flies. The median allele frequency of pro-

diapause alleles for all SNPs in the GWAS, LASSO SNPs, the top 0.01% of the GWAS, and the top 0.1% of the GWAS

for stage 8 (left) and stage 10 (right). Points represent median of the imputations/permutations; error bars show 2.5%

to 97.5% quantiles. Grey points/bars are 100 permutations for populations A and B; 1000 permutations for both.

Colored points/bars are 100 imputations of the original data. Text indicates the percentage of imputations that exceed

the 97.5% quantile of the permutations, if that percentage is greater than 50%.

https://doi.org/10.1371/journal.pgen.1009110.g008
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Linked SNPs on the X chromosome drive population genetic signals in the

top 0.01% of diapause-associated SNPs

In several analyses (Figs 6 and 9, S13 Fig), we report strong population genetic signal in the top

0.01% of SNPs underlying diapause at stage 8 in population A and/or the combined popula-

tions. To investigate whether this signal was driven by linked SNPs in a small region of the

genome or more broadly distributed SNPs, we examined polygenic scores and IHS for individ-

ual SNPs in the top 0.01% of diapause-associated SNPs (Fig 10). These plots reveal that closely

linked SNPs on the X chromosome (in the region of chrX:3,660,000–3,685,000, dm3) were

likely responsible for causing polygenic scores and IHS values that were outliers relative to per-

mutations. While the magnitude of the polygenic scores and IHS in this region of the genome

is on par with other regions of the genome, there are multiple SNPs in a small region with con-

cordant signs that contribute to more extreme averages relative to the permutations. These

Fig 9. Integrated haplotype homozygosity score (iHS) of diapause-associated SNPs in two populations. (A) iHS

was calculated for every SNP in the DGRP, with ancestral and derived states polarized based on direction of diapause

effect. For each GWAS, the median iHS was calculated for all SNPs, the LASSO SNPs, the top 0.01% of SNPs in the

GWAS, and the top 0.1% of SNPs in the GWAS for each phenotype. Points represent the median; error bars extend to

the 2.5% to 97.5% quantiles. Colored bars are 100 imputations of the original data. Grey bars are 100 permutations for

populations A and B; 1000 permutations for both. (B) Same as panel A, but using a set of 205 lines collected from

Pennsylvania and Maine (“Northern”). Text indicates the percentage of imputations that are lower than the 2.5%

quantile of the permutations, if that percentage is greater than 50%.

https://doi.org/10.1371/journal.pgen.1009110.g009
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SNPs (S7 Table) are non-coding, intronic, and synonymous variants within and near the genes

tousled-like kinase and mir-4962 and suggest that this region of the genome may be of interest

for future studies on local adaptation in Drosophila. When we exclude all SNPs in a 0.1 Mb

region surrounding tlk from the analysis, the top 0.01% of SNPs no longer show clinal signal

or significantly negative IHS (S18 Fig). However, the significantly concordant clinal signal

and negative IHS persist genome-wide across all SNPs when this small region is excluded

(S18 Fig). Combined, these results suggest that combination of strong localized signals (tlk)

Fig 10. A small region near tlk on the X chromosome drives population genetic signal in the top 0.01% of SNPs.

The top 0.01% of SNPs for the combined mapping population for stage 8 diapause are color coded by their imputation

number. Left panels show the full genome; right panel is focused on a region within the gene tlk (ChrX:3,660,000–

3,685,000). (A) Manhattan plot. (B) Clinal polygenic scores using data from Bergland et al 2014. (C-D) IHS in the

DGRP and Northern populations. (E) Seasonal polygenic scores from Charlottesville, VA in 2014. (F) Seasonal

polygenic score from Lancaster, MA in 2014. Note that y-axis scales vary between left and right panels.

https://doi.org/10.1371/journal.pgen.1009110.g010
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and a large number of small-effect SNPs with concordant clinal signal and short haplotypes

contribute to the population genetic signal of diapause-associated SNPs.

Discussion

The genetic basis of an ecologically relevant trait identified from mapping

in a hybrid swarm

Herein, we estimated the genetic architecture of natural variation in ovarian diapause in D.

melanogaster using a novel hybrid-swarm based mapping strategy. Our work changes the

interpretation of the genetic basis of variation in diapause in D. melanogaster, which has previ-

ously been characterized as being under the control of a small number of loci with large effect

[27,52,60,78]. We studied spatiotemporal variation of small-effect, diapause-associated alleles

in global D. melanogaster populations, finding evidence that both pro- and anti-diapause

alleles have experienced selection in different geographic regions and seasons.

The SNPs we identify, which are generally unremarkable in a genomic context (Figs 6, 8

and 9), are evidence of “gold dust” for an ecologically relevant trait: alleles that are likely critical

to evolutionary processes but nonetheless have neither large phenotypic effects nor dramatic

genomic signatures of selection [94]. Whether selection on these SNPs is due to selection for

diapause or selection for correlated traits with a shared genetic basis remains unknown. How-

ever, collectively these unexceptional polymorphisms can contribute to ecologically important

variation. The lack of strong genomic signals in diapause-associated SNPs relative to randomly

identified SNPs suggests that perhaps a large fraction of polymorphisms in D. melanogaster
could play roles in other complex traits [95] that may have experienced varying degrees of spa-

tiotemporal selection, recent partial sweeps, and balancing selection. If many SNPs underlie

ecologically relevant phenotypic variation, strong deviations from the genomic background of

patterns of diversity will be the exception, not the norm. More studies of the evolutionary his-

tory of alleles underlying complex traits will be required to determine whether the pattern we

observe for diapause is a general phenomenon.

Modest heritability and strong environmental control of diapause

We find that the heritability of diapause is low but detectable (Fig 4), and we demonstrate that

this heritable variation may be subject to selection under field conditions (Fig 7). We note that

our estimates of individual effects of SNPs are likely underestimates due to the inclusion of a

genome-wide genetic relatedness matrix in our model, which would partially correct away the

effect of any given SNP (Fig 3). Like other studies [24,35,36,96], we identify temperature and

nutritional exposure as two critical variables that influence diapause and extend this analysis to

outbred lab and field-caught samples. Specifically, we find that diapause induction is exqui-

sitely sensitive to extremely small differences in temperature (Fig 2), emphasizing the impor-

tance of precise thermal control and monitoring for experiments studying diapause in this

species [97]. This fine-grained sensitivity suggests that even temperature variation across

shelves of an incubator or at different distances from a light source could potentially influence

experimental outcomes; these potential sources of thermal variation were controlled in our

experiment by our use of multiple environmental chambers with nearly identical physical

setup aside from temperature and photoperiod.

Our finding that diapause was not induced by short day length (but rather by long days in

our experiment, Fig 2) is somewhat consistent with other studies that failed to find an effect

of photoperiod on diapause in D. melanogaster [96,97]. However, some recent studies do

observe short-day photoperiodic responses in diapause [90,98]. One study suggested that light
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conditions which mimic the natural daily variation of solar radiation can in fact generate a

photoperiodic response [99]. In our study, short days under rectangular light cycles with stan-

dard white LED light did not increase diapause induction. The slightly increased diapause inci-

dence we observe at longer photoperiods is surprising and warrants future study. Because we

were able to account for temperature variation on a precise scale, we can rule out the potential

of light-mediated temperature differences. Future experiments should work to disentangle the

roles of temperature, wavelength and variable light intensity on photoperiodism in D.

melanogaster.

Different genetic signals underlie unique diapause phenotypes

Throughout our results, we observe different genetic signals underlying diapause scored at two

different developmental stages. Diapause at stage 8 has been used as the phenotype for most

studies of diapause [15,18,19,52]; however, others have argued that stage 10 is a more biologi-

cally relevant phenotype [35]. Stage 8 marks the onset of vitellogenesis [66], whereas stage 10

requires clearing a major checkpoint in the ovarian development program before proceeding

to yolk-demanding stages [100]. We find an enrichment of SNPs shared between the two phe-

notypes, but the population genetic signals of diapause SNPs tend to be stronger for the stage 8

phenotype. The SNPs underlying stage 8 diapause vary more predictably clinally (Fig 6), are

more likely to show seasonal variation (S13 Fig), and show stronger potential selection on

anti-diapause alleles (Fig 8). However, we observed more dramatic seasonal variation in the

stage 10 phenotype in our field study. Combined, these results suggest that the two phenotypes

may be influenced by both different genetic architectures and different environmental cues,

and therefore may respond differently to temporally or geographically varying selection. We

also note that the genetic makeup of the mapping population appears to be critically important

to the identification of SNPs associated with a polygenic trait like diapause, consistent with

quantitative genetic variation in diapause being influenced by rare variants.

Weak clinal signal in alleles underlying a strongly clinal phenotype

Diapause shows strong clinality in both North America [96] and Australia [67], with flies col-

lected at higher latitudes showing higher diapause incidence in common gardens. This trend

has not been seen in Europe, perhaps due to the high frequency in southern Europe of a pro-

diapause allele that recently arose in Italy [101]. The collective effect of many weakly clinal dia-

pause-associated alleles may be sufficient to produce clinal variation in diapause. Concordant

clinal signal is seen when examining the top GWAS SNPs, with the signal driven by a cluster of

linked SNPs on the X chromosome (Fig 10, S7 Table), but it is also seen genome-wide when

these SNPs are excluded (S17 & S18 Figs). The latter observation is consistent with studies that

have found polygenic signal across large numbers of SNPs in humans [102, but see 103] and

domesticated animals [82]. However, the generally weak clinal trend suggests those SNPs with

the strongest clinal signal may not always be the most ecologically relevant SNPs, at least for

some phenotypes. We also note that the polygenic clinal signal was only observed in popula-

tion A and both populations combined, suggesting that fewer clinally varying SNPs may

underlie diapause in population B.

Our evidence of multilocus clinal selection for diapause adds to a growing literature show-

ing evidence of spatial differentiation of loci underlying complex traits in natural populations.

For example, in D. melanogaster, clinal SNPs are also enriched for SNPs influencing cuticular

hydrocarbon content [104]. In gypsy moths, SNPs associated with three ecologically relevant

traits have consistent clinal signals [105], and in corals, SNPs associated with heat tolerance

are more common in warmer reefs and in warmer microclimates within a single reef [106].
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Drought-associated SNPs also show spatial variation in European populations of Arabidopsis
thaliana [107], and models suggest that those populations with more drought-tolerance alleles

may adapt to global warming more effectively. Therefore, in addition to elucidating genetic

mechanisms of local adaptation, the ability to detect polygenic adaptation of ecologically rele-

vant traits over space is important for predicting population-level changes in response to cli-

mate change.

