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Resumo 

Variação espacial e temporal são ubíquas. Caracteres são chamados clinais quando 

variam ao longo de um gradiente ambiental, e isso é interpretado como resultado de 

seleção estruturada no espaço. Drosophila melanogaster apresenta clinas em diversos 

caracteres fenotípicos e genotípicos, as quais são replicadas em diferentes regiões do 

mundo. Estudos recentes sugeriram que grande parte da variação clinal pode ser 

atribuída a processos neutros. Como o ambiente varia de maneira similar com a latitude 

e ao longo do ano, e essa variação sazonal é ortogonal à demografia, uma abordagem 

possível para inferir seleção natural é integrar variação clinal e sazonal. Neste trabalho, 

nós testamos se há uma relação entre variação clinal e sazonal ao longo do genoma de 

D. melanogaster. Também, investigamos a proporção de variantes que deveriam estar 

sob seleção espacial e sazonal para explicar o padrão encontrado. Estimamos a 

frequência alélica a partir de amostras de pools de moscas coletadas em diferentes oito 

localidades ao longo da costa leste dos Estados Unidos e em diferentes estações do ano 

na Pensilvânia, EUA. Nós encontramos um padrão genômico de variação clinal 

refletindo variação sazonal. Esse padrão é mais forte para variantes em regiões exônicas 

do que intergênicas, consistente com a ação de seleção. A relação entre variação clinal e 

sazonal encontrada pode ser explicada se 6,6% dos polimorfismos estiverem sob seleção 

espacial e sazonal. Nossos resultados são consistentes com a hipótese adaptativa de 

variação clinal e, junto com outras observações, revelam que o papel da demografia na 

manutenção de clinas em D. melanogaster é limitado. 

 



 

Abstract 

Spatial and temporal variation in the environment are ubiquitous. Traits are called 

clinal when they vary along an environmental gradient, and this is often interpreted as 

the result of spatially varying selection. Drosophila melanogaster is known to have many 

phenotypic and genotypic clines, replicated in many regions of the world. Recent 

studies have suggested that most clinal variation could be attributed to neutral, 

demographic processes. Because the environment varies in similar ways with latitude 

and across seasons, and seasonal variation is orthogonal to demography, one promising 

approach is to integrate clinal and seasonal variation to infer selection. Here, we test 

whether there is a genome-wide relationship between clinal and seasonal variation, and 

whether the pattern is consistent with selection. Also, we investigate the proportion of 

the variants that should be under latitudinal and seasonal selection to explain the 

pattern we uncovered. We estimate allele frequency from pooled samples of flies from 

eight different locations along the east coast of the US, and 13 samples collected in the 

spring and in the fall in Pennsylvania. We show that there is a genome-wide pattern of 

clinal variation mirroring seasonal variation. This pattern is stronger for exonic when 

compared to intergenic regions, consistent with natural selection. We find that the 

genome-wide relationship between clinal and seasonal variation could be explained by 

about 6.6% of our SNPs being under latitudinal and seasonal selection. Our results are 

consistent with the adaptive hypothesis of clinal variation and, together with other 

observations, leave little room for the role of demography in maintaining clines in D. 

melanogaster. 
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Introduction 

All species are subject to environmental variation structured through space and time. 

Different environments can impose various selective regimes on populations, resulting 

in adaptive differentiation. With spatially varying selection, one allele can be beneficial 

in one environment and disadvantageous in another (Levene 1953). Similarly, selective 

pressures can cycle through time, and one allele may be alternatively favored and 

disfavored (Gillespie 1973). Thus, both spatially and temporally varying selection can 

result in different forms of local adaptation (Ewing 1979). 

 Spatial heterogeneity generates a pattern of geographical variation in traits that 

affect fitness (Kawecki and Ebert 2004). Some species can be found along gradually 

changing environments, and traits that vary with the environment are called clinal. 

Examples of clinal variation are abundant in many different taxa, such as thale cress 

(Zuther et al. 2012), monkeyflowers (Kooyers et al. 2015), ivyleaf morning glories 

(Campitelli and Stinchcombe 2013), Atlantic salmons (Dionne et al. 2007), vervet 

monkeys (Cardini et al. 2007) and even humans (Hancock et al. 2008). 

Drosophila melanogaster has been used as a model to understand latitudinal 

variation because, besides being a genetic model, it is a sub-Saharan fly species that has 

recently invaded most of the world (David and Capy 1988). These flies migrated into 

Eurasia approximately 15,000 years ago (Li and Stephan 2006), but the colonization of 

the Americas and Australia likely happened in a single event within the last several 

hundred years (Bock and Parsons 1981; Keller 2007). The establishment of populations 

in dramatically different environments (e.g., temperate regions), is thought to have 

resulted in several climatic adaptations (David and Capy 1988).  
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Clinal variation has been documented for this species in many characters both at 

the phenotypic and genetic level. For instance, at the phenotypic level, flies from higher 

latitudes are darker (David et al. 1985), bigger (Arthur et al. 2008) and show higher 

incidence of reproductive diapause (Schmidt et al. 2005). At the genetic level, latitudinal 

clines have been identified for allozymes, chromosome inversions and single nucleotide 

polymorphisms (Mettler et al. 1977; Knibb 1982; Oakeshott et al. 1982; Schmidt et al. 

2000; de Jong and Bochdanovits 2003; Sezgin et al. 2004; Fabian et al. 2012; Kapun et al. 

2016). 

