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Abstract

Identifying the presence and magnitude of population genetic structure remains a major

consideration in evolutionary biology as doing so allows one to understand the demo-

graphic history of a species as well as make predictions of how the evolutionary process

will proceed. Next-generation sequencing methods allow us to reconsider previous ideas

and conclusions concerning the distribution of genetic variation, and what this distribu-

tion implies about a given species evolutionary history. A previous phylogeographic

study of the crustacean Daphnia magna suggested that, despite strong genetic differenti-

ation among populations at a local scale, the species shows only moderate genetic struc-

ture across its European range, with a spatially patchy occurrence of individual lineages.

We apply RAD sequencing to a sample of D. magna collected across a wide swath of the

species’ Eurasian range and analyse the data using principle component analysis (PCA)

of genetic variation and Procrustes analytical approaches, to quantify spatial genetic

structure. We find remarkable consistency between the first two PCA axes and the geo-

graphic coordinates of individual sampling points, suggesting that, on a continent-wide

scale, genetic differentiation is driven to a large extent by geographic distance. The

observed pattern is consistent with unimpeded (i.e. no barriers, landscape or otherwise)

migration at large spatial scales, despite the fragmented and patchy nature of favourable

habitats at local scales. With high-resolution genetic data similar patterns may be uncov-

ered for other species with wide geographic distributions, allowing an increased under-

standing of how genetic drift and selection have shaped their evolutionary history.
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Introduction

Genetic structuring of populations exists in nearly every

plant or animal species (Holsinger & Weir 2009). The

origins of population genetic structure are multifarious

include a mixture of neutral (genetic drift) and selective

(local adaptation) dynamics operating simultaneously

(Whitlock & McCauley 1999) and being moderated

through ecological and evolutionary forces such as gene

flow, mutation and population size. Population genetic

analyses aim to identify and disentangle the origins of

population genetic structure and in so doing provide an

understanding of a species’ demographic and evolution-

ary history (Rosenberg & Nordborg 2002). A particu-

larly interesting form of population genetic structure, in

part due to its explanatory potential of both historical

and future evolutionary processes such as the scale, fre-

quency and spatiotemporal dynamics of gene flow, can

arise when genetic distances correlate with geographic

distances, called isolation by distance (= IBD; not to be

confused with identity by descent). IBD may result

from a long-term dynamic of distance-dependent migra-

tion/dispersal (Wright 1943) coupled with spatially

restricted (as opposed to global) mating (Wright 1946).

Identifying the presence and strength of IBD allows for

a clearer understanding of the types of ecological and

evolutionary processes that led to the current species
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distribution (Slatkin 1985; although see Meirmans 2012

for a review of problems arising from the interpretation

of IBD estimates). In some cases, accounting for IBD

can help (or may even be necessary) to disentangle

selective and nonselective allelic variance when

attempting to identify loci associated with local adapta-

tion (Coop et al. 2010; Pannell & Fields 2014).

Numerous methodologies exist for determining the

occurrence of population genetic structure in a species.

FST is arguably the most widely employed measure of

population genetic structure (Whitlock 2011), although

caveats exist concerning the exact interpretation of this

summary (Jost 2008; Jakobsson et al. 2013). Estimation of

FST is possible for even the largest genomic data sets,

although the interpretation of the summary can prove

problematic as both neutral and selective forces will act

to generate outliers in a large distribution of values across

a focal genome (Holsinger & Weir 2009; Lotterhos &

Whitlock 2014). Additionally, robust estimates of FST
require multiple samples per population (Willing et al.

2012; Reitzel et al. 2013; Robinson et al. 2014). A number

of model-based summaries attempt to obviate these diffi-

culties, and in particular those built around the F-model

(Gaggiotti & Foll 2010) have shown great promise in both

estimating population genetic structure and identifying

the factors that lead to its increase/decrease (Foll & Gag-

giotti 2006). These approaches are computationally inten-

sive and make analysis of large data sets (thousands of

loci and individuals) difficult or impossible to analyse

(although see Novembre 2014; Raj et al. 2014 for a

description of recent advances in estimating the underly-

ing model of STRUCTURE in such data sets). An alterna-

tive method for detecting population genetic structure

that is both more computationally attainable for even the

largest data sets and requires fewer samples per popula-

tion employs principle component analysis (PCA).

