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Developmental plasticity describes the capacity of individuals with the same genotype to induce permanent change in a pheno-

type depending on a specific external input. One well-studied example of adaptive developmental plasticity is the induction of

facultative diapause in insects. Studies investigating the inheritance of diapause induction have suggested diverse genetic ori-

gins. However, only few studies have performed genome-wide scans to identify genes affecting the induction decision. Here we

compare two populations of the butterfly Pieris napi that differ in the propensity to enter diapause, and despite showing a low

genome-wide divergence, we identify a few genomic regions that show high divergence between populations. We then identi-

fied a single genomic region associated with diapause induction by genotyping diapausing and directly developing siblings from

backcrosses of these populations. This region is located on the Z chromosome and contained three circadian clock genes, cycle,

clock, and period. Additionally, period harbored the largest number of SNPs showing complete fixation between populations. We

conclude that the heritable basis of between-population variation in the plasticity that determines diapause induction resides on

the Z chromosome, with the period gene being the prime candidate for the genetic basis of adaptive plasticity.
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Developmental plasticity describes the capacity of individuals

with the same genotype to induce permanent change in a phe-

notype depending on a specific external input (Stearns 1989). As

there is often genetic variation for the responsiveness to external

stimuli, developmental plasticity can evolve by natural selection.

This may produce adaptive plasticity, allowing organisms to ex-

press different phenotypes in different environments to optimize

fitness in a context-dependent manner (Gotthard and Nylin 1995;

Nettle and Bateson 2015). To unravel the evolutionary dynamics

of this process, the underlying genetic variation in adaptive plas-

ticity among natural populations needs to be identified (Lafuente

et al. 2018).

One well-studied example of adaptive developmental plas-

ticity is the induction of facultative diapause in insects

#
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(Danilevskii 1965; Tauber et al. 1986; Leimar et al. 2006; Got-

thard and Berger 2010; Kivelä et al. 2017). This plasticity al-

lows insects to express several generations during the favorable

time of the year, while still having the capacity to enter diapause

when the nonfavorable season approaches. Diapause is charac-

terized by a suppression of development and reduced metabolic

rate, which enables insects to survive until favorable conditions

return (Tauber et al. 1986). Typically, environmental cues such as

a decreasing photoperiod and temperature signal the approaching

end of the growing season, inducing a switch from direct devel-

opment to the diapause program (Lees 1955). As the change in

photoperiod over the seasons is highly consistent between years,

photoperiod often supersedes temperature as a reliable signal for

initiating diapause (Lindestad et al. 2019). The photoperiodic sig-

nal that induces diapause is latitude-specific for many species,
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CLOCK GENES ASSOCIATE WITH DIAPAUSE INDUCTION

revealing an adaptive landscape of photoperiod-based diapause

induction (Kimura 1988; Hahn and Denlinger 2010; Paolucci

et al. 2013; Aalberg Haugen and Gotthard 2015; Lindestad et al.

2019).

Studies investigating the inheritance of diapause induction

have suggested diverse genetic backgrounds, from single locus to

polygenic inheritance (Kurahashi and Ohtaki 1977; Lumme and

Keränen 1978; Doležel et al. 2005; Kawakami et al. 2010; Söder-

lind and Nylin 2011; Lehmann et al. 2016; Pruisscher et al. 2017).

However, only few studies have performed genome-wide scans to

identify genes affecting the induction decision (Pruisscher et al.

2018). As it appears unlikely that the genetic basis for variation

in diapause induction is completely idiosyncratic to each species,

it is important to explore potential commonalities across species

to enable the study of shared physiological mechanisms and dia-

pause evolution.

One influential hypothesis concerning photoperiodic in-

duction of diapause is the so-called Bünning hypothesis, which

posits that the circadian clock, a biochemical oscillator that

cycles in a 24-hour period entrained by day light, is involved

in the measurement of day length (Bünning 1936). Studies

across a range of insects have implicated a link between cir-

cadian clock genes and diapause induction (Ikeno et al. 2010;

Paolucci et al. 2016; Pruisscher et al. 2018), of which one

notable example found alternative isoforms of the gene time-

less that correlated with an adaptive cline in photoperiodic

response (Tauber et al. 2007). However, there is also evidence

suggesting the circadian clock and photoperiodic induction of

diapause to be independent of each other (Emerson et al. 2009b;

Bradshaw et al. 2012a). This would suggest that specific clock

genes can act pleiotropically on diapause induction, or that the

involvement of these genes is taxon-specific (Emerson et al.