These clinal traits in D. melanogaster are usually thought to be a result of spatially 

varying selection (Endler 1977). Although a covariation between an environmental 

variable and a trait is suggestive of natural selection, non-adaptive processes such as 

isolation by distance, range expansion and admixture can produce similar patterns of 

spatial change (Wright 1943; Vasemägi 2006; Excoffier et al. 2009; Duchen et al. 2013; 

Bergland et al. 2016). Because latitudinal clines are often repeated (e.g., across 

continents), a classical approach to discern between adaptive and neutral differentiation 

has been to look at parallel clinal variation (Hoffmann et al. 2002; Hoffmann and Weeks 

2007; Turner et al. 2008; Paaby et al. 2010; Reinhardt et al. 2014; Schrider et al. 2016). If a 

trait varies clinally in two or more continents, a simple, plausible scenario is 

latitudinally varying selection acting on ancestral variation (Endler 1977; Barton 1983; 

Barton 1999).  

A recent study showed that parallel clinal variation between continents could be 

a result of secondary contact among previously diverged populations of D. melanogaster 

(Bergland et al. 2016). It appears that part of the clinality observed in flies from the east 

coast of North America and Australia can be attributed to migration of European flies to 

the high latitude end of the cline and migration of African flies to low latitude locations. 
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As a consequence, it may be impossible to distinguish adaptive from neutral clines just 

by looking at patterns of clinal variation. 

To reject some of these non-adaptive hypothesis, one would need access to 

population parameters that are hard to measure or estimate, such as the distribution of 

fitness effects, landscape of recombination rate, rates of migration, population sizes, 

changes in population size and historical founding of the populations. Alternatively, 

one approach to disentangle adaptive from non-adaptive processes is by exploring 

signatures of parallel variation between latitude and seasons (Cogni et al. 2015).  

Drosophila has also been widely used in the study of seasonal adaptation. One of 

the earliest examples of seasonal variation was observed in chromosomal inversions in 

D. pseudoobscura (Dobzhansky 1943). In D. melanogaster, it has been shown that flies 

collected in the spring are more tolerant to stress (Behrman et al. 2015), show higher 

diapause inducibility (Schmidt and Conde 2006), have increased immune function 

(Behrman et al. 2018) and have different cuticular hydrocarbon profiles than those 

collected in the fall (Rajpurohit et al. 2017). These studies were either conducted in a 

common laboratory condition or as a field based mesocosm experiment. Furthermore, 

genome-wide analysis have identified polymorphisms that oscillate in seasonal 

timescales in several localities in the United States and Europe (Bergland et al. 2014; 

Machado et al. 2018). 

Many environmental variables that vary along a latitudinal transect vary in a 

similar fashion through seasons. Processes that can generate clinal patterns like 

isolation by distance and secondary contact from diverged populations are independent 

to variation across seasons. Therefore, traits that vary both with latitude and through 

seasons are likely under natural selection. For instance, it has been observed in D. 

melanogaster that both the prevalence of reproductive diapause and the frequency of a 
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variant in the couch potato gene associated with diapause inducibility vary latitudinally 

and seasonally (Schmidt et al. 2005; Cogni et al. 2014). The frequency of this diapause-

inducing variant drops in the summer and is positively correlated with latitude.  

Very few studies have tried to identify parallel clinal and seasonal variation in D. 

melanogaster (Bergland et al. 2014; Cogni et al. 2015; Machado et al. 2018). The 

association between clinal and seasonal change has been identified in central metabolic 

genes, which is likely caused by parallel climatic factors driving adaptation in these 

genes (Cogni et al. 2015). This study focused on a limited number of polymorphisms in 

metabolic genes. Bergland et al. (2014) found an indicative that clinal variants are more 

likely to be seasonal. A very recent study observed that seasonal changes mirrors 

latitudinal changes in D. melanogaster with the intent of validating seasonal outliers 

(Machado et al. 2018), using few seasonal samples from many different locations. 

 Here, we aim to answer whether the clinal patterns observed in D. melanogaster 

are consistent with the action of natural selection. We do so by looking at parallel clinal 

and seasonal variation across the genome. Because many environmental variables such 

as temperature, UV radiation and resource availability vary similarly across latitude 

and through seasons in a temperate environment, we hypothesize there is a relationship 

between clinal and seasonal variation. Flies collected in the north should be more 

similar to flies collected in early spring, whereas southern flies should be more like fall 

flies. We also tested whether the pattern of clinal mirroring seasonal variation is 

consistent with selection. Finally, by looking at the relationship between clinal and 

seasonal variation, we asked how much of the genome is under spatial and seasonal 

selection. Integrating these two independent sources of evidence can help us 

disentangle adaptive from non-adaptive processes that contribute to the pervasive and 

long standing patterns of clinal variation in D. melanogaster. 
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Material and Methods 

Population samples 

We analyzed 21 samples from eight locations along the United States east coast, 

collected by (Bergland et al. 2014) (10 samples), and (Machado et al. 2018) (11 samples) 

(see Table S1). Most samples were based on pools of wild-caught individuals. For the 

Raleigh (North Carolina) sample, one male for each of 92 DGRP inbred strains was 

pooled and sequenced (Mackay et al. 2012). We decided to not include previously 

collected samples from Maine because they were collected in the fall, whereas all of our 

other samples were collected in the spring (Fabian et al. 2012; Bergland et al. 2014). 

Including these samples would impact our estimates of clinal variation, given that fall 

flies are more south-like (Bergland et al. 2014). The Linvilla (Pennsylvania) population 

was sampled extensively from 2009 to 2015 (six spring, seven fall samples), and was 

therefore used in our analysis of seasonal variation. For a more detailed description of 

sampling, sample preparation and sequencing see Bergland et al. (2014) and Machado 

et al. (2018). All the data used in this project are available on the NCBI Short Read 

Archive (BioProject accession numbers PRJNA256231 and PRJNA308584). 

