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1  | INTRODUC TION

The life history of many organisms includes the avoidance of un‐
favourable conditions through migration in space (e.g., migratory 
birds) or in time, i.e., through some sort dormancy response (e.g., 

diapause; Varpe, 2017). Diapause stages are often resistant to en‐
vironmental stressors like cold, heat or drought, but on the other 
hand cannot exploit beneficial habitat conditions for growth or 
reproduction. The exact timing of diapause induction and termi‐
nation are thus fitness relevant life‐history traits through which 
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Abstract
Diapause is a feature of the life cycle of many invertebrates by which unfavourable 
environmental conditions can be outlived. The seasonal timing of diapause allows 
organisms to adapt to seasonal changes in habitat suitability and thus is key to their 
fitness. In the planktonic crustacean Daphnia, various cues can induce the production 
of diapause stages that are resistant to heat, drought or freezing and contain one to 
two embryos in developmental arrest. Daphnia is a keystone species of many fresh‐
water ecosystems, where it acts as the main link between phytoplankton and higher 
trophic levels. The correct seasonal timing of diapause termination is essential to 
maintain trophic interactions and is achieved via a genetically based interpretation of 
environmental cues like photoperiod and temperature. Field monitoring and model‐
ling studies raised concerns on whether populations can advance their seasonal re‐
lease from diapause to advances in spring phenology under global change, or if a 
failure to adapt will cause trophic mismatches negatively affecting ecosystem func‐
tioning. Our capacity to understand and predict the evolution of diapause timing re‐
quires information about the genetic architecture underlying this trait. In this study, 
we identified eight quantitative trait loci (QTLs) and four epistatic interactions that 
together explained 66.5% of the variation in diapause termination in Daphnia magna 
using QTL mapping. Our results suggest that the most significant QTL is modulating 
diapause termination dependent on photoperiod and is involved in three of the four 
detected epistatic interactions. Candidate genes at this QTL could be identified 
through the integration with genome data and included the presynaptic active zone 
protein bruchpilot. Our findings contribute to understanding the genomic control of 
seasonal diapause timing in an ecological relevant species.
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these organisms integrate in the overall phenology of the habitat 
(Forrest & Miller‐Rushing, 2010; Williams et al., 2017). Phenology, 
the timing of biological events, here refers to the seasonally ele‐
vated availability of resources like nutrients or food items, but also 
of predators, parasites or detrimental abiotic factors (e.g., winter 
cold), whose fluctuations over the course of the year are recurrent 
and predictable (Williams et al., 2017). Diapause timing is achieved 
through the interpretation of environmental cues, which can be 
abiotic cues like photoperiod or temperature, or biotic cues like 
predator kairomones or a reduction in food availability or qual‐
ity (Walsh, 2013). Genetic differentiation in the response to these 
cues has been quantified over latitude as well as on a micro‐geo‐
graphic scale (De Meester & De Jager, 1993; Roulin et al., 2015; 
Schmidt, Matzkin, Ippolito, & Eanes, 2005) indicating that this trait 
can evolve.

Currently, many ecosystems are subject to environmental 
changes causing a modification of phenology (Parmesan, 2006). 
Phenology shifts of many species, in particular the advances of 
spring abundance peaks, have been interpreted as a plasticity re‐
sponse towards increased temperatures due to current climate 
change (Donnelly et al., 2012; Gienapp, Teplitsky, Alho, Mills, & 
Merilä, 2008). Also changes in biotic interactions (e.g., predation and 
parasitism) can cause a change in phenology (Hairston & Walton, 
1986). The correct timing of diapause termination is crucial for the 
individual fitness, as failure to resume development at the right time 
is potentially lethal when it occurs under detrimental conditions (e.g., 
a harsh winter or during a period of high predation pressure). Even 
individuals terminating diapause under still beneficial conditions, but 
outside their optimal temporal niche, will likely be outcompeted by 
individuals with a diapause termination timing optimally adapted to 
habitat phenology (Vanoverbeke & De Meester, 2009). In particu‐
lar species timing their diapause in response to environmental cues 
like photoperiod (which do not change due to climate change or 
following species invasions) will therefore need to adapt their dia‐
pause response in order to cope with the new situation (Bradshaw & 
Holzapfel, 2008; Stoks, Geerts, & De Meester, 2014). Indeed, such 
genetic changes in photoperiod dependent diapause induction be‐
haviour associated with recent climate change have been observed 
for the North American pitcher plant mosquito Wyeomyia smithii 
(Bradshaw & Holzapfel, 2001) and the Asian tiger mosquito Aedes al‐
bopictus (Urbanski et al., 2012). However, in the water flea Daphnia, 
failure of a population from temperate Lake Washington to suffi‐
ciently advance their release from diapause eggs to compensate for 
a climate driven advance of spring time led not only to a decline of 
a local Daphnia population, but also entailed severe changes in eco‐
system functioning through the modification of trophic interactions 
(Winder & Schindler, 2004a, 2004b). An increase in the break‐up of 
extant trophic interactions due to climate change is predicted for 
the future (Stenseth & Mysterud, 2002), and there are concerns if 
local populations have the potential to adapt their diapause timing 
to these anticipated changes (Dupuis & Hann, 2009; Edwards & 
Richardson, 2004). Hence, an understanding of how the timing of 
diapause can evolve is highly warranted.

