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Abstract

Natural populations experience continuous and often transient changes of environmental conditions.
These inturn mayresultinfluctuating selection pressures leading to variable demographicand
evolutionary population responses. Rapid adaptation as short-term responseto a sudden

environmental change hasinseveral cases been attributed to polygenictraits, but the underlying
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genomicdynamics and architecture are poorly understood. In this study, we took advantage of a
natural experimentinaninsect population of the non-biting midge Chironomus riparius by
monitoring genome-wide allele frequencies before and afteracold snap event. Whole genome
pooled sequencing of time series samples revealed ten selected haplotypes carrying ancient
polymorphisms, partially with signatures of balancing selection. By constantly cold exposing
genetically variableindividualsinthe laboratory, we could demonstrate with whole genome
resequencingi) amongthe survivors, the same alleles rose in frequency asin the wild and ii) that the
identified variants additively predicted fitness (survivaltime) of its bearers. Finally, by simultaneously
sequencingthe genomeand the transcriptome of cold exposed individuals we could tentatively link
some of the selected SNPstothe cis- and trans-regulation of genes and pathways known to be
involvedin cold responseof insects, like Cytochrome P450 and fatty acid metabolism. Altogether, our
results shed light on the strength and speed of selectionin natural populations and the genomic
architecture of its underlying polygenictrait. Population genomictime series datathus appearas

promising tool formeasuring the selective tracking of fluctuating selection in natural populations.
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Introduction

Adaptationin natural populations occurs when selection acts on variable phenotypictraits with a
heritable basis. There isageneral agreement that selectioninthe wildisintense (Hoekstraetal.,
2001; Kingsolveretal.,2001). It isalsovariable in space and time (Bell, 2010; Price, Grant, Gibbs, &
Boag, 1984; Siepielski, DiBattista, Evans, & Carlson, 2011), even though there issome debate
whetherchangesinthe direction of selection are frequent or not (Kingsolver, Diamond, Siepielski, &
Carlson, 2012; Kingsolver & Pfennig, 2007; Siepielski, DiBattista, & Carlson, 2009). Recent theoretical
(Messer & Petrov, 2013) and empirical work (Bitter, Kapsenberg, Gattuso, & Pfister, 2019) has shown
that selectionin natural populations can lead to rapid adaptation, in particular of polygenictraits
(Barghi, Hermisson, & Schlotterer, 2020; Jain & Stephan, 2017). If the rate of environmental change is
not too fast and the population characteristics allows for effective selection, adaptation from
standing geneticvariation to track moving phenotypicoptimais theoretically possible nearlyin real-
time (Matuszewski, Hermisson, & Kopp, 2015). It is therefore possible that atleast some organisms,

for example multivoltine species with large population sizes, adaptively track their fluctuating

environment (Bell, 2010).

This theoretical basis, however, has currently little empirical support from natural populations. While
there are on the one hand examples of selective tracking of the fluctuating environment for
phenotypictraits (de Villemereuiletal., 2020; Grant & Grant, 1989; Marrot, Garant, & Charmantier,
2017) and on the otherdemonstrations of rapid selectively driven changes on the molecularlevel
(Margres etal., 2017; Yang et al., 2016; Zong, Li, & Liu, 2021), we are not aware of studies bringing
togetherthe observed temporal fitness differences among different phenotypes with the underlying

molecularvariantsin natural populations.

In this study, we took advantage of a natural experiment to tackle the above question. We studied
the genomicresponse of natural population of anon-biting midgeto a short-term weatherevent, in

this case a cold snap. This promised the opportunity to study the selective effects of adefined
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transienteventasistypical forthe selective regime of fluctuating environments (Bell, 2010). Non-

biting midges of the Chironomid family are widely distributed aquaticinsects and have a crucial role

infreshwater benthicecosystems servingas a basis of benthicfood webs (Horvath, Méra, Bernath, &

Kriska, 2011; Oppoldetal., 2016; Pfenninger & Nowak, 2008). Chironomus riparius (Meigen, 1803) is
a multivoltine species with up to 15 generations peryearin Europe (Oppold et al., 2016). Therefore,
the different generations are subjected to widely varying environmental conditions. Accordingly,
extensive research ontemperature and photoperiod has shown that several traits can and do adapt
locally (Waldvogel et al., 2018), and temporally among seasons (Doria, Caliendo, Gerber, &
Pfenninger, 2022; Foucault, Wieser, Waldvogel, Feldmeyer, & Pfenninger, 2018). But also other
factors are known to act as selection pressures on this species (e.g. organicload, Kraak et al. (2000),
conductivity, (Pfenninger & Nowak 2008), nitrogen, (Nemecet al. 2012), temperature, (Nemecetal.
2013) and anthropogenicsubstances, (Nowak et al. 2009). The high effective and demographic
populationsize (>1,000,000, Waldvogel etal. (2018)) and the very high number of offspring per
breeding pair (400-800) allows forrapid adaptation (Pfenninger & Foucault, 2020). Since genomic
resources and parameters are available (Schmidt et al. 2020; Oppold & Pfenninger2017) and the
speciesisamenable forevolutionary experimentsin the laboratory (Foucault, Wieser, Waldvogel, &
Pfenninger, 2019), the speciesisincreasinglybecomingamodel for molecular ecology and the
emergingfield of evolutionary ecotoxicology (Doria, Hannappel, & Pfenninger, 2022; Doria,

Waldvogel, & Pfenninger, 2021).