Mapping and processing of sequencing data 

Raw, paired-end reads were mapped against the FlyBase D. melanogaster reference 

genome r6.15 (Gramates et al. 2017) using bwa (MEM algorithm) version 0.7.15 (Li and 

Durbin 2010). Files were converted from SAM to BAM format using Picard Tools 

(http://broadinstitute.github.io/picard). PCR duplicates were marked and removed 

using Picard Tools and local realignment around indels was performed using GATK 

version 3.7 (McKenna et al. 2010). Single nucleotide polymorphisms (SNPs) and indels 
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were called using CRISP with default parameters (Bansal et al. 2016). We applied 

several filters to ensure that the identified SNPs were not artifacts. SNPs in repetitive 

regions, identified using the RepeatMasker library for D. melanogaster (obtained from 

http://www.repeatmasker.org), and SNPs within 5bp of polymorphic indels were 

removed from our analyses, because these are more likely to be sequencing errors. SNPs 

with average minor allele frequency in the clinal and seasonal samples less than 10%, 

with minimum per-population coverage less than 10x or maximum per-population 

coverage greater than 400x were excluded from our analyses. Also, SNPs with multi-

allelic states were removed from the analysis. Because only male flies were sequenced, 

SNPs identified in the X chromosome had lower coverage, so these SNPs were removed 

from our analyses. SNPs were annotated with their genic classes using SNPeff version 

4.3o (Cingolani et al. 2012). 

Clinal and seasonal changes in allele frequency 

Pool-seq data have an additional component of error inherent to them due to the round 

of additional sampling (Kofler et al. 2011; Lynch et al. 2014). Therefore, it is necessary to 

model this additional error to avoid biases in our analysis. We decided to do so by 

incorporating weights proportional to the effective number of chromosomes ( ):  

 

where  is the number of chromosomes in the pool and  is the read depth at that site 

(Kolaczkowski et al. 2011; Feder et al. 2012; Bergland et al. 2014; Machado et al. 2016).  

To assess latitudinal variation, we used generalized linear models (GLM) to 

regress allele frequency at each site against latitude according to the form, 
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Where  is the expected allele frequency in the  population,  is the intercept,  is the 

slope,  is the latitude of the population, and  is the binomial error given the  

at that SNP. This kind of regression is suitable for the analysis of clinal variation of 

allele frequencies estimated from Pool-seq, because it accounts for differences in read 

depth and number of chromosomes, and the non-normality of allele frequencies 

(Bergland et al. 2014; Machado et al. 2016). 

To assess seasonal variation, we followed a similar procedure. We regressed 

allele frequency at each site against a binary variable corresponding to spring or fall 

according to the form, 

 

where  is the observed allele frequency in the  sample,  is the intercept,  is the 

slope,  is the season of the sample, and  is the binomial error given the  at 

that SNP. 

We defined clinal and seasonal SNPs using an outlier approach, because we do 

not have an adequate genome-wide null distribution to compare our estimates. Thus, 

we considered that SNPs were outliers if their regression P-value fell in the bottom 1% 

of the distribution. All statistical analyses were performed in R 3.5.0 (R 2018). 

Relationship between clinal and seasonal variation 

We followed a similar approach to that of Cogni et al. (2015). We reasoned that as clinal 

variation can be a result of neutral processes, such as isolation-by-distance and 

admixture (Vasemägi 2006; Duchen et al. 2013; Kao et al. 2015; Bergland et al. 2016), an 

independent parallel evaluation of the action of natural selection is needed. Because 

environmental factors that vary with latitude also vary with seasons, SNPs that vary 

both clinally and seasonally are most likely being affected by natural selection. A warm-
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favored allele will increase in frequency from spring to fall (positive seasonal slope), 

whereas it will decrease in frequency with higher latitudes (negative clinal slope). The 

inverse would be true for a cold-favored allele. Therefore, we predicted that, if selection 

is pervasive, there will be a negative relationship between clinal and seasonal slopes. 

We also reasoned that this pattern should be stronger for regions of the genome where 

sites are more likely to be advantageous, such as exonic regions (Andolfatto 2005).  

We examined the relationship between clinal and seasonal variation by 

regressing the clinal against seasonal slopes for all SNPs: 

 

where  is the estimated clinal slope for the  SNP,  is the intercept,  is the slope, 

 is the estimated seasonal slope for the  SNP, and  is the gaussian error at that 

SNP. 

To assess differences in the relationship between clinal and seasonal variation 

across different genic classes (exon, intron, 5' UTR, 3' UTR, upstream, downstream 

intergenic, splice), we added the following interaction term: 

 

where  is the regression coefficient for the  genic class,  is the genic class of 

the  SNP. Furthermore, we performed a Tukey test to find differences in the 

relationship between clinal and seasonal variation among all genic classes. 

There are some chromosomal inversions segregating in the populations we 

studied and they are known to contribute to adaptation (Wright and Dobzhansky 1946; 

García-Vázquez and Sánchez-Refusta 1988; Kapun et al. 2014). We tested whether the 

relationship between clinal and seasonal variation is stronger inside the only common 
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inversion in our seasonal samples, In(2L)t (Kapun et al. 2016). To do so, we performed a 

regression similar to our previous one, that takes the form: 

 

where  is the inversion status (inside or outside In(2L)t), and  is the 

regression coefficient for the  status. 

Composite statistic for clinal and seasonal variation 

Our approach uses the relationship between clinal and seasonal variation in sets of 

SNPs to infer selection, and so it is not possible to detect individual SNPs which are 

under spatial and temporal selection. We developed a composite statistic based on 

Fisher’s method (Fisher 1992) that takes into account clinal and seasonal regression P-

values, and the sign of the clinal and seasonal slopes: 

 

where  is the P-value of the clinal regression and  is the P-value of the 

seasonal regression. When both P-values are small and the sign of the slopes are 

opposite, the statistic  will be negative in sign and have a large magnitude, suggesting 

that natural selection is acting on that polymorphism. We defined as outliers those in 

the bottom 1% of the  distribution. 