2009a).

The present study investigates the genomic basis of popula-

tion differences in diapause induction in the green-veined white

butterfly Pieris napi (Lepidoptera, Pieridae). This species shows

an adaptive cline across latitudes in the photoperiodic induction

of diapause (Kivelä et al. 2015; Pruisscher et al. 2017), and also

to a lesser extent in the effect of temperature on diapause in-

duction (Kivelä et al. 2015). In a previous study P. napi pop-

ulations from Barcelona (northern Spain) and Abisko (northern

Sweden) were crossed to investigate the inheritance of the pho-

toperiodic induction of diapause (Pruisscher et al. 2017). In the

wild, the Barcelona populations may have up to four annual gen-

erations, whereas Abisko populations only have one generation

per year. The growing season in Abisko is so short that these

populations never express the direct development pathway. This

adaptive difference persists in common garden conditions, in-

dicating a genetic basis for the difference in the propensity to

induce diapause (Pruisscher et al. 2017). Initial investigations

into the genetic architecture of diapause induction using F1-

hybrid crosses and backcrosses with the Abisko population iden-

tified a strong condition-dependent sex-linked component with

an additional polygenic autosomal composition (Pruisscher et al.

2017).

The specific aim of this article was to identify high-quality

candidate genes for mechanistic insights and future analysis on

variation in diapause induction, and to place these results in the

larger context of adaptive developmental plasticity. To do this,

we first characterized overall genome-wide differences between

the P. napi populations of Barcelona and Abisko using a pooled

sequencing approach. Second, we sequenced population crosses

of a previous study (Pruisscher et al. 2017), and performed a

bulk segregant analysis (BSA) approach to identify the genomic

regions associated with the diapause induction decision in five

separate, between-population backcrosses. This replicated fam-

ily design for our BSA allows us to gain general insights into the

population level differences of induction, and to narrow down the

chromosomal region of interest involved in this locally adapted

reaction norm. We then investigated these genomic regions of

interest to assess whether there was an enrichment of divergent

regions in circadian clock genes.

Methods
SAMPLING DESIGN

For the full rearing design refer to Pruisscher et al. (2017).

Briefly, in 2014 a population of Abisko (Sweden, 68.36°N,

18.79°E), that had already spent one generation in diapause in

the laboratory, was crossed with a newly caught population sam-

ple from Barcelona (Spain, 42.23°N, 3.10°E) to generate F1 hy-

brids. The Abisko population was also crossed within itself to

continue the Abisko line (independent families to avoid inbreed-

ing). In 2015, the F1 hybrids and pure population line of Abisko

were used to generate backcrosses. In the present study we used

offspring from crosses between an Abisko female and F1-hybrid

males of both reciprocal crosses (i.e., either an Abisko female and

a Barcelona male, or an Abisko male and a Barcelona female). In

particular, three families from an Abisko ×♀Abisko/♂Barcelona

cross, and two families of an Abisko × ♀Barcelona/♂Abisko

cross were used (Table 1). All offspring from these crosses were

reared under a light:dark cycle of 23 hours:1 hour, at 20°C. After

pupating, each offspring was put into individual cups and moni-

tored daily for eclosion. Pupae that had not eclosed within three

weeks, were considered to be in diapause. Diapausing individu-

als were put into constant darkness at 2°C for five months, af-

ter which they were brought back into the rearing conditions to

eclose. All eclosed individuals were sampled at day 2 of adult life

by putting them into individual storage containers into a freezer

at −80°C.
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Table 1. Five backcrosses and the number of direct developing and diapausing individuals for each sex under 23 hours of light per day

at 20°C.