In this study we focussed on three research questions.Does normal, transient environmental
variation like acold snap trigger measurable molecularselection in anatural population? Are the
putatively selected SNP-loci linked to longer survival also under experimental cold exposure
conditions? Andfinally,can we link the identified variants to lower level phenotypicchanges, i.e.

gene expression differences?

Material and Methods
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Temporalsampling of natural population

In the course of routine sampling foranother project (Pfenninger & Foucault, 2022), we sampled
larvae of the species Chironomus riparius on Feb. 15 2018 with a sieve at a single site situatedina
small river (Hasselbach, Hessen, Germany 50.167562°N, 9.083542°E) followingthe protocol of
Foucaultet al. (2019b). The samplingsite islocated close to awastewatertreatment plant
(Abwasserverband Freigericht) that continuously monitors physical and chemical water parameters,
which they generously provided. A few days after the sampling, the airtemperature in the regionfell
substantially belowzerofora couple of days, which eventually drove the watertemperatures at the
samplingsite fromthe long-term average of 9-10°C during this time of the year down to about 5°C
for 2 consecutive days (Figure 1a). We seized the opportunity to obtain anothersample of 80
individuals from the same site. Please note that no reproduction takes place in this species at
temperatures below ~12-14°C and thus the same generation was sampled. A third sample from the
same site was obtainedin September 2018, about 6-7 generations later (Oppold et al., 2016). The
taxonomicidentity of the larvae was ascertained by DNA-barcoding of a mitochondrial (COIl) and a
nuclearlocus (L44). Eighty thusidentified C. riparius were pooled and subjected to Pool-sequencing

(see below).

Population genomicanalyses

DNA was extracted forthe three poolsfromthe field using the Quiagen blood and tissue extraction
kiton pooled samples of 80 larval head capsules, respectively. Integrity and quality of extracted DNA
was controlled using electrophoresis, and the DNA concentration for each samples measured with a

Qubit fluorimeter (Invitrogen).

Whole genome pool-sequencing was carried out on an lllumina MiSeq with 250bp paired end reads.
Reads were trimmed using the wrappertool Autotrim (Waldvogel et al. 2018) that integrates
Trimmomatic(Bolgeretal. 2014) for trimmingand FastQC (Andrews 2010) for quality control. The

trimmed reads were then mapped onthe latest C. riparius reference genome (Schmidt et al. 2020)
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usingthe BWA mem algorithm (Li & Durbin 2009). Low quality reads were subsequently filtered and
SNPs were initially called using Samtools (Li et al. 2009). The pipelines PoPoolation1v.1.2.2and
PoPoolation2v.1.201 (Kofleretal. 2011a; Kofleretal. 2011b) were used to call SNPs and remove
indels. Allele frequencies forall SNPs with coverage between 15x and 70x were estimated withthe R

library poolSeq (Taus et al. 2017).

Selected SNP loci were identified by theirallele-frequency change (AFC) largerthan expected by
samplingvariance. Neutral simulations were used to compute false discovery rate g-values <0.001
with parameters (number of SNPs, starting allele frequencies matching the ancestral population,
sequence coverage,number of generations) matching those of the respective samples. To be
conservative, we calculated the drift for one generational passage. As effective population size, we
used 15,000, which constitutes avery conservative estimate as well (see Waldvogeletal. (2018)).
The resulting-log10p value includes an assessment of the sampling depth at the respectivelocus. All

calculations and simulations were performed with the R-library poolSeq (Taus et al. 2017).

To inferthe selection regime actingin the long-term at the identified loci and linked sites, we
calculated Tajima’s D as a summary statistics of the site frequency spectrum (Hohenlohe, Phillips, &
Cresko, 2010). Asthis statisticsisinsensitive to short-term changes (Hohenlohe et al., 2010), onlya
single pool was used forthe analysis. We used Popoolation1to calculate Tajima’s Dforall non-
overlapping 1kb windowsin the genome. We then compared Tajima’s D from the windows
harbouringthe candidate loci with the distribution of this statistics in all other windows (Schreiber &
Pfenninger, 2021). The window size was chosen based onthe shortaverage LD (< 150 bp) inthis

species (Pfenninger & Foucault, 2022).

The long-term behaviour of the candidate loci was investigated using datafrom Pfenninger &
Foucault(2022). The meanallele frequency for each locus was determined for seven time points and
the deviation from this mean was plotted for each time point. In addition, we determined the

average pairwise correlation of these loci over time and compared it with that of the same number
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of randomly selected, uncoupled SNPsto see whetherthe candidate loci tend evolvein concert over

longertime periods as well.

Experimental confirmation

To verify the association of the SNPs to survival under cold stress, we exposed 1604 instar larvae
from a genetically variable laboratory populationinitiallygained from the same population
(Pfenninger & Foucault, 2022) to 4°C until they died orsurvived for atleast 28 days. The individuals
were keptseparatelyin2cm well plates with atleast 1 cm watercolumnin a normal fridge. We
checked daily whetherthey were stillalive by touchingthemto see if they still moved. Dead larvae or
larvae still alive on the 28" day were individually transferred to tubes filled with 70% alcohol and the
day of theirdeath recorded. Of these we chose 30 individuals which died early and 30 individuals
which died late oreven survived untilthe end of the 28" days for individual whole genome

resequencing (see below).