Our capability to predict the evolution of life history phenotypes 
requires, however, information on its physiological underpinnings 
and the genetic architecture controlling these traits, as the number 
of genes and their effect, genetic linkage and epistatic interactions 
can impose evolutionary constraints or facilitate adaptation (Flatt & 
Heyland, 2011). This knowledge gap has been emphasized specifi‐
cally for the seasonal timing of diapause (Williams et al., 2017), which 
mostly occurs in response to photoperiod (Bradshaw & Holzapfel, 
2007). For invertebrate diapause, most progress has been made in 
identifying genes underlying local adaptation in diapause induction 
(reviewed in Meuti & Denlinger, 2013), which were repeatedly found 
to be associated with the circadian clock (Denlinger, Hahn, Merlin, 
Holzapfel, & Bradshaw, 2017). For instance, the circadian clock gene 
timeless was found to be in control of diapause incidence (Sandrelli 
et al., 2007) and allele frequencies of timeless alleles differentially 
affecting diapause induction behaviour were shown to covary over 
latitude (Tauber et al., 2007) in Drosophila. This pattern, a functional 
role of one or several circadian clock genes in the control of diapause 
induction and associated cline in allele frequencies for these genes 
in natural populations is recurrently observed, e.g., for the parasitic 
wasp Nasonia vitripennis (period, cycle and cryptochrome; Paolucci, 
Salis, Vermeulen, Beukeboom, & Zande, 2016) or more recently for 
the speckled wood butterfly (period & timeless; Pruisscher, Nylin, 
Gotthard, & Wheat, 2018). However, Emerson, Dake, Bradshaw, and 
Holzapfel (2009) found that the photoperiodic seasonal clock in con‐
trol of diapause can evolve independently from the circadian clock. 
Indeed, Roulin, Bourgeois, Stiefel, Walser, and Ebert (2016) identi‐
fied a rhodopsin photoreceptor instead of a circadian gene as the 
main gene responsible for variation diapause induction in the water 
flea Daphnia. There is ongoing debate regarding if, and to which ex‐
tent, the circadian clock and the (seasonal) photoperiodic timer are 
distinct or overlapping (Bradshaw & Holzapfel, 2010; Denlinger et 
al., 2017).

In contrast to this discussion, which is fuelled by a rich literature 
on the genetics of diapause induction, insights on genes in control 
of diapause termination are still scarce (Hand, Denlinger, Podrabsky, 
& Roy, 2016) and limited to terrestrial insects: Mathias, Jacky, 
Bradshaw, and Holzapfel (2007) mapped QTLs photoperiod depen‐
dent diapause termination in the pitcher‐plant mosquito, W. smithii, 
and identified polygenic architecture involving epistatic interactions. 
While the circadian clock gene timeless was not located in any of the 
detected QTLs, it was shown to epistatically interact with one of 
the QTLs detected by Mathias et al. (2007). In contrast, differences 
in the seasonal diapause termination between two North American 
strains of the European Corn Borer Ostrinia nubilalis are controlled 
by a single, sex‐linked QTL pointing to a large genomic inversion har‐
bouring multiple genes, including circadian clock genes (Dopman, 
Pérez, Bogdanowicz, & Harrison, 2005; Wadsworth & Dopman, 
2015). A similar sex‐chromosome located locus is also associated 
diapause termination timing in swallowtail butterflies (Kunte et 
al., 2011). For Rhagoletis flies, Ragland et al. (2017) showed that 
the genetic architecture in control of diapause induction and ter‐
mination are largely independent genomic modules, with diapause 
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termination timing being controlled by multiple linked blocks of loci. 
Thus, there is already large variation in the genetic architecture in 
control of diapause termination potentially affecting evolutionary 
trajectories between different species of terrestrial insects.