Seasonal evolution of diapause may be idiosyncratic

We identified several pieces of evidence for stochastic or unpredictable seasonal variation in dia-

pause. We observed a genetic shift towards higher diapause in the late fall in our field experiment

(Fig 7) but saw little evidence for broad-scale, repeatable seasonal variation in pro-diapause

alleles across multiple years (Fig 6) or multiple populations (S12 Fig). The increase in diapause in

late fall may not solely be due to selection on the diapause trait itself; flies that are able to dia-

pause are also more tolerant of cold [15], which could potentially be the phenotype under selec-

tion. If the ability to diapause makes flies more tolerant of cold, or if diapause and cold tolerance

are influenced by some of the same alleles, then selection for cold tolerance in late fall could

explain the increase in diapause. We also found that some individual populations show signals of

seasonal variation in top diapause-associated SNPs (S13 and S14 Figs), though the direction of

this variation is often the opposite of what we would predict, with pro-diapause alleles more

common in the fall. Like the clinal signal, this signal appears to be driven by a cluster of SNPs

near tlk on the X chromosome. However, unlike the clinal signal, the seasonal signal does not

appear genome-wide (in all SNPs), suggesting a lack of predictable seasonal evolution of dia-

pause-associated alleles. Interestingly, the gene tlk, which is involved in ovary follicle cell mor-

phogenesis [108] and chromosome segregation [109], was also identified as a candidate gene in a

genomic study of balancing selection in D. melanogaster [110]. Seasonally varying selection

related to diapause or other phenotypes could contribute to this signal of balancing selection.

We propose three possible explanations for the general absence of repeatable seasonal sig-

nals in diapause-associated SNPs. First, we note that the seasonality of diapause has only been

tested in mid-latitudes [19 and this study]; more southern or northern environments may not

produce strong seasonal variation in diapause or other life history traits. In this case, we would

not expect to see repeatable seasonal changes in diapause-associated SNPs across diverse popu-

lations. We also note that the design of our mapping experiment may have given us greater

power to detect clinal signal relative to seasonal signal, due to the wide geographic spread of

our starting lines and relatively few lines of known seasonal origin.

Second, the variants associated with diapause may also be favorable for stress resistance

during seasons other than winter, resulting in a lack of strong spring/fall differentiation. This

possibility is supported by the presence and even excess of pro-diapause alleles in central Afri-

can populations, which experience seasonal dry periods and food limitation as well as cooler

temperatures at high elevations [111]. To our knowledge, this study is the first to examine dia-

pause status in field-caught flies across seasons. We observed surprisingly high incidence of

diapause-like ovaries in outdoor cage-reared flies over the course of the summer and fall.

While high diapause incidence was observed in December, we also observed increasing dia-

pause throughout the summer and fall, followed by a dramatic drop in November. This finding

suggests that diapause-like ovaries may be a response to general stress conditions. Indeed, star-

vation, heat stress, and crowding are known to cause arrest of oocyte maturation and degrada-

tion of pre-stage 10 egg chambers [85–87,112,113]. Stochastic seasonal phenotypic evolution

has been documented in stick insects (Timema cristinae). In Timema, the evolution of the

stripe pattern, which is under strong frequency-dependent selection, is highly predictable
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across seasons, whereas the evolution of color, which is under diverse selective pressures, var-

ies unpredictably [114]. Diapause and its underlying SNPs may be subject to more complex

patterns of selection due to pleiotropy and environmental plasticity, resulting in a general lack

of predictably across populations and years. This possibility is further confounded by the limi-

tations of endpoint-based sampling. While the populations were broadly sampled in “spring”

and “fall”, the particular selective pressures experienced by flies in each sample may have var-

ied dramatically between locations and years.

Lastly, seasonal evolution of diapause may require only a subset of the variants we identi-

fied, resulting in a lack of broad-scale signal across multiple sampling populations or years.

This possibility could occur because only a fraction of the sites are sufficient to induce adaptive

changes, or could possibly be due to false-positives and limited statistical power in both the

GWAS reported here and in the seasonal surveys [53]. The seasonal model employed by [80]

prioritizes SNPs that change in the same direction across many populations. The pro-diapause

variants selected in different populations may differ from year to year, resulting in a lack of sig-

nal when comparing our large collection of diapause-associated variants to those SNPs with

repeatable seasonal changes in allele frequency. We find evidence for this possibility in our

analysis of individual populations, which revealed consistent changes in the frequency of dia-

pause associated alleles in some, but not all, populations (S13 and S14 Figs). Likewise, poly-

genic adaptation to thermal regimes in Drosophila can use different combinations of genetic

loci, with replicate populations evolving frequency changes in only subsets of the same alleles

when subject to the same selective conditions [115]. However, we did observe selection for dia-

pausing genotypes in our field data, with flies sampled in late November showing an increased

genetic propensity for diapause. Given the observed phenotypic shift, we hypothesize that

sequencing the late November samples would show an increase in frequency of at least some

pro-diapause alleles relative to samples collected earlier in the season.

Taken together, our results confirm that North American populations carry heritable and

selectable genetic variation for diapause, but the genetic basis of seasonal selection on this trait

may not be repeatable from year to year or population to population. While strong evidence

exists for seasonal variation in the genetic composition of local D. melanogaster populations

based on pooled sequencing [53,80], the loci underlying a single quantitative trait likely do not

capture the complexity of the selective forces driving these allele frequency changes. Interac-

tions between variable environments, polygenic traits, and pleiotropic alleles may result in a

lack of broad-scale seasonal signal in diapause-associated SNPs.

Diapause may be an ancestral adaptation coopted for cold

Our results on the evolutionary history of pro-diapause alleles are consistent with recent work

suggesting that diapause is in fact an ancient, polymorphic adaptation in Drosophila [90].

While two studies [12,89] observed negligible diapause incidence in African lines of Drosoph-
ila, these studies classified entire isofemale lines as diapausing or non-diapausing based on at

least 50% of individuals having ovarioles developed to stage 8 [24]. Therefore, it is possible that

some individuals were in diapause even if the entire line was classified as non-diapausing.

More recent studies have documented quantitative variation in diapause induction among var-

ious African lines of D. melanogaster [35,90], as well as other related species [90], using a stage

10 cutoff, but these studies did not rule out potential introgression of European haplotypes.

We find that alleles promoting diapause are as common in Zambia as control SNPs identified

by permutation and are not enriched in regions of European introgression. Taken together,

our genetic data and previously published phenotypic results suggest that diapause at either

stage may in fact be an ancestral trait that is also polymorphic in related species.
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Diapause in African flies may be related to cold temperatures at mid to high elevations

[116,117], or to seasonal stressors other than cold, including wet-dry seasons that influence

food availability. Ancestral populations of D. melanogaster may have subsisted on marula,

which only fruits for part of the year [111]. As a result, dry conditions or seasonal lack of food

availability may have required intermittent diapause or estivation. Our data on diapause-asso-

ciated SNPs in central Africa support this hypothesis. Interestingly, our data are also consistent

with the observation by Bergland et al (2014) that summer-favored alleles of seasonally varying

SNPs are more likely to be rare in Africa. Further, the Zambian data also consistent with the

evidence of partial selective sweeps of anti-diapause alleles in North Carolina and the North-

east (Fig 9). Collectively, these data suggest diapause may in fact be favored in Zambia, and the

ability to not diapause may be favored, at times, in temperate latitudes of North America,

resulting in longer average haplotypes for anti-diapause alleles. Our findings support a model

in which D. melanogaster is highly opportunistic, taking advantage of favorable conditions at

any point in the year but also restricting investment in reproduction when conditions are unfa-

vorable for offspring survival, whether due to cold, desiccation, starvation, or other stressors.

Conclusions

Understanding the genetic basis of local adaptation has been a major goal for evolutionary

biology in the genomic era [118,119]. Studying this question in D. melanogaster, which exhibits

dramatic phenotypic variation across space and time and offers extensive population genomic

resources, allows for a thorough exploration of the evolutionary history of alleles underlying

adaptive phenotypes. Diapause is a particularly valuable trait to dissect at a genome-wide level

because it underlies demonstrable life history tradeoffs and is relevant to predicting insect

responses to changing climate conditions [120]. The genetic basis of variation in diapause

induction has been investigated in numerous other species and ranges from a single underly-

ing locus in D. littoralis, flesh flies and linden bugs [48,121,122], to two large effect loci

involved in circadian rhythms in the European corn borer [123], to many loci in mosquitoes,

face flies, and the speckled wood butterfly [124–126]. Many of these studies use traditional

quantitative genetic approaches; our study is one of few to estimate the genome-wide genetic

architecture of diapause via association mapping (but see [123,125]). The association mapping

performed here indicates that ancestral variation in this highly polygenic trait contributes in

unique ways to spatial and temporal variation in common selection pressures associated with

life in temperate environments. Whether this result generalizes to other life-history, behav-

ioral, and physiological traits that underlie local adaptation across time and space remains an

open question.

Compared to many insects with hard-programmed diapauses that are triggered by photo-

period and last for months or even years [9], ovarian dormancy in D. melanogaster is short-

lived, readily reversible, and highly dependent on present environmental conditions. These

characteristics of diapause in D. melanogaster may be a result of the genetic architecture of the

trait, with hundreds or even thousands of SNPs slightly modulating an individual’s propensity

to diapause under a variety of unfavorable conditions. These loci vary somewhat predictably

across space but not across time; nonetheless populations do evolve an increased propensity

for diapause in unfavorable conditions, perhaps via selection of unique allelic combinations in

different populations, or selection for linked traits. On a broad geographic scale, clinal differ-

entiation of thousands of alleles of small effect results in cumulative genetic effects that pro-

duce latitudinal phenotypic variation. Despite similar patterns of diapause variation over

latitudes and seasons in North America, we conclude that local adaptation relies on different

patterns of selection in space and time to optimize performance in variable conditions.
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Materials and methods

Construction of custom photoperiod chambers

We built environmental chambers (S19A and S19B Fig) from custom-cut opaque black plastic

(Quality Machine Service, Waynesboro, VA). Design files for the machining of each wall are

available upon request. Each chamber was controlled by a Raspberry Pi Model 3 computer

with a static IP address and its own GitHub account running custom Python scripts (see

https://github.com/bergland-rpi/rpi-02 for an example of scripts). To improve air circulation

and prevent temperature changes associated with lights, four 92 mm computer fans (Out-

letPC.com) were mounted behind light-proof circular vents (4” diameter darkroom vents,

midgetlouver.com). The two fans on the sides blew air in from the outside, and fans on the

back and top pulled air out to create constant airflow and reduce the warming produced by

lights. A custom circuit board (S19C Fig) was designed with Fritzing software (fritzing.org).