To link genotype to gene expression, we were notable to use the dead individuals from the survival
experiment mentioned above. We therefore performed a corresponding short-term experiment
exposinganothersetof 54 4™ instarlarvae from the same laboratory population to 4°C, this time for
three daysonlyinorder to guarantee forsurvival. Afterthese three days, 36livingindividuals were
cutintothree piecesona-80°C cool pad. We cut two segments from a mid-body segmentfrom each
larvafor subsequent DNA isolation and resequencing, and the rest of the individual was stored at -
80°C for later RNA-isolation. We chose the two mid-body segments for DNA extraction, because
these segments are most redundant with othersuch segmentsinterms of specialised organs or

tissues, thus preventing bias or omissionin RNA analysis as faras possible.

DNA/RNA isolation and sequencing

In total, DNA was isolated from 96 individuals (60from the long-term, and 36 from the short-term

4°C exposure experiments) using the Qiagen® blood&tissue kit. RNA was extracted using the Quick-
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RNA Miniprep kit (Zymo Research) from 36 single individuals. Library preparation and 150bp paired-

endsequencing was conducted on aNovaSeq platform at Novogene.

Identification of individual genotypes

Quality trimmingand mapping of reads was conducted similar to the approach outlined above.
Genotypesatthe SNP positionsidentified in the PoolSeq approach were called with bcftools v.1.10.2
(Li, 2011). The genotypes werecross-checked manually forarandom sub-sample of individuals with
IGV viewerv.2.8.2 (Thorvaldsdéttir, Robinson, & Mesirov, 2013). We calculated the mean number of
potentially adaptivealleles (i.e. those thatrose in frequency in the natural population) pervariable
locus (MNAA) foreach resequenced individual as quantitative measure of the multi-locus genotype
at the respectiveloci, thereby assuming an additive genotype-to-phenotype relationship (Sella &

Barton, 2019).

Association of survival times with genotypes

Under the assumptionthatallelesidentified torise infrequency during the cold snapindeed
conferred collectively afitness advantage (i.e. polygenictrait of longersurvival)toits bearers, we
expected thatindividuals carrying more of these alleles should also tend to survive longerinthe
experiment. We used a Bayesianimplementation of a Pearson correlation analysis (Baath, 2014) to
testfor a correlation between MNAA and survival times. Instead of testing the biologically
implausible assumption of no association between variables, the Bayesian approach evaluates

supportfor a positive ornegative correlationin the data and provides high density intervals,

correspondingto confidence limits, forthe Pearson correlation parameter estimate (Baath, 2014).

RNA-Seq analysis of cold-exposed individuals and co-expression networks

Three samples were of bad quality and thus not sequenced. For the other 33 samples, we obtained
between 28to 69 Mio reads perindividual, of which~0,1% of bp were trimmed and 100% of the reads
remained after trimming (Supplemental file 2, Table 1). Adapters were trimmed and quality checked

with TrimGalore (Krueger, 2016). HiSat2v.2.1.0 (Kim, Paggi, Park, Bennett, & Salzberg, 2019) was used
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to map the readsto the C. riparius genome (Schmidt etal. 2020). The countstable (Supplementalfile
2, Table 2) was created with HTSeq (Anders, Pyl, & Huber, 2015). To prevent spurious results due to
low read counts, we removed genes with lessthan 10 reads in at least four samples, and samples C4
and C6 due to missing allele frequency information. The differential gene expression analysis was
conducted using DESeq2 (Love, Huber, & Anders, 2014) with the mean number of potentiallyadaptive
alleles per variable locus (MNAA) as continuous variable . We tested for association of genotypes at
the identified variable SNP positions and normalised gene expression for genes within +/- 200 kb on
the same scaffold with the Bayesian correlation test described above.

To identify networks of co-expressed genes (modules), we constructed aweighted gene co-
expression network analysis using the R package WGCNA (Langfelder & Horvath, 2008), based on the
genesthathad passed the quality filtering step for the expression analysis (N =8,264). Gene counts
were normalized using the varianceStabilizing Transformation function from DESeqg2 (Love et al.,
2014). Followingthe WGCNA guidelines, we picked a soft-thresholding power of 6 for adjacency
calculation. To associate modules to the MNAA polygenicscore, we first calculated the modules’
eigengeneusingthe moduleEigengenes function and tested for module trait correlation using the
corPvalueStudent function. To obtain up-to-date annotations, we ran a local blastp (Altschul, Gish,
Miller, Myers, & Lipman, 2008) of the C. riparius proteins versus the non-redundant protein database
(versionlJanuary 2022). We ran Interproscanv.5.53-87.0 (Jones etal., 2014) locally to obtain GO
information usingthe C. riparius predicted proteome. The GO enrichment analysis on genes within
the significant module was performed with the R package TopGO (Alexa & Rahnenfihrer, 2016),

usingthe ‘parentchild’ algorithm and the Fishers exact test forsignificance.

Results

Cold snap and Sampling

From the 21% of Feb. 2018, the air temperature atthe samplingsite dropped for 10 consecutive days

below zero, with aminimum daily average of -8°Con the 27t of February 2018. The water
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temperature, usually fluctuatingaround 10°C in winter, started to fall slowly as well. At the end of
this period, the watertemperature dropped steeply to 5°C for two consecutive days. We sampled the
population six days afterthe watertemperatures were back to about 10°C (Figure 1A). Samplingthe

required number of larvae afterthe cold snap took considerably more time than before.