In this study, we investigated the genetic architecture in control 
of diapause termination in the water flea Daphnia magna. Daphnia 
is a crustacean zooplankter that is a pivotal herbivore in ponds and 
lakes (Miner, De Meester, Pfrender, Lampert, & Hairston, 2012). 
It produces environmental resistant diapause structures consist‐
ing of a protective capsule, called ephippium, which in the case of 
D. magna can contain two diapausing embryos in an early devel‐
opmental stage. Diapause termination in Daphnia is known to be 
triggered by environmental factors such as temperature and photo‐
period (Vandekerkhove et al., 2005), the latter being a relevant cue 
for inferring seasonality in natural populations of cladocerans (Jones 
& Gilbert, 2016). We therefore quantified the fraction of embryos 
terminating diapause under different photoperiods for clones of an 
established quantitative trait locus (QTL) mapping panel (Routtu et 
al., 2014). We used QTL mapping to identify genomic loci for dia‐
pause termination and to test three hypotheses regarding aspects of 
the genetic architecture of relevance for trait evolution. (i) Diapause 
termination is controlled by multiple loci of small to moderate ef‐
fect (e.g., Bradshaw, Emerson, Catchen, Cresko, & Holzapfel, 2012) 
instead of a single major effect locus (Wadsworth, Li, & Dopman, 
2015). (ii) There are epistatic interactions between these loci (e.g., 
Mathias et al., 2007), as opposed to the occurrence of many inde‐
pendent loci of additive effect, which is of relevance for adaptive 
capacity (Hansen, 2013). (iii) There are allele specific effects of pho‐
toperiod on diapause termination. Given the relevance of the cue 
photoperiod for seasonal timing in cladocerans (Jones & Gilbert, 
2016), this would identify genes and alleles on which selection on 
seasonal timing could act, and hence would be of particular rele‐
vance for the capacity of populations to locally adapt diapause ter‐
mination timing in relation to seasonal habitat phenology.

2  | MATERIAL S AND METHODS

2.1 | Mapping panel

In order to map QTLs for diapause termination in D. magna, we used 
the genetic map and QTL mapping panel of Routtu et al. (2014). This 
panel had been built by crossing two inbred D. magna clones: one 
inbred clone originating from a fish‐breeding pond near Munich, 
Germany (latitude: 48°12’) and another inbred clone from an 
ephemeral rock pool in Tvärminne, South‐Western Finland (latitude: 
59°49’). F2 clones had been produced via clonal selfing of a single F1 
clone resulting from sexual reproduction between the two inbreed 
clones and were genotyped at 1,324 genomic markers (average 
marker density 1.13 cM). The genotyped F2 clones were maintained 
in asexual parthenogenetic reproduction mode (i.e., clonally) since 
the development of the panel (Routtu et al., 2014) under standard 
laboratory conditions, before their use in this experiment. More de‐
tails on the panel can be found in Routtu et al. (2014).

2.2 | Diapause stage production

In order to assess genotype specific diapause termination, we pro‐
duced diapause stages from a random subset of 212 clones of the 
mapping panel. Monoclonal lineages were cultured in dechlorinated 
tap water at 20°C under a 16 hr photoperiod. In a first phase, we 
provided optimal culture conditions with an ad libitum food supply 
of algae (Acutodesmus obliquus), regular changes of culture medium a 
and if necessary the repeated expansion of monoclonal cultures over 
multiple jars (1 L) to avoid population crowding. In a second phase, 
we induced ephippia production by growing monoclonal cultures to 
initiate population crowding, a switch to short (8 hr) photoperiod 
and a reduction of food level and feeding interval (see Supporting 
Information). The short photoperiod treatment was interrupted 
every five days by two days with a long (16 hr) photoperiod, so that 
repeated changes in photoperiod were given, which has been shown 
to result in a more continuous production of ephippia (De Meester & 
De Jager, 1993). The position of jars containing the different clonal 
populations was randomized during the entire process. As ephippia 
production levelled off (typically after 3 to 4 weeks), ephippia were 
collected, counted and stored at 4°C in the dark for a refractory pe‐
riod of at least 3 months.

2.3 | Diapause termination assessment

The first hatchlings of the year in the source habitats of the two 
clones used to construct the mapping panel are typically observed 
in April for the Munich clone (7°C–8°C; 13 hr daylight) and in May 
for the Finnish clone (7°C–8°C; 17 hr daylight). Given the diapause 
termination at different photoperiod in the natural context as well 
as the general relevance of photoperiod as a cue for seasonal phe‐
nology integration (Bradshaw & Holzapfel, 2007), we assessed dia‐
pause termination under a short (8 hr) and long (16 hr) photoperiod 
in incubators set to a constant temperature of 17°C. Ephippia were 
taken from the cold storage and distributed over flat‐bottomed 96‐
well laboratory plates, with each well receiving a single ephippium. 
Sets of ephippia from the same clone were split between plates to 
randomize positional or plate effects. Wells were filled with dechlo‐
rinated tap water, covered with a lid and placed in the incubators. For 
clones with a limited number of ephippia, we preferentially tested 
diapause termination under the short photoperiod treatment and 
only added analysis of the long photoperiod treatment if a sufficient 
number (~50) of ephippia were available. Plates were positioned on 
racks within incubators (Supporting Information Figure S2) and their 
position was changed daily during the hatching monitoring step to 
randomize positional effects.