Cavalli-Sforza and colleagues (Menozzi et al. 1978;

Cavalli-Sforza & Feldman 2003) first applied PCA to

understand population genetic structure in human popu-

lations. A number of conclusions derived from these early

analyses have been recently questioned (Novembre &

Stephens 2008), in particular the appropriateness of PCA

for historical demography inference. Importantly, further

statistical genetic advances have placed PCA on a firmer

biological basis (McVean 2009) and confirmed the consis-

tency of results obtained by PCA with those identified by

other methods, such as STRUCTURE (Reich et al. 2008).

Combining PCA with other statistical methods was

suggested as an effective method for the identification

and estimation of IBD (Wang et al. 2012). Novembre

et al. (2008) used PCA to identify spatial population

genetic structure in a large human SNP data set col-

lected from 3000 Europeans genotyped at more than

half a million sites. Subsequently, Wang et al. (2012)

were able to apply PCA and Procrustes rotation,

wherein a matrix of coordinates is rotated in a manner

to maximize the similarity to a target matrix. This

method shows the correspondence between PCA-based

analysis of variation in allele frequencies and the geo-

graphic origin of the DNA samples and ultimately esti-

mates the role of spatial isolation (as opposed to other

mechanisms such as local adaptation or landscape fea-

tures which may promote/impede gene flow) in gener-

ating population genetic structure. Importantly, the

insights provided by Novembre et al. (2008) and Wang

et al. (2012) were only made possible by the very large

number of molecular markers compared to previous

population genetic analyses of human populations. This

contrasts with earlier studies using much smaller data

sets or non-nuclear-based genetic markers, which sug-

gested little to no population genetic structure in Euro-

pean human populations (Cavalli-Sforza et al. 1994).

Few other biological systems have been similarly anal-

ysed at a continental scale in order to determine to

what degree population genetic differentiation recapitu-

lates the geography of the location of sampling.

Continued and drastic reduction in the cost of DNA

sequencing is allowing more systems of basic and

applied biological interest to attain similar levels of

genomic resources as is available for studying human

population genetic structure. Additionally, the demog-

raphy and ecology of human populations is quite dis-

tinct from most biological systems, and so the questions

arises just how prevalent patterns of genetic diversity

observed in human populations might be in species

with similar large-scale ranges. Daphnia magna is a

freshwater crustacean that has come to be recognized as

a model system for eco-evolutionary and physiological

research (Stollewerk 2010; Colbourne et al. 2011; Orsini

et al. 2012, 2013). Multiple studies have suggested popu-

lation genetic structure is strong in D. magna at a local

level, in large part due to founder events (Whitlock &

McCauley 1990; De Gelas & De Meester 2005; Haag

et al. 2005, 2006; Vanoverbeke et al. 2007; Walser &

Haag 2012; Orsini et al. 2013). A study by De Gelas &

De Meester (2005) which used large-scale sampling of

D. magna isolates on a 609-bp sequence of the cyto-

chrome oxidase subunit I mitochondrial gene concluded

that there was little signal of spatial population genetic

structure in D. magna within Europe and a patchy dis-

tribution of individual lineages. Walser & Haag (2012)

analysed European clones using microsatellites found

clear population genetic structure (as measured with

FST), but evidence for IBD only at the regional scale.

Similarly, Haag et al. (2005) found IBD only within

islands but not across islands in a Finnish metapopula-

tion of D. magna. In addition, all previously identified

patterns of IBD in Daphnia showed a large scatter,
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which was attributed to the large degree of stochasticity

involved in the colonization process (Innes 1991; Lynch

& Spitze 1994; Vanoverbeke & De Meester 1997; Orsini

et al. 2013). In this study, we attempt to resolve these

differing observations by applying whole-genome RAD

sequencing, identifying about 50 thousand polymorphic

sites. We apply the method described by Wang et al.

(2012), finding strong support for the congruence

between PCA analysis of allelic variation and the geo-

graphic origins of the clones under study.