Large allele frequency changes within a single generation

The allele frequency changes of 19 SNPs between before and after the cold snap could not be
explained by sampling variance (Figure 1B). These SNPs were therefore considered as candidates for
selection (Table 1). Some of these SNPs occurred on the same scaffold in close spatial proximity to
othersuch SNPs (within 40-750 bp, Table 1). As resequencing datashowed, the rising alleles at these
SNPs were linked to haplotypes (data not shown). We considered the regions with several SNPs
therefore asasingle locus and the SNP with the largest AFCwas used as marker SNP forthese linked
haplotypes. Taking thisinto account, tenloci, each on a different scaffold of the reference genome
and thus most likely physically unlinked (Pfenninger & Foucault, 2022), were potentially affected by

selection. We refertothese loci by theirscaffold numbers hereafter (e.g. scaffold227).

The starting frequencies of the rising alleles at these candidate loci before the cold snap were highly
variable, spanningthe range from undetectably rare (scaffold424 and scaffold674) to the majority
allele (scaffold85, Figure 1C). All candidate alleles rose in frequency by atleast about 0.5 (0.467-
0.781, Table 1, Figure 1C). In September 2018, the allele frequencies of all but one locus (scaffold227)

dropped back towards the level they had beforethe cold snap event (Figure 1C, Table 3).

The effect of the cold snap on allele frequency spectravaried between candidate loci. Comparing
Tajima’sDinthe 1 kb windows encompassing the selected regions with the distribution of all 1kb
windows showed thatfourselected regions had aTajima’s D in the upper 5% quantile (scaffold227,
scaffold256, scaffold547, scaffold673), indicating balancing selection. One value (scaffold694) was in
the lower 5% tail, suggesting arecent selective sweep. The remaining values were inconspicuous

(four) ornot calculable (one, Figure 1D).
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Validation experiment

Of the 160 larvae constantly exposed to 4°C, the first larvae died after 15 days. Mortality on day 21

was extraordinarily high (53 individuals, 34%). After 28 days, 17 (11%) larvae were still alive. This was
a much higher mortality than the usually observed 10-25% from hatching to eclosionin experimental
settings at normal temperatures (Foucaultetal., 2019). For sevenindividuals, the dying day could not

be clearly determined. The distribution of survivalovertime can be foundin Supplemental Figure 1.

Genotyping of experimentalindividuals

For 59 of the 60 randomly selected individuals from the experiment, resequencing was successful.
The individuals could be genotyped on average at 9.02 out of the 10 candidate loci. Two loci were

fixed fortherisingallele inthe experimental sample(Table 3) and were thus not further considered.

In the 59 individuals used in the experiment, all candidate alleles had a considerably higher start
frequency thanin the natural population beforethe cold snap (Table 3). Nevertheless, amongthe
survivors atday 25, the frequency of all candidate alleles rose between 0.04and 0.22 in the course of
the experiment with moderate (60.6%) to very high (98.4%) posterior probability (Figure 2A). The
mean number of potentially adaptive alleles pervariable locus (MNAA) locus ranged between 0.50
and 1.38 among the individualsinthe experiment with amean of 0.98 (s.d. 0.18). Individuals with
genotypes containing more potentially adaptive alleles (MNAA) survived the cold stress conditions
longer. The association between these variables was moderately strong (most likely estimateof r=
0.33, 95% high density interval between 0.08 and 0.55, Figure 2B). The correlation of MNAA with the
length of survival was positive with almost certainty (posterior probability 99.3%) and also

significantly differentfrom zeroin afrequentistapproach (p <0.01).

Genotype associations with local and global gene expression data

For 31 individuals with genotypeinformation, we obtained gene expression datafor 11,386 of the
13,449 annotated genes (85%). Only two loci showed all possible genotypes at the candidate lociin

the individuals used fortranscription analysis (scaffold 227 and scaffold 694). On theirscaffolds, the
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genotypes were strongly associated with the expression levels of one (scaffold 227, Figure 3A), or
respectively two (scaffold 694, Figure 3B) genes. On scaffold 227, the selected SNP was in an exon of
the gene to whichis was associated viathe genotype specificexpression levels. Specifically, the
candidate allelewas associated to a higherexpression rate. The gene (scaffold227 gene0.177)is
annotated as Cytochrome P450, family 6 (CYP6). The two genes with expression levels strongly
associated to genotypes on scaffold 694 were both roughly 100 kb away from the selected SNP. The
firstgene, scaffold694_gene0.209 codes for protein (RFT1) that is essential for protein N-
glycosylation and also here the candidate allele was associated with an increase of transcription. In
contrast, for the second gene scaffold694_gene0.209, a transmembrane receptor protein tyrosine

phosphatase (DEP1), alowertranscription level was associated with the rising candidateallele.

In total, we found the expression of 28 genes to be significantlyassociated with the MNAA. Nine out
of these (32%) belongto genes of (larval) cuticule proteins, endocuticule proteins or endochitinase.
One of the 20 distinct co-expressed modules identified, module-cyan (containing 169 genes
Supplemental file 2, Table 3), covaried substantially with MNAA (Figure 4A, r= 0.41, p=0.03,
Supplemental file 2,_Table 4). AGO-enrichment analysis revealed that gene functions related to fatty
acid metabolism were overrepresented in this module (Figure 4b, Supplemental file 2, Table 3). The

cold snap candidate loci themselves were not part of module cyan.