Family F × M Males Direct Diapause Diapause (%) Females Direct Diapause Diapause (%)

106 A × AB 18 43 70.5 30 39 56.5
110 A × AB 14 82 85.4 27 51 65.4
115 A × AB 9 80 89.9 34 66 66
128 A × BA 31 54 63.5 35 46 56.8
135 A × BA 11 35 76.1 27 26 49.1

SEQUENCING

The initial results of Pruisscher et al. (2017) indicated an in-

heritance of diapause induction linked to the Z chromosome, a

sex-linked effect. As females are the heterogametic sex in Lep-

idoptera (they have one Z and one W chromosome), the female

offspring of these five crosses were sequenced to investigate can-

didate genes for variation in diapause induction.

DNA was extracted from each individual using a DNeasy

blood and tissue kit (Qiagen) with an extra RNase A treatment to

remove potential RNA contamination. DNA quality was checked

on 2% agarose gels stained with GelRed, to ensure minimal frag-

mentation, and UV-Vis spectrometer (NanoDrop 8000; Thermo

Scientific) to assess purity. All samples showed minimal frag-

mentation on a gel, and high purity with an absorbance 260/280

>1.7 and <2.0. For each family and pathway, samples were

combined at equal concentration, resulting in 10 pools of 5 µg

RNA-free gDNA. SciLifeLab (Uppsala, Sweden) performed the

library preparation (Illumina TruSeq DNA PCR-free library) and

sequencing (Illumina HiSeq2000, 100-bp paired-end reads, 450

bp insert size).

READ FILTERING

PCR duplicates were removed from the raw sequencing files us-

ing the clone_filter script of Stacks-1.21 (Catchen et al. 2013), af-

ter which Illumina sequencing adaptors were removed and reads

were quality trimmed to a minimum Phred base quality of 20 as

well as discarding broken read pairs, using BBDUK2 (BBMap

v34.86, Bushnell, http://sourceforge.net/projects/bbmap/).

MAPPING

All Pool-Seq read data were mapped to the P. napi v1.1 genome

assembly (Hill et al. 2019) using NEXTGENMAP v0.5.0 at de-

fault settings (Sedlazeck et al. 2013). Alignments were filtered

using samtools v1.6 (Li 2009), only keeping reads that mapped

correctly as pairs (Table S1).

FST DIVERGENCE

Differentiation between the pure populations, as well as for each

within-family pair of direct development versus diapause, was

quantified by combining the filtered pairs of read sets into an

mpileup file using samtools v1.6 (Li 2009), in which indels and

2 bp on either side of the indel were masked using popoolation

v1.2.2 (Kofler et al. 2011a). Next, FST was calculated in 50 kb

nonoverlapping windows using popoolation2 v1201 (Kofler et al.

2011b), keeping windows where >50% of a window had a read

coverage between 10 and 500.

SYNTENY WITH Bombyx mori AND Zerene cesonia

To investigate the chromosomal location of P. napi modScaffolds

that were not associated to a chromosome, we aligned these mod-

Scaffolds and the Z chromosome of P. napi against the chromo-

some assembly of Zerene cesonia, which is in the same fam-

ily as P. napi (Pieridae) (Rodrigues-Caro et al Rodriguez-Caro

et al. 2020), at the DNA level using Whole Genome VISTA web-

server (Mayor et al. 2000; Frazer et al. 2004), which is a wrapper

for Shuffle-LAGAN, a global alignment algorithm (Brudno et al.

2003). We also used the protein sequences of these scaffolds to

search against the protein sequences of the silk moth Bombyx

mori using DIAMOND v0.9.10 (Buchfink et al. 2015) on de-

fault settings, extracting the top hits for each protein sequence.

Both analyses gave similar results, thus only the alignment with

Z. cesonia is shown.

GENE SET ENRICHMENT ANALYSIS

Gene set enrichment analysis was used to investigate the candi-

date region for enrichment of gene sets, using topGO considering

Parent-Child relationships (Alexa and Rahnenfuhrer 2018), com-

paring the set of genes present in the candidate region against the

rest of the annotated genes in the genome.

To test specifically for an enrichment of circadian clock

genes, the GO term GO:0032922, circadian regulation of gene

expression, was added to the annotation of the genome for a cus-

tom set of 33 genes (Table S2). These genes represent the or-

thologs of 35 components of the circadian clock as identified

in the monarch butterfly Danaus plexippus (Merlin et al. 2009).