Methods

Clone collection

The D. magna genotypes (clones; D. magna can be main-

tained as stable genotypes under laboratory conditions

due to their cyclical parthenogenetic life cycle) used in

this study originated either from field-collected plank-

ton samples (15 clones) were hatched from field-col-

lected resting eggs (seven clones) or resulted from

inbred crosses in the laboratory (two clones). Field-col-

lected planktonic females were brought to the labora-

tory, and individual females were allowed to reproduce

asexually. These isofemale lines were kept in the labora-

tory under conditions of continuous asexual reproduc-

tion. Resting eggs (ephippia) collected on the surface of

pond sediments were washed and stimulated to hatch

by exposure to continuous light under room tempera-

ture in well-oxygenated medium. Hatchlings were iso-

lated and isofemale lines were produced and kept

under conditions of continuous asexual 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, and the other clone (from Finland, FI-

Xinb3) resulted from three rounds of selfing. The Fin-

nish clone had also been used for the D. magna refer-

ence genome (V 2.4; Daphnia Genome Consortium).

RAD library preparation and sequencing

We used a restriction site-associated DNA approach

(RAD; Baird et al. 2008) to obtain genetic markers, follow-

ing the protocol developed in Etter et al. 2011, with modi-

fications. The 24 individuals used in this study were part

of a larger project consisting of three libraries of 30 indi-

viduals. Individuals were treated for 72 h with three

antibiotics (streptomycin, tetracycline, ampicillin) at a

concentration of 50 mg/L for each antibiotic and were

fed with dextran beads (Sephadex ‘Small’ by Sigma

Aldrich: 50 lm diameter) at a concentration of 0.5 g/

100 mL. This treatment was used to remove contaminant

DNA (i.e. bacterial DNA or algal DNA from the gut). The

DNA was extracted with a Qiagen Blood and Tissue kit

following manufacturer’s instructions and digested with

PstI (New England Biolabs). Digested DNA was bar-

coded with genotype-specific P1 adapters and pooled to

create a library containing 2100 ng DNA. The pooled

library was sheared on a Bioruptor using 2 times 3 cycles

(1 cycle 30 s ON, 1 min OFF), and fragments between

300 and 500 bp were selected through agarose gel elec-

trophoresis. DNA fragments were blunted and prepared

for P2 adapter ligation. The library was amplified

through PCR (30 s at 98 °C, followed by 18 cycles of 10 s

at 98 °C, 30 s at 65 °C and 30 s at 72 °C; a final elonga-

tion step was performed at 72 °C for 5 min). A final elec-

trophoresis was performed to select and purify

fragments between 350 and 600 bp. Single-end 100 cycle

sequencing was performed 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. All demulti-

plexed read data used for genotyping were submitted to

NCBI SRA: BioProject ID PRJNA288911.

Quality control, demultiplexing, mapping and SNP
identification

Library quality and per-base quality was controlled

with FastQC (Patel & Jain 2012), and reads were

checked for barcode integrity, absence of adapter

sequences within the reads and integrity of PstI cut site.

The reads were sorted individually by barcode and fil-

tered to remove reads with uncalled bases and an over-

all quality score under 24. The last six bases of each

read were trimmed to prevent false positives due to a

slight decrease in base quality. Reads were subse-

quently aligned to the D. magna genome (V2.4; Daphnia

Genomic Consortium, wFleaBase) using BWA v.0.7.10 (Li

2013), and SAM files were converted to BAM files,

sorted and indexed using SAMtools v.0.1.19 (Li et al.

2009). To identify SNP polymorphisms, we applied GATK

v.3.1 (McKenna et al. 2010) base quality score recalibra-

tion, indel realignment, performed SNP and INDEL

discovery and genotyped all 24 samples simultaneously

using standard hard filtering parameters or variant

quality score recalibration according to GATK Best

Practices recommendations (DePristo et al. 2011; Van

der Auwera et al. 2013). Scripts for running GATK were

adapted from De Wit et al. (2012), and following Peter-

son et al. (2012), only SNP polymorphisms with param-

eters QD (quality by depth) ≥6 and GQ (genotype

quality) ≥20 were retained for downstream analyses.
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PCA and total population structure

We performed principle component analysis using

SMARTPCA v.5.1 (Patterson et al. 2006) to estimate princi-

ple components of SNP allelic variation across the 24

clones. The GATK generated VCF file was converted

to SmartPCA format using the vcf2smartpca.py script

from De Wit et al. (2012). PCA analysis was conducted

only for those loci for which all individuals could be

genotyped to avoid potential bias associated with RAD

sequencing approaches (Arnold et al. 2013). To obtain

an estimate of the total population structure, we esti-

mated the observed (HI) and expected (HT) heterozy-

gosity of using VCFtools (Danecek et al. 2011) function

–hardy and then estimated total population structure

as FIT ¼ 1� HI

HT
across the nuclear genome. We esti-

mated FIT rather than FST, because the sample sizes

per population were too small for meaningful esti-

mates of expected within-population heterozygosity HI.

