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ABSTRACT 

Phylogeography places population genetics in an explicitly spatial context, and in doing 

so attempts to reconstruct the historical and contemporary evolutionary processes 

acting across a species range through space and time. Here we present the 

phylogeographical structure of Daphnia magna as determined for full mitochondrial 

genomes from samples of 60 populations throughout much of the species known range, 

including Europe, the Middle East, and Asia. Contrary to previous analyses, the present 

analysis of the mitochondrial genome reveals coarse-grained (continental scale) 

evidence for spatial structure, and in particular a deep split between Western Eurasia 

and East Asian D. magna lineages. In contrast to previous analyses with nuclear genetic 

markers, our mitogenomic analysis reveals much less structure within lineages. We 

quantify divergence between species using the full mitochondrial genome sequence of a 

closely related species, D. similis.  The distribution of European and Middle Eastern 

genetic diversity is consistent with a rapid demographic expansion following the end of 

the most recent ice age about 10,000 years before present. By estimating species wide 

distributions of dN/dS in mtDNA, we provide evidence that the effectiveness of purifying 

selection on protein coding genes in the mitochondrial genome of coastal rock pool 

populations, which have pronounced extinction-colonization dynamics, is reduced 

compared to larger and more stable non-rock pool populations. The present study adds 

important insights into the evolutionary history of a widely used model organism in 

ecology, evolution and ecotoxicology, and highlights the utility of phylogeographic 

analysis of organellar genomes to understand evolutionary processes. 

Keywords: Mitogenome; phylogeography; genetic drift; Daphnia; Daphnia magna; 

Palaearctic  
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INTRODUCTION 

 Some species have an essentially global distribution, while others are 

constrained to very limited ‘islands’ of appropriate habitat. Within these species ranges, 

population sizes can range from billions, as in the case of many bacterial species, to 

cases where just a few individuals represent the entire species, as in the case of the so-

called ‘Big Bird lineage’ of Darwin’s finch which recently arose as the result of 

homoploid hybrid speciation (Gaston, 1996; Lamichhaney et al., 2017). The causes of 

such variation in both range and census size of individual species is of great interest for 

basic and applied science (Runge et al., 2015). For example, effective population size is 

known to have a large effect on the efficacy of natural selection (Charlesworth, 2009). 

Additionally, native range size has been shown to be predictive of invasion potential in 

some species (Shah et al., 2012) 

A species’ present-day distribution and density may be very different from what 

it was in the past, and what it may be in the future. Several approaches can be used to 

determine past and future species distributions, though some of these are often quite 

resource and time intensive (Adler et al., 2010). Population genetics approaches use 

DNA based molecular information to reconstruct a species’ demographic history, in so 

doing understanding the past, present, and possible future of a focal species (Cutter, 

2013). 

Construction of a species’ specific phylogeography is a methodology allowing 

transition from range wide genetic diversity data to a reconstruction of the historical 

demography of individual populations, and concomitantly, the species as a whole 

(Knowles, 2009).  Recent developments in model-based inference of phylogeography 

(Beaumont et al., 2010) have allowed more consistent statistical inference of the 

historical relationship of different populations. This includes estimates of historical 
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population sizes, population divergence times, and migration events between individual 

subpopulations (Maio et al., 2015). Phylogeographic methods have also been greatly 

advanced by the increase in genetic and genomic resources for a wide range of species 

resulting from the introduction of affordable next-generation sequencing (NGS) 

platforms (Bowen et al., 2014; Knowles, 2009). 

 The majority of phylogeographic and phylogenetic analysis in non-model 

systems have relied on the use of mitochondrial DNA (mtDNA) and on segments of 

organellar genomes (Morin et al., 2010; Moritz, 1994). The utility of mtDNA for 

phylogeographic analysis derives in part from their high rate of molecular evolution as 

compared to the nuclear genome (Avise, 1989; Brown et al., 1982; Moore, 1995) 

(though also see Galtier et al., 2009, wherein the authors describe particular limitations 

and assumptions for the application of mtDNA). Most uses of mtDNA for 

phylogeographic inference have relied on fragments of individual mitochondrial genes, 

and so only a limited inference is achieved (Galtier et al. 2009). A useful advance relies 

on low coverage (~1X) whole genome sequencing (‘genome-skimming’, (see Cronn et 

al., 2008; McPherson et al., 2013; Straub et al., 2012), allowing for construction of whole 

plastid and mitochondrial genomes deriving from high coverage of organelle genomes 

in the read pool even for non-model systems. Using a combination of iterative baiting 

and mapping assembly of reads, researchers can use whole genome references of 

distantly related species where a reference mitogenome is not available to construct 

whole mitogenomes of a target species, thereby allowing higher resolution 

phylogeographic analysis. 

Daphnia magna is a widely used model in ecology, evolution and ecotoxicology, 

and has been the focus of a number of previous phylogenetic and phylogeographic 

studies to understand the species’ evolutionary history. Using a 609-bp gene fragment 
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of the mitochondrial gene COX1, De Gelas and De Meester (2005) showed a general lack 

of geographic population genetic structure within Europe. However, subsequent work 

Fields et al. (2015), using a genome wide RADseq derived SNP dataset, suggested that 

there is a clear geographic population genetic structure in D. magna within the species’ 

European range at the nuclear level, exhibiting a ‘genes mirror geographic’ isolation by 

distance signature.  

Daphnia magna has a large, multi-continental range with very heterogeneous set 

of habitats. A particular distinction is seen between populations that inhabit persistent 

fresh-water ponds and lakes and populations that exist in ephemeral, coastal rock pools 

(Pajunen and Pajunen, 2003). Amongst the many differences between these two 

habitats is the increasing role of genetic drift via increased founder effects during 

colonization of pools that previously experienced local extinction (Haag et al., 2005; 

Pannell and Charlesworth, 2000). Importantly, while selection may occur equally in 

both persistent ponds and ephemeral rock-pool populations, genetic drift in rock pool 

metapopulations might be strong enough to diminish the effects of natural selection. 