Plates were monitored daily for the occurrence of new hatch‐
lings for a duration of 21 days to account for the temporal spread 
of hatching in Daphnia (Vanoverbeke & De Meester, 2009). Given 
the large number of plates, we used a photographic monitoring 
technique (Czypionka, Reeves, Vanhamel, & De Meester, 2016) to 
allow a short assessment span relative to the 24 hr monitoring inter‐
val. Briefly, photographic monitoring consisted in the detection of 
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hatchlings due to their position change between photographs taken 
in 10 s intervals using the software Cellprofiler (Jones et al., 2008). 
As some ephippia only contained a single embryo, we modified 
the original method (Czypionka et al., 2016) to detect the number 
of hatchlings per well (see supporting information). The number of 
hatchlings was integrated over the full 21 days assessment period. 
At the end of the monitoring period, ephippia in the 96‐well plates 
were bleached using with 2.12% hypochlorite solution (Sorgeloos, 
Bossuyt, Laviña, Baeza‐Mesa, & Persoone, 1977) to check for un‐
hatched embryos under a binocular. If our analysis indicated the sum 
of hatchlings and unhatched embryos per ephippium to be >2 (oc‐
curring for 89 of 27,774 wells), we resolved these inconsistencies 
by reviewing the photographs from the monitoring and corrected 
our data accordingly. For each clone, diapause termination fraction 
(DTF) was calculated as the number of observed hatchlings divided 
by the number of diapausing embryos entering the experiment (i.e., 
nhatchlings/(nhatchlings+nunhatched embryos). DTFs were calculated sepa‐
rately for the long and short photoperiod treatment.

2.4 | QTL mapping

QTL mapping was performed in R v3.4.0 (R Core Team, 2017) with 
the package R/qtl v1.41‐6 (Broman, Wu, Sen, & Churchill, 2003). 
Diapause termination characteristics in Daphnia have been shown to 
be largely determined by the genotype of the mother producing the 
ephippium (De Meester & De Jager, 1993). We therefore mapped 
DTF based on the genomic marker information of the clones that had 
produced the ephippia and not on the genotypes of the embryos or 
hatchlings themselves. As some clones of the panel had produced 
very few diapausing embryos we only used DTF estimates based 
on a minimum of 40 embryos for QTL mapping. This filtering was 
done to avoid introducing artefacts resulting from DTF estimates 
that were based on a low number of observations and thus prone to 
stochastic error.

In a first step, we performed single‐QTL scans for DTF including 
photoperiod as a covariate to explore the locus specific interactions 
with this diapause termination cue. In the current version v1.41‐6 
of R/qtl, this is only implemented under a model assuming that the 
trait follows a normal distribution. As this was not the case for our 
data, we performed an additional single‐QTL scan using a nonpara‐
metric model not including a covariate to validate our findings (see 
Supporting Information). We integrated our findings in a multiple 
QTL model and screened for additional QTLs after accounting for 
their effects.

In a second step, we performed a two‐dimensional QTL scan to 
detect QTLs whose effect had been masked due to epistatic or addi‐
tive compensatory interactions. Newly identified QTLs and interac‐
tions were integrated in the multiple QTL model and the positions of 
all QTLs in the model were refined using a maximum likelihood ap‐
proach implemented in the R/qtl package. Confidence intervals for 
the resulting QTLs were calculated as 95% Bayes credible intervals. 
Scripts and data for QTL mapping are provided as supplementary 
material to this publication.

2.5 | Mapping QTLs to the genome

Marker sequences for the detected QTLs were mapped against 
the D. magna draft genome v2.4 (http://arthropods.eugenes.org/
genes2/daphnia/daphnia_magna/BLAST/) using BLASTn (E‐value 
cut‐off 0.01) (Altschul, Gish, Miller, Myers, & Lipman, 1990). The 
fragmentation of the draft genome did not allow us to define 
genomic regions of interest for the identification of candidate genes. 
We therefore mapped (E‐value cutoff = 0.01; all significant hits 
verified by eye) QTL markers confining the confidence intervals of 
selected QTLs to a new, less fragmented, PacBio based genome as‐
sembly of the same genotype of D. magna (P. D. Fields, in prepara‐
tion). The package Gviz v 1.22.3 (Hahne & Ivanek, 2016) was used to 
visualize the gene content in these genomic regions.

3  | RESULTS

3.1 | Diapause stage production

A large number of ephippia (>31,000) was produced through clonal 
selfing by 209 of the 212 F2 clones of the D. magna QTL panel that 
were included in the experiment. The number of ephippia per clone 
varied widely, ranging from 3 to 910 (see Supporting Information 
Figure S1). In addition, we noticed a large variability among clones in 
the fraction of ephippia that contained no or only a single diapausing 
embryo. The average filling of the ephippia ranged from 0% to 83.3% 
per clone (with 100% indicating two embryos in all ephippia). The 
number of produced ephippia per clone was not used as a trait for 
QTL mapping as this is beyond the scope of this study and was done 
previously (Roulin et al., 2013).