Nonetheless, assuming no strong, systematic deviations

from Hardy–Weinberg equilibrium within populations

(the two inbred individuals were not considered in

this analysis), our estimate of FIT allows us to still esti-

mate a composite value of within- and among-popula-

tion divergence (Fields et al. 2014). In addition, 1-FIT
estimates the proportion of the total genetic variation

that is present within rather than among individuals,

and hence, FIT corresponds to the maximum propor-

tion of the total variation that can potentially be

explained by geography (as this necessarily involves

only the among-individual component of genetic

variation).

Procrustes rotation

We used Procrustes analysis to compare the geographic

coordinates of clone origins to the first two components

(PC1 and PC2) of the PCA performed on the genetic

data (Cox & Cox 2000; Wang et al. 2010, 2012). Pro-

crustes analysis minimizes the sum of squared Eucli-

dean distances between two sets of points by

transforming, or ‘rotating’, one set of points to match

the other, while preserving the relative distances among

all points within the map (Wang et al. 2012). The simi-

larity of the two maps is quantified using the Procrustes

similarity statistic t0 ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffi

1�D
p

, where D is the mini-

mum sum of the squared Euclidean distances between

the two maps, scaled to range between 0 and 1 (Wang

et al. (2010, 2012). We used the geographic coordinates

of the sampling locations for individual clones as the

fixed matrix and Procrustes-transformed PCA coordi-

nates to superimpose the PCA maps on the geographic

maps. We used the ‘procrustes’ function from the vegan

package (Oksanen et al. 2013) in the statistical software

R v. 3.1.1 (R Development Core Team 2014) to conduct

the Procrustes rotation and estimate t0. The rotation

matrix estimated by vegan was used to calculate the

rotation angle h of the PCA map via the Procrustes

analysis in degrees counterclockwise. We used the ‘pro-

test’ function, which applies the method of Peres-Neto

& Jackson (2001), in the vegan package to test the statis-

tical significance of t0 using 100 000 permutations. As in

Wang et al. (2012), the resulting P-value tests Pr(t > t0),

specifically the probability of the observing a similarity

statistic higher than t0 under the null hypothesis that no

geographic pattern exists in the population structure.

The Procrustes analysis was carried out for the entire

data set and for two subsets, excluding either of the

two most distant localities, the clone from Mongolia

(MN) and the clone from Israel (IL).

Correlations between pairwise relatedness and distance

We estimated pairwise relatedness via kinship coeffi-

cients using the VCFtools (Danecek et al. 2011) function

–relatedness, which implements the kinship coefficient

estimate of Yang et al. (2010). Under the model of Yang

et al. (2010), a random individual sampled from a single

large population should have a relatedness value of 0

and 1 for an individual with themselves, respectively.

As deviations from panmixia within a sample arise, the

relatedness value of Yang et al. (2010) should take on

values <0, wherein more negative values suggest

greater deviations from panmixia and more distant

relationships. To determine whether a pattern of IBD

exists among the sampled clones, we used a Mantel test

to compare the matrix of geographic distance and

pairwise relatedness. We used the R package ecodist

(Goslee & Urban 2007) and tested the specific null

hypothesis that the estimated Mantel r is significantly

<0 (one-sided, significantly negative) using 100 000

permutation tests.