Roulin et al. (2013) showed a clear signature of continent-scale local adaptation for 

sex/resting stage induction in D. magna, i.e. traits related to production of resting eggs 

and males exhibit a signature of local adaptation. However, in a follow up study, where 

D. magna populations across a Finnish rock pool metapopulation were sampled and 

assayed for sex induction, there was no evidence for local adaptation between 

populations which are known to occupy larger, more persistent pools vs. those that are 

prone to both within and among year desiccation (Roulin et al., 2015).  A potential 

explanation for these results is that genetic drift prevents the evolution of locally 

adapted traits between the different rock pool types within the metapopulation (Walser 

and Haag 2012).   
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Here we present results of a large Eurasian sample of D. magna for which whole 

genome, paired-end Illumina sequencing was used to construct reference assisted de 

novo assemblies of 60 mitochondrial genomes. We also obtained a mitochondrial 

genome of the closely related D. similis, providing a useful outgroup for phylogenetic 

and phylogeographic analysis of D. magna. Our phylogeographic analysis provides 

insights in the deep phylogenetic split between D. magna clones deriving from Western 

Eurasia and Eastern Asia. We estimate the approximate timing of the last major 

population expansion of D. magna into Europe following the last glacial recession using 

Bayesian Skyline analysis. Finally, we show that, at the mitochondrial genome, 

significant differences in dN/dS ratios of the 13 protein-coding mitochondrial genes are 

suggestive of an increased role of genetic drift and thus reduced effectiveness of natural 

selection in some habitats. 

 

MATERIALS AND METHODS 

Samples and DNA sequencing 

We analyzed complete mitogenomes of 60 D. magna clones (55 from Western 

Eurasia, five from Eastern Asia) and one clone of D. similis. The D. magna genotypes 

(clones; D. magna can be maintained as stable genotypes under lab conditions due to 

their cyclical-parthenogenetic life-cycle) used in this study originated either from field 

collected plankton samples, were hatched from field collected resting eggs, or resulted 

from inbred crosses in the laboratory (two clones). Field collected planktonic females 

were brought to the laboratory, and individual females were allowed to reproduce 

parthenogenetically. These lines were kept in the laboratory under conditions of 

continuous parthenogenetic reproduction. Field-collected resting eggs (ephippia) were 

collected on the surface of pond sediments and were washed and stimulated to hatch by 
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exposure to continuous light under room temperature in well-oxygenated medium. 

Hatchlings were isolated and iso-female lines were produced and kept under conditions 

of continuous parthenogenetic reproduction. Two clones were obtained by selfing of 

field collected females (clones produced by means of parthenogenesis lead to male 

offspring, which can fertilize sexual eggs of their clonal sisters). These two selfed clones 

are the parents of a standing D. magna QTL panel (Routtu et al. 2010; Roulin et al. 2013; 

Routtu & Ebert 2014). One clone (from Southern Germany; DE-Iinb1) is the result of 

one round of selfing, the other clone (from Finland, FI-Xinb3) resulted from three 

rounds of selfing. The Finnish clone has also been used for the D. magna reference 

genome (V2.4; Daphnia Genome Consortium). D. similis was collected in Israel close to 

the type locality of the species and the clone used in the present study derived from 

three generations of selfing in the laboratory.  

To reduce non-focal DNA in our sequencing reactions (from microbiota and food 

items), individuals were treated for 72 h with three antibiotics (streptomycin, 

tetracycline, ampicillin) at a concentration of 50 mg/L each, and the microbiotic 

treatment was refreshed every 24-hours. Clones were fed with dextran beads 

(Sephadex ‘Small’ by Sigma Aldrich: 50  m diameter) at a concentration of 0.5 g/100 

mL to aid gut evacuation (Dukić et al., 2016). Animals were moved out of antibiotics and 

into 1.5-mL Eppendorf microcentrifuge tubes and excess fluids removed with a sterile 

pipette. Extraction buffer (Qiagen GenePure DNA Isolation Kit) was subsequently added 

to the tubes and tissue was disrupted using sterile and DNA-free plastic pestle. The 

resultant solution was incubated overnight with Proteinase K at 55 °C. RNA was 

degraded using RNAse treatment for one hour at 37 ° C. Protein removal and DNA 

precipitation, including the addition of glycogen (Qiagen) to aid DNA precipitation, were 

done using the Qiagen GenePure DNA Isolation Kit instructions. Resultant purified DNA 
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was suspended in 40  L of Qiagen DNA hydration solution and subsequently tested for 

purity and concentration using a Nanodrop and Qubit 2.0, respectively. Libraries were 

either prepared using Kapa PCR-free kits and sequenced by the Quantitative Genomics 

Facility service platform at the Department of Biosystem Science and Engineering (D-

BSSE, ETH), in Basel, Switzerland, on an Illumina HiSeq 2000, or were provided to 

Edinburgh Genomics (NCBI SRA Accessions X-Y) for library preparation using TruSeq 

DNA Nano gel free kits and paired-end 125nt sequencing using HiSeq v.4 .  