The following electronic components were directly soldered to each circuit board: TSL2561

Digital Luminosity detector, SHT-31D Temperature and Humidity Sensor, MCP9808 Tem-

perature sensor, and 74AHCT125 Quad Level Shifter. A 24-LED RGBW Natural White Neo-

Pixel ring was connected to the circuit board with 22 AWG wire. After the initial mapping

experiments, the lights were replaced with a 64-LED NeoPixel grid. All electronic components

were purchased from www.adafruit.com. A custom Python script turned lights on and off for

fixed photoperiods, while recording temperature, light intensity, and humidity every 60 sec-

onds. After the initial mapping experiments, the LED lights were replaced with 64-LED

RGBW Natural white NeoPixel grids for future experiments. The TSL2561 sensor was used to

ensure constant light intensity across boxes for all experiments following the initial mapping.

The boxes were housed in a cold room held at 10˚C (S19A Fig). However, we noticed that

there was spatial variation in the actual room temperature, and we exploited this variation to

expose flies to a broad range of temperatures (S3 Fig). To further modulate temperature,

some boxes were outfitted with ZooMed ReptiTherm habitat heaters in one of three sizes

(6x8”, 8x12”, or 8x18”). We found that these heaters increased the air temperature in the

chambers by approximately 0.5, 1, and 1.5 ˚C respectively. We placed all fly vials horizontally

on wire racks elevated 3 cm above the surface of the heaters to prevent directly warming the

flies or their vials. We calibrated the temperature readings in each box by manually recording

the temperature at the position of the fly vials using a high accuracy thermometer (Model

EL-WIFI-DTP+; www.dataq.com) and offsetting the recorded temperatures based on this

standardized reading. Quality control checks of our environmental data revealed that all

chambers had consistent temperatures throughout the course of the experiment (S3A Fig)

and that diurnal temperature fluctuations were limited to approximately 0.25˚C (S3B and

S3C Fig).

Hybrid swarm construction and collection of individuals for phenotyping

Seventy inbred or isofemale lines spanning seven geographic/seasonal collections (S1 Table)

were chosen to initiate the hybrid swarm: Rocky Ridge Orchard, Bowdoin, Maine [NCBI Bio-

Project #PRJNA383555]; Ithaca, New York [127]; June and October collections from Linvilla

Orchard, Media, Pennsylvania [128]; the Drosophila Genetic Reference Panel from Raleigh,

North Carolina [79]; the Southeastern US [129], and the Bahamas [129]. Ten inbred/isofemale

lines were chosen at random from each collection, and five lines were randomly assigned to

each of two hybrid swarms. We reassigned approximately five lines in an attempt to balance

cosmopolitan inversion frequencies across the two hybrid swarms (see “Inversion genotyping”

below). Two lines (24,2 and 12LN6-24) produced an insufficient number of offspring to
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generate F1 crosses, so they were eliminated, and each population was initiated with 34 lines.

See S1 Table for complete information about founding lines.

For each population, a total of 4 sets of 34 round-robin crosses were initiated, so each line

appeared in 8 out of 136 total crosses (4 crosses used males from each line, 4 additional crosses

used the females). The order of crosses was randomly generated. Fifteen virgin females and 10

males were placed in a yeasted bottle of cornmeal-molasses medium and allowed 72 hours to

lay eggs. One day prior to the eclosion of the first adults, the open bottles were placed in a 2m

x 2m x 2m cage (Bioquip product # 1406C). The flies were given ~5 days to eclose, and then 20

trays of fresh yeasted cornmeal-molasses food (~800 mL media in a 23 cm x 23 cm tray) were

provided on day 14 to each cage to collect eggs for 48 hours. The trays were incubated at 25˚C

in a 12:12 light: dark light cycle, 50% relative humidity. After eclosion, 8 of 20 trays were rein-

troduced to the cage. For the F3, F4, and F5 generations, 20 trays were provided for 24 hours

for egg laying. After egg collection, the food was removed and covered and incubated at 25 C

in a 12:12 light cycle. At the F6 generation, the population size in the cages was reduced by

adding only 10 food trays for 16–24 hours, and the cages were maintained in this manner for

all future generations.

To collect individuals for the GWAS, yeasted bottles containing 35 mL of cornmeal-molas-

ses media were placed in each cage for 3–6 hours to collect F4 and F5 generations. Offspring

were incubated for 9–10 days at 25˚C on a 12:12 light cycle. Female flies were collected under

light CO2 anesthesia within 2 hours of eclosion (as indicated by the presence of folded wings,

enlarged/pale abdomen and/or meconium). 20 flies were placed in a vial containing 10 mL of

cornmeal-molasses media, and flies were placed into temperature-controlled chambers within

1 hour of collection. Flies were distributed to one of 47 chambers assigned to a photoperiod of

9, 11, 13, or 15 hours of light and a temperature varying between ~10 and 15 ˚C (S3 Fig). After

13–15 days, the flies were transferred to fresh food. The flies were snap frozen in liquid nitro-

gen after exactly 28 days and stored at -80 ˚C.

Yeast supplementation experiment

We collected virgin female flies from the F20 generation of each cage as described above and

placed vials in 9L:15D light cycles at 5 different temperatures. Half of the vials were supple-

mented with a sprinkle of live baker’s yeast, and the other half received no yeast. After four

weeks, flies were snap frozen.

Phenotyping

Flies were thawed in 70% ethanol, then transferred to a ~100 μL droplet of phosphate buffered

saline for ovary dissection. Two aspects of ovary development were scored. First, the most

advanced, non-egg stage of ovariole observed was recorded. We recorded stages from 6 (or

less) to 11; stages 12–13 were combined into stage 11 [66]. Second, the number of fully formed

eggs was counted (counted from 0–15 or scored as 15+ if more than 15 eggs were present).

These phenotypes were later reduced to three binary phenotypes: diapause at stage 8 (no ovari-

oles observed past stage 7), diapause stage 10 (no ovarioles observed past stage 9), or diapause

at stage 14 (no mature, stage 14 eggs present).

We analyzed the influence of environmental variables (temperature, photoperiod, genera-

tion, population and Wolbachia status (see below) using binomial generalized linear models.

We used the R package car [130] to estimate the sum of squares explained by each variable

with function Anova(), and then divided by the total sum of squares to estimate percent varia-

tion explained (PVE).
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DNA extraction and library preparation

After dissection, fly carcasses were placed in DNA lysis buffer (Agencourt) in a 96 well deep

well plate. Forceps were cleaned with ethanol between each individual dissection to prevent

DNA contamination. After completing a 96 well plate, the carcasses were lysed in a Qiagen

TissueLyser using four 2-millimeter stainless steel beads. The lysates were spun down, trans-

ferred to a fresh 96 well plate, and frozen at -80 ˚C until further processing (see DNA extrac-

tion below). Two randomly chosen blank wells were left on each 96 well plate to verify plate

identity and orientation.

DNA was extracted from 20–30 pooled flies (parental strains) or individual flies (hybrid

swarm offspring) using the DNAdvance kit (Agencourt) in 96 well plates according to manu-

facturer’s instructions. In total, we genotyped 2,823 individual flies. An RNase treatment was

added between wash 1 and wash 2, and the DNA was bound with fresh beads following the

RNase treatment. Sequencing libraries were prepared using a modified Nextera protocol that

permits low volumes and DNA concentrations [131]. Briefly, DNA was quantified with a Pico-

green assay and normalized to 1 ng/μL with a liquid handling robot. One ng of DNA was used

for library preparation with unique barcode combinations for every sample (barcodes available

in supplemental file on DataDryad). For the parental lines, individual libraries were pooled to

obtain equal concentrations of each line. They were sequenced in a single lane of HiSeqX with

paired-end, 150 bp reads at the Hudson Alpha Institute for Biotechnology. Ten 96-well librar-

ies of hybrid swarm individuals were pooled for each lane of sequencing so that ~940 flies and

20 blanks were combined per lane. Library sizes and quality were verified by Bioanalyzer.

Hybrid swarm lanes were sequenced with three lanes of Illumina HiSeq3000 paired-end, 150

bp reads at the Oklahoma Medical Research Foundation sequencing center.

SNP calling in parental genomes

We resequenced the genomes of all 68 parental lines to confirm their identities and compared

the sequences to published sequences (see S1 Table for SRA accessions of founding line

sequences). Following read merging with PEAR [132] and read mapping to the Drosophila
genome version R5/dm3 with the mem algorithm in bwa [133], we called preliminary SNPs

with GATK’s Unified Genotyper [134]. We found that one line (12LN6_41_B47) did not match

previous sequencing, and two other lines (20,17 and 20,28) appeared to be partially contami-

nated (some chromosomes were accurate, others had discrepancies from previous sequenc-

ing). For these lines, we used our resequencing data as the only parental genome sequence; for

the other lines, we combined our new sequence data with existing data for higher depth cover-

age. Individual gVCF files were generated with HaplotypeCaller in GATK [134] and then com-

bined into a single parental gVCF with CombineGVCFs. We used randomly sampled known

SNPs from the DGRP to calibrate the SNP calls with VariantRecalibrator and ApplyRecalibra-
tion. We filtered down to two sets of SNPs; one conservative set of ~1 million SNPs with the

highest quality (ts_filter_level = 99) and a second more extensive set of ~3.1 million SNPs with

a broader range of SNP quality (ts_filter_level = 99.9). The former set of more high-confidence

SNPs was used for genome reconstruction; the latter set was further filtered as described below

and used for the GWAS to allow us to test more SNPs for trait association. For reconstruction

purposes, heterozygous sites in the parental lines were treated as missing data.

Wolbachia status

To determine whether inbred lines and hybrids were infected with Wolbachia, we counted

the number of sequencing reads mapping to the Wolbachia genome (which was part of our

reference genome) and divided that number by the total number of reads mapping to
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chromosomes 2L, 2R, 3L, 3R, and X. This ratio produced a clearly bimodal distribution, with

individuals falling into two groups: those with a ratio of substantially less than 1:1000 (0.001)

and those with a ratio greater than 1:1000. We classified all individuals in the former group as

Wolbachia-negative, and the latter individuals as Wolbachia-positive.