Enrichment tests 

We tested for enrichment of genic classes using our sets of clinal, seasonal, and 

composite SNPs. We implemented binomial generalized linear mixed models to 

examine the relationship between being top SNPs for a given statistic and genic class 

(fixed effect), while controlling for chromosome, recombination rate, and MAF quantile 

bin (random effects). 
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 We also performed Gene Ontology (GO) enrichment analysis to identify the 

biological function underlying our sets of outliers (Ashburner et al. 2000). One common 

issue with GO analysis is that they are biased, as longer genes are likely to harbor more 

SNPs. We thus used Gowinda (Kofler and Schlötterer 2012), an unbiased (i.e., that 

accounts for gene length) permutation approach to GO analysis. We obtained 

annotations from Flybase r6.15 and used the following parameters in Gowinda: 100,000 

simulations; a minimum of 1 gene per GO category, and considered SNPs 1000bp up 

and downstream of a gene.  

Controlling for linked selection 

Selection at one site affects genetic variation at linked neutral sites (Smith and Haigh 

1974). Because we assume that sites are independent in our models, it is possible that 

linked selection might explain a great portion of the patterns we investigated. We test 

the effect of linked selection by implementing a block bootstrap approach. Sampling 

one SNP per 500bp one thousand times, we constructed sets of SNPs with minimized 

dependency. For each of these sets, we regressed clinal against seasonal slopes, and 

compared the distribution of the block-bootstrapped regression coefficients to the 

coefficients we obtained using all SNPs.  

 We also investigated whether the relationship between clinal and seasonal 

variation is affected by local recombination rate. We added an interaction term between 

seasonal slope and crossover rate to our model, using crossover rates estimated over 

100kb windows from Comeron et al. (2012). To help us tease apart the relationship 

between recombination rate and linked selection, we compared the regression 

coefficient for the interaction using all SNPs and using our block-bootstrapped sets of 

SNPs. 
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Inferring proportion of selected SNPs 

Although a negative, significant relationship between clinal and seasonal variation 

indicates that a subset of the polymorphisms is being selected, it is difficult to measure 

how a given slope is related to a biological parameter, such as the proportion of selected 

SNPs. It is likely that most of the polymorphisms are not under spatial and seasonal 

selection, and so the noise around our slope estimate is high. To get a sense of how 

randomness impacts slope estimation, we ran a simple simulation. 

We formed three ( ) vectors drawing numbers from a normal distribution 

(mean = 0, standard deviation = 1). We created a fourth vector ( ) as a linear function 

of  ( , a = -1 and b = 0). We obtained two pairs of vectors, the independent 

 and  and the linearly dependent pair  and . We regressed the concatenated 

vector formed from  and  against the vector consisting of  and . For each 

simulation, we varied the relative number of elements in the linear dependent and 

linear independent vector pairs. Then, we fit a loess curve for the proportion of signal 

(number of elements in the linear dependent vector pair over the total number of 

elements) against the estimated regression coefficient.  

We assume that for SNPs under spatial and seasonal selection, the regression 

coefficient for latitude is a linear combination of the regression coefficient for season. 

For SNPs that are not under spatial and seasonal selection, there should be no 

relationship between the regression coefficients for latitude and season. By calculating 

the expected regression between clinal and seasonal variation for datasets with different 

proportions of points that fall along the  line, we could ask which proportion of 

selected SNPs is consistent with the regression coefficient of clinal against seasonal 

variation we observed.  
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Results 

We assembled 21 D. melanogaster population samples collected from eight localities in 

the east coast of the United States. All of these samples are the result of a collaborative 

effort of many researchers from two consortiums, the DrosRTEC (Bergland et al. 2014; 

Machado et al. 2018) and DrosEU (Kapun et al. 2018). Eight of our samples span from 

Florida to Massachusetts and together comprise our clinal set. The seasonal samples 

were collected in Pennsylvania in the spring (6 samples collected in June or July) and in 

the fall (7 samples collected in September, October or November). For each sample, a 

median of 55 individuals (with a range of 33 to 116) was pooled and resequenced to an 

average 75x coverage (ranging from 17 to 216). More details about the samples can be 

found on Table S1. After all the filtering steps, we identified 610,780 common autosomal 

SNPs, which we used in our analyses. 

Latitude explains more variation than seasons 

Latitude explains much of allele frequency variation along the surveyed populations, as 

there is an excess of low GLM P-value SNPs (Fig. S1A). At an FDR of 0.01, 41,590 SNPs 

remain significant, which is approximately 6.8% of the SNPs included in our analysis. 

At an FDR of 0.05, 97,427 SNPs remain significant (15.9%). We found that the 

magnitude of the clinal regression coefficients differed among chromosomes, with the 

rank order being 3R>3L>2L>2R (Table S2). The chromosome arm 3R is covered by three 

major inversions (In(3R)P, In(3R)Mo, and In(3R)K), what might explain its strong 

clinality (Fabian et al. 2012; Kapun et al. 2014).  

 Seasons, on the other hand, explain less of the variation in the Pennsylvania 

samples. There is a slight excess of low GLM P-value SNPs (Fig. S1B). At an FDR of 0.01 

or 0.05, no SNPs remain significant. At an FDR of 0.4, 146 SNPs are significant. The rank 



 13 

order of seasonal regression coefficients per chromosome was 3L=3R>2L>2R (Table S3). 

Just one of the major inversions (In(2L)t) segregates at considerable frequency in 

Pennsylvania (Kapun et al. 2016), and so it is unlikely that inversions account for the 

seasonal adaptation patterns we have found.  

 The detection of an excess of statistically significant clinal and seasonal SNPs is 

subject to numerous assumptions that are most likely violated by our study design. 

Therefore, we sought to demonstrate that the top significant clinal and seasonal SNPs 

are enriched for true positive SNPs that underlie clinal and seasonal adaptation. 