These genes were identified in P. napi using DIAMOND v0.9.10

(Buchfink et al. 2015) on default settings, comparing the P. napi

protein sequences to the Danaus plexippus protein sequences of
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Figure 1. Genome-wide divergence measured as FST in 50 kb nonoverlapping windows between Barcelona and Abisko. The solid hor-

izontal line indicates the 95th percentile at FST = 0.087. The 25 chromosomes are indicated by number, and modScaffolds are indicated

by a dash on the X-axis. Chromosome 1 is the Z chromosome.

these genes (Table S2), and selecting genes with a minimum iden-

tity of 50%, and an E-value ≤1.0 × 10−10.

Results
DIVERGENCE BETWEEN BARCELONA AND ABISKO

The P. napi genome assembly consists of 25 chromosomes, 1

mitochondrial sequence, and 2943 unplaced “modScaffolds” for

which the chromosomal location is unknown (Hill et al. 2019).

A total of 91.7% of the reads from the Barcelona population,

and 92% of the reads from the Abisko populations mapped to

this assembly (Table S1). Differentiation between the populations

measured as FST in 50 kb nonoverlapping windows revealed an

overall low population divergence between Barcelona and Abisko

(FST mean = 0.056, SD = 0.026). When using the 95th per-

centile (FST > 0.087) as criterion for being an outlier, there were

windows present on most chromosomes that fulfilled this, but

there was a notable concentration of outlier windows on chro-

mosome 1, which is the Z chromosome in the assembly (Fig. 1).

DIFFERENTIATION IN BACKCROSSES

The diapause induction decision was investigated using the off-

spring of five crosses between Abisko females and F1-hybrid

males (Table 1), from a larger previous study that investigated

the inheritance of diapause induction in this species (Pruisscher

et al. 2017). Female butterflies inherit their single Z chromosome

from their father who produce Z chromosomes that have gone

through at least one recombination event. The F1-hybrid males

were the result of a cross between Abisko and Barcelona, re-

sulting in their daughters being hemizygous at any given locus

on the Z for either the Abisko or Barcelona allele. The expec-

tation in this study was that diapausing females would carry an

Abisko allele at the locus of interest, and the directly develop-

ing females to have a Barcelona allele. Chi-square tests on the

propensity to enter diapause revealed that in the offspring of these

backcrosses, the males showed a ≈77% diapause incidence with

a difference between crosses (X2 = 22.87, P <0.001), whereas in

females the propensity of ≈59% was not significantly different

between crosses (X2 = 5.77, P = 0.217). In the females, this pat-

tern resembled a sex chromosome linked inheritance of diapause

induction (Pruisscher et al. 2017), which predicts the expression

of diapause in half of the individuals because that is the propor-

tion carrying Z-linked diapause induction genes from Abisko.

To identify which of the genomic outliers that were detected

between the populations could be involved in diapause adapta-

tion, the females of the five backcrosses were sequenced in pools;

five pools for direct and five pools for diapause. More than 91%

of the reads mapped to the assembly for each of the 10 pools

(Table S1). Differentiation between these direct development and

diapause pools as measured using FST in 50 kb nonoverlapping

windows revealed three highly divergent regions among a uni-

form background of no differentiation, consistent over all the five

crosses (Fig. 2A).

Outlier regions for each cross were defined as having a

window-based FST above the 95th percentile, corresponding to

FST > 0.095 in family 106, FST > 0.14 in family 110, FST >

0.256 in family 115, FST > 0.141 in family 128, and FST > 0.25

in family 135. More than 71% of all unique outlier regions were

shared between all five crosses (Fig. 2B), and these outliers were

located in only three genomic regions: these were Chromosome

1, and two anonymous smaller contigs called modScaffold_17_1,

and modScaffold_95_1 (Table 2).
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Figure 2. (A) Genome-wide divergence measured as FST in 50 kb nonoverlapping windows between direct development and diapause

pools of five backcrosses. (B) Venn diagram of the overlap of the most divergent regions between crosses. Of the total of 253 unique

regions, 180 (71%) were shared between all five families, and 213 (84%) were common to at least four families.

Table 2. Number of outlier windows (>95th percentile) shared in

the backcross families for the three regions they occur in.