Hybrid swarm genome reconstruction

Paired end reads were merged and mapped as described above. Bam files were then processed

through our in-house genome reconstruction pipeline [63] Briefly, polymorphic reads were

counted with ASEReadCounter in GATK [134] with a minimum mapping quality score of 10.

HARP [135] was used to preliminarily call parental haplotypes. The top 14 possible founders

were then used for precise genome reconstruction in RABBIT [136]. The output of RABBIT
was translated to phased diploid genotypes using a custom script [63]. All lines included in the

founding populations were recovered following reconstruction of the F4 and F5 generations of

the hybrid swarm (S20 Fig). The median proportion of the genome derived from a line was

2.7% (range = 0.5%–9%; expected = 1/34 = 2.9%). Of over 800,000 private SNPs in the found-

ing lines, only 109 SNPs were lost in the hybrid swarm, suggesting that virtually all founding

haplotypes were recovered at least once in the sequenced hybrid swarm.

Recombination simulation and accuracy calculations

We generated hybrid swarms in silico using the genotypes of our founding lines and the pipe-

line described in Weller and Bergland 2019 [63]. Genome sequences for each parental line

were generated with FastaAlternateReferenceMaker in GATK [134] with flag use_IUPAC_sam-
ple to generate ambiguous bases at heterozygous sites. We simulated F4 and F5 generations for

populations A and B based on recombination rates in [137] (S21 Fig). For each population and

generation, we constructed 100 replicate populations of 10,000 individuals and randomly

chose 5 individuals from each population. Simulated reads at 0.5X coverage for recombinant

individuals were generated with wgsim (https://github.com/lh3/wgsim). These reads were

mapped to dm3, and the simulated hybrid genomes were reconstructed as described above. To

determine the accuracy of reconstruction, the known genotypes of the simulated individual

were compared to the reconstructed genotypes, and the proportion of sites with identical

genotypes was calculated. Sites that were missing or heterozygous in the actual founder geno-

types were excluded from the accuracy calculation. We found that for both sets of founders,

the majority of individuals were> 99.9% accurate (S22 Fig). We therefore predict similar lev-

els of accuracy in our actual sequencing data.

Based on the simulations described above, we found that small genomic segments (<1

Mb) from parental haplotypes were over-represented in our reconstructed data (see S21 Fig).

Haplotypes less than 1 Mb made up ~4% of all simulated genome haplotypes but made up

~20% of all reconstructed haplotypes. Therefore, any reconstructed segment less than 1Mb

was masked from our genotype calls as missing data. To count the number of recombination

events, any consecutive short (< 1Mb) paths were grouped together as an “unknown” paren-

tal haplotype, and that single unknown path was counted as a parental segment for recombi-

nation purposes. If a short path was surrounded by the same parental haplotype on either

side, we “bridged” over it and did not count it as an additional recombination event. Follow-

ing this clean up step, visual inspection revealed that the resulting genome reconstructions

from both simulated and actual sequencing data more closely matched the recombination

rate and haplotype size predicted by our recombination simulator (S21 Fig); however, the

cleaned-up reconstructions still significantly differed from the simulated distributions of

haplotype size and recombination count (Kolmogorov-Smirnov test, P< 8 x 10−6 for all
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tests). This discrepancy occurred in both the reconstruction of simulated data as well as the

reconstruction of actual data.

Imputation of missing data

Because the GENESIS software package used for the GWAS requires a complete dataset and

our individuals were drawn from two populations with unique genetic composition, we per-

formed a custom imputation of missing data within each population separately. The imputa-

tion required two steps. First, for any site at which the parental line was heterozygous, we

randomly chose one allele for each offspring genotype. The first step is not a true imputation,

as it is completely random and therefore allows the data to represent the range of possibilities

given unknown data. After this step was performed, the remaining missing data (due to missed

calls in the parental genotyping or masked short segments in the reconstruction) were imputed

by taking the most likely genotype based on Hardy-Weinberg allele frequencies. This step was

calculated within each hybrid population to accurately capture allele frequency differences

between the two populations. We repeated this random-choice followed by Hardy-Weinberg

imputation algorithm 100 times to create 100 uniquely imputed genotype sets. All analyses

were carried out on all imputed data sets, and the range of values for imputations are presented

for transparency of the variation that this imputation introduces. The Hardy-Weinberg impu-

tation procedure was also used to impute allele frequencies for the population genetic analysis

(see below). We eliminated samples for which more than 5% of genotypic data was imputed

for the GWAS and downstream analysis (n = 83 samples).

SNP filtering prior to association mapping

We constructed two SNP filters for mapping in our hybrid swarm population. The initial

results of variant calling (see above) contained ~3.1 million SNPs. We filtered this set of SNPs

with two additional filters prior to association mapping. The first filter was a strict quality con-

trol filter to identify SNPs to be used for construction of the genetic relatedness matrix (GRM).

The second filter was slightly less stringent to produce a larger set of SNPs for mapping. For

the strict quality control filter, we excluded SNPs that had > 10% of genotypes replaced by our

imputation algorithm, an FST > 0.2 between the two populations (as calculated by snpgdsHWE
() in SNPRelate), SNPs that were fixed in one population (but not the other), and SNPs with a

Hardy Weinberg Equilibrium P-value of<10−20 in either population alone or the two popula-

tions combined. This filtering resulted in ~1.2 million SNPs used for GRM construction. The

less stringent filter was the same as above, but allowed SNPs that were fixed in one population

but not the other to remain for the GWAS. This filter resulted in ~2.2 million SNPs. After

mapping, SNPs were further filtered for minor allele frequency> 0.05 in downstream

analyses.

Analysis of genetic structure of hybrid populations and parents

Principal components were calculated with the function snpgdsPCA() in the R package SNPRe-
late [138]. Identity by state calculations were performed with snpgdsIBS(). Karyotypes for each

chromosome arm were inferred based on diagnostic SNPs identified in [139]. Principal com-

ponent analysis of reconstructed genotypes revealed strong differentiation between popula-

tions A and B (S2 Fig), which was also evident in the identity by state genetic relatedness

matrix of all individuals (S23 Fig). Overall, individuals were more related to individuals from

the same swarm than from the alternate swarm. Therefore, the two hybrid swarm populations

represented the full genetic diversity of their founding lines and were genetically distinct

populations.
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We calculated LD decay in the hybrid swarm, the hybrid swarm parents, and the DGRP

using the snpgdsLDMat() function in SNPRelate. We randomly sampled 10,000 SNPs and then

identified SNPs that were approximately 0.1, 0.5, 1, 5, 10, 50, 100, 500, and 1,000 kb away from

the focal SNP (+/- 5%). When multiple SNPs were identified at the appropriate distance, a sin-

gle SNP was randomly chosen. We performed this calculation on SNPs with minor allele

frequency> 0.05. All LD analyses were performed in each hybrid swarm individually as well

as the combined populations.

To calculate long-distance LD, we sampled SNPs in two ways. First, we sampled 10,000 ran-

dom pairs of SNPs on opposite arms of chromosomes 2 and 3 (pairs on chromosome 2L and

2R, or 3L and 3R). Second, we sampled 30,000 random pairs of SNPs on independent chromo-

somes (e.g., one SNP on chromosome 2 and one SNP on chromosome 3.

Inversion genotyping

The most likely genotypes at major cosmopolitan inversions in the parental strains and hybrid

offspring were identified using diagnostic SNPs described in [139]. A binomial general linear

model accounting for temperature, photoperiod, swarm, Wolbachia, and generation was used

to test for the effect of each cosmopolitan inversion on diapause.

Heritability estimation

We estimated narrow-sense heritability using GCTA [73] using the restricted maximum likeli-

hood analysis (REML) method and the Fisher-scoring algorithm [74]. We generated a genetic

relatedness matrix with the—make-grm flag in GCTA. We used the same covariates used for

association mapping and flags—reml,—reml-alg 1, and—reml-bendV to calculate heritability

for the original data as well as 1000 permutations of the sample ids. Confidence intervals were

calculated as 1.96 � standard error.

Mapping in GENESIS
We constructed GRMs using the snpgdsGRM(method = “Eigenstrat”) function in the SNPRe-
late package [138] using all SNPs that passed the mapping filter (see above) for both popula-

tions combined, as well as populations A and B separately. GRMs were generated either

leaving out one entire chromosome (LOCO analysis) or by including all SNPs in the GRM

(non-LOCO analysis) The appropriate GRM was then passed to GENESIS [140,141] with the

models:

diapause � GRM þ temperatureþ photoperiodþ generationþ population
þWolbachiaðfor both populations combinedÞ

or

diapause � GRM þ temperatureþ photoperiod þ generation
þWolbachiaðfor mapping in populations A and B separatelyÞ

to calculate an effect at each SNP. A binomial model was used with diapause (at either stage 10

or stage 8) scored as 1 and non-diapause scored as 0. A separate GRM and mapping result was

calculated for each of the 100 imputed datasets.

Permuted GWAS

We performed 1000 permutations of the GWAS using both populations, and 100 permutations

of each single-population GWAS. Phenotypes and environmental variables were permuted
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together so that the environmental effects would remain constant across permutations; our

permutations shuffled the sample IDs within each hybrid swarm population to dissociate geno-

type and phenotype. For each permutation, one of the 100 imputed data sets was randomly

chosen for genotypes. Identical permutations were used for the stage 8 and stage 10 data and

for populations A, B, and both by setting the same random number seed prior to permuting

the data.

LASSO SNPs

We used LASSO to identify a subset of informative SNPs out of the top 10,000 SNPs (ranked

by P-value) calculated in each GWAS using the cv.biglasso() function the R package biglasso
[142]. After filtering for a minor allele frequency of> 0.05 in the mapping population, the

genotypes for the top 10,000 GWAS SNPs, ranked by P-value, were added to a LASSO model

that included temperature, photoperiod, generation, Wolbachia, and 32 principal components.

We ran three models: 1) environment only, 2) environment + principal components and 3)

environment + principal components + 10,000 genotypes. SNPs retained in model 3 are

referred to as “LASSO SNPs”. We also used snpgdsLDMat() from SNPRelate to calculate LD

among LASSO SNPs.

Receiving operator characteristic (ROC) analysis

We used the R packages ROCR [77] to analyze the performance of environmental data, princi-

pal components, and LASSO SNPs in predicting individual phenotypes. The predictor vari-

ables chosen in each LASSO model were used to predict the stage 8 or stage 10 diapause

phenotype with the predict() function. We then assessed these predictions using the perfor-
mance() function with parameters “tpr”, “fpr”, and “auc”. For plotting, the ROC curves were

averaged across each analysis group (the permuted and non-permuted data for each mapping

population).