Latitudinal SNPs are more likely to be in exonic, UTR 3', UTR 5', and splice regions (Fig. 

1A). Seasonal SNPs are enriched for exonic regions (Fig. 1B). We controlled for 

recombination rate, minor allele frequency bin and chromosome, and P-values were 

FDR adjusted. 

Clinal variation mirrors seasonal variation 

A clinal pattern can arise as a result of non-adaptive processes, such as isolation by 

distance and admixture (Duchen et al. 2013; Kao et al. 2015; Bergland et al. 2016). 

Although seasonality is less affected by such processes, there is much variation within 

seasons and across years that can impact our inferences, and even though we have 

samples from different years, many model violations and unknown variables are likely 

affecting our analysis. By integrating both clinal and seasonal variation, we can infer 

natural selection with more confidence, because selection is the most likely process to 

produce a pattern of clinal and seasonal variation in opposite directions (Cogni et al. 

2015). With higher latitudes, cold-favored alleles rise in frequency, whereas from spring 

to fall, the frequency of cold-favored alleles decreases. Conversely, with higher 



 14 

latitudes, warm-favored alleles decrease in frequency, whereas from spring to fall, the 

frequency of warm-favored alleles increases. 

We find a significant negative relationship between clinal and seasonal 

regression coefficients (Fig. 2A). The relationship is stronger for SNPs within exons and 

introns when compared to polymorphisms in intergenic, upstream and downstream 

regions (Fig. 2A). We found that the relationship is not particularly stronger within the 

only common inversion in Pennsylvania (In(2L)t) (Fig. 2B). The strength of the signal 

varies among chromosome arms, following the order 3R>3L>2R>2L (Table S4). The 

relationship between clinal and seasonal coefficients is marginally stronger in high 

recombination regions (𝑃 = 0.08; Table S5), suggesting that the efficiency of selection is 

higher the higher the recombination rate. 

Another way of showing that latitudinally varying selective pressures reflect 

seasonally varying selection in Pennsylvania is by testing if clinal SNPs are more likely 

to be seasonal. We observed that clinal SNPs are enriched for seasonal SNPs (Fig. 3). 

The enrichment increases with more stringent P-value quantile cut-offs. 

Top SNPs for clinal and seasonal variation are enriched for metabolic 

functions 

Our approach to detecting selection relies on sets of SNPs, for which we fit a regression 

of latitudinal against seasonal regression coefficients. It is not possible, however, to 

single out individual polymorphisms and genes that are being driven by seasonal and 

spatial selection. Thus, we created a composite statistic that incorporates clinal and 

seasonal P-values, as well as the difference in sign (direction) of clinal and seasonal 

regression coefficients. We show that the outlier SNPs for this statistic are enriched 

among exonic, UTR 3', and UTR 5' (Fig. 1C).  
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 The composite statistic outliers greatly overlap with clinal and seasonal variants 

(Fig. 4). The overlap is greater among clinal and composite sites, because clinal P-values 

are generally much smaller than seasonal P-values. However, about one third of the 

composite outliers are unique. 

Although gene ontology enrichment analysis results should be interpreted with 

caution (Pavlidis et al. 2012), we characterized the biological function of the outlier 

SNPs for each of these sets: clinal SNPs, seasonal SNPs, and top composite SNPs. At an 

FDR corrected P-value < 0.05, we found enrichment for 17 GO terms for the clinal SNPs, 

no enrichment for the seasonal SNPs and five GO terms for the composite statistic SNPs 

(Tables S6, S7, S8). Most of these enriched terms are involved in metabolism. Because 

there are many unique SNPs to the composite statistic, we also sought to biologically 

characterize them (Table S9). Interestingly, we found that SNPs unique to the top 

composite statistic are enriched for four metabolic functions (macromolecule metabolic 

process, intramolecular oxidoreductase activity, RNA metabolic process, and nucleic 

acid metabolic process; Table S9). These results fit nicely with the previous observation 

that metabolic genes are central to clinal adaptation and vary latitudinally and 

seasonally (Lavington et al. 2014; Cogni et al. 2015).  

Linked selection contributes little to the relationship between clinal and 

seasonal variation 

Our regression analysis of clinal and seasonal variation assumes that SNPs are 

independent. However, variation at one site is linked to variation at other sites, and 

selection can increase this dependency. Therefore, we assessed the impact of linked 

selection by implementing a block-bootstrap approach. The strength of the genome-

wide relationship between clinal and seasonal variation decreased slightly when 
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randomly sampling one SNP per 500bp (𝑃 < 10(); Fig. 5). It did not significantly impact 

the signal for exonic, intronic, and intergenic regions (𝑃 > 0.05; Fig. 5). The block-

bootstrap estimates for the impact of the recombination rate on the relationship between 

clinal and seasonal variation are significantly stronger than our initial estimate (𝑃 <

10(); Fig. 5). After correcting for dependence, the relationship between recombination 

rate and our signature of natural selection increases. This supports our previous 

reasoning that recombination increases the efficiency of selection. 