 

mtDNA Assembly and Sequence Alignment 

 Whole mitochondrial genomes were assembled using  MITObim, an approach 

which relies on a baiting and iterative mapping to assemble the focal genome (Hahn et 

al., 2013). Briefly, the utilized MITObim workflow begins with short-reads being 

mapped to conserved regions on a reference sequence, generating an initial reference 

for the focal genome using modules derived from the MIRA sequence assembler 

(Chevreux et al. 1999). Iterative fishing of reads with previously identified overlaps 

from the readpool then takes place. These baited reads are then used to extend the 

initially generated assembly from step one using MIRA. Steps two and three are then 

repeated until all gaps are closed and the number of reads fished from the readpool 

remains stationary (Hahn et al., 2013). The reference mitochondrial genome derived 

from XINB3 individual genome (V2.4; Daphnia Genome Consortium). Individual PE read 

datasets were subsampled down to two million reads using SEQTK 

(https://github.com/lh3/seqtk) four different times, each time using a different seed in 

order to generate four different input datasets. Each assembly was then interrogated for 

assembly error and consistency using the following quality control steps. The full read 

dataset was aligned to each reference using BWA MEM (Li, 2013; Li and Durbin, 2009), 
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the resulting sam alignment file being subsequently converted to a bam and coordinate 

sorted using SAMtools (Li et al., 2009). Alignments were then visualized using IGV 

(Robinson et al., 2011; Thorvaldsdóttir et al., 2013) in order to detect assembly and SNP 

errors by eye. All four individual mitochondrial assemblies were then aligned to one 

another using MAFFT v.7.305b (Katoh et al., 2002; Katoh and Standley, 2013). Any 

assembly specific inconsistencies amongst the four were subsequently interrogated by 

comparing the aforementioned alignments, resulting in a consensus assembly for each 

mitochondrial genome.  

 Individual mitochondrial genomes were independently annotated using the 

MITOS webserver, with the genetic code ‘invertebrate’ selected. Resultant annotations 

were then used to identify each of the thirteen coding genes, two structural rRNA genes, 

and 22 tRNA genes. Individual genes as well as whole mitochondrial sequences were 

aligned to one another using the multiple sequence aligner v.7.305b (Katoh et al., 2002; 

Katoh and Standley, 2013). 

 

Sequence Variation and Pop- and Phylo-genetic Analyses 

Measures of sequence variation ( ) were computed using Arlequin (Excoffier 

and Lischer, 2010). We used the R (R core Team 2016) package fields (Nychka et al. 

2015) to generate a spatial explicit summary of   over the sampled area of the species’ 

range. We used the software BEAST2 (v.2.4.4) (Bouckaert et al., 2014; Drummond et al., 

2005) to infer the timescale of D. magna mtDNA evolution in Europe and thereby 

explicitly link observed spatial patterns of   with demographic events using a strict 

clock Bayesian Skyline Plot (BSP) analysis. The data were divided into four partitions: 

tRNAs, other non-coding RNAs, four-fold degenerate codons (i.e. those four-fold 

degenerate in all sequences), and other codons. The two noncoding partitions were 
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given unlinked HKY substitution models with empirical base frequencies and gamma-

distributed rate variation. The two coding partitions were also given unlinked HKY 

substitution models with empirical base frequencies and gamma-distributed rate 

variation, but were further sub-partitioned into codon positions 1+2 versus codon 

position 3. All partitions shared the same tree topology, but had unlinked clocks. To 

provide a time calibration for the tree, in generations, we applied a fully informative 

Gaussian prior to the third codon position rate of the four-fold degenerate codons (i.e. 

four-fold degenerate, and thus putatively neutral sites) of mean 1.37x10-7 mutations per 

site per generation, variance 4.0x10-8. This was derived from the experimental estimate 

of Xu et al. (2012), which was based on parthenogenetic mutation-accumulation lines 

and are thus expected to approximately reflect the neutral rate. Note that the Gaussian 

prior distribution is an approximation of the confidence interval reported by Xu et al. 

(2012), and that we make no attempt to account for any differences in rate between 

parthenogenetic and sexual generations. In addition, to infer ancestral locations and 

population properties, we applied two discrete-trait models (Lemey et al., 2009) to infer 

the ancestral states of (internal) nodes. The first recorded the broad geographic region 

from which samples were obtained as traits (Northwest Europe, Nordic, Central Europe, 

Mediteranean, West Russia) and the rock-pool vs. non-rock pool status of the sample 

population. We ran five independent chains in each analysis with 50 million iterations 

(after discarding the first 20% of sampled iterations as burn-in) and samples drawn 

every 5,000 steps. Convergence was confirmed by visually inspecting the behavior of 

the sample chain, and ensuring that the effective sample size for posterior estimates 

(ESS) was greater than 200 using the program Tracer v.1.5 (Drummond and Rambaut 

2007; available at http://beast.bio.ed.ac.uk/ Tracer). To provide date estimates for the 

more ancient divergence between European and Asian lineages of D. magna, and to 
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include D. similis, we also ran a constant population-size size coalescent model and 

expanded dataset, but otherwise using the same partitions, parameters and priors.  

To test for isolation-by-distance (IBD) we measured the correlation between 

genetic relatedness and geographic distance among samples. We converted the multiple 

sequence alignment (MSA) into a variant call format (VCF) using the FastaToVCF.py 

script included in the PoMo package (De Maio et al., 2015). Pairwise relatedness 

between each of the sampled populations was estimated using the Yang et al. ((Yang et 

al., 2010) estimator as implemented in the VCFtools package (Danecek et al., 2011). We 

applied the recommendations of (Legendre et al., 2015) in order to determine the 

relationship between pairwise genetic relatedness and the pairwise distance between 

samples, wherein our matrix of pairwise relatedness was decomposed into principle 

components using the R base stats function prcomp and used as a response variable in a 

distance-based Moran’s eigenvector map (dbMEM) analysis by redundancy analysis 

(RDA). Our pair-wise geographic distance matrix was used to compute a dbMEM using 

the R package adespatial function dbmem (Dray et al., 2017). RDA analysis was 

conducted using the R package vegan function rda (Oksanen et al., 2013), with 

significance assessed with 1000 permutations. 