SNP annotation

We annotated the predicted effects of all SNPs identified in the hybrid swarm using SNPEff

[143] with reference genome BDGP5.75 using default parameters. We grouped these annota-

tions into 6 categories: UTR, upstream/downstream (within 5 kb), intronic, intergenic, synon-

ymous, and non-synonymous. For each imputation and permutation of the GWAS, we

calculated the percentage of LASSO SNPs and top SNPs falling into each annotation category.

We then compared the percentage of SNPs in each category in the permutations to the per-

centage of SNPs in that category in the observed data. To assign a P-value, we took the median

percentage of the 100 imputations of the observed data and identified its quantile rank in the

permutations. In this test, P-values of below 0.05 are indicative of a potential de-enrichment

relative to permutations, whereas P-values above 0.95 are indicative of an enrichment.

Clinal and seasonal polygenic score analysis

We examined spatiotemporal variation of diapause-associated SNPs using two previously gen-

erated datasets. Bergland et al (2014) sampled a cline from Florida to Maine and identified

SNPs with repeatable seasonal changes in allele frequency in a single Pennsylvania orchard

over the course of three years. Additionally, we used the data from Machado et al (2019),

which also sampled a cline and calculated genome-wide seasonal changes in allele frequency

across 20 populations sampled from North America and Europe. We re-calculated clinal P-val-

ues for all SNPs in the Machado et al (2019) dataset using a wider latitudinal spread than
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originally calculated. For each location near the East Coast (Homestead, FL; Athens, GA;

Hahia, GA; Eutawville, SC; Charlottesville, VA; Media, PA; State College, PA; Lancaster, MA;

Ithaca, NY; Bowdoin, ME), the average allele frequency across all sampling times was calcu-

lated for each SNP. These allele frequencies were corrected for the number of individuals

sequenced and read depth as in [80], then regressed to latitude in a binomial general linear

model. The effect sizes (beta) from the general linear model were extracted to determine the

significance and direction of the cline.

We calculated polygenic scores [103,127,144,145] using the effect sizes and signs (the Score

statistic from GENESIS for ranked SNPs or the coefficient from the LASSO model for LASSO

SNPs) from the GWAS and the clinal and seasonal effect sizes described above. We then multi-

plied the GWAS effect by the clinal or seasonal effect for each SNP and summed these products

across all tested SNPs. These tests were polarized such that SNPs with concordant signals (i.e.,

those where the pro-diapause allele is more common in the north or in the spring) will result

in positive values for this score, whereas SNPs with discordant signals will result in negative

values. We repeated this calculation for the permutations and compared the actual average

polygenic scores to those calculated in the permutations.

We used a slightly different procedure to calculate polygenic scores for individual popula-

tions from [80]. We logit-transformed the fall and spring allele frequencies for each population

and then subtracted the transformed fall frequency from the transformed spring frequency.

This difference in logit allele frequencies was then multiplied by the GWAS effect size and

summed as described above.

Field experiment

To test whether our hybrid swarm populations carried seasonally selectable genetic variation

for diapause, we placed hybrid swarm individuals (generation 30) into six outdoor field cages

near Charlottesville, VA (Top of FormBottom of Form((37˚57’33.5"N 78˚28’18.5"W) in early

June 2018. Three cages were initiated with each hybrid swarm population. Each cage was con-

structed around a dwarf peach tree and fed with approximately 3 kg of Red Delicious apples

and 3 kg of bananas every week until November, when feeding was reduced to biweekly. Feed-

ing was stopped in mid-December. Each cage was founded with approximately 3,000 flies that

were then allowed to reproduce in overlapping generations. We sampled these populations, as

well as the indoor hybrid swarm cages multiple times during the summer and fall (“G0” sam-

ples). For some collections, we dissected the field caught females to determine whether the

ovaries appeared to be in diapause.

Because other Drosophilid species, including D. simulans, infiltrated our cages, it is possible

that some of the G0 females dissected were in fact D. simulans; however, we never observed

more than approximately 10% simulans males in any collection. It is also possible that some

wild D. melanogaster infiltrated the cages. At Carter Mountain Orchard, which is located

approximately 2 km from our field site, we observed that D. simulans made up 60–100% of all

simulans/melanogaster individuals over the course of our field experiment. Therefore, if at

most 10% of flies in the cages were D. simulans, we conservatively estimate that at most 5% of

D. melanogaster in the cages were wild flies that unintentionally entered the cages.

To determine genetic changes in the propensity to diapause, we reared the sampled flies for

two generations in the lab. For the first generation, isofemale lines were established in vials

and offspring males were screened to determine D. melanogaster or D. simulans identity. All

D. melanogaster G1s were combined and a subset were used to establish density-controlled

bottles for G2s. The G2s were then assayed for diapause using our standard diapause assay (28

days, 9L:15D, either 10.5 or 12˚C). We used a binomial generalized linear model to compare
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diapause incidence at each collection date to the initial timepoint (June 26th). Weather data

was downloaded from wunderground.com; station ID: KVACHARL73 (Carter Mountain,

VA).

Population genetic analysis

We calculated allele frequencies from flies collected in Zambia during phase 3 of the Drosoph-

ila Genome Nexus [91,92]. We used the full sequence FASTA files to generate allele frequen-

cies at every SNP via custom scripts (https://github.com/alanbergland/DEST/). Using the

GWAS results, we calculated the median allele frequency of the pro-diapause alleles in Zambia

and compared these values to those generated using the permuted GWAS. To look for overlap

with tracts of European admixture in Zambian flies, we downloaded the admixture tracts for

this dataset (https://www.johnpool.net/genomes.html) and counted the number of times each

SNP of interest overlapped with one of these tracts.

We used two North American fly samples to test for selective sweeps. First, we used publicly

available data from the Drosophila Genetic Resource Panel (DGRP) [79]. Second, we used a

set of 205 inbred lines collected from Pennsylvania and Maine (hereafter “Northern lines”).

These lines were collected from Media, Pennsylvania in June and October of 2012, as well as

from Bowdoinham, Maine in October 2012. The mapped reads for this dataset are available on

the SRA (project number PRJNA383555). SNPs were called with HaplotypeCaller in GATK to

produce gVCF files, combined with CombineGenotypes, and filtered for quality based on

known SNPs from the DGRP. This VCF file was then used in parallel with the DGRP for popu-

lation genetic analysis described below.

We calculated the integrated haplotype homozygosity score (iHS) [93] for every SNP in the

DGRP or Northern lines using the R package rehh [146,147]. Because iHS calculation in this

package requires complete genotype information, we imputed missing genotypes in each data-

set based on the most likely genotype given Hardy-Weinberg equilibrium as described for the

hybrid swarm above. We calculated iHS by assigning the pro-diapause allele as the “derived”

allele at each SNP based on the Score statistic from GENESIS. For each set of SNPs of interest,

we calculated the median iHS and compared these values to those generated using the per-

muted GWAS.

Statistical analysis and plotting

For analyses comparing population genetic measures between imputations and permutations,

we employed the following statistical analysis. We calculated the 2.5% and 97.5% quantiles of

the permuted data, and then counted how many imputations had a test statistic that exceeded

these limits. If more than 50% of imputations were either higher than the 97.5% quantile or

lower than the 2.5% quantile, we considered this a significant result because the majority of

imputations are outliers relative to the permutations. We report the percentage of imputations

that are outliers, if significant, on the indicated plot. All analysis was performed using R ver-

sions 3.3 to 3.5 [148]. In addition to the aforementioned packages, the following packages were

used for general analysis and plotting: ggplot2 [149], cowplot [150], data.table [151], foreach
[152], doMC [153], ggbeeswarm [154], lubridate [155], maps [64], and viridis [156]. Computa-

tional analysis was performed on the Rivanna high performance computing cluster at the Uni-

versity of Virginia.

Supporting information

S1 Fig. Principal component analysis of genetic diversity of parental lines. Principal com-

ponents (PC) were calculated for (A) all parental lines, (B) northern and southern lines
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(excluding the DGRP from North Carolina), and (C) lines with known spring and fall collec-

tion dates. PCs were calculated genome-wide (all) or for each chromosome arm separately.

(PDF)

S2 Fig. Principal components analysis of hybrid swarm populations, including parental

lines. PC1 and PC2 are plotted for all chromosomes combined (all), as well as each individual

chromosome arm, and are color coded by population. Dark shapes indicate parental lines,

while transparent shapes indicate individual hybrids. Circles indicate an individual that is either

heterozygous or homozygous for one of the cosmopolitan inversions on that chromosome.

(PDF)

S3 Fig. Environmental control chambers maintain constant temperatures with little tem-

perature change from lights. (A) Average temperature of each box across a 24 hour day, sepa-

rated by photoperiod into vertical facets. Each line represents the mean temperature of a single

box recorded every 60 s for ~6 weeks. (B). Average temperature of each box when lights are off

and lights are on, color coded by photoperiod. (C). Difference in average temperature when

lights are on and lights are off. Each point represents one box.

(PDF)

S4 Fig. Diapause phenotypes differ between generations and cages. Points indicate individ-

ual phenotypes (1 = diapause, 0 = non-diapause). Lines represent binomial models for each

group. (A) F4s had uniformly higher diapause incidence than F5s, regardless of phenotype

assessed (general linear model, P< 2 x 10−16 for all). (B) The two hybrid swarms were also sig-

nificantly different for all three diapause phenotypes. For stage 8, population B had generally

higher diapause incidence, while cage A had higher incidence for stages 10 and 14 (general lin-

ear model, P = 0.0006, P = 0.01, P = 1.75 x 10−5, respectively).

(PDF)

S5 Fig. Live yeast supplementation decreases diapause incidence across temperatures.

Advanced generation hybrid swarm individuals were exposed to diapause inducing conditions

(9L:15D, 10–14˚C) with or without a sprinkling of live baker’s yeast on the surface of the food.

Points represent individuals with jitter added for visual clarity (1 = diapause, 0 = nondiapuse);

lines represent binomial models for each population and treatment. The presence of yeast

decreased diapause at all thresholds scored (binomial general linear model, P< 2 x 10−16 for

all stages). There was a significant effect of population for all three phenotypes, with cage A

showing higher diapause incidence than cage B, regardless of temperature or yeast treatment

(P = 0.03, P = 3.3 x 10−6, P = 7.1 x 10−7).