Selection accounts for most of the clinal variation 

Although we identified a significant negative relationship between clinal and seasonal 

variation, the magnitude of the regression coefficient appears small ( ). It is 

hard to measure the biological relevance of such coefficient, and so we designed a 

simple simulation approach that translates our statistic of interest into a biological 

parameter, that is a proportion of selected sites. We found that the observed regression 

coefficient is consistent with approximately 6.6% of the genome being under spatial and 

seasonal selection (Fig. 6). It is noteworthy that this proportion is similar to 6.8% (clinal 

SNPs at 0.01 FDR), and not much smaller than 15.9% (clinal SNPs at 0.05 FDR). 
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Figure 1. Top SNPs are enriched for functionally relevant classes. Enrichment of top 1% 
SNPs in each genic class. A) for latitudinal P-value, B) seasonal P-value, and C) 
composite statistic. Composite statistic takes into account the latitudinal and seasonal P-
value, and the difference in sign between latitudinal and seasonal regression 
coefficients. Error bars are 95% CI. 
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Figure 2. Clinal variation reflects seasonal variation. The strength of the relationship 
varies A) among different genic classes, and B) between inversion statuses. Error bars 
are 95% CI. Horizontal bars represent post-hoc analysis. * P-value < 0.05, ** P-value < 
0.005. 
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Figure 3. Clinal SNPs are more likely to be seasonal. Enrichment of seasonal SNPs 
among clinal SNPs using different P-value cutoffs. 
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Figure 4. Overlap among 1% top SNPs for latitudinal P-value, seasonal P-value, and 
composite statistic. 
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Figure 5. Block-bootstrapped estimates (one SNP per 500bp). Blue dots are the mean 
across simulations, blue lines standard deviation and gray dots the values for each 
simulation. Black horizontal lines are the original estimates. 
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Figure 6. Relationship between the regression slope between two variables and the 
proportion of linearly dependent elements. Black points represent each simulation, and 
blue line is the fitted loess curve. 

 

 

 

 

 

 

  

0%

7%

25%

50%

75%

100%

−1
.00

0
−0

.75
0

−0
.50

0
−0

.25
0

−0
.06

6
0.0

00

Scaled regression slope

Pr
op

or
tio

n 
of

 s
ig

na
l (

se
le

ct
ed

 S
N

Ps
)



 23 

Discussion 

Clinal patterns have been observed in both phenotypic and genotypic traits in many 

different species (Hancock et al. 2008; Baxter et al. 2010; Adrion et al. 2015). Although 

clinal variation is often taken as evidence of spatially varying selection, many studies 

have shown that demographic processes can generate similar patterns (Vasemägi 2006; 

Duchen et al. 2013; Kao et al. 2015; Bergland et al. 2016). Disentangling adaptive from 

non-adaptive processes is not trivial, and ideally one would need access to population 

parameters that are hard to estimate. One alternative lies in looking for patterns of 

clinal and seasonal variation (Cogni et al. 2015), since variation over short periods 

should be orthogonal to most confounding demographic processes (Bergland et al. 

2014). Because we expect the environment to change in similar ways along a latitudinal 

transect and within a temperate location across seasons, integrating both clinal and 

seasonal variation can be informative of natural selection.  

Here, using D. melanogaster samples from the east coast of the US, we show that 

(i) there is a genome-wide pattern of clinal variation mirroring seasonal variation, (ii) 

this is consistent with the action of natural selection, and (iii) most of the observed clinal 

variation can be explained by natural selection acting both spatially and seasonally. We 

show that clinal variation recapitulates seasonal variation, as there is a significant 

negative relationship between clinal and seasonal regression coefficients in the D. 

melanogaster genome (Fig. 2A), and there is an enrichment for seasonal SNPs among 

clinal SNPs (Fig. 3). The relationship between clinal and seasonal regression is stronger 

for genic when compared to intergenic regions (Fig. 2A). Because variants in genic 

regions are more likely to impact fitness when compared to intergenic regions 

(Andolfatto 2005), this result can be explained by selection. 
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We sought to estimate how much of the variants should be under latitudinal and 

seasonal selection to explain the genome-wide pattern of clinal and seasonal 

concordance we found. Our results suggest that the observed strength of the 

relationship between clinal and seasonal variation is explained by about 6.6% of the 

SNPs being under spatial and seasonal selection (Fig. 6). We estimate that 

approximately 6.8% of the SNPs are clinal at 1% FDR and 15.9% at 5% FDR. A previous 

study has obtained a slightly smaller number (4.3% at 1% FDR), but they included 

samples from Maine that were collected in the fall (Machado et al. 2016). We do not 

have an appropriate null distribution that takes into account simultaneously selective 

and demographic processes, therefore our choice of 1% or 5% FDR is somewhat 

arbitrary. We should emphasize the exact genome-wide proportions are likely to be 

smaller, because we applied some stringent filters that may have removed a significant 

number of real variants. Nonetheless, our simple analysis showed that most clinal 

variation in common, autosomal SNPs is consistent with selection that varies spatially 

and seasonally. This is an important result, as more recent studies have favored non-

adaptive hypothesis to explain clinal patterns in D. melanogaster (Duchen et al. 2013; Kao 

et al. 2015; Bergland et al. 2016). 

One such hypothesis is the secondary contact hypothesis, which states that clinal 

patterns could be attributed to migration from Europe to high latitude regions and from 

Africa to low latitude regions (Bergland et al. 2016). The interpretation that this could 

generate and maintain most of the clinal variation observed in D. melanogaster is highly 

unlikely. Clinal variation has been observed in this and related species for a long time 

(David and Bocquet 1975a; David and Bocquet 1975b; Coyne and Beecham 1987; Singh 

and Rhomberg 1987a). Given the high levels of gene flow estimated between the ends of 

the cline both in the US and Australia (Singh and Rhomberg 1987b; Agis and Schlötterer 
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2001; Kennington et al. 2003; Schmidt et al. 2005), differentiation at neutral sites should 

quickly dissipate, unless there is a considerable amount of ongoing migration from 

Africa and Europe into both the US and Australia. Furthermore, secondary contact 

cannot account for any of the patterns we uncovered here, as variation over very short 

timescales (e.g., seasonal variation) is orthogonal to admixture. 