3.2 | Diapause termination fraction

DTF data were available for 198 clones, of which 119 were as‐
sessed at both photoperiods. DTF estimates and the number of 
diapausing embryos on which this estimate was based (nhatch‐

lings + nunhatched embryos) are provided in the QTL analysis input file 
in the supplementary. Figure 1a illustrates the distribution of DTF 
under long (16 hr) and short (8 hr) photoperiod. The majority (62%) 
of the 70 clones assessed at both photoperiod had either a high 
(>80%; top right in Figure 1a, 25 clones) or low (<20%; bottom left 
in Figure 1a, 19 clones) DTF at both photoperiods. This divide was 
independent of photoperiod with the average difference in DTF 
between photoperiods for individual clones being much smaller 
(average increase 4.7% DTF for high DTF clones, 1.4% DTF for 
low DTF clones) when compared to the difference between them 
(>80% DTF vs <20% DTF).In contrast, the 26 clones not belonging 
to the groups with a high (>80%) or low (<20%) DTF at both pho‐
toperiods showed an average DTF increase of 11.2% DTF, which 
was much more pronounced than for the entire dataset (70 clones, 
average increase 6.2% DTF). This agreed with the overall trend 
for an DTF increase at long photoperiod (49 of 70 clones (70%) 
falling in the top left half of Figure 1a). While the opposite (higher 

http://arthropods.eugenes.org/genes2/daphnia/daphnia_magna/BLAST/
http://arthropods.eugenes.org/genes2/daphnia/daphnia_magna/BLAST/
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DTF at short photoperiod) was also observed for some clones, this 
mainly related to DTF estimates based on less than 40 embryos 
(empty circles in Figure 1a), or to members of the group of clones 
with a generally low DTF. The relatively low number of diapausing 
embryos for some clones mainly reflects the large number of ephi‐
ppia not containing embryos and the high variability in the number 
of produced ephippia between clones and was, to a lesser extent, 
reduced further by incubator fails during DTF assessment.

3.3 | Mapping results

QTL mapping analysis was performed based on 147 clones, of which 
70 could be assessed at both photoperiods, after excluding DTF esti‐
mates based on less than 40 diapausing embryos as well as an outlier 
clone that showed an increase from 14.8% to 75.6% DTF between 
short and long photoperiod.

3.3.1 | Single‐QTL scan

The single‐QTL scan identified significant (p < 0.05) QTLs on linkage 
groups 3 and 5 that were confirmed using a nonparametric model 
(see Supporting Information Figures S4 and S5). Inclusion of photo‐
period as an additive and interacting factor provided evidence for 
the QTL on LG 3 modulating DTF in response to photoperiod, as 
the inclusion of photoperiod as an interacting factor raised the LOD 
score of the QTL on LG 3 from 4.63 to 5.46 (Supporting Information 
Figure S4). The effect of the QTL on LG 5 mirrored the photoperiod 
independent divide in the groups of clones with a low or high DTF 
(bottom left vs top right in Figure 1a), as the homozygous German 
genotype (AA) had an average DTF of approximately 20% at both 
photoperiods, while homozygous Finnish (BB; 75.9% & 81.1%) and 
the heterozygous clones (AB; 63.9% & 68.7%) had higher DTFs 
(Figure 1b). In turn, photoperiod treatment dependent differences 

F I G U R E  1   Diapause termination fractions (DTF) for different clones or for specific QTLs. (a) Scatterplot of DTF for different clones at 
short (8 hr light; x‐axis) and long (16 hr light; y‐axis) photoperiod. The diagonal line indicates the isocline where DTFs at both photoperiods 
are identical. Black dots: clones with each DTF estimate based on>= 40 diapausing embryos; black circles: clones with sample sizes of <40 
diapause for one or both photoperiods. Note that DTFs of clones that could only be assessed at one photoperiod are not included. The 
overall distribution is characterized by: (i) a separation in clones with an either high (>80%) or low (<20%) DTF, and (ii) a tendency for a 
higher DTF at long photoperiod (i.e., circles above the isocline). (b) DTFs of the different genotypes of the QTL at LG 5 at short (left panel) 
or long (right panel) photoperiod. A clear effect of genotype is observed at both photoperiods, with genotype AA (German homozygous) 
characterized by a lower DTF than the other two genotypes at both photoperiods. Midpoints indicate average DTF, error bars indicate 1 
standard error. (c) DTF of the different genotypes of the QTL at LG 3 at short (left panel) or long (right panel) photoperiod. An effect of 
genotype as well as of photoperiod is observed
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in average DTF were observed for the different genotypes for the 
QTL at LG 3 (Figure 1c), where clones with German and Finnish 
homozygous alleles were comparable at a short photoperiod (both 
46.2%), but with a tendency for a difference in average DTF (27.5% 
[AA] vs 55.3% [BB]) being observed at a long photoperiod. As some 
clones were only assessed at a single photoperiod, differences be‐
tween the two panels in Figure 1c cannot be exclusively attributed 
to the effect of photoperiod, but subsequent analyses confirmed a 
role for the QTL on LG 3 for photoperiod dependent diapause ter‐
mination (see Supporting Information). The heterozygous genotype 
(AB) had a higher average DTF than both homozygous genotypes at 
both photoperiods (65.8% at short photoperiod and 70.2% at long 
photoperiod).