Marker number sensitivity analysis

To examine how robust the presented analysis of corre-

spondence between genes and geography is with

respect to variation in data set size (number of loci), we

generated random subsets of our SNP data set, from 50

to 10 000 loci. Estimates of PCA1 and PCA2, as well as

Procrustes similarity scores, were obtained for each sub-

set (50, 100, 250, 500–10 000 loci, with increments of 500

loci) using SmartPCA and the vegan function ‘pro-

crustes’, respectively. The relationship between pairwise

distance and relatedness was also assessed for these

subsets using the R package ecodist and testing the null

hypothesis that the estimated Mantel r is significantly

<0 using 100 000 permutation tests.
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Results

Sequencing results

We obtained 135 878 437 reads from the 24 individuals

sequenced, but 1 603 591 did not show a full restriction

site and 3 709 500 were of low quality (quality score

<24). On average, 89.5% bases had a quality of >30. The
mean quality was 34.9 and 74.6% of the reads passed

the Illumina filtering, with individual library coverage

ranging between 68 and 137X. Variant identification via

GATK resulted in a total of 52 682 polymorphic loci

segregating among the 24 D. magna clones that could be

called across all clones (D1). Removal of the MN (D2)

and then MN and IL (D3) clones reduced this number

to 45 374 and 43 463 SNPs, respectively.

PCA, total population structure and procrustes
analysis

The individual loadings of on the first two axes of the

PCA for each of the data sets and summarization of

variance explained by the PCA can be found in Table 2

and Table 3, respectively. Percentage of the total varia-

tion explained by the first two axes of the PCA (i.e.,

the eigenvalues of PCA1 and PCA2, Table 3) for the

full sample (D1) was 4.324 and 1.553, respectively

(with loadings of the individual samples). The PCA

plot indicated that the Mongolian (MN) clone is a dis-

tinct outlier from the other samples (Fig. 1A–B;
Table 1). Excluding the MN clone (sample D2) resulted

in 1.832; 1.708 eigenvalues for PCA1; PCA2 and their

respective eigenvectors (Tables 2 and 3). In the new

partitioning, the IL clone was now a single outlier

(Fig. 1C–D). We therefore estimated PCA1; PCA2 on a

second reduced data set (D3), excluding the MN and

IL clones, and obtained eigenvalues 1.888; 1.576 and

their respective eigenvectors (Tables 2 and 3). Plots of

PCA1; PCA2 of D3 (Fig. 1E–F) were largely consistent

with D2. The PCA plots of each data set exhibited a

remarkable similarity to the geographic coordinates of

individual clone sampling locations, with a large

degree of correspondence of PCA1 of the genetic data

with the geographic east–west axis and of PCA2 with

the north–south axis, especially in the D2 and D3 data

sets.

Table 1 Sampling locations and collection type of individual clones. ID is an abbreviated name used for each population (the two

letters indicated the country of origin), Clone ID is the formal identification used by the Ebert laboratory for individual clones (in-

cluding country code, population acronym and clone number), and life stage collected refers to the life stage at which the clone was

collected (i.e. adult individuals, resting eggs or if the clone was manipulated within the Ebert laboratory)