Discussion

Naturalexperiment

In this study, we took advantage of a natural experiment. Following asamplingroutine, we
coincidently sampled a population pool from a natural C. riparius populationin late winter just
before acold snap (Pfenninger & Foucault 2020). Such cold snaps at this time of the year are notthe
rule in Germany, but also notuncommon. The drop of temperature was marked, but notextreme.
Likewise, the duration of the snap was relatively short, atleast with regard to the temperature drop

inthe water. It was therefore an event with the potential toleave aselective mark, butitwas not an
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extreme weatherevent, letalone acatastrophe. This promised the opportunity to study the selective
effects of a defined transient eventasistypical forthe selectiveregime of fluctuating environments
(Bell, 2010). To inferallelefrequency changes potentially driven by selection, we therefore sampled

anotherpool fromthe same site directly afterthe cold snap.

C. riparius does not reproduce at temperatures below 10°Cand larval developmentis nearly stalled.
We can therefore rule out selection based on differential reproductive success over the time-span of
the experiment (Reznick, 2016). Any potential selection must have occurredin the same generation
by differential mortality of different genotypes. The substantially increased time to collect sufficient
specimen second sampling despitedigging deeperindeed indicated that the cold snap most likely
resultedinsignificant mortality in the population. As chironomids tend to dwellas deep asthe
interplay between theirhaemoglobin concentration and oxygen-availability in the environment
allows (Panis, Goddeeris, & Verheyen, 1996), it was unlikely that the differential catch-rate was e.g.
due to deeperburrowinglarvae. Without being able to precisely quantify the demographicdecline,
thisindicates amuch smaller population size after the cold snap, as experience has shown thatthe
duration of samplingfora predefined number of individuals at a known occurrence site depends on

the population density.

At the same time this meant that geneticdrift, defined as sampling variance among generations
(Wright, 1948), could not have playeda role here, since there was no generational passageinvolved.
We have neverthelessincluded one generation of driftin the calculation of the selection threshold.
Thisthresholdis therefore particularly conservative which increases our certainty that the observed
allele frequency change beyond this threshold is not due to random processes (Barghi et al., 2019;
Hohenlohe etal., 2010). On the otherhand, we have certainly missed smaller, yet selection driven

allele frequency changes.

Signs of selection in the natural population
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In total, tenregionsinthe genome showed signs of selectionin the data. Given our rather
conservative threshold, which required alarge change inallele frequency (~0.5) for detection, we
assume that many loci with less pronounced changes remained undetected. The candidate
haplotypes were very short, often asingle SNP, which indicated that they are relatively ancient
polymorphisms longsince segregatingin the population (Nordborg & Tavaré, 2002) and thus
separated by recombination from the background in which they arose. Analysis of Tajima’s Dfor the
1kb windows the selected haplotypes resided in showed that nine out of ten had a positive D, four
eveninthe upper5% quantile. Thisindicated that the respective polymorphisms could be regularly
underdifferential, balancing selection (Fijarczyk & Babik, 2015). Given that the presumed selection
pressure was a seasonal event, amore orless regularly fluctuating environment with opposite
selection pressuresinwinterand summerappeared plausible. Alternatively, the returntoinitial
frequencies may be due to costs associated with antagonistic pleiotropy (Marden, Langford,
Robertson, & Fescemyer, 2021). Both can lead to a long-term maintenance of the polymorphism
under biologically plausible scenarios (Wittmann, Bergland, Feldman, Schmidt, & Petrov, 2017).
Recentworks suggested that balancing selection could be more widespread than previously thought

(Gloss & Whiteman, 2016).

The view that seasonal fitnessis related to the different alleles at the identified loci was confirmed by
the observation thatallelefrequencies at the candidate loci, with one exception (scaffold 227),
returnedto near theiroriginal frequencies afew generations later. This remarkable correlation
betweenthe temporal allele frequency trajectories suggested that the same selection pressure with
changing signsamong seasons was acting. Seasonally selected polymorphisms with correlated allele
frequency trajectories were also observed in natural populations of another dipteran species,
Drosophila melanogaster (Bergland, Behrman, O’Brien, Schmidt, & Petrov, 2014; Croze et al., 2017;
but see Buffalo & Coop, 2020). But also the selection-driven beak variability of Galapagos finchesin
response to different weather conditions in differentyears, takinginto account the different

generationtimes, are a classicexample of very rapid evolutionary adaptations to a variable
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environment (Boag & Grant, 1981). Interestingly, we found a strong negative correlation between
the start frequency of the selected SNPs and the absolute deviation from neutrality as measured by
Tajima’s D (Supplemental Figure 2). Theory predicts balanced allele frequencies for overdominance
(i.e. by heterozygote advantage (Slatkin & Muirhead, 1999)). However, we are not aware of
theoretical predictions for expected allele frequencies due to balancing selection by temporally

changingselection pressures.

Validation experiment

We observed asubstantial variationin survival timein the validation experiment. Compared to the
field observations, ittook quite alongtime (15 days) until the first larvae started to die. In the field,
the temperature dropped fortwo days only and this was obviously long enough to triggera

substantial mortality. This discrepancy could have several, mutually not exclusive explanations.

First, the lab population had already quite high allelefrequencies atthe loci in question. If these loci
were indeedresponsible forthe longersurvival, the lab population could have been a priori better
protected against the cold exposure. This shiftin allele frequency relative to the natural population
might be due to random driftin the relatively large but nevertheless demographically necessarily
restricted lab population. However, the high allelefrequencies could also be atribute to the practice
of storingeggropes at 4°C fora few days priorto initial population set-up and experiments to
synchronise theirdevelopment (Foucault etal. 2019). This could have involuntarily preselected the

lab population.