We estimated signatures of selection on protein-coding genes for specific sub-

clades of the D. magna phylogeny using the branch models of   (  = dN/dS; dN, 

nonsynonymous substitutions; dS, synonymous substitutions) implemented in the 

CODEML program of the package PAML v.4.7 (Yang 2007).  To estimate different rates 

for ‘rock pool’ (RP) and ‘non-rock-pool’ (NRP) lineages, internal branches were labelled 

on the basis of the state inferred by the second BEAST discrete-trait analysis (above). 

We compared the log-likelihood values between models that had single   (lnL0) and 

one that had branch type   values for RP and NRP (lnL1) using a log-ratio test (LRT). 
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Significance was assessed using a    test, with the degrees of freedom (df) equal to one. 

We assessed the value of 2*(lnL1-lnL0) compared to the expected     value using the R 

base (R core Team 2016) function dchisq. To quantify potential uncertainty due to the 

inferred ancestral state of populations we performed the codon analysis on each of 

1000 trees sampled randomly from the posterior tree set, and report bounds based on 

this distribution. In the course of this analysis, it became apparent that the distribution 

of terminal branch lengths of ‘rock-pool’ accessions was substantially different from 

that of non-rock pool accessions. To elucidate the relative impact of branch length per se 

versus rock-pool status, we ran codon analyses which considered ‘long’ (> than the 

approximate mean length of RP external branches, 20k generations) and ‘short’ (  20k 

generations) terminal non-rock pool branches separately. We used a permutation test 

to determine when the   values for RP were significantly greater than the NRP values. 

The permutation tests were conducted using the R package perm function permTS (Fay 

and Shaw, 2010), with significance assessed with 1000 Monte Carlo replications.  

 

RESULTS 

We used whole mitochondrial genome sequences of 60 D. magna from single 

individuals collected from populations throughout most of the species’ known range 

and maintained parthogenetically within the laboratory, as well as a mitochondrial 

genome from the closely related species D. similis. The sequences could be 

unambiguously aligned, with an average pairwise nucleotide identity of 98.9% (range 

97.52% – 100%) between European, Western Asia, and the Middle Eastern Range. The 

average pairwise nucleotide identity between Western Eurasian and East Asian lineages 

was lower at 95.9% (range 95.1 – 96.2%). The average pairwise nucleotide identity 

within East Asian lineages was 99.5% (range 99.14 – 99.6%). Between species, we 
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observed an average pairwise nucleotide identity of 78.3 % (range 77.6 – 78.4%) 

separating D. magna from D. similis, and an average nucleotide identity of 67 % to D. 

pulex (Crease, 1999). 

 We combined regional samples (Figure 1 A,B; Table 1.) to quantify range wide 

differences in genetic diversity. Mitochondrial-wide pairwise sequence diversity, or  , 

showed a clear cline, where   was higher in the Middle East and southern Europe as 

compared to Northern Europe, as previously reported by (De Gelas and De Meester, 

2005) (Figure 2). Our limited sampling in Eastern Asia prevented a meaningful 

quantification of gradients in genetic diversity in this region.  

A possible explanation for the observed cline in genetic diversity along the Middle 

East to Northern European latitudinal gradient is a rapid demographic expansion from a 

glacial refugium following the last glacial maximum (LGM), as has been observed in a 

large number of species (Hewitt, 1996; Holder et al., 1999; Stewart et al., 2010). Thus, 

we used Bayesian Skyline Analysis (BSA), as implemented in the software BEAST2 

(Bouckaert et al., 2014) to detect historical changes in effective population size, or Ne 

that would accompany a post glacial expansion.  We observe a rapid increase in Ne at 

approximately 10-25 (95% CI) thousand years before present (kyr. BP), consistent with 

well documented dating of the end of the last ice age (Figure 3A). A second analysis of 

only the protein coding genes in the mitochondrial genome yielded slightly lower 

estimates of Ne which is likely the consequence of purifying selection taking place on 

these genomic components (Figure 3B,C). Finally, BSA analysis of only the five East 

Asian samples suggests the sampled populations have not experienced recent shifts in 

Ne  associated with range contraction and expansion taking place at the approximate 

timing of the end of the last ice age (Figure 3, D). The latter result is less surprising 

given the origin of the populations in areas wherein glacial encroachment is thought to 



  

 14 

have not taken place (Ju et al., 2007). Larger samples are likely required to provide 

definitive estimates of shifts in Ne in the East Asian portion of the species’ range. 

Western Eurasian samples are divided into two distinct lineages which we refer to 

as Western Eurasia A and Western Eurasia B (Figure 4). Closer inspection of the 

membership of each of these groups seems to suggest a great deal of geographical 

overlap between these two lineages (as was also determined above with simpler, non-

model based, distance methods (Suppl. Figure 1)). The observed posterior density of 

divergence time between Western and Eastern had a median of ~290 thousand 

generations before present (Gen. BP) [95% credibility interval, derived from the highest 

posterior density intervals CI = 180-450 Gen. BP]. Divergence time between D. magna 

and D. similis was estimated to be approximately 12 times longer (3.35 million GBP, 

95% HPDI = 2.25 - 4.90 million Gen. BP). 

A dbMEM analysis of the relationship between pairwise genetic relatedness and 

pairwise distance between sampling locations was significant for the full sample of 

mtDNA genomes (p < 0.001;    0.77), consistent with a pattern of IBD. However, 

when the East-Asia samples were removed from the analysis the relationship between 

pairwise genetic relatedness and pairwise distance between sampling locations was no 

longer significant (p =  0.125;     0.26), suggesting a much less strong pattern of IBD 

in the Western-Eurasia sample (Figure 5). 