ID Clone ID Country Latitude Longitude Life stage collected

BA BY-G-9 Belarus 52.421464 31.013781 Field-collected plankton

BL BE-KN2-1 Belgium 51.355731 3.334453 Field-collected plankton

CH CH-H-876 Switzerland 47.557563 8.861583 Field-collected plankton

CZ CZ-N1-1 Czech Republic 48.775317 16.723528 Field-collected plankton

DE DE-Iinb1 Germany 48.206375 11.709727 Selfed clone (laboratory produced)*

FI FI-Xinb3 Finland 59.833183 23.260387 Selfed clone (laboratory produced)†

FR FR-C1-1 France 43.591583 4.591517 Field-collected plankton

GB GB-EL75-69 United Kingdom 51.527556 -0.158147 Field-collected plankton

GR GR-K-1 Greece 40.703997 23.144222 Field-collected plankton

HU HU-HO-2 Hungary 46.800000 19.133333 Field-collected plankton

IL IL-M1-8 Israel 31.714561 35.05099 Hatched from ephippium

IR IR-GG1-1 Iran 37.918978 46.707003 Hatched from ephippium

MN MN-DM-1 Mongolia 45.032708 100.660481 Field-collected plankton

RU-1 RU-AST-1 Russia 45.903611 47.656389 Hatched from ephippium

RU-2 RU-BN-2 Russia 50.088135 43.292921 Hatched from ephippium

RU-3 RU-BN-6 Russia 50.088135 43.292921 Hatched from ephippium

RU-4 RU-RM1-1 Russia 55.763514 37.581667 Field-collected plankton

RU-5 RU-RM1-2 Russia 55.763514 37.581667 Field-collected plankton

RU-6 RU-SPB-09 Russia 59.811111 30.133056 Field-collected plankton

RU-7 RU-SPB-35 Russia 59.811111 30.133056 Field-collected plankton

RU-8 RU-VOL-39 Russia 48.530000 44.486944 Hatched from ephippium

RU-9 RU-VOL-56 Russia 48.530000 44.486944 Hatched from ephippium

RU-10 RU-VOL-2 Russia 48.530000 44.486944 Field-collected plankton

SE SE-G4-20 Sweden 60.253040 18.306090 Field-collected plankton

*Field collected and then once selfed.
†Field collected and then three times selfed.
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Estimates of mean whole-genome HI for D1, D2 and

D3 were 0.108, 0.124 and 0.131, respectively. Estimates

of mean whole-genome HT for D1, D2 and D3 were

0.158, 0.172 and 0.178, respectively. Total population

genetic structure as estimated by FIT was 0.267, 0.226

and 0.212, for D1, D2, and D3.

We applied Procrustes analyses to quantify how well

the qualitative similarities observed in the PCA plots

matched the map of geographic origins of the D. magna

clones. The estimated Procrustes similarity (t0) between

D1 sampling locations and the estimated PCA1; PCA2

coordinates was 0.6748, with a counterclockwise rota-

tion angle (h) of �52.48. Between D2 sampling locations

and the estimated PCA1; PCA2 coordinates, the esti-

mates were 0.8389, with a h of 99.34. Finally, the corre-

lation between D3 sampling locations and the estimated

PCA1; PCA2 coordinates was 0.8489, with a h of 89.96

(Table 3; Fig. 2). The angle of approximately 90° indi-

cates that PCA1 roughly corresponds to longitude and

PCA2 to latitude (rather than the other way around).

We tested the significance of t0 (t0 > t) using 100 000

permutations with the protest function. For D1-3, t0 > t

with a P-value <10�5 (Table 3; Fig. 3). Importantly,

removal of the IL clone did not lead to qualitatively dis-

tinct conclusions. Removal of clones deriving from the

same sampling location did not lead to qualitatively dif-

ferent results (data not shown), as well.

To quantify the relationship between pairwise relat-

edness and pairwise distance of sampling location for

each clone, we applied Mantel tests. The Mantel R pro-

vides an estimate of correlation between pairs of matri-

ces, which was estimated as �0.77, �0.646 and �0.645,

respectively, for data sets D1-3. We used 100 000

Table 2 SmartPCA estimated principle component loadings for the first two eigenvectors, PC1 and PC2, for three different data sets.

PC1D1 and PC2D1 describe the full set of clones, PC1D2 and PC2D2 derive from the data set excluding the MN clone, and PC1D3 and