3.3.2 | Two‐dimensional QTL scan

The two‐dimensional QTL scan identified five new significant QTLs 
(pfv1 < 0.05 & pinteraction < 0.05; in one case pinteraction = 0.052; see 
Supporting Information Table S1). These consisted of three loci (on 
LGs 2, 6 and 10) that were all interacting with the QTL on LG 3 and a 
pair of interacting QTLs on LGs 1 and 8.

The epistatic interaction between the QTLs at LG 3 and 2 was 
associated with low average DTFs of <20% for the original paren‐
tal combinations of homozygous alleles (AA‐AA 16.3%, BB‐BB 
17.5%) but with an average DTF of >50% for clones combining ho‐
mozygous alleles of both backgrounds (i.e., AA‐BB 53.5%, BB‐AA 
62%;Figure 2a). This was inversed for the interaction between the 
QTLs on LGs 3 and 6, where the original combinations of homozy‐
gous alleles had higher average DTFs (AA‐AA: 58.1% and BB‐BB: 
83.4%) than the German‐Finnish combinations (AA‐BB: 22.5% 
and BB‐AA: 27.5%; Figure 2b). A heterozygous genotype for the 
QTL at LG 3 did on average contribute to an increase in DTF (av‐
erage DTF 67.4%), as was already found in the single QTL analysis. 

Corresponding information for the epistatic interactions between 
the QTLs on LGs 1 and 8 and the QTLS on LGs 3 and 10 are provided 
in the supplementary.

3.3.3 | Multiple QTL model

The identified QTLs and epistatic interactions were integrated in 
a multiple QTL model. One additional QTL on LG 4 was detected 
by scanning for additional QTLs after accounting for the effects of 
the two QTLs at LG 3 and 5 derived through the single‐QTL scan. 
Refining of QTL positions via a maximum likelihood approach in 
R/qtl led to the relocation of the QTL on LG 2 from 168.9 cM to 
28.4 cM (Figure 3). Overall, the final model included eight QTLs 
and four interactions and explained 66.5% of the variation in DTF 
(LODmodel = 51.52; see Supporting Information Table S2 for individ‐
ual effects). The QTL on LG 3 explained the highest amount of vari‐
ation in DTF of all identified QTLs by its own effect (12.9%) as well 
through epistatic interactions (Supporting Information Table S2).

3.4 | Candidate genes

Confidence intervals for all QTLs (Supporting Information Table S3) 
are provided together with the corresponding genomic scaffolds 
of the D. magna genome draft v2.4 in the supplementary. The con‐
fidence intervals of the two most significant QTLs on LG 3 and 5 
converged to the central marker position (Supporting Information 
Table S3). As this corresponds to an unrealistic confidence interval 
of 0 cM, we defined our genomic regions of interest by mapping the 
two adjacent markers against an improved version of the D. magna 
genome (P. D. Fields, in preparation). Figure 4 shows the genes in the 
candidate region of the QTL on LG 3. The central marker position 
was located in three gene model annotations (putative ELKS/Rab6‐
interacting/CAST family member 1, ERC protein, and putative ELKS/

F I G U R E  2   Effect of epistatic interactions on average diapause termination fraction (DTF). (a) Effect of epistatic interactions between 
the QTLs on LG 3 (genotypes on x‐axis) and LG2 (genotypes represented by different lines) on average diapause termination fraction (DTF; 
y‐axis). Lowest average DTFs are observed in the original combination of homozygous allelles (i.e., AA‐AA & BB‐BB). (b) Effect of epistatic 
interactions between the QTLs on LG 3 and LG 6 on average DTF. Highest average DTFs are observed in the original combination of 
homozygous allelles. Effect plots for the remaining epistatic interaction are provided in the supplementary material as Figure S6. Alleles: AA, 
German homozyogous; BB, Finnish homozygous; AB, heterozygous
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Rab6‐interacting/CAST family member), which are synonyms for the 
same protein. Further genes near the marker position were: Mediator 
of RNA polymerase II transcription subunit 20, Facilitated trehalose 
transporter Tret1–2 and an uncharacterized protein.

The definition of a genomic region of interest for the QTL at LG 
5 was challenging as the marker order between the genetic map 

(Routtu et al., 2014) and the newly assembled genomic contig did 
not agree. As the two adjacent markers mapped about 90 and 110 kb 
downstream of the central marker position of the QTL, we extended 
the associated genomic region of interest also 90 kb upstream of 
this position. Genes in the immediate genomic vicinity of the central 
QTL marker included: putative DNA‐directed RNA polymerase, sev‐
eral genes for actin proteins, several uncharacterized proteins, DNA 
damage binding protein 1, and Methyltransferase 9‐like protein (see 
Supporting Information Figure S11 for more details).