Variation in selection across different branches of D. magna was determined by 

estimating the dN/dS ratio, or  . The   value for Western Eurasia A and Asia was similar 

to estimates derived from a range of animal mitochondrial genomes, with a mean value 

0.04 and 0.07, respectively, while the point-estimate of   estimated for Europe group B 

was nearly three and half times larger with a value of 0.17. We reasoned that this 

observed increase in   could be driven by the higher prevalence of rock pool samples in 
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the Western Eurasia B. To determine whether habitat type might affect   we undertook 

additional post-hoc analysis of   with the inferred phylogeny. We divided lineages into 

those inferred to be RP or or non-rock pool (NRP) (Figure 6). For RP and NRP genomes 

we estimated ω values of 0.1603 and 0.0798, respectively, with negligible uncertainty 

associated with tree topology, branch lengths or ancestral state inference (Figure 7A). A 

comparison of the two types of ω models with a LRT was significant (p < 0.001), 

suggesting the model which included a separate ω for RP and NRP populations was a 

better fit to the data. Comparison of RP to NRP values via permutation test suggests that 

the RP ω is significantly larger compared to NRP ω (p < 0.001). To test whether 

differences in omega between RP and NRP lineages might be solely attributable to 

differences in the distribution of branch lengths, we performed additional analyses, 

separating external and internal branches giving   for external branches as RP 0.1547 

and NRP 0.1084, respectively (Figure 7B). Comparison via permutation test again 

suggested the RP ω is significantly larger compared to NRP ω (p < 0.001). Finally, we 

compared NRP external branches shorter than 20k (the ~ mean length of RP external 

branches) generations to RP branches using a sample of 1000 posterior trees giving 

mean   for RP as 0.159 [95% CI 0.1585, 0.1599] and 0.13 [95% CI 0.1365, 0.1376] for 

NRP populations (Figure 7C), and that the RP ω is still significantly larger compared to 

NRP ω (p < 0.001). 

Great care is taken in order reduce or eliminate laboratory based selection taking 

place on individual lineages, but we cannot exclude the possibility that some loss of 

natural diversity has taken place as part of our cultivation procedures. If RP 

mitochondria are in fact metabolically defective it may be inferred that we are actually 

only able to observe a subset of the actual variation that exists in natural populations, 

and so the degree of difference in   values between RP and NRP populations is actually 
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an underestimate. Low fitness of rock pool D. magna has been reported before, by using 

phenotypic fitness estimates (Lohr & Haag, 2015). 

 

DISCUSSION 

D. magna population sub-structure 

 Fields et al. (2015) showed that for the nuclear genome D. magna shows a clear 

isolation-by-distance (IBD) pattern of relatedness. Previous research by De Gelas and 

De Meester (2008), which used a 609-bp mitochondrial gene fragment, found instead a 

pattern of little to no geographic genetic structure. Here we found similar results based 

on the entire mitogenome, suggesting that the distribution of genetic diversity 

represented in the mitochondrial genomes shows little geographical signal, but retains 

the traces of a rapid, post-glacial expansion. Importantly, these differences in patterns 

and strength of IBD are scale dependent. There was a very strong signal of IBD across 

the full sample of mitochondrial genomes covering all of Western Eurasia, the Middle 

East, and Eastern Asia. Within the Europe and Western Asia lineages there is a much-

diminished signal of IBD in the mitochondrial genome as compared the nuclear genome 

‘genes mirror geography’ described in Fields et al. (2015), though the Western Eurasia 

A and Western Eurasia B lineages may have diverged as long ago as 100k GBP. One 

could speculate that prior to the LGM the Western Eurasia A and Western Eurasia B 

lineages may have had a more distinct spatial structuring. It is plausible with the 

discovery of ancient DNA sources that we will be able to investigate the demographic 

processes that may have taken place in Eurasia prior to the LGM, as has been possible in 

other biological systems (Marciniak and Perry, 2017; Orlando and Cooper, 2014).  

 Fields et al. (2015) identified a distinctly divergent lineage represented by a 

genotype from Mongolia, but as only a single sample from this geographic region was 
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available for analysis it was difficult to determine its phylogenetic placement or status 

as a separate species.  However, this same Mongolian clone (MN-DM-1) from Fields et 

al. (2015) was included in the present study, as well as four additional clones sampled 

throughout East Asia (Table 1). They show that rather than MN-DM-1 being an 

anomalous sample, the entire geographic region contains a previously unexplored 

lineage of the species which diverged from the much better studied European lineages 

at least 100 thousand Gen. BP. This deep divergence between the D. magna lineages 

raises the possibility that we are in fact looking at different species. Recent work by 

Reisser et al. (2017) suggests that these East Asian lineages are the same species as D. 

magna from Europe, at least under the terms of the biological species concept (Mayr, 

1940). Specifically, Reisser et al. (2017) generated crosses of a lineage having an 

Eastern Asia haplotype sampled in the same vicinity as our RU-YAK clones with a 

Western Russian clone having a haplotype consistent with other European and Middle 

Eastern clone. F1 clones were generated successfully and continued to generate viable 

F2 offspring, though direct assays of fitness of either these F1 or F2 individuals were not 

made. One might conclude at least at a preliminary level that while the observed 

divergence between these pairs of lineages is quite large, it is not sufficient to generate 

entirely different species. The present sampling and molecular marker type does not 

allow us to determine if admixture has taken place between these two distinct lineages. 