(PDF)

S6 Fig. Genome reconstructions for individual hybrids from populations A (top) and B

(bottom). Each horizontal line represents one haploid chromosome (n = 2823 diploid individ-

uals total). Data are separated by chromosome arm (horizontal) and population (vertical).

Grey indicates regions that were masked due to short inferred parental haplotypes (roughly

1.2% of sequences). Each founding line is represented by a different color.

(PDF)

S7 Fig. λGC for individual chromosomes. The genomic inflation factor (GIF) was calculated

for each chromosome separately in all three mapping populations. Colors illustrate 100 impu-

tations of the observed data; grey indicates permutations (100 permutations for A and B, 1000

permutations for the combined data). Points indicate the median, bars illustrate the 2.5%-

97.5% quantiles.

(PDF)
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S8 Fig. LASSO SNPs are generally unlinked. LD heatmaps showing R2 for LASSO SNPs from

10 imputations of the original ordering of the data (A) and 10 random permutations (B).

LASSO SNPs for stage 10 diapause from the combined A+B mapping population were used to

generate this figure.

(PDF)

S9 Fig. Number of SNPs chosen by LASSO. The number of LASSO SNPs was counted for

each imputation or permutation of each phenotype in each mapping population. Points repre-

sent the median; bars extend to the 2.5% and 97.5% quantiles. Colors represent 100 imputa-

tions of the observed data; grey bars represent permutations (100 permutations for A and B,

1000 permutations for both). Numbers represent the percent of imputations that exceed the

97.5% quantile of the permutations, if that number is greater than 50%.

(PDF)

S10 Fig. Number of diapause-associated SNPs shared between mapping populations and

phenotypes. (A). For each imputation and permutation, the number of SNPs shared between

populations A and B was counted for various sets of GWAS SNPs. Pink indicates 100 imputa-

tions of the actual data, grey indicates 100 permutations. Points represent the median and

error bars extend to the 2.5% and 97.5% quantiles. (B) For each imputation and permutation,

the number of SNPs shared between stage 8 and stage 10 diapause was counted. Grey points

represent 100 permutations of populations A and B; 1000 permutations of both populations

combined. Colored points represent 100 imputations of the actual data. Numbers represent

the percent of imputations that exceed the 97.5% quantile of the permutations, if that number

is greater than 50%.

(PDF)

S11 Fig. Previously identified diapause-associated variants have no effect in this study.

(A-B). A 1 bp indel that creates an alternate translation start site in timeless (tim) does not

affect diapause in the full dataset or either individual population after correcting for tempera-

ture for diapause at stage 8 (A) or stage 10 (B). (C-D) An intronic SNP in couch potato (cpo)
also has no effect in the full dataset or either individual population after correcting for temper-

ature for diapause at stage 8 (C) or stage 10 (D). General linear model P-values for genotype

are greater than 0.05 for all models, except for tim in population B, stage 8 (P = 0.0189).

(PDF)

S12 Fig. Polygenic score test for data from Machado et al, 2019. A) Polygenic scores calcu-

lated by multiplying clinal effect size and GWAS effect sizes for each SNP and summing across

all SNPs, LASSO SNPs, the top 0.01% of the GWAS, and the top 0.1% of the GWAS. Effect

sizes are polarized such that positive numbers indicated pro-diapause alleles are more com-

mon in the north. Data are shown with a point for the mean and error bars extending to the

2.5% and 97.5% quantiles. Colored points indicate actual data for 100 imputations of each

mapping population; grey points indicate the distribution for permutations. B) Polygenic

scores calculated for seasonal data by multiplying seasonal betas and GWAS effect sizes, polar-

ized so that pro-diapause and spring are positive. Numbers represent the percent of imputa-

tions that exceed the 97.5% quantile of the permutations, if that number is greater than 50%.

(PDF)

S13 Fig. Individual population polygenic score test for stage 8 diapause in populations col-

lected by Machado et al (2019). The GWAS or LASSO effect size was multiplied by the logit-

transformed change in allele frequency from spring to fall in 20 populations. These products

were then summed across all SNPs of interest for each mapping population. Populations are
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ordered by increasing latitude and year. Points represent median, error bars represent 2.5%

and 97.5% quantiles. Grey points/bars are permutations; colors represent 100 imputations of

the observed data. Numbers represent the percent of imputations that are below the 2.5%

quantile or exceed the 97.5% quantile of the permutations, if that number is greater than 50%.

(PDF)

S14 Fig. Individual population polygenic score test for stage 10 diapause in populations

collected by Machado et al (2019). The GWAS or LASSO effect size was multiplied by the

logit-transformed change in allele frequency from spring to fall in 20 populations. These prod-

ucts were then summed across all SNPs of interest for each mapping population. Populations

are ordered by increasing latitude and year. Points represent median, error bars represent

2.5% and 97.5% quantiles. Grey points/bars are permutations; colors represent 100 imputa-

tions of the observed data. No imputations significantly exceed the 2.5% or 97.5% quantiles of

the permutations.

(PDF)

S15 Fig. Field cages used to study diapause evolution under natural conditions. Summer

(A) and winter (B) views of the experimental orchard with peach trees enclosed in mesh cages.

(C) Flies feeding on yeasted fruit. (D) Winter view of compost pile in more advanced stage of

decomposition. Photos in B and D were taken on December 10th, 2018, the final collection

point in Fig 6. Surviving D. melanogaster were recovered from the cages on this day, despite

heavy snow and several days of sub-freezing temperatures.

(PDF)

S16 Fig. GWAS SNPs are not enriched in tracts of admixture between European and Zam-

bian flies. Each set of SNPs was intersected with the admixture tracts of European/Zambian

admixture, and the proportion of SNPs found within at least one admixture tract was calculated

for each mapping population. Points represent median, error bars represent 2.5% and 97.5%

quantiles. No imputations significantly exceed the 2.5% or 97.5% quantiles of the permutations.

Grey points/bars are permutations; colors represent 100 imputations of the observed data.

(PDF)

S17 Fig. Clinal polygenic score and IHS excluding top-ranked SNPs for stage 8 diapause.

Top quantile-ranked SNPs were excluded from the analysis to determine whether they influ-

ence the genome-wide signal for clinal polygenic score based on Bergland et al 2014 (A), IHS

in the DGRP (B) or IHS in Northern populations (C). Points represent median, error bars rep-

resent 2.5% and 97.5% quantiles. Grey points/bars are permutations; colors represent 100

imputations of the observed data. Numbers represent the percent of imputations that are

below the 2.5% quantile or exceed the 97.5% quantile of the permutations, if that number is

greater than 50%.

(PDF)

S18 Fig. Clinal polygenic score and IHS excluding SNPs near tlk for stage 8 diapause. All

SNPs in the region chrX:3,600,000–3,700,000 were excluded from the analysis, which is other-

wise identical to that shown in Figs 6 and 9, for clinal polygenic score based on Bergland et al
2014 (A), IHS in the DGRP (B) or IHS in Northern populations (C). Points represent median,

error bars represent 2.5% and 97.5% quantiles. Grey points/bars are permutations; colors rep-

resent 100 imputations of the observed data. Numbers represent the percent of imputations

that are below the 2.5% quantile or exceed the 97.5% quantile of the permutations, if that num-

ber is greater than 50%.

(PDF)
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S19 Fig. Photoperiod chambers. A) Array of chambers in cold room. B) Side view illustrating

fan and externally mounted Raspberry Pi with ethernet connection. C) Interior view illustrat-

ing heating element (bottom), light-proof vents (sides), LED lights (top) and circuit board (top

left). D) Fritzing layout for custom printed circuit board (PCB). File available upon request. E)

Circuit board connected to Raspberry Pi computer via 40 pin ribbon cable.

(PDF)

S20 Fig. All founding lines are represented in F4 and F5 hybrid swarms. The percent contri-

bution of each founding line in each chromosome arm was calculated for swarm A (left) and B

(right). F4s are shown with positive values, and F5s are mirrored with negative values below.

Color coding corresponds to geographical origin of the lines. Dashed grey lines indicate the

expected contribution of each line (1/34 = 2.9%) under perfectly even admixture.

(PDF)

S21 Fig. Haplotype size and recombination distributions for reconstructed F4 and F5

genomes. (A-B) The initial genome reconstruction of sequencing data (blue, A) shows an

excess of short (~10,000–1,000,000 bp) haplotypes relative to simulated F4 and F5 populations

(grey bold line). This excess also occurs in reconstructions of simulated hybrid swarm reads

(B, purple). Cleaning up the reconstruction data by combining adjacent short (< 1 Mb) haplo-

types into unknown haplotypes and dropping singleton short haplotypes results in a distribu-

tion of haplotype sizes that more closely match the simulations for both empirical data (red, A)

and simulated data (green, B). (C-D) Raw reconstructions have an excess of recombination

events (blue and purple) relative to simulated data (grey). The cleanup procedure results in

recombination numbers on par with the simulated data (red and green).

(PDF)

S22 Fig. Accuracy of simulated genome reconstructions. Hybrid F4 and F5 individuals were

simulated from the founding lines for populations A and B using a custom script, and 0.5X

coverage sequencing reads were generated with wgsim. These simulated reads were passed

through the genome reconstruction pipeline, and the reconstructed genotypes were compared

to the original simulated individual. Accuracy was determined as the proportion of all sites

with an exact match between the reconstructed genotype and actual genotype. The vast major-

ity of individuals have an accuracy of>99%, though accuracy is higher in population A than

population B. Note logarithmic scale of y-axis.

(PDF)

S23 Fig. Identity-by-state genetic relatedness matrix for all hybrid swarm individuals. Indi-

viduals are ordered by population (A on left, B on right) and sorted by identity by state. IBS

was calculated using an LD-pruned set of ~63,000 SNPs with allele frequencies> 0.05. Individ-

uals are generally more closely related to other individuals in the same population.

(TIF)

S1 Table. SRA and collection information for previously sequenced parental lines.

(XLSX)

S2 Table. Variance decomposition for variables influencing diapause.

(PDF)

S3 Table. P-values from general linear model of the effects of cosmopolitan inversions on

diapause in each population.

(PDF)
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S4 Table. Functional annotations in diapause-associated SNPs. For each class of variant, the

percentage of diapause-associated SNPs assigned to that variant type was quantified. The per-

centage reported is the median of 100 imputations.

(PDF)

S5 Table. Enrichment of functional annotations in diapause-associated SNPs. For each

class of variant, the proportion of diapause-associated SNPs assigned to that variant type was

quantified for each imputation and permutation. The numerical values are the quantile rank

of the median of the 100 observed imputations relative to the distribution of the permutations.