4  | DISCUSSION

In this study, we investigated the genetic architecture for diapause 
termination in the water flea Daphnia magna using a QTL mapping 
approach. There was ample genetic variation in the diapause ter‐
mination response between the clones of the mapping panel. The 
largely bimodal separation in clones with a very high or low diapause 
determination fraction (Figure 1a) and its association with a QTL on 
LG 5 (Figure 1b) suggests the contribution of a major effect locus 
with a single on‐off switch for diapause termination. However, our 
final results, which also account for the results from the two‐dimen‐
sional QTL scan, revealed a genetic architecture involving eight loci 
and four epistatic interactions. This model explained 66.5% of the 
observed variation in diapause termination fraction, with the indi‐
vidual QTL accounting for 3.5% to 12.9% of the variation (Supporting 
Information Table S2). This supports our first hypothesis of multiple 
loci with small to moderate effects controlling diapause termination. 

F I G U R E  3   LOD score profile of the multiple QTL model. LOD 
score (y‐axis) profile are provided at the genetic map positions (x‐
axis) at those eight linkage groups holding a QTL for DTF. The LOD 
score of the full multiple QTL model with 8 QTLS and four epistatic 
interaction is 51.52. Note that the QTL on LG 2 was relocated 
from 168.9 cM to 28.4 cM during maximum likelihood remapping 
and thus does not correspond to the QTL described for the results 
of the two dimensional QTL scan in Figure 2a. Ticks at the x‐axis 
corresponds to SNP markers of the genetic map by (Routtu et al., 
2014) which was used for QTL mapping
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However, the QTLs on LG 5 and 3, which had been already identified 
during the single QTL scan, stood out in having stronger effects on 
diapause termination than the other QTLs.

The QTL on LG 5 was associated with a strong differentiation in 
average diapause termination fraction between genotypes. Clones 
homozygous for the German allele of this QTL showed low diapause 
termination fractions (Figure 1b), largely independent of photope‐
riod. One possible interpretation of this observation is that the QTL 
on LG 5 points to a gene causing a low diapause termination fraction 
without adaptive value, similar to the two recessive infertility alleles 
already identified in the panel (Routtu, Jansen, Colson, De Meester, 
& Ebert, 2010). Alternatively, reduced diapause termination fractions 
have been described as an adaptive bet‐hedging strategy in Daphnia 
populations from unpredictable habitats (Cáceres & Tessier, 2003; 
Waterkeyn et al., 2013). If a fraction of the diapausing population 
does not hatch from the protective ephippia at the start of a growing 
season, it will survive in case of an unpredictable catastrophic event 
(e.g., drying or freezing of a pond) and can exploit beneficial condi‐
tions in the next growing season, thereby increasing its long‐term 
fitness (Starrfelt & Kokko, 2012). Based on the currently available 
data, it is not possible to distinguish between these two scenarios. 
In this context, it is noteworthy that the marker order of the genetic 
map did not agree with the genome sequence around the QTL on 
LG 5 (Supporting Information Figure S11). As the reference genome 
was based on the sequence of the Finnish clone from the mapping 
panel from which the genetic map was developed, this could reflect 
a structural genomic polymorphism, e.g., an inversion, between the 
Finnish and the German clone (Routtu et al., 2014). While our data 
do not allow us to investigate this further and exclude the possi‐
bility of e.g., errors in the genetic map or new genome assembly, 
inversions have been repeatedly shown to be involved in the adap‐
tive divergence in the timing of life history transition (Wellenreuther 
& Bernatchez, 2018), including diapause termination in insects 
(Ragland et al., 2017; Wadsworth et al., 2015). Thus, this finding 
might indicate a worthwhile possibility for future research regarding 
a role of the QTL on LG 5 in local adaptation of diapause termination 
in one of the source habitats.

The other major QTL on LG 3 explained the highest amount of 
variation in diapause termination fraction in the multiple QTL and 
was involved in three of the four pairwise interactions that were de‐
tected in this study. Together with the epistatic interaction between 
the QTLs on LGs 1 and 8, this supported our second hypothesis 
about the relevance of epistatic interactions for the genetic control 
of diapause termination in D. magna. Interestingly, interactions be‐
tween the combination of homozygous alleles from different back‐
grounds caused an increase (Figure 2a) or decrease (Figure 2b) in 
diapause termination fraction depending on the loci involved.

The nature of the detected epistatic interactions hence indicates 
a possible avenue for admixture facilitated evolution of diapause 
termination (Krehenwinkel, Rödder, & Tautz, 2015): For example, 
introgression of a German homozygous allele of the QTL at LG 2 
in Finnish background could lead to an increase DTF diapause ter‐
mination fraction (see Figure 2a). Although admixture between two 