 De Gelas and De Meester (2005) analyzed a number of within population 

samples, and showed very high genetic structure among populations and limited 

haplotype diversity within populations for the sampled mitochondrial gene. This 

suggests that a single individual per population may be sufficient to capture most 

mitochondrial diversity at the population level. Importantly, including additional 

samples from more populations or multiple samples per population may increase 
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signals of population structure at a very local scale but a lack of IBD across Western 

Eurasian is unlikely to change.  

 

Glacial refugium 

 Numerous phylogeographic analyses of species with extant ranges in the Europe 

and Middle East have suggested Southeastern Europe/Middle East as a likely glacial 

refugium during the last ice age (Hewitt 1996; Holder et al. 1999; Hewitt, 2000; Stewart 

et al. 2010). We show here the same pattern in D. magna for samples derived from 

Europe and Western Asia, though our present sample does not allow us to precisely 

pinpoint the locality of the refugium of the Western Eurasian clade of D. magna. Our 

BEAST2 Bayesian Skyline analysis suggests a rapid demographic expansion taking place 

approximately 10Ka, consistent with estimates of the end of the last ice age, when 

Central and Northern Europe became habitable for Daphnia. Importantly, with a 

significant caveat of limited sample size and the challenges inherent in phylogenetic 

dating (Graur and Martin, 2004), our analysis of samples from Eastern Asia do not 

suggest that these populations derived from the same glacial isolation and post-glacial 

expansion. The East Asian lineages may have escaped the range constricting effects of 

the LGM entirely, as these lineages existed in a geographic locality which may not have 

been subject to a major Quaternary glaciation (Sun and Chen, 1991; Zeng et al., 2015), 

or persisted in a different refugium that we have not sampled. With caution, our present 

data suggests the presence of only a single glacial refugium for the Europe and Western 

Asia lineages of D. magna as compared to two or more as has been observed in other 

species in the same geographical area (Hickerson et al. 2010; Eckert 2011) (Figure 2). 

Because the inferred phylogeographical patterns exist at such a large geographical scale 

we believe our sampling scheme at the population level is unlikely to bias our inference.  
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Metapopulation dynamics cause strong genetic drift 

 Most species are known to inhabit a wide range of habitats, often resulting in 

local adaptation. Daphnia magna is no exception, and occupies a huge geographical and 

ecological range with evidence of local adaptation for diverse traits (De Meester, 1993; 

Yampolsky et al., 2014). Roulin et al. (2013; 2015) showed clear signatures of local 

adaptation, both phenotypically and genomically, associated with male and ephippia 

production associated with different habitat persistence across Eurasia. However, when 

looking at a much smaller spatial area within a well-studied rock pool metapopulation 

of the species along the southern coast of Finland, Roulin et al. (2015) found no 

signature of local adaptation for the same traits. Lohr and Haag (2015) showed that D. 

magna from rock pools age faster than Daphnia from non-rock pool populations, 

suggesting a substantial genetic load. These results are consistent with research by 

Haag et al. (2005, 2006) and Ebert et al. (2013) revealing that genetic drift, through 

small population size and frequent founder effects during re-colonization of pools, has a 

strong effect on the rock-pool populations in southern Finland. With genetic drift 

dominating microevolutionary processes in rock pool metapopulations, local adaptation 

on the level of the rock pool and selection against deleterious mutations becomes 

inefficient. Rock-pool habitat as the one investigated in the above-mentioned studies is 

the dominant habitat for D. magna in the North, with well-known metapopulations 

described from the Finnish coast, the Swedish East and West coast, the Norwegian 

coast, the coast along the White Sea and also in North-America at the Northern East 

coast, Hudson Bay and Canadian Northwest coast. 

 We sought to determine whether purifying selection acting on mtDNA is 

generally homogeneous across the different branches of the D. magna phylogeny.  In 
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determining the dN/dS ratio along different branches of the D. magna phylogeny, we 

identified clear rate heterogeneity, wherein the Europe A branches had a   (0.04) 

consistent with strong purifying selection acting on coding mitochondrial genes, while 

Europe branches B had an   more than three times as high (0.14). While there is a 

general lack of spatial structure in the overall phylogeny, the Europe B group does have 

a noticeably larger number of Nordic samples, which all exist as rock-pools populations. 

Following this observation, we estimated   of rock-pool (RP) and not rock-pool (NRP) 

populations explicitly to determine if habitat type predicts the degree of purifying 

selection. Consistent with the interpretation that RP populations experience increased 

genetic drift, we found that the mean   value was between 1.2 and 2 times as large as 

compared to NRP populations, depending upon if internal branches were included in 

the analysis or if branch length thresholds were imposed upon the NRP data subset. We 

speculate that this difference in the role of drift for RP and NRP populations may not be 

limited to the mitochondrial genome, but could also be present in genome wide data  

 

CONCLUSIONS 

 Evolution of nuclear and mitochondrial genomes is characterized by 

fundamental differences in inheritance, recombination and effective population size 

(Barr et al., 2005), and thus in differences in selection and genetic drift affecting them. 

These differences are often reflected in different demographic dynamics for each 

respective genome. Therefore, reconstruction of a species’ demographic history from 

one or the other genome may not correlate highly. In the current study we expanded the 

sampling range, sample size and genetic material included compared to previous 

studies of the focal species, aiming to achieve a comprehensive picture of the 

phylogeography of D. magna. We confirmed the suggestion of a limited spatial structure 
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at the within continent scale for the mitochondrial genome. We show that this is likely 

the result of a rapid, post-glacial expansion originating from a Southeast 

European/Middle-Eastern refugium. By comparing our results to those of Fields et al. 

(2015), wherein variation was assayed across the nuclear genome, we can discern that 

the nuclear genome of D. magna, and the species as a whole, likely experiences more 

gene flow so that the genetic structure, which may have arisen shortly after the ice age, 

has been superseded by frequent movements of alleles. By combining the paired 

approach of whole nuclear genome and mitogenome population genetics we can discern 

evolutionary processes both past and present.  