PC2D3 derive from the data set excluding the MN and IL clones

Population ID PC1D1 PC2D1 PC1D2 PC2D2 PC1D3 PC2D3

BA �0.0469 �0.0086 �0.0114 0.0527 �0.0007 0.0705

BL �0.0446 �0.3814 �0.3814 �0.0496 �0.3788 �0.0787

CH �0.0496 �0.2447 �0.2427 �0.0108 �0.2379 �0.0258

CZ �0.0461 �0.1044 �0.1055 0.0257 �0.0975 0.0155

GE �0.0486 �0.1337 �0.1347 0.0246 �0.126 0.0197

FI �0.0486 �0.1337 �0.0715 0.174 �0.0428 0.495

FR �0.0401 �0.3976 �0.3988 �0.1754 �0.419 �0.4326

GB �0.047 �0.3289 �0.3259 �0.0286 �0.3213 �0.0635

GR �0.035 �0.0224 �0.0258 �0.0756 �0.0373 �0.1702

HU �0.0445 �0.0766 �0.0775 �0.013 �0.0774 �0.0359

IL �0.0419 0.2455 0.2143 �0.894 – –
IR �0.0348 0.2539 0.2547 �0.1004 0.2471 �0.4527

MN 0.9786 �0.0162 – – – –
RU-1 �0.0356 0.1715 0.1735 0.047 0.1829 �0.0347

RU-2 �0.0381 0.1855 0.1864 0.0781 0.2003 �0.0235

RU-3 �0.0423 0.1805 0.1793 0.0868 0.1946 �0.0005

RU-4 �0.0448 0.122 0.1197 0.0978 0.1366 0.0558

RU-5 �0.045 0.1207 0.1183 0.0967 0.1347 0.0599

RU-6 �0.0457 �0.1041 �0.1059 0.0651 �0.0929 0.1553

RU-7 �0.0466 �0.1023 �0.1038 0.0676 �0.09 0.154

RU-8 �0.0351 0.2544 0.2623 0.1065 0.2793 �0.0701

RU-9 �0.0309 0.2759 0.2874 0.1283 0.3085 �0.0735

RU-10 �0.0358 0.2621 0.2703 0.1258 0.2905 �0.0598

SE �0.0506 �0.0806 �0.0813 0.1707 �0.0529 0.496

Table 3 Summary of PCA partitioning and Procrustes analysis

for three different data sets. h (° counterclockwise) is the rota-

tion angle for the PCA map that optimizes the Procrustes simi-

larity with the geographic map. P-values derive from 100 000

permutations of population labels

Dataset

Variance

explained by

Rotation

Angle

h (o)

Procrustes

Similarity

t0 P-value

PC1

(%)

PC2

(%)

All

Samples

4.324 1.553 �52.48 0.6748 <10�5

MN

Excluded

1.832 1.708 99.34 0.8389 <10�5

MN, IL

Excluded

1.888 1.576 89.96 0.8489 <10�5
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permutation tests to determine if R is significantly <0.
For each data sets, D1-3, the resultant P-value was <10�4,

with 95% confidence intervals for R of [�0.811, �0.641],

[�0.686, �0.615] and [�0.687, �0.611], respectively.

We explored the relationship of pairwise relatedness

and pairwise distance for three subsets of focal clones to

consider how specific outliers affected the observed IBD

pattern. When the MN clone was used as a focal

individual and pairwise distance and relatedness was

estimated between it and all other clones, we found a

mean correlation of �0.350 (P-value = 0.101; R2 = 0.081);

when the MN clone was excluded and the IL clone was

used as the focal individual, we found a mean correla-

tion of �0.793 (P-value <10�4; R2 = 0.610); and when the

MN and IL clone were excluded and the IR clone was

used as the focal individual, we found a mean correla-

tion of �0.930 (P-value <10�4; R2 = 0.860) (Fig. 4). Thus,

by removing outlier individuals from the pairwise
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and (D) excluding the MN clone, and (E) and (F) excluding the MN and IL clones, respectively.
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comparison in the same manner as was performed in

the Procrustes analysis, we found a pattern consistent

with the IBD moving away from the Middle East.

We determined the robustness of our inference of

gene geography correspondence and the observed pat-

tern of IBD to inference based on a smaller number of

Longitude (degrees)

RU–2,3 
BA

RU–4,5 

RU–6,7 

RU–1

IL

IR

RU–8,9,10  
BLGB

SE FI

CH
CZ

FR
GR

HU
GE

PC2

PC1

BA

RU–4,5 

RU–1

RU–2,3 

IR

RU–8,9,10  

BLGB

SE RU–6,7 FI

CH
CZ

FR

GR

HU
GE

La
tit

ud
e 

(d
eg

re
es

)

PC2

PC1

PC1

PC2

RU–2,3 

RU–4,5 

RU–1

IL

IR

MN
RU–8,9,10  

BL BAGB

SE RU–6,7 FI

CH CZ

FR
GR

HUGE

Longitude (degrees)

Longitude (degrees)

La
tit

ud
e 

(d
eg

re
es

)
La

tit
ud

e 
(d

eg
re

es
)

0

–20 0

0 20

20

20

30

30

40

50

60

70

40

50

60

10

40

60

80

40 60 80 100 120 140

20 40 60 80

20 40 60

(A)

(B)

(C)