source populations used to construct the mapping panel (Routtu et 
al., 2014) is rather unlikely due the vast geographic distance between 
the Germany and Finland, previous findings indicate that diapause 
termination patterns also vary between populations of Daphnia at 
a micro‐geographic scale (De Meester & De Jager, 1993). Thus, we 
speculate that adaptation of diapause termination timing in response 
to anticipated climate change (Dupuis & Hann, 2009) might be facil‐
itated by an increase in adaptive potential via adaptive introgression 
of relevant alleles from adjacent populations. Adaptive introgres‐
sion would leave overall genomic structure of the local population 
intact, thereby preserving habitat related adaptive variation (Nolte, 
Gompert, & Buerkle, 2009). Our findings on the genomic architec‐
ture of diapause termination in Daphnia might also hint a possible 
explanation for an emerging pattern in diapause induction studies 
in insects, where diapause induction was found to be inherited as 
a single locus trait at one photoperiod, but as a multilocus trait at 
other photoperiods (Fu, Chen, Xiao, He, & Xue, 2015; Pruisscher 
et al., 2017). Our findings indicate that different alleles at one QTL 
can modulate and largely negate the effect of another QTL on DTF 
(Figure 2). Hence, observed patterns of single vs multilocus inher‐
itance at different photoperiods (Fu et al., 2015; Pruisscher et al., 
2017), could result from QTLs only expressed depending on photo‐
period, especially if such QTLs interact with many other loci (like the 
QTL on LG 3). In turn, we speculate that evolutionary changes of the 
critical photoperiod for the expression of such QTL might release 
cryptic variation on which selection might act (Ghalambor, McKay, 
Carroll, & Reznick, 2007) and hence raise the adaptive potential for 
diapause termination timing.

In this context, the relevance of the locus on LG 3 was also un‐
derlined by the identification allele specific effects of photoperiod 
on diapause termination fraction (Figure 1b). The photoperiod in‐
dependent, strong separation of our data set into clones with either 
high or low diapause termination fraction complicated the detection 
of the comparably weaker effect of photoperiod on diapause ter‐
mination (see Supporting Information). Yet, our analysis indicated a 
locus specific interaction with photoperiod for the QTL on LG 3 in 
agreement with our third hypothesis. Photoperiod has repeatedly 
been shown to serve as a seasonal cue for the adaptive seasonal 
timing of life‐history in many species (Bradshaw & Holzapfel, 2007, 
2008), including cladocerans (Jones & Gilbert, 2016). The genomic 
region of interest for this QTL spanned <100 kb (Figure 4). Directly 
at the marker position there are annotations for three isoforms of 
the same gene, the ELKS/Rab6 interacting/Cast family member (also 
known as ERC protein). While the region of interest includes addi‐
tional genes whose potential functional relevance for diapause can‐
not be disproven (e.g., the trehalose transporter Tret 1–2 [Hengherr, 
Heyer, Brümmer, & Schill, 2011]), most of these genes are closer to 
the genomic position of the adjacent markers for the genetic map 
positions of 79.4 or 83.1 cM (Figure 4), or do not have any function 
assigned (uncharacterized protein in Figure 4). In turn, the role of 
the ERC protein as a top candidate for the photoperiod dependent 
termination of diapause is also reinforced by functional consider‐
ations. The insect homolog of ERC protein, the gene bruchpilot, has 
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been intensively studied in Drosophila, where it was identified as a 
structural protein of the presynaptic active zone (Wagh et al., 2006), 
which is also involved in the modulation of signal transmission in‐
cluding the regulation of photosensitivity in photoreceptor synapses 
(Sugie et al., 2015). Moreover, bruchpilot was recently found to be in 
a light dependent way degraded by the photopigment cryptochrome 
(Damulewicz et al., 2017), analogous to the well known light depen‐
dent degradation of the circadian gene timeless, which is involved in 
photoperiod dependent diapause induction in Drosophila (Sandrelli 
et al., 2007). There is a long‐standing debate, if the circadian clock 
and the photoperiodic seasonal clock in control of diapause are the 
same, or distinct (Bradshaw & Holzapfel, 2010). The identification of 
bruchpilot as a gene not pertaining to the core circadian clock, but in‐
teracting with it (Górska‐Andrzejak et al., 2013), might contribute to 
a better understanding as how these important biological clocks are 
coupled (Denlinger et al., 2017). Overall, our findings suggest that 
we identified a candidate gene for the observed differentiation in 
diapause termination, as well as for the perception of photoperiod 
as a cue for season.

5  | CONCLUSION

This study contributes to the elucidation of the genetic architecture 
for diapause termination in the water flea Daphnia. The integration 
of QTL mapping results with genomic data allowed the delineation of 
the candidate gene bruchpilot for diapause termination in response 
to photoperiod, and the genomic locations of the remaining QTLs 
lay the foundation for revealing further candidate genes in the fu‐
ture. Our results, together with corresponding findings of diapause 
induction (Roulin et al., 2016, 2013), now establish Daphnia as an 
ideal study system for the ecological genomics of diapause timing. 
Given the long tradition of Daphnia as a model organism in ecology 
and evolution (Lampert, 2011), this can be extended to the analysis 
of well characterized natural populations. This will allow to study the 
effect of genetic architecture in constraining or facilitating the evo‐
lution of diapause timing in response to environmental changes in 
conjunction with its implications for ecosystem functioning.
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