The present analyses suggest a role of habitat in modulating the efficiency of 

natural selection to maintain a relatively consistent nucleotide sequence in the protein 

coding regions of the mitochondrial genome in rock-pool populations. Expanding our 

analysis to the nuclear genome will allow for a more rigorous test of this habitat 

hypothesis. In addition to our analysis, having a physiological assessment of 

mitochondrial function would be important to determine if the elevated dN/dS  ratios 

and the apparent presence of deleterious substitutions reduce mitochondrial function 

in rock-pool lineages (see Lohr and Haag (2015)). By better characterizing variation in 

evolutionary processes happening among space, time, and even across different 

genomes within a single individual of the species, we can provide a more 

comprehensive understanding of the ecological and evolutionary processes acting in an 

important model system of basic and applied importance.  
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 All analysis scripts as well as raw and processed data are available on Dryad 

(doi:XXXX), NCBI SRA database (BioProject ID PRJNA#####), and NCBI Genbank 

Accessions #X:Y. These data include the following: 

1. 61 Illumina short-insert PE read files. 

2. 61 FASTA formatted whole mitochondrial sequences. 

3. BEAST(2) XML files for recreating the presented phylogentic and population 

genetic analyses. 

4. Bash scripts for processing BEAST(2) and codeml outputs 

5. R scripts describe range-wide genetic diversity maps and LRT tests.  
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Table 1. Sample information. AS = East Asia; CE = Central Europe; MD = Mediterranean; 
ME = Middle East; NE = Northwest Europe; NO = Nordic; WR = Western Russia; RP = 
Rock pool population; NRP = Non-Rock pool population. 
 

Clone ID Country Latitude Longitude Region Rock-pool Status 

BE-OHZ Belgium 50.833333 4.650000 NE NRP 

BE-WH1 Belgium 51.336317 3.348728 NE NRP 

BY-G Belarus 52.421464 31.013781 WR NRP 

CH-H Switzerland 47.557769 8.862608 CE NRP 

CH-Z Switzerland 47.51696 8.831272 CE NRP 

CN-W1 China 30.562365 114.390107 AS NRP 

CZ-N1 Czech Republic 48.775317 16.723528 CE NRP 

CZ-N2 Czech Republic 48.775317 16.723528 CE NRP 

DE-INB1 Germany 48.206375 11.709727 CE NRP 

DE-G1 Germany 54.281929 10.966506 CE NRP 

DE-K35 Germany 48.206647 11.709717 CE NRP 

DE-KA Germany 50.935361 6.927944 CE NRP 

DE-KN1 Germany 54.176906 10.806683 CE NRP 

DE-S1 Germany 48.779872 9.182967 CE NRP 

DE-S3 Germany 48.806308 9.171758 CE NRP 

DK-RL Denmark 55.964167 9.596389 CE NRP 

ES-RO Spain 37.127934 -6.481599 MD NRP 

FI-FAV1 Finland 60.021612 19.902506 NO RP 

FI-FHS2 Finland 60.273783 27.21875 NO RP 

FI-FUT1 Finland 60.34705 27.478483 NO RP 

FI-FSE Finland 60.257761 22.01515 NO RP 

FI-FSP1 Finland 60.1677 25.794617 NO RP 

FI-SK-58 Finland 59.833045 23.25743 NO RP 

FI-INB3 Finland 59.833183 23.260387 NO RP 

FR-C1 France 43.591583 4.591517 MD NRP 

FR-TR France 43.738306 3.863302 MD NRP 

GB-C1 United Kingdom 51.734411 -1.336264 NE NRP 

GB-EK1-1 United Kingdom 55.702406 -2.340828 NE NRP 

GB-EK1-32 United Kingdom 55.702425 -2.340828 NE NRP 

GB-EL75 United Kingdom 51.527556 -0.158147 NE NRP 

GB-LK1 United Kingdom 55.707653 -2.190378 NE NRP 

GR-K Greece 40.703997 23.144222 MD NRP 

HU-HO Hungary 46.800000 19.133333 CE NRP 

IL-M1 Israel 31.714561 35.05099 ME NRP 

IL-PS Israel 32.255706 34.853272 ME NRP 

IL-RAM Israel 
33.230073 35.765108 ME NRP 

IL-TY Israel 32.243663 34.85448 ME NRP 
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IR-GG1 Iran 37.918978 46.707003 ME NRP 

IT-ISR1 Italy 43.691944 10.288889 MD NRP 

MN-DM Mongolia 45.032708 100.660481 AS NRP 

NO-AA Norway 60.05095 5.074448 NO RP 

PL-KNP Poland 52.322722 20.730514 CE NRP 

RU-AST1 Russia 45.903611 47.656389 WR NRP 

RU-BAL1 Russia 53.017778 106.885833 AS NRP 

RU-BN Russia 50.155519 43.3894 WR NRP 

RU-BOL1 Russia 66.449692 33.856688 NO RP 

RU-KOR1 Russia 66.451887 33.799009 NO RP 

RU-R2 Russia 56.425003 37.602672 WR NRP 

RU-RM1 Russia 55.763472 37.581583 WR NRP 

RU-RT21 Russia 45.222097 36.684803 WR NRP 

RU-SPB Russia 59.811111 30.133056 WR NRP 

RU-VOL Russia 48.53 44.486944 WR NRP 

RU-YAK1 Russia 61.964047 129.630956 AS NRP 

RU-YAK3 Russia 61.937458 129.638192 AS NRP 

SE-BY Sweden 55.675447 13.545069 NO NRP 

SE-G2 Sweden 60.25929 18.31342 NO RP 

SE-G3 Sweden 60.2539 18.33434 NO RP 

SE-GN1 Sweden 60.497167 18.431033 NO RP 

D. similis 

(IL-SIM-A20) 
Israel 32.781095 35.407369 - - 
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Figure 1. Geographic distribution of the samples used. The 60 D. magna samples were 

derived from Europe and Asia and the one D. similis genotype was derived from the 