Quantile ranks below 5% and above 95% (i.e. those values that are de-enriched or enriched rel-

ative to permutations) are highlighted in bold.

(PDF)

S6 Table. List of LASSO SNPs, top 0.01% SNPs, and top 0.1% SNPs along with annotations.

(XLSX)

S7 Table. Position, annotation, and population genetic statistics for top 0.01% SNPs in the

tlk region. P-values are based on mapping stage 8 diapause in both populations. Number of

imputations refers to the number of imputations in which the SNP fell in the top 0.01%, and

all average values are calculated across these imputations. Average clinal polygenic score is

based on Bergland et al 2014.

(XLSX)
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43. Kubrak OI, Kučerová L, Theopold U, Nylin S, Nässel DR. Characterization of Reproductive Dormancy

in Male Drosophila melanogaster. Front Physiol. 2016; 7. https://doi.org/10.3389/fphys.2016.00572

PMID: 27932997

44. Izquierdo JI. How does Drosophila melanogaster overwinter? Entomol Exp Appl. 1991; 59:51–58.

https://doi.org/10.1111/j.1570-7458.1991.tb01485.x

45. Machado HE, Bergland AO, O’Brien KR, Behrman EL, Schmidt PS, Petrov DA. Comparative popula-

tion genomics of latitudinal variation in Drosophila simulans and Drosophila melanogaster. Mol Ecol.

2016; 25:723–740. https://doi.org/10.1111/mec.13446 PMID: 26523848

46. Ohtsu T, Kimura MT, Hori SH. Energy storage during reproductive diapause in the Drosophila melano-

gaster species group. J Comp Physiol B. 1992; 162:203–208. https://doi.org/10.1007/BF00357524

PMID: 1613157

47. Higuchi C, Kimura MT. Influence of photoperiod on low temperature acclimation for cold-hardiness in

Drosophila auraria. Physiol Entomol. 1985; 10:303–308. https://doi.org/10.1111/j.1365-3032.1985.

tb00051.x

48. Lumme J, Oikarinen A. The genetic basis of the geographically variable photoperiodic diapause in

Drosophila littoralis. Hereditas. 1977; 86:129–141. https://doi.org/10.1111/j.1601-5223.1977.tb01221.

x

49. Lumme J. Phenology and Photoperiodic Diapause in Northern Populations of Drosophila. In: Dingle H,

editor. Evolution of Insect Migration and Diapause. New York, NY: Springer US; 1978. pp. 145–170.

https://doi.org/10.1007/978-1-4615-6941-1_7

50. Reis M, Valer FB, Vieira CP, Vieira J. Drosophila americana Diapausing Females Show Features Typ-

ical of Young Flies. PLOS ONE. 2015; 10:e0138758. https://doi.org/10.1371/journal.pone.0138758

PMID: 26398836

51. Tyukmaeva VI, Salminen TS, Kankare M, Knott KE, Hoikkala A. Adaptation to a seasonally varying

environment: a strong latitudinal cline in reproductive diapause combined with high gene flow in Dro-

sophila montana. Ecol Evol. 2011; 1: 160–168. https://doi.org/10.1002/ece3.14 PMID: 22393492

52. Schmidt PS, Zhu C-T, Das J, Batavia M, Yang L, Eanes WF. An amino acid polymorphism in the

couch potato gene forms the basis for climatic adaptation in Drosophila melanogaster. Proc Natl Acad

Sci U S A. 2008; 105:16207–16211. https://doi.org/10.1073/pnas.0805485105 PMID: 18852464

53. Bergland AO, Behrman EL, O’Brien KR, Schmidt PS, Petrov DA. Genomic Evidence of Rapid and Sta-

ble Adaptive Oscillations over Seasonal Time Scales in Drosophila. PLoS Genet. 2014; 10:e1004775.

https://doi.org/10.1371/journal.pgen.1004775 PMID: 25375361

54. Cogni R, Kuczynski C, Koury S, Lavington E, Behrman EL, O’Brien KR, et al. The intensity of selection

acting on the couch potato gene—spatial-temporal variation in a diapause cline. Evol Int J Org Evol.

2014; 68:538–548. https://doi.org/10.1111/evo.12291 PMID: 24303812

55. Pool JE. The Mosaic Ancestry of the Drosophila Genetic Reference Panel and the D. melanogaster

Reference Genome Reveals a Network of Epistatic Fitness Interactions. Mol Biol Evol. 2015;

32:3236–3251. https://doi.org/10.1093/molbev/msv194 PMID: 26354524
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121. Doležel D, Vaněčková H, Šauman I, Hodkova M. Is period gene causally involved in the photoperiodic

regulation of reproductive diapause in the linden bug, Pyrrhocoris apterus? J Insect Physiol. 2005;

51:655–659. https://doi.org/10.1016/j.jinsphys.2005.01.009 PMID: 15993130

122. Han B, Denlinger DL. Mendelian Inheritance of Pupal Diapause in the Flesh Fly, Sarcophaga bullata.

J Hered. 2009; 100:251–255. https://doi.org/10.1093/jhered/esn082 PMID: 18836144

123. Kozak GM, Wadsworth CB, Kahne SC, Bogdanowicz SM, Harrison RG, Coates BS, et al. Genomic

Basis of Circannual Rhythm in the European Corn Borer Moth. Curr Biol. 2019; 29:3501–3509.e5.

https://doi.org/10.1016/j.cub.2019.08.053 PMID: 31607536

PLOS GENETICS Diapause genetics in D. melanogaster

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1009110 November 20, 2020 43 / 45

https://doi.org/10.1093/emph/eoy036
https://doi.org/10.1093/emph/eoy036
http://www.ncbi.nlm.nih.gov/pubmed/30838127
https://doi.org/10.1111/jeb.12988
http://www.ncbi.nlm.nih.gov/pubmed/27718537
https://doi.org/10.1111/mec.15069
https://doi.org/10.1111/mec.15069
http://www.ncbi.nlm.nih.gov/pubmed/30834645
https://doi.org/10.1016/j.cub.2014.10.044
http://www.ncbi.nlm.nih.gov/pubmed/25454780
https://doi.org/10.1038/s41559-017-0423-0
http://www.ncbi.nlm.nih.gov/pubmed/29255303
https://doi.org/10.1002/dvdy.24292
http://www.ncbi.nlm.nih.gov/pubmed/25981356
https://doi.org/10.1186/1423-0127-16-51
http://www.ncbi.nlm.nih.gov/pubmed/19486529
https://doi.org/10.1186/s12862-016-0857-z
https://doi.org/10.1186/s12862-016-0857-z
http://www.ncbi.nlm.nih.gov/pubmed/28086750
https://doi.org/10.1016/j.cub.2018.10.033
https://doi.org/10.1016/j.cub.2018.10.033
http://www.ncbi.nlm.nih.gov/pubmed/30528579
https://doi.org/10.1016/0022-1910%2885%2990015-0
https://doi.org/10.1016/j.jinsphys.2008.04.004
https://doi.org/10.1016/j.jinsphys.2008.04.004
http://www.ncbi.nlm.nih.gov/pubmed/18511066
https://doi.org/10.1126/science.aap9125
https://doi.org/10.1126/science.aap9125
http://www.ncbi.nlm.nih.gov/pubmed/29449486
https://doi.org/10.1371/journal.pbio.3000128
https://doi.org/10.1371/journal.pbio.3000128
http://www.ncbi.nlm.nih.gov/pubmed/30716062
https://doi.org/10.1111/j.1558-5646.2012.01774.x
https://doi.org/10.1111/j.1558-5646.2012.01774.x
http://www.ncbi.nlm.nih.gov/pubmed/23356616
https://doi.org/10.1111/evo.12351
http://www.ncbi.nlm.nih.gov/pubmed/24410363
https://doi.org/10.1038/nrg3522
http://www.ncbi.nlm.nih.gov/pubmed/24136507
https://doi.org/10.1086/688018
http://www.ncbi.nlm.nih.gov/pubmed/27622873
https://doi.org/10.1242/jeb.037911
http://www.ncbi.nlm.nih.gov/pubmed/20190123
https://doi.org/10.1016/j.jinsphys.2005.01.009
http://www.ncbi.nlm.nih.gov/pubmed/15993130
https://doi.org/10.1093/jhered/esn082
http://www.ncbi.nlm.nih.gov/pubmed/18836144
https://doi.org/10.1016/j.cub.2019.08.053
http://www.ncbi.nlm.nih.gov/pubmed/31607536
https://doi.org/10.1371/journal.pgen.1009110


124. Mori A, Romero-Severson J, Severson DW. Genetic basis for reproductive diapause is correlated with

life history traits within the Culex pipiens complex. Insect Mol Biol. 2007; 16:515–524. https://doi.org/

10.1111/j.1365-2583.2007.00746.x PMID: 17635616

125. Pruisscher P, Nylin S, Gotthard K, Wheat CW. Genetic variation underlying local adaptation of dia-

pause induction along a cline in a butterfly. Mol Ecol. 2018; 27:3613–3626. https://doi.org/10.1111/

mec.14829 PMID: 30105798

126. Ikten C, Skoda SR, Hunt TE, Molina-Ochoa J, Foster JE. Genetic Variation and Inheritance of Dia-

pause Induction in Two Distinct Voltine Ecotypes of Ostrinia nubilalis (Lepidoptera: Crambidae). Ann

Entomol Soc Am. 2011; 104:567–575. https://doi.org/10.1603/AN09149

127. Grenier JK, Arguello JR, Moreira MC, Gottipati S, Mohammed J, Hackett SR, et al. Global diversity

lines—a five-continent reference panel of sequenced Drosophila melanogaster strains. G3 Bethesda

Md. 2015; 5:593–603. https://doi.org/10.1534/g3.114.015883 PMID: 25673134

128. Behrman E, Howick H, Kapun M, Staubach F, Bergland B, Petrov D, et al. Rapid seasonal evolution in

innate immunity of wild Drosophila melanogaster. Proc R Soc B Biol Sci. 2018; 285:20172599. https://

doi.org/10.1098/rspb.2017.2599 PMID: 29321302

129. Kao JY, Zubair A, Salomon MP, Nuzhdin SV, Campo D. Population genomic analysis uncovers Afri-

can and European admixture in Drosophila melanogaster populations from the south-eastern United

States and Caribbean Islands. Mol Ecol. 2015; 24:1499–1509. https://doi.org/10.1111/mec.13137

PMID: 25735402

130. Fox J, Weisberg S. An R Companion to Applied Regression, Third Edition. Thousand Oaks, CA:

Sage; 2019. https://socialsciences.mcmaster.ca/jfox/Books/Companion/

131. Baym M, Kryazhimskiy S, Lieberman TD, Chung H, Desai MM, Kishony R. Inexpensive Multiplexed

Library Preparation for Megabase-Sized Genomes. PLOS ONE. 2015; 10:e0128036. https://doi.org/

10.1371/journal.pone.0128036 PMID: 26000737

132. Zhang J, Kobert K, Flouri T, Stamatakis A. PEAR: a fast and accurate Illumina Paired-End reAd

mergeR. Bioinforma Oxf Engl. 2014; 30:614–620. https://doi.org/10.1093/bioinformatics/btt593 PMID:

24142950

133. Li H, Durbin R. Fast and accurate short read alignment with Burrows-Wheeler transform. Bioinforma

Oxf Engl. 2009; 25:1754–1760. https://doi.org/10.1093/bioinformatics/btp324 PMID: 19451168

134. McKenna A, Hanna M, Banks E, Sivachenko A, Cibulskis K, Kernytsky A, et al. The Genome Analysis

Toolkit: a MapReduce framework for analyzing next-generation DNA sequencing data. Genome Res.