Second, the larvae inthe experiment came from normal development at benign temperatures
(~20°C) and were well-fed beforethey were exposed to 4°C. The larvae inthe field likely hatched in
autumn and had passed already severalmonths at about 10°C before the cold snap setin. This
resultedin substantial “treatment” differences. Initially, the experimental midges experienced a
veritable cold-shock, while the natural population was comparatively slowly cooled down only afew

degrees. In Drosophila, it was shown that the rate of temperature change may well have animpact
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on the organismal reaction to cold exposure (Gerken, Eller-Smith, & Morgan, 2018). However, the
cold shock did not cause any mortality in the experimental population, so that the effect of long-term
exposure to low temperatures was the likely major cause for mortality in both experimental and
natural population. Probably more importantly, the level of internal resources the two groups could
draw uponwere likely very different. The laboratory population could draw on theirfatreserves,
while the natural population likely had nearly exhausted this resource by the end of the winterand
thus died faster when exposed to increased cold stress. Lastly, itis likely thatthe lab experiment did
not coverall selection factors that were actinginthe field. Given the simplified experimental
environment, itis almost certain that the set of selection factors actingonthe larvae inthe field was

differentfromthose inthe experiment (Pfenninger & Foucault, 2020).

Despite the reduced complexity of the validation experiment, it confirmed nevertheless the
hypothesisthat the candidate alleles identified in the natural population conferred longersurvival
during the experimental cold exposure. The same selection pressure triggered an overall increasein

frequency of the same alleles in the experiment by differential mortality as was observed in nature.

Thisis strong evidence thatthe candidate allelesindeed played arole in the selection process.

The positive correlation between a straightforward polygenicscore (mean number of adaptive alleles
perlocus involved) and the survival timestrongly indicated a relatively simple relation: the more of
these alleles are presentin anindividual, the better are the chances of its longer survival under cold
stress. Given the likely involvement of more, but yet unidentified loci, nonlinearinteractions among
loci and non-quantified environmental components (Sella & Barton, 2019), the degree of
determination found here appeared quite substantial. Additional evidence that these loci are co-
selected by the same selection pressures came from a strong temporal covarianceinallele

frequencies, also overlongertime scales.

Single locus and multilocus genotype associations with gene transcription data

85USD17 SUOLULIOD AIR.D 9|qedt|dde au3 Ag pausenoh afe sSpe YO ‘esh JO Sajnu oy Aeiq17 auluO A8|1 UO (SUORIPUOI-PUR-SLUBH WO AB 1M Afelq 1 BUI1UO//SANY) SUORIPUOD PpUe SWS | U} 835 *[¢20¢/0T/0E] Uo Aeliqiautiuo AB]1M “end 1euds| pseo Bisqueoues Aq 8i.9T 98W/TTTT OT/I0p/L0D A8 |Im Aleig i puljuo//sdny woiy papeojumod ‘el ‘Xy62S9ET



None of the putatively selected SNPs was within the coding region of an annotated gene. We
therefore expected phenotypiceffects rather due to changesin the transcription regulation of

spatially more orless proximate genesthanin structural protein changes.

In an attemptto link the identified loci with basal phenotypicaspects, we sequenced aset of non-
lethally cold-exposed individuals for both the genome and the transcriptome. We found transcripts
for a substantial proportion of the annotated genes. Thisis similarto results found in Drosophila
(Brownetal., 2014). With a what could be called “inversed eQTLapproach” (Gilad, Rifkin, &
Pritchard, 2008; Majewski & Pastinen, 2011), we explored spatially proximate and thus putative cis-
interactions between identified selected sites and gene expression levels. By analysing only loci
shownto be involvedin phenotypicvariation and restricting the spatial extent of the searchtoa
plausible range (Schoenfelder & Fraser, 2019), we retained sufficient statistical powereven with our
relatively limited sample size. Since only two of the identified SNP loci (scaffold227 and scaffold694)
showed all possible three genotypesinthe sample forwhich both genotypeand transcription data

was available, the search forassociated cis-regulated genes was necessarily restricted to these.

The gene associated to the selected site on scaffold 227 was identified as Cytochrome P450, family 6,
a gene-family thatis characteristicforinsects (Lewis, Watson, & Lake, 1998). This gene was already
several timesimplicated inthe reaction to cold stress (Huangetal., 2017; Lv etal., 2020; Zhang etal.,
2015; Zhou, Shan, Tan, Zhang, & Pang, 2019) with an increased expression level under cold
conditions. Itistherefore plausiblethatan allele associated with aninherently increased expression
level as observed here is under positive selection under cold stress conditions. While the selected
marker SNP on scaffold 227 was spatially closely linked to the gene with the associated transcription
regulation, the genes most credibly associated to the SNP genotype on scaffold 694 were both
roughly 100 kb up-, respectively downstream. Both genes were also notthe closest neighbouring
genes, butthe 4™, respectively 5" transcribed gene up- respectively downstream on the same
scaffold. These observations are compatible with recent models of gene-regulation by longrange

interactions (Schoenfelder & Fraser, 2019) that were also observedininsects (Dorsett, 1999). The
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gene situated upstream was identified as RFT1 homolog. This protein of the endoplasmaticreticulum
membrane appearsto be necessary forglycolipid translocation and normal protein N-glycosylation,
but its exactfunctionis unknown (Gottieretal., 2017). The associated gene downstream was most
similartoa transmembrane receptor protein tyrosine phosphatase DEP1. The selected allele was
associated to the downregulation of the respective transcripts. We could not find any studies that

have previously linked this gene to cold stress.