Present in
n families

Region
Chr_1 modScaf_17_1 modScaf_95_1

Five 136 37 7
Four 30 3 1
Three 1 1 0
Two 9 0 1
One 23 0 0

To place the two anonymous scaffolds in a chromosomal

context, a synteny analysis was performed using the B. mori pro-

teome and the protein sequences of the genes present on these

two scaffolds, In total 66 of the 77 genes found on modScaf-

fold_17_1 were found on B. mori chromosome 1, as well as 26

of the 28 genes found on modScaffold_95_1, providing evidence

that these scaffolds are also part of chromosome 1 in P. napi.

Synteny of these scaffolds was also explored using nucleotide

alignment with Pierid butterfly Z. cesonia, confirming the pro-

tein synteny with B. mori (Figs. 3D and S1).

CANDIDATE GENES FOR DIAPAUSE INDUCTION

The 180 windows that showed consistent divergence between

phenotypes in all five backcrosses were intersected with the out-

liers of the population comparison (FST > 95th percentile). This

yielded 46 windows of overlap, containing a total of 100 anno-

tated genes. 89 of these genes were located on the terminal end

of chromosome 1, together with 11 on modScaffold_17_1, and

none on modScaffold_95_1 (Fig. 3).

Within these 100 genes, a total of 25 genes contained 219

SNPs with an FST > 0.52 (95th percentile) within their exon

boundaries (Table 3). When only examining fixed differences

(FST = 1.0) a total of three genes contained 25 SNPs. The gene

annotated as period circadian protein contained the majority of

SNPs at both FST cutoffs (Table 3). Of the in total 25 fixed SNPs

between populations, 21 SNPs showed nonsynonymous changes:

one in the gene Protein zer-1 homolog, three in the gene Dynein

heavy chain 6, axonemal, and 17 in period circadian protein

(Table S3).

GENE SET ENRICHMENT ANALYSIS

To conduct an enrichment analysis for certain gene sets, the 100

genes as well as the subset of 25 genes were compared against the

rest of the genome. This revealed an enrichment (P <0.01) for

circadian regulation of gene expression, as well as signal trans-

duction processes and signal transducer activity (Table 4). The

most significant GOterm in both comparisons was linked to three

genes, annotated as cycle, clock, and period circadian protein.

Discussion
Here we demonstrate that the genetic basis for population

variation in diapause induction in the butterfly P. napi is pre-

dominantly located on the Z chromosome. Using a pooled

sequencing approach to identify divergent regions between

our two focal populations, and a bulk-segregant analysis on
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Figure 3. QTL results and genome-wide divergence in 50 kb windows for (A) Chromosome 1, (B) modScaffold_17_1, and (C) modScaf-

fold_95_1. The black line indicates population differentiation (FST) as measured in 50 kb windows. The colored dots represent the FST

values of the comparisons between direct and diapausing individuals in the five crosses: family 106 is blue, 110 is red, 115 is green, 128 is

yellow, and 135 is orange, and the corresponding lines are smoothed means and their standard deviations. The gray dots on the X-axis

represent the 180 outlier windows shared between the five crosses, and red dots represent the 46 outlier windows shared between com-

parisons of phenotypes within the crosses and the population comparisons. Black vertical bars below the X-axis represent gene models

present on the scaffolds. (D) Synteny plot showing orthology between P. napi Chromosome 1, modScaffolds 17_1 and 95_1, and Zerene

cesonia Z chromosome.

backcrosses between these populations to directly interrogate

the genome for regions involved in diapause induction, we were

able to associate genes from this region with diapause induction

differences between Abisko and Barcelona populations. These

findings corroborate the sex-linked effect found in the results

of earlier work on the inheritance of diapause in this species

(Pruisscher et al. 2017). Here, our genomic approach allowed us

to identify high-quality candidate genes on the Z chromosome

associated with diapause induction, revealing an enrichment

for the circadian clock, represented by cycle, clock, and period,

and revealing fixed nonsynonymous substitutions in the genes:

protein zer-1, dynein heavy chain 6, and period.

Given the large geographical distance between Barcelona

and Abisko (≈4000 km), the overall genetic differentiation be-

tween the populations of P. napi was low (FST = 0.056). Other

studies of butterflies in Europe have found higher genetic diver-

gence at substantially shorter distances: Pararge aegeria, popu-

lations showed an FST of 0.09 at ≈900 km distance in Sweden

(Pruisscher et al. 2018), and populations of Melanargia galathea

around the Carpathian basin showed an FST of 0.07 at across

≈800–1200 km (Schmitt et al. 2006). The relatively low level

of genetic differentiation between our distant P. napi populations

indicates a reasonably high level of gene flow across latitudes.