Demography and linkage disequilibrium could impact our estimates, and even 

explain some of the patterns we found. Demography could potentially mimic some of 

the seasonal patterns we have observed here. First, rural populations of D. melanogaster 

in temperate regions collapse during the winter and recover from spring to autumn. If 

early spring fly populations are recolonized from local urban refugia, then the seasonal 

variation we observed is a result of migration of urban genotypes into rural areas. In 

fact, reproductive diapause cycles in orchards and reaches high frequencies early in the 

spring. However, its frequency in urban fruit markets in Philadelphia is much lower 

(Schmidt and Conde 2006), making it unlikely that seasonal variation is a result of 

migration of urban flies to rural areas. Flies have been shown to survive and reproduce 

during winter season in temperate regions, supporting our argument that rural flies can 

withstand a harsh winter season (Mitrovski and Hoffmann 2001; Hoffmann et al. 2003). 

Furthermore, (Bergland et al. 2014) used simulations and found that local refugia 

recolonization is unlikely promoting the seasonal oscillation of hundreds of SNPs. 

Second, the same observed seasonal pattern could be produced by migration of flies 

from the south in the summer, and from the north in the winter. Northward migration 

of flies in the summer seems biologically plausible, as populations reach their peak 

during this season and migration rates are high in D. melanogaster. On the other hand, 

southward migration during the winter seems unlikely, because the winter starts earlier 

in the north, fly populations are dramatically reduced during this season, and climate 



 26 

would additionally hinder their long-range migration. We know that the seasonal 

variation is not exclusively caused by selection in the summer, but also in the winter. 

The incidence of diapause and the allele associated with diapause incidence, for 

instance, increases in frequency during the winter (Schmidt and Conde 2006; Cogni et 

al. 2014). Therefore, alternating long-range migration from the ends of the cline cannot 

explain the patterns we observe. 

Linkage disequilibrium could affect our estimates in two ways. First, 

chromosomal inversions segregate along the cline and seasonally in Pennsylvania 

(Kapun et al. 2016). Although inversions do contribute to adaptation (Fabian et al. 2012; 

Kapun et al. 2016), we demonstrate that the genome-wide pattern of clinal reflecting 

seasonal variation cannot be explained by sites within inversions (Fig. 2B). This result is 

in concordance with previous studies, which have shown that not all clinal and seasonal 

variation can be attributed to inversions (Fabian et al. 2012; Bergland et al. 2014; 

Machado et al. 2018). More generally, because we expect rapid changes in allele 

frequency across seasons to intensify linkage disequilibrium, linked selection could bias 

our estimates. However, we show that this effect is rather small (Fig. 5). Previous 

studies have shown that linked selection is important in this short time scale, but it 

decays rapidly, and returns to background levels within 200 bp (Bergland et al. 2014; 

Machado et al. 2018). Therefore, we can conclude the genome-wide pattern of clinal 

variation mirroring seasonal variation is a result of selection acting on many sites across 

the genome. 

Although a few previous studies have investigated the relationship between 

clinal and seasonal variation (Cogni et al. 2015; Machado et al. 2018), we are the first to 

thoroughly investigate this pattern in a genome-wide context and to demonstrate that 

this signature is consistent with the action of spatial and seasonal selection. Cogni et al. 
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(2015) focused on a few SNPs in metabolic genes, and so they could not draw robust 

conclusions about processes that impact most of the genome. Our work is also 

fundamentally different from that of (Machado et al. 2018), which revolves around 

identifying seasonal variation in many locations in North America and Europe. They 

investigated the relationship between clinal and seasonal variation as a way to validate 

their outlier seasonal SNPs. In addition, because our interest is to ultimately understand 

processes driving clinal variation in the east coast of the US, we only included seasonal 

samples from Pennsylvania. This location had the greatest number of years surveyed (7 

years, as opposed to 2 years for most of the other locations; Machado et al. 2018), and it 

is the population for which we have the most information about how phenotypes vary 

seasonally (Schmidt and Conde 2006; Behrman et al. 2015; Rajpurohit et al. 2017; 

Behrman et al. 2018). Also, D. melanogaster populations are structured, and so there are 

differences in polymorphisms segregating in the US and Europe. 

Many species occur along spatially structured environments, and show clinal 

variation in many traits, so a question that remains open is whether these patterns are 

the result of natural selection or neutral demographic processes. Temporal variation is 

also ubiquitous, especially in temperate environments, so seasonal adaptation could be 

an important feature of organisms that have multiple generations each year (also called 

multivoltine) (Behrman et al. 2015). Here, we demonstrate that by integrating clinal and 

seasonal variation, it is possible to discern adaptive and non-adaptive hypothesis for 

clinal variation. This approach could potentially be applied to other multivoltine species 

that occur along environmental gradients. Notably, this approach can be applied in 

invasive species, which are known to often have short-generation times and to 

reproduce quickly (Sakai et al. 2001). Our data is consistent with the adaptive 
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hypothesis for clinal variation in D. melanogaster, and our results could hold for many of 

the other species which show clinal variation in natural populations. 
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Supplementary material 

Table S1. Information of the samples used in this study. 