Using the polygenicscore as a proxy for survival time onthe individual level was associated to 28
differentiallyexpressed genes. One third of these (nine) belongto (larval) cuticule proteins,
endocuticule proteins or endochitinase, suggestingarole forthese genesin differential survival.
Moreover, the polygenicscore as a proxy forsurvival time on the individual levelrevealed a
moderately strong correlation (r=0.4) to a co-expression module. The co-expression module was
statistically enriched forgenesinvolved in fatty acid metabolism. The fatty acid metabolismis known
to be crucial forthe overwintering of insects (Sinclair & Marshall, 2018; Storey & Storey, 2013;
Toprak, Hegedus, Dogan, & Gliney, 2020), i.e. under cold stress e.g. by providing the necessary
energy storage resources or keeping membranes subtle by changing theirfatty acid composition
(Overgaard, Sgrensen, Petersen, Loeschcke, & Holmstrup, 2005). There are many examples showing
that unsaturated fatty acids increase under cold temperaturesininsects (reviewed in Clark and
Worland 2008; Teets and Denlinger2013). Moreover, fat content was one amongst other

phenotypeslinked to exposuretoa new temperature in Drosophila, which also appearstobea

polygenictrait (Barghietal., 2019).

The association suggested that atleast some of the identified loci may be directly orindirectly
involvedin trans-regulation of the transcription of these genes. A potential candidate forsucha
trans-regulation was one of the spatially closest genes to aselected site;a histone acetyltransferase
p300 on scaffold673. These genes are high level switches that regulate broad scale gene transcription
patternviachromatin remodelling (Tropbergeretal., 2013). Amongst many other biological

functions, ithas beenshownthatthe geneisresponsibleforthe differentiation of fat cells (Gesta,
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Tseng, & Kahn, 2007). The transcription level of this gene was significantly associated with the
observed genotypes (Supplemental Figure 3), suggesting that a trans-regulated altered transcription
of this gene could provide alink between the multilocus genotype and the fatty acid metabolism

genes.

This finding allowed us to hypothesise that the identified selected SNPs could,amongst others,
contribute tothe observed variation in survivaltime via particular physiological trait(s). Individuals
with a high polygenicscore forthe lociinvolved could e.g. accumulate more fat reserves, which
increased survival timeunder prolonged cold conditions. This clearly beneficial fitness effect during
the winterseason could be reversed in summer, when the accumulation of then unnecessary fat
reserves deviates resources from reproduction orincreases attractivity for predators. Such amore or
lessregularly fluctuating selection regime on a polygenictrait could well conform to the theoretical
preconditions necessary to maintain the respective polymorphisms overlonger periods (Wittmann et
al., 2017). Whetherthereisreallyalink between the extent of the individual fat reserves and the
observed survivaltime under cold stress conditions, however, remains to be tested, just like a causal
relation between the respective multilocus genotype and the regulation of the fatty acid metabolism.
However, many more intermediate level phenotypictraits, e.g. changesin cuticule composition likely

contributed to survival under constant cold exposure.

Conclusions

In this study we could show that normal, short term environmental variability can lead to measurable
natural selection onapolygenictraitin a natural population. Time series population genomic
analysesfrom field samples obviously have the powerto pick up such transient signals, evenif they
consistrather of moderate to strong changesin allele frequencies thanin fixation of loci. The
observed hightemporal correlation of the allele-frequency changes of the loci involved holds the
promise that changesinthe selective regime of natural populations may be identified from

population genomictime series data.
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Figures

Figure 1. Field data. A) Airand watertemperature curves at the sampling site with sampling dates
(grey bars). B) Manhattan plot of the genome-wide SNPs FDR-corrected -log;op values, contrasting
the population pools sampled before and after the cold snap. The horizontal line shows the inferred
threshold. C) Allelefrequency trajectories at potentially selected loci before and afterthe cold snap
and 6-7 generationslaterin September 2018. D) Left: Violin-plot of the distribution of Tajima’s D for
all 177,185 1 kb windowsinthe genome The meanisindicated by ablue horizontal line, the grey
area indicates the 90% quantile around the mean. The dashed lines mark the beginning of the upper,
respectively lower 5% quantile. Right: Tajima’s Dforthe 1kb windows harbouring the candidate
SNPs. Forone window (scaff396) Tajima’s D could not be computed. E) Long term allele frequency
trajectories of the candidate loci. F) Comparison of the mean pairwise correlation coefficient of the
candidate loci (left) and random SNPs (right).
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Figure 2. Experimentaldata. A) Temporal course of allelefrequency changes at polymorphic
candidate loci and survival of individuals during the experiment. Shown in blue are the frequency
trajectories of the selected alleles in the natural population. The values to the right show the median
Bayesian estimate of increaseand the associated posterior probability (pp) of this value beinglarger
than zerofor the respective alleles. B) Bayesian estimate of correlation between the mean number of
potentially adaptivealleles perlocus and the survival time in the experiment.
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Figure 3. Associations of genotype at selected sites with geneexpression levels of genes within +/- 200 kb on the same scaffold. The position of the selected
SNPisindicated withared arrow. Annotated genes are indicated as blue bars, whose length is proportionalto the length of the gene. Forgenes with
expression dataavailable, the genotype specifictranscription level is givenin a plot. Within plot, the bars represent the standard deviation range of gene
expression variation forthe possiblegenotypes, fromleftto right: homozygous falling allele, heterozygous, homozygous rising allele. Above the panels, the
Bayesian statistics forassociation are given. r= coefficient of association, HDI = 95% high density interval, pp =posterior probability for the association
coefficientbeinglargerorsmallerthan zero, respectively. Highlighted in red are genes with a HDI not comprising zero and pp > 95%. A) scaffold 227 with
selected SNP at position 185,498 with a upregulation associated with the rising alleleat gene 0.177. The SNP is positioned in an exon of the gene, B) scaffold
694 with selected SNP at position 289,921. One gene (0.209), situated about 100 kb from the SNP showed a strong upregulation associated with the rising
allele. Anothergene (0.262), more than 100 kb away showed a strong downregulation.
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Figure 4. Association between Mean Number of Adaptive Alleles (MNAA) and gene co-expression
modules. A) Correlation of MNAA with inferred gene co-expression modules. The modules carry
arbitrary colour names. In the right column, the Pearson correlation coefficient between individual
transcriptionlevels and the polygenicscore and its probability of beingidentical to zero (in brackets)
for the respective module is given. Forimmediate visual recognition, the correlation coefficient was
alsotranslatedinto a heatmap from green (-1) over white(0) tored (+1). B) Word-cloud of
significantly over-represented GO-termsinthe cyan gene co-expression module. The fontsizeis
proportional tothe number of genes. GO-terms with relation to fatty acid metabolism are
underlined.
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Tables