2010; 20:1297–1303. https://doi.org/10.1101/gr.107524.110 PMID: 20644199

135. Kessner D, Turner TL, Novembre J. Maximum likelihood estimation of frequencies of known haplo-

types from pooled sequence data. Mol Biol Evol. 2013; 30:1145–1158. https://doi.org/10.1093/

molbev/mst016 PMID: 23364324

136. Zheng C, Boer MP, van Eeuwijk FA. Reconstruction of Genome Ancestry Blocks in Multiparental Pop-

ulations. Genetics. 2015; 200:1073–1087. https://doi.org/10.1534/genetics.115.177873 PMID:

26048018

137. Comeron JM, Ratnappan R, Bailin S. The Many Landscapes of Recombination in Drosophila melano-

gaster. PLOS Genet. 2012; 8:e1002905. https://doi.org/10.1371/journal.pgen.1002905 PMID:

23071443

138. Zheng X, Levine D, Shen J, Gogarten SM, Laurie C, Weir BS. A high-performance computing toolset

for relatedness and principal component analysis of SNP data. Bioinforma Oxf Engl. 2012; 28:3326–

3328. https://doi.org/10.1093/bioinformatics/bts606 PMID: 23060615

139. Kapun M, Fabian DK, Goudet J, Flatt T. Genomic Evidence for Adaptive Inversion Clines in Drosophila

melanogaster. Mol Biol Evol. 2016; 33:1317–1336. https://doi.org/10.1093/molbev/msw016 PMID:

26796550

140. Conomos M, Gogarten SM, Brown L, Chen H, Rice K, Sofer T, et al. GENetic EStimation and Infer-

ence in Structured samples (GENESIS): Statistical methods for analyzing genetic data from samples

with population structure and/or relatedness. 2019. https://github.com/UW-GAC/GENESIS

141. Conomos MP, Miller MB, Thornton TA. Robust Inference of Population Structure for Ancestry Predic-

tion and Correction of Stratification in the Presence of Relatedness. Genet Epidemiol. 2015; 39:276–

293. https://doi.org/10.1002/gepi.21896 PMID: 25810074

142. Zeng Y, Breheny P. The biglasso Package: A Memory- and Computation-Efficient Solver for Lasso

Model Fitting with Big Data in R. ArXiv170105936 Stat. 2018 [cited 24 Feb 2020]. http://arxiv.org/abs/

1701.05936

143. Cingolani P, Platts A, Wang LL, Coon M, Nguyen T, Wang L, et al. A program for annotating and pre-

dicting the effects of single nucleotide polymorphisms, SnpEff: SNPs in the genome of Drosophila

PLOS GENETICS Diapause genetics in D. melanogaster

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1009110 November 20, 2020 44 / 45

https://doi.org/10.1111/j.1365-2583.2007.00746.x
https://doi.org/10.1111/j.1365-2583.2007.00746.x
http://www.ncbi.nlm.nih.gov/pubmed/17635616
https://doi.org/10.1111/mec.14829
https://doi.org/10.1111/mec.14829
http://www.ncbi.nlm.nih.gov/pubmed/30105798
https://doi.org/10.1603/AN09149
https://doi.org/10.1534/g3.114.015883
http://www.ncbi.nlm.nih.gov/pubmed/25673134
https://doi.org/10.1098/rspb.2017.2599
https://doi.org/10.1098/rspb.2017.2599
http://www.ncbi.nlm.nih.gov/pubmed/29321302
https://doi.org/10.1111/mec.13137
http://www.ncbi.nlm.nih.gov/pubmed/25735402
https://socialsciences.mcmaster.ca/jfox/Books/Companion/
https://doi.org/10.1371/journal.pone.0128036
https://doi.org/10.1371/journal.pone.0128036
http://www.ncbi.nlm.nih.gov/pubmed/26000737
https://doi.org/10.1093/bioinformatics/btt593
http://www.ncbi.nlm.nih.gov/pubmed/24142950
https://doi.org/10.1093/bioinformatics/btp324
http://www.ncbi.nlm.nih.gov/pubmed/19451168
https://doi.org/10.1101/gr.107524.110
http://www.ncbi.nlm.nih.gov/pubmed/20644199
https://doi.org/10.1093/molbev/mst016
https://doi.org/10.1093/molbev/mst016
http://www.ncbi.nlm.nih.gov/pubmed/23364324
https://doi.org/10.1534/genetics.115.177873
http://www.ncbi.nlm.nih.gov/pubmed/26048018
https://doi.org/10.1371/journal.pgen.1002905
http://www.ncbi.nlm.nih.gov/pubmed/23071443
https://doi.org/10.1093/bioinformatics/bts606
http://www.ncbi.nlm.nih.gov/pubmed/23060615
https://doi.org/10.1093/molbev/msw016
http://www.ncbi.nlm.nih.gov/pubmed/26796550
https://github.com/UW-GAC/GENESIS
https://doi.org/10.1002/gepi.21896
http://www.ncbi.nlm.nih.gov/pubmed/25810074
http://arxiv.org/abs/1701.05936
http://arxiv.org/abs/1701.05936
https://doi.org/10.1371/journal.pgen.1009110


melanogaster strain w1118; iso-2; iso-3. Fly (Austin). 2012; 6:80–92. https://doi.org/10.4161/fly.19695

PMID: 22728672

144. International Schizophrenia Consortium, Purcell SM, Wray NR, Stone JL, Visscher PM, O’Donovan

MC, et al. Common polygenic variation contributes to risk of schizophrenia and bipolar disorder.

Nature. 2009; 460:748–752. https://doi.org/10.1038/nature08185 PMID: 19571811

145. Marees AT, de Kluiver H, Stringer S, Vorspan F, Curis E, Marie-Claire C, et al. A tutorial on conducting

genome-wide association studies: Quality control and statistical analysis. Int J Methods Psychiatr

Res. 2018; 27:e1608. https://doi.org/10.1002/mpr.1608 PMID: 29484742

146. Gautier M, Vitalis R. rehh: an R package to detect footprints of selection in genome-wide SNP data

from haplotype structure. Bioinforma Oxf Engl. 2012; 28:1176–1177. https://doi.org/10.1093/

bioinformatics/bts115 PMID: 22402612

147. Gautier M, Klassmann A, Vitalis R. rehh 2.0: a reimplementation of the R package rehh to detect posi-

tive selection from haplotype structure. Mol Ecol Resour. 2017; 17:78–90. https://doi.org/10.1111/

1755-0998.12634 PMID: 27863062

148. R Core Team. R: A language and environment for statistical computing. Vienna, Austria: R Founda-

tion for Statistical Computing; http://www.R-project.org/

149. Wickham H. ggplot2: Elegant Graphics for Data Analysis. New York: Springer-Verlag; 2016.

150. Wilke CO. cowplot: Streamlined Plot Theme and Plot Annotations for “ggplot2.” 2019. https://CRAN.

R-project.org/package=cowplot

151. Dowle M, Srinivasan A. data.table: Extension of ‘data.frame‘. 2019. https://CRAN.R-project.org/

package=data.table

152. Microsoft, Weston S. foreach: Provides Foreach Looping Construct for R. 2017. https://CRAN.R-

project.org/package=foreach

153. Revolution Analytics, Weston S. doMC: Foreach Parallel Adaptor for “parallel.” 2017. Adaptor for ‘par-

allel’. R package version 1.3.5. https://CRAN.R-project.org/package=doMC

154. Clarke E, Sherrill-Mix S. ggbeeswarm: Categorical Scatter (Violin Point) Plots. 2017. https://CRAN.R-

project.org/package=ggbeeswarm

155. Grolemund G, Wickham H. Dates and Times Made Easy with lubridate. J Stat Softw. 2011; 40:1–25.

https://doi.org/10.18637/jss.v040.i03

156. Garnier S. viridis: Default Color Maps from “matplotlib.” 2018. https://CRAN.R-project.org/package=

viridis

PLOS GENETICS Diapause genetics in D. melanogaster

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1009110 November 20, 2020 45 / 45

https://doi.org/10.4161/fly.19695
http://www.ncbi.nlm.nih.gov/pubmed/22728672
https://doi.org/10.1038/nature08185
http://www.ncbi.nlm.nih.gov/pubmed/19571811
https://doi.org/10.1002/mpr.1608
http://www.ncbi.nlm.nih.gov/pubmed/29484742
https://doi.org/10.1093/bioinformatics/bts115
https://doi.org/10.1093/bioinformatics/bts115
http://www.ncbi.nlm.nih.gov/pubmed/22402612
https://doi.org/10.1111/1755-0998.12634
https://doi.org/10.1111/1755-0998.12634
http://www.ncbi.nlm.nih.gov/pubmed/27863062
http://www.R-project.org/
https://CRAN.R-project.org/package=cowplot
https://CRAN.R-project.org/package=cowplot
https://CRAN.R-project.org/package=data.table
https://CRAN.R-project.org/package=data.table
https://CRAN.R-project.org/package=foreach
https://CRAN.R-project.org/package=foreach
https://CRAN.R-project.org/package=doMC
https://CRAN.R-project.org/package=ggbeeswarm
https://CRAN.R-project.org/package=ggbeeswarm
https://doi.org/10.18637/jss.v040.i03
https://CRAN.R-project.org/package=viridis
https://CRAN.R-project.org/package=viridis
https://doi.org/10.1371/journal.pgen.1009110