Against this background of low FST, the outlier regions of diver-

gence identified here are striking and highly suggestive of local

adaptation due to selection against foreign alleles at these loci

(Fig. 1).

There was a strong overlap of the most divergent regions

between populations and the outlier regions between phenotypes

(diapause and direct development) in the backcrosses between

F1 hybrids and the northern populations. This allowed us to as-

sociate the diapause induction decision with candidate genes that

show significant divergence among the populations. The region

of divergence is very compact, and for these genes clumped to-

gether showing divergence, it is not unlikely that most of these

genes show divergence because they are in linkage with the loci

under selection, although further testing would be required to

identify the causal genes. We identify three genes with nonsyn-

onymous changes: zer1 is a protein involved in ubiquitin ligase

(Vasudevan et al. 2007), dynein heavy chain 6 is a protein in-

volved in generating force of cilia, and shows differences in pro-

tein levels between resting and active embryos in the invertebrate

Brachionus plicatilis (Ziv et al. 2017), while period is part of the

circadian clock. One caveat that must be stated is that although
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Table 3. Genes with SNPs above 95th percentile (FST > 0.52) and fixed (FST = 1) in exons.

SNPs in exons

Region Start Gene model Gene ID Gene description FST > 0.52 FST = 1

Chr_1 2681865 PIENAPG00000001687 cycle Cycle 4
Chr_1 2694150 PIENAPG00000004714 asrij OCIA domain-containing protein 1 2
Chr_1 3442616 PIENAPG00000001823 Hypothetical protein 3
Chr_1 4563642 PIENAPG00000008013 clock Circadian locomoter output Cycles

protein kaput
5

Chr_1 6463591 PIENAPG00000009908 lana Laminin subunit alpha 3
Chr_1 9609468 PIENAPG00000008902 med23 Mediator of RNA polymerase II

transcription subunit 23
3

Chr_1 9678631 PIENAPG00000012168 socs7 Isoform 2 of Suppressor of cytokine
signaling 7

11

Chr_1 9784988 PIENAPG00000007342 pgrp-lc Isoform x of
Peptidoglycan-recognition protein
LC

1

Chr_1 9804877 PIENAPG00000012797 nach Sodium channel protein Nach 3
Chr_1 9829607 PIENAPG00000001733 slc24a4 Isoform 3 of

sodium/potassium/calcium
exchanger 4

6

Chr_1 10068617 PIENAPG00000004734 cg12084 Protein zer-1 homolog 11 2
Chr_1 10090109 PIENAPG00000008181 gs2_2 Glutamine synthetase 2 cytoplasmic 3
Chr_1 10147954 PIENAPG00000000462 Hypothetical protein 1
Chr_1 10182292 PIENAPG00000001970 ttc39b Tetratricopeptide repeat protein 39B 2
Chr_1 10743887 PIENAPG00000001929 Hypothetical protein 1
Chr_1 10820560 PIENAPG00000002997 dnah6 Dynein heavy chain 6, axonemal 40 5
Chr_1 10837977 PIENAPG00000004980 dnah6_2 Dynein heavy chain 6, axonemal 3
Chr_1 10856669 PIENAPG00000012635 dnah6_3 Dynein heavy chain 6, axonemal 21
Chr_1 10874137 PIENAPG00000010877 wac WW domain-containing adapter

protein w. coiled-coil
16

Chr_1 10886099 PIENAPG00000001980 pfdn1 Prefoldin subunit 1 1
Chr_1 10899791 PIENAPG00000004775 ralgps1 Ras-specific guanine

nucleotide-releasing factor
RalGPS

3

Chr_1 10999784 PIENAPG00000001119 slc5a12 Sodium-coupled monocarboxylate
transporter 2

1

Chr_1 11009850 PIENAPG00000012945 slc24a4_ Isoform 3 of
Sodium/potassium/calcium
exchanger 4

3

mS_17 209488 PIENAPG00000004337 period Period circadian protein 68 18
mS_17 996594 PIENAPG00000002439 unc-89 Muscle M-line assembly protein

unc-89
4

Shown is the position and the number of SNPs in exons.

this genetic variation is suggestive, differences might also arise

due to expression-level changes or expression of alternative iso-

forms from variation present outside of exons.