Fig. 2 Procrustes analysis of genetic and

geographic coordinates Daphnia magna

clones collected across the species’ range

in Eurasia. Clone sampling locations are

indicated by the population symbol

described in Table 1, and the arrows

point to the Procrustes-transformed PCA

(PC1 and PC2) values for (A) all col-

lected clones (t0 = 0.6748; P < 10�5;

h = �52.48), (B) the MN clone excluded

(t0 = 0.8389; P < 10�5; h = 99.34) and (C)

the MN and IL clones excluded

(t0 = 0.8489; P < 10�5; h = 89.96).
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markers. There was a noticeable decline in the t0 value

when <100 randomly selected loci from each data set

were included in the PCA analysis and Procrustes, with

a minimum t0 = 0.50, 0.51, and 0.67, respectively, for

D1, D2 and D3. Adding additional loci resulted in an

asymptote of t0 values at around 1500 loci (Fig. 5A),

suggesting results become robust at much larger sample

sizes than have previously been derived for elucidating

population genetic structure in D. magna. Our analysis

of overall IBD as determined by Mantel test remained

significant (P-value <10�4) at all loci sampling sizes.

Finally, we explored the effect loci sample size on the

relationship of pairwise distance and pairwise related-

ness for the three outlier clones by assessing the R2

value of the linear relationship of the two variables. The

correlation of pairwise distance and relatedness

remained insignificant (P-value > 0.05) for all subsam-

ples of SNP loci when the MN clone acted as the focal

clone. The relationship of pairwise distance and related-

ness became significant at sample sizes ≥1500 (P-value

<0.05) when the IL and IR clone acted as focal individu-

als, while the R2 value showed a steady increase from

minimum values of 0.0004, 0.046, when the IL and IR

clones were used as focal individuals, respectively

(Fig. 5B), although no asymptote was observed at

10 000 loci, again suggesting the utility of increasing the

level of sampling of loci across the focal species’ gen-

ome. The Mantel tests remain significant (P-value

<10�4) at all loci sample sizes for both D2 and D3.

Discussion

In the present analysis, we show a remarkable consis-

tency between a PCA partitioning of genetic variance

into its first two principal coordinates and the geo-

graphic sampling coordinates in the D. magna system

(Fig. 1). Previous theoretical studies have suggested a

set of conditions, such as nonimpeded migration/gene

flow over short to intermediate distances, are needed to

generate such a pattern (McVean 2009). Distinct empiri-

cal examples showing a similar consistency between

PCA partitioning of genetic variance and geographic

sampling coordinates in humans across the globe

(Novembre et al. 2008; McVean 2009; Wang et al. 2012).

As was also noted by Wang et al. (2012) for their analy-

sis of human data sets, the total variance explained by

PC1 and PC2 in our D. magna data set is generally low

(below 6%; Table 3). The present sampling scheme did

not allow for a full hierarchical decomposition of genetic

variance into individual and among-population compo-

nents. We estimated total population genetic structure

with FIT, which is a composite measure of both within-

and among-population divergence. FIT varied slightly,

with the full data set showing the highest level of total

population structure, 0.267, consistent with larger diver-

gence from panmixia when the MN clone was included.

FIT for D2 and D3 was slightly lower, 0.226 and 0.212,

respectively. Although we lack data on multiple individ-

uals for most populations, and so were unable to esti-

mate the within-population variance, the variation

within individuals provides a lower-bound estimate.

The data show that 75% of the variance occurs already

within individuals. Hence, the relative small amount of

the overall variance explained by PC1 and PC2 has to be

roughly multiplied by 4 to obtain an estimate of what

proportion of the among-population variance was

explained by PC1 and PC2. The overall estimate of FIT is

approximately 0.25, suggesting that approximately 0.06

of 25% or approximately 0.24 of 100% of the among-in-

dividual variation is explained by the two major PC

dimensions. Significantly, the Procrustes analysis of PC1

and PC2 and the geographic sampling locations is a

way how one can derive a quantitative estimate of the

degree to which geographic isolation leads to genetic
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differentiation, or conversely the similarity between

genes and geography which decreases with distance in

D. magna (Wang et al. 2012). Our approach allows us to

suggest that D. magna has indeed, contrary to earlier

studies, a population genetic structure within Europe

consistent with IBD (Fig. 2). Our estimate of FIT may

also suggest a role for within-population genetic

variation, as approximated by variation in individual

heterozygosity, in decreasing the quantity of variance

explained by the PC1 and PC2 of genetic variance

(Novembre