Accession # Sample 
name 

Location Latitu
de 

Collecti
on date 

# 
Flies 

Median 
depth 

Month Seaso
n 

Seaso
nal set 

Clinal 
set 

SRR1525685 FL1 Homestead, FL 25.47 Jul-08 39 59 7 Spring 0 1 

SRR1525694 FL2 Homestead, FL 25.47 Jul-08 48 38 7 Spring 0 1 

SRR1525695 GA Hahira, GA 30.99 Jul-08 51 102 7 Spring 0 1 

SRR1525696 SC Euatwville, SC 33.40 Jul-08 48 83 7 Spring 0 1 

SRR3590551 VA_07_2
012 

Charlotttesville, 
VA 

38.03 Jul-12 95 70 7 Spring 0 1 

SRR1525697 NC Raleigh, NC 35.5 2003 98 33 NA NA 0 1 

SRR3939095 PA_06_2
013 

Linvilla, PA 39.88 Jun-13 54 71 6 Spring 0 1 

SRR3590557 MA_07_2
012 

Lancaster, MA 42.46 Jul-12 90 51 7 Spring 0 1 

SRR1525768 PA_07_2
009 

Linvilla, PA 39.53 Jul-09 55 187 7 Spring 1 0 

SRR1525769 PA_11_2
009 

Linvilla, PA 39.53 Nov-09 74 66 11 Fall 1 0 

SRR1525770 PA_07_2
010 

Linvilla, PA 39.53 Jul-10 116 17 7 Spring 1 0 

SRR1525771 PA_11_2
010 

Linvilla, PA 39.53 Nov-10 33 76 11 Fall 1 0 

SRR1525772 PA_07_2
011 

Linvilla, PA 39.53 Jul-11 75 53 7 Spring 1 0 

SRR1525773 PA_10_2
011 

Linvilla, PA 39.53 Oct-10 47 74 10 Fall 1 0 

SRR3590560 PA_10_2
012 

Linvilla, PA 39.53 Oct-12 100 26 10 Fall 1 0 

SRR3590561 PA_07_2
012 

Linvilla, PA 39.53 Jul-12 115 60 7 Spring 1 0 

SRR3590563 PA_9_20
12 

Linvilla, PA 39.53 Sep-12 50 55 9 Fall 1 0 

SRR3939096 PA_10_2
014 

Linvilla, PA 39.88 Oct-14 50 109 10 Fall 1 0 

SRR3939097 PA_06_2
014 

Linvilla, PA 39.88 Jun-14 92 68 6 Spring 1 0 

SRR3939098 PA_10_2
015 

Linvilla, PA 39.88 Oct-15 52 102 10 Fall 1 0 

SRR3939099 PA_07_2
015 

Linvilla, PA 39.88 Jul-15 74 216 7 Spring 1 0 
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Figure S1. Distribution of seasonal and latitudinal GLM P-values. 
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Table S2. Summary of a regression of absolute latitude regression coefficients against 
chromosomes. CI stands for 95% confidence interval. 
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Table S3. Summary of a regression of absolute seasonal regression coefficients against 
chromosomes. CI stands for 95% confidence interval. 
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Table S4. Summary of a regression of latitude regression coefficients against seasonal 
regression coefficients, with an interaction term between seasonal regression and 
chromosome. CI stands for 95% confidence interval. 
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Table S5. Summary of a regression of latitude regression coefficients against seasonal 
regression coefficients, with an interaction term between seasonal regression and 
crossover rate (Comeron et al. 2012). CI stands for 95% confidence interval. 
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Table S6. Gene ontology hits using 1% top latitudinal SNPs. Only terms with a FDR 
corrected P-value less than 0.05 are shown. 
GO category # 

candidate 
SNPs 
within 
genes 

FDR 
corrected P-
value 

# genes 
in this 
GO 
term 

Description 

GO:0010171 11 0.013785 18 body morphogenesis 

GO:0016623 4 0.013785 4 oxidoreductase activity, 
acting on the aldehyde or oxo 
group of donors, oxygen as 
acceptor 

GO:0032991 317 0.013785 1792 macromolecular complex 

GO:0007288 10 0.013785 18 sperm axoneme assembly 

GO:0005214 32 0.013785 123 structural constituent of 
chitin-based cuticle 

GO:0042302 34 0.013785 129 structural constituent of 
cuticle 

GO:0046483 160 0.013785 908 heterocycle metabolic process 

GO:1901360 173 0.013785 973 organic cyclic compound 
metabolic process 

GO:0035082 10 0.020846667 21 axoneme assembly 

GO:0006139 152 0.020846667 863 nucleobase-containing 
compound metabolic process 

GO:0034641 214 0.020846667 1403 cellular nitrogen compound 
metabolic process 

GO:0090304 118 0.020846667 707 nucleic acid metabolic process 

GO:0005578 17 0.02549 35 proteinaceous extracellular 
matrix 

GO:0006725 165 0.029770714 942 cellular aromatic compound 
metabolic process 

GO:0006807 248 0.044773333 1605 nitrogen compound 
metabolic process 

GO:0006979 35 0.048411875 94 response to oxidative stress 

GO:0048079 7 0.048671177 12 regulation of cuticle 
pigmentation 
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Table S7. Gene ontology hits using 1% top seasonal SNPs. Only terms with a FDR 
corrected P-value less than 0.05 are shown. 
 
GO category # candidate 

SNPs within 
genes 

FDR corrected 
P-value 

# genes in this 
GO term 

Description 

no terms with FDR P-value < 0.05   
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Table S8. Gene ontology hits using 1% top composite statistic SNPs. Only terms with a 
FDR corrected P-value less than 0.05 are shown. 
 
GO 
category 

# candidate 
SNPs 
within 
genes 

FDR 
corrected P-
value 

# genes 
in this 
GO term 

Description 

GO:0010171 10 0.035683333 18 body morphogenesis 

GO:0016623 4 0.035683333 4 oxidoreductase activity, 
acting on the aldehyde or oxo 
group of donors, oxygen as 
acceptor 

GO:1901360 194 0.035683333 973 organic cyclic compound 
metabolic process 

GO:0046483 178 0.036645 908 heterocycle metabolic process 

GO:0006979 40 0.03731 94 response to oxidative stress 
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Table S9. Gene ontology hits using SNPs unique to 1% top composite statistic. Only 
terms with a FDR corrected P-value less than 0.05 are shown. 
 
GO 
category 

# candidate 
SNPs 
within 
genes 

FDR 
corrected P-
value 

# genes 
in this 
GO term 

Description 

GO:0043170 292 0.038865 2486 macromolecule metabolic 
process 

GO:0016863 3 0.038865 3 intramolecular 
oxidoreductase activity, 
transposing C=C bonds 

GO:0016070 64 0.038865 541 RNA metabolic process 

GO:0090304 82 0.038865 707 nucleic acid metabolic process 

 