Table 1. OutlierSNPsinfield data.

Scaffold position referenceallele alternateallele risingallele startallelefreq. endallelefreq. AFC  -logiyp p fdr-corrected Tajima’sD
1k

scaffold81 616771 T C T/ref 0.386 0.932 0.545 6.636 0.035 -0.0050318
scaffold85 970786 G C G/ref 0.514 0.980 0.467 6.224  0.046 -0.0162351
scaffold227 185498 A G G/alt 0.094 0.587 0.493 6.267 0.046 0.2564445
scaffold256 10257 C G G/alt 0.000 0.591 0.591 8.734 0.001 0.4939933
~750 bp 10279 A G G/alt 0.000 0.765 0.765 8.897 0.001

11003 G C C/alt 0.086 0.867 0.781 6.455 0.037
scaffold396 51484 A G A/ref 0.130 0.800 0.670 6.466  0.037 NA
scaffold424 450404 C G G/alt 0.000 0.557 0.557 6.266  0.046 0.1154956
~400 bp 450407 G T T/alt 0.000 0.557 0.557 6.266  0.046

450623 G A A/alt 0.000 0.500 0.500 6.561 0.035

450627 A C C/alt 0.000 0.534 0.534 6.967 0.019

450663 C T T/alt 0.000 0.500 0.500 6.236 0.046

450800 C T T/alt 0.000 0.533 0.533 6.993 0.019
scaffold547 301068 T C T/ref 0.275 0.857 0.582 7.582  0.006 0.2763451
scaffold673 15211 G T T/alt 0.140 0.857 0.718 8.015 0.003 0.3208233
~40 bp 15229 A G G/alt 0.163 0.862 0.699 7.706  0.005

15257 C T T/alt 0.159 0.875 0.716 8.569 0.001
scaffold685 402992 T C T/ref 0.412 0.974 0.562 6.190 0.047 0.1319014
scaffold694 289921 T G T/ref 0.020 0.489 0.469 6.552  0.035 -0.3782241
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Table 2. Nearestgenesto potentially selected loci.

Scaffold position distance toclosest gene gene annotation Annotation spatially most proximategene
gene start end
scaffold81 616771 5044 621815 629417 scaffold81-snap-gene-1.377
scaffold85 970786 120 970906 973122 scaffold85-snap-gene-1.251 uncharacterized protein LOC119074020
scaffold227 185498 6810 194991 196989 scaffold227-augustus-gene- cytochrome P450 28a5
0.165
scaffold256 10257 1802 6914 8455 scaffold256-snap-gene-0.15 delta-aminolevulinic acid dehydratase-like
scaffold396 51484 24716 12088 26768 scaffold396-processed-gene-0.5 trichohyalin isoform X3
scaffold424 450800 265 451065 456420 scaffold424-augustus-gene- uncharacterized protein LOC109541342 isoform
0.206 X2
scaffold547 301068 1357 297539 302425 scaffold547-processed-gene- protein dachsous
0.68
scaffold673 15257 208 15465 17951 scaffold673-augustus-gene- histone acetyltransferase p300
0.265
scaffold685 402992 42771 358566 360221 scaffold685-processed-gene- -
0.94
scaffold694 289921 16169 306317 308300 scaffold694-snap-gene-0.260 -
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Table 3. Allele frequenciesin the experiment. AF =allele frequency.

Q ‘el 'Xy62S9ET

Scaffold position referenceallele alternateallele risingallele AFFeb18 AF Marl8 AFSepl8 AFinexppop

scaffold81 616771 T C T/ref 0.386 0.932 0.700 1.000
scaffold85 970786 G c G/ref 0.514 0.980 0.885 0.907
scaffold227 185498 A G G/alt 0.094 0.587 0.571 0.339
scaffold256 10257 C G G/alt 0.000 0.591 0.333 1.000
scaffold396 51484 A G A/ref 0.130 0.800 0.450 0.894
scaffold424 450623 G A A/alt 0.000 0.500 0.038 0.724
scaffold547 301068 T c T/ref 0.275 0.857 0.561 0.839
scaffold673 15257 C T T/alt 0.159 0.875 0.291 0.902
scaffold685 402992 T C T/ref 0.412 0.974 0.208 0.991
scaffold694 289921 T G T/ref 0.020 0.489 0.041 0.414
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	Selective effects of a short transient environmental fluctuation on a natural population