It is striking that this type of genome-wide scan for genetic

variation associated with variation in diapause induction strongly

implies a chromosomal region containing three important clock

genes. However, because of the close chromosomal proximity

of all the divergent genes, it is difficult to directly link selec-

tion for differences in diapause induction to differences in the

clock, particular clock genes or other genes in the outlier chro-

mosomal region. Nevertheless, it is suggestive that the gene pe-

riod showed the highest SNP variation of any of the identified

genes. Moreover, that SNP variation in clock genes correlate with

photoperiodic diapause induction agrees closely with a previous
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Table 4. Significant GO terms with a P-value <0.01 for the 100 genes within the 46 outlier windows or in the 25 genes with 95th

percentile SNPs in exons.

100 Genes 25 Genes

GO.ID Term Annotated Obs. Exp. P-value Obs. Exp. P-value

GO:0007623 Circadian rhythm 33 4 0.34 0.00031 3 0.14 0.00029
GO:0032922 Circadian regulation of gene expression 33 4 0.34 0.00031 3 0.14 0.00029
GO:0048511 Rhythmic process 33 4 0.34 0.00031 3 0.14 0.00029
GO:0007165 Signal transduction 350 10 3.59 0.0021 6 1.45 0.0019
GO:0007154 Cell communication 355 10 3.64 0.0023 6 1.48 0.0020
GO:0023052 Signaling 355 10 3.64 0.0023 6 1.48 0.0020
GO:0044700 Single-organism signaling 355 10 3.64 0.0023 6 1.48 0.0020
GO:0051716 Cellular response to stimulus 393 10 4.03 0.0049 6 1.63 0.0034
GO:0050896 Response to stimulus 426 11 4.37 0.0027 6 1.77 0.0051
GO:0044763 Single-organism cellular process 822 14 8.43 0.0274 8 3.42 0.0096

Given is the GOterm ID, how many genes are annotated within the genome with this term, and for each analysis the expected number of genes, the

significant number of genes, and the P-value for the gene set enrichment analysis. The list is sorted by significance in the 25 genes (see Tables S4 and S5 for

the full GO lists).

genome-wide association study in another temperate butterfly,

the Speckled wood (Pruisscher et al. 2018). In that study vari-

ation in the period gene also showed an association with dia-

pause induction, although the strongest effect was due to varia-

tion in the autosomal clock gene timeless. In combination these

results strongly suggests that the evolution of local differences in

photoperiodic induction of diapause is partly due to evolutionary

dynamics of clock genes. That partly different circadian clock

genes are implicated in different species is interesting (Tauber

et al. 2007; Ikeno et al. 2010; Paolucci et al. 2016; Pruisscher

et al. 2018; Kozak et al. 2019) and consistent with the hypoth-

esis that these effects on photoperiodism are to some degree

effectuated by differences in the circadian clock itself, rather

than being pleiotropic effects of the clock genes on other pro-

cesses. If the effects of clock genes on photoperiodism would

be entirely due to pleiotropic effects of some of those genes, it

seems likely that the identity of genes associated with photoperi-

odism should show little variation among species. In contrast, the

circadian clock is dependent on many different proteins and

their interactions, and it seems plausible that several alterna-

tive mutations in circadian clock genes may have similar ef-

fects on the clock. If changes in the clock itself underlies varia-

tion in photoperiodism, we expect more variation among species

in exactly which clock genes associate with variation in pho-

toperiodism. In line with this argument a recent study showed

that specific genetic variation at clock genes, period (per) and

pigment-dispersing factor receptor, simultaneously affected both

photoperiodic-dependent diapause termination and circadian be-

havior of adult moths (Kozak et al. 2019).

Photoperiodic induction of diapause in insects typically

shows relatively continuous variation across latitudes and this

is also true for P. napi (Kivelä et al. 2015; Pruisscher et al.