Middle-East (Israel). A-B) Within the Europe we divided the samples into the regions 

Central Europe, Mediterranean, Nordic, Northwestern Europe, Western Russia; there 

was a single Middle-East region; and all samples from Eastern Asia were combined into 

a single region. C-D) D. magna occurs in two distinct freshwater environments, the first 

being rock-pools which are relatively shallow and prone to disturbance, and the second 

being more persistent and stable ponds which are not rock-pools. 
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Figure 2. Genetic diversity across species range. Using samples combined by region, a measure of   was estimated using Arlequin.   had 

a mean value of 0.0799% and a range of 0.037%-0.114%. There is a clear pattern of decreasing genetic diversity in moving from the 

southeastern to the most northwestern portion of the species range. 
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Figure 3. Bayesian Skyline analysis (BSA) of effective population size, NE. A) When considering the entire mitochondrial genome, 

inclusive of coding and non-coding regions, we derive a median estimate of present NE for the mitochondrial genome in the European 

range of the species to be ~ 350 thousand, and to have experienced a drastic increase approximately 10kyr. BP consistent with the end 

of large scale glaciation in Europe. B-C) The sample BSA applied to only the protein coding regions of the genome, and on Western 

Eurasian groups A and B, two genetically but not geographically distinct lineages, (see figure 5) showed a slightly lower estimate of NE, 

likely the result of purifying selection acting on the protein coding portion of the mitochondrial genome. D) A BSA applied to East Asian 

samples did not show a significant shift in NE though our comparatively limited sample size prevents robust conclusions regarding the 

demographic history of this region. 
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Figure 4. Phylogeny of D. magna and D. similis mitochondrial genomes. The topology of the tree comparing phylogenetic relationships 

amongst D. magna clones suggest a major split between Western Eurasian and Eastern Asian genotypes which is clear geographic signal 

which can be estimated to have taken place approximately 286,000 generations before present (Gen. BP) [95% HPDI = 178,249-454,561 

Gen. BP], and a minor split between the two Western Eurasian lineages A and B happening much more recently but without the same 

clear geographical signal. The divergence time between D. magna and D. similis is much deeper, having taken place approximately 

3,343,529 Gen. BP [95% HPDI = 2,252,655-4,908,550 Gen. BP]. The bars represent the 95% high probability density interval (HPDI) of 

median node height. 
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Figure 5. Geophylogeny of the mitochondrial genome of D. magna. Portions of the phylogeny representing Eurasian A (Red), Eurasian B 

(Blue), and East Asia (Cyan) are highlighted with distinct colors. Lines extend from individual phylogenetic tips to the geographical 

locality where each sample is derived. As with the phylogeny, lines and sampling localities are colored by which lineage the sample was 

inferred to belong to. A clear geographical signal is clear in the geophylogeny which distinguishes Western Eurasia and Eastern Asia 

samples. Within the Western Eurasia sample it can be discerned that samples associated with the Western Eurasia A and Western 

Eurasia B lineages have a great deal of geographical overlap, suggesting weaker geographical structuring of genetic diversity for these 

lineages. 
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Figure 6. Phylogeny of sampled D. magna genotypes with region and habitat type included as traits. The observed branch colors show a 

relatively weak signal of geographical clustering within the species Eurasian range and a strong geographical signal delineating these 

groups from Eastern Asian clones. Rock-pool populations generally cluster into a major grouping in the Europe B group, though two 

rock-pool populations (RU-BOL1 and RU-KOR1) are present in Europe A. The bars represent the 95% high probability density interval 

(HPDI) of median node height. Coloring of node circles indicate the inferred habitat state. 
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Figure 7. Boxplot summarizing the results of a PAML analysis of   distinguishing two 

habitat types, genotypes derived from rock-pool (RP) or not rock-pool (NRP) habitats. 

A) When   was estimated for both internal and external branches identified as one or 

the other habitat we found mean   values of 0.1603 [95% CI 0.1601, 0.1605] and 

0.0798 [95% CI 0.0798, 0.0798], respectively, with the RP value significantly greater 

than NRP based upon a permutation test (p < 0.001). B) When only external branches 

were used to estimate   we found mean values of 0.1547 (95% CI 0.1546, 0.1547) and 

0.1084 (95% CI 0.1084, 0.1084), respectively, with the RP value significantly greater 

than NRP based upon a permutation test (p < 0.001). C) When the NRP genotypes were 

subset in a manner to have external branches comparable to RP populations (equal or 

less than 20,000 generations), we estimated a mean   of 0.159 [95% CI 0.1585, 0.1599] 

and 0.13 [95% CI 0.1365, 0.1376] for RP and NRP genotypes, respectively, with the RP 

value significantly greater than NRP based upon a permutation test (p < 0.001). A 

general pattern was observed of a much smaller variance in the estimate of   for RP 

compared to NRP populations. 
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Highlights 
- The average nucleotide identity within D. magna ranged between 98.9% and 

95.9%.   showed a decreasing cline in moving from the Middle East to Northern 

Europe.  

- BSA suggested a rapid demographic expansion 10-25 thousand years before 

present.  

- The posterior density of divergence time between Western and Eastern 

populations had a median of ~290 thousand generations before present. 

- The value of   ranged between 0.04 and 0.17, whereas genomes sampled from 

non-rock pool populations was 0.0798 and rock pools was 0.1603.  
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