2017). Here we have compared populations from different ends

of the latitudinal distribution of P. napi and identified a region

of the genome that has large effects and is fixed among popu-

lations. This genetic variation alone cannot explain the continu-

ous adaptation of diapause induction across latitudes. Instead, it

is very likely that much of the additional adaptive variation in

photoperiodism that occur at latitudes intermediate to these two

populations is due to still unknown genetic variation. This may be

genetic variation at many other loci of small effects and/or to the

presence of many yet undescribed alleles for loci located in the

divergent region of the Z chromosome discovered here. Indeed,

the variation among our families in diapause induction may be

reflecting variation at these other loci. Additionally, several other

studies have identified allelic variation at different clock genes

across latitudinal distributions of other insects (Mathias et al.

2007; Tauber et al. 2007; Yamada and Yamamoto 2011; Paolucci

et al. 2016; Pruisscher et al. 2018; Kozak et al. 2019). In any case,

our results highlight a distinct chromosomal region for exploring

genetic variation underlying adaptive variation in the photoperi-

odic induction of diapause in P. napi and potentially other insect

species.

One notable feature is that the strongest differentiation be-

tween the populations is aggregated on the sex chromosome.

Diapause induction appears to have a sex chromosome linked in-

heritance in several insect species (Hagen and Scriber 1989; Ik-

ten et al. 2011; Chen et al. 2014; Fu et al. 2015; Pruisscher et al.
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2018) and in the Lepidoptera a disproportional number of poly-

morphic traits appear to be sex-linked, even though the sex chro-

mosomes only represent a fragment of the entire genome (Sper-

ling 1994; Janz 1998). As sex chromosomes and autosomes are

inherited differently, the relative rates of evolution are often ex-

pected to differ between sex-linked and autosomal genes. The so-

called faster X-effect (Charlesworth et al. 1987) has emphasized

that genes on sex chromosomes should adapt more quickly than

genes on autosomes when beneficial mutations show some level

of recessiveness (Charlesworth et al. 1987; Meisel and Connal-

lon 2013). However, recent developments of the theory focusing

in particular on local adaptation within species suggests that pat-

terns of sex-specific migration may be more important that dom-

inance relationships for explaining faster divergence of sex chro-

mosomes under local adaptation (Lasne et al. 2017; Lasne et al.

2019). In fact, these models indicate that, under a wide set of as-

sumptions, local adaptation is predicted to be more pronounced

on the sex chromosomes compared to autosomes, when migra-

tion is biased toward the heterogametic sex. Unfortunately, there

is no information on the potential sex-dependent dispersal of P.

napi and further studies are needed to elucidate whether these

differences in diapause induction arose through a faster X effect,

or if the genes needed to create variation in this trait happen to be

located on the sex chromosome.

It is still unknown whether candidate loci for adaptive plas-

ticity affect multiple traits, or if they are specific to a given plastic

response such as diapause induction, and if so, at what stage they

do act. It is possible that the genes identified here are involved

in the mechanisms that interpret environmental conditions at dif-

ferent stages of the induction process, from the perception of the

environmental signal to the interpretation and transmission of the

signal to downstream processes. If the genetic changes observed

here are involved in the perception of the environmental cue, they

could theoretically have effects on multiple traits at the same time

as it would be more upstream in the induction process compared

to being part of more downstream signaling pathways.

The evolution of plasticity depends on the strength of selec-

tion and the predictability of environmental fluctuations (Leimar

et al. 2006). To better understand the evolution of adaptive plas-

ticity it is necessary to characterize its genetic background, and

this has only been performed in very few studies (Czypionka et al.

2018). One open point of discussion on adaptive plasticity con-

siders that either specific loci are responsible for determining a

plastic response, or alternatively that loci are co-opted by a num-

ber of traits that are adapted to a certain environment (Via et al.

1995; Sgrò et al. 2016). In the case of diapause induction, this

study suggests that natural variation in the plastic response to

photoperiod is related to genetic variation at a genomic region

that includes several circadian clock genes. To what degree the

circadian clock itself has a causal effect on diapause induction

is still not clear (Bradshaw and Holzapfel 2017), but it is tempt-

ing to speculate that the clock, and its underlying genetic back-

ground, may be a molecular mechanism for many examples of

plasticity in life-cycle timing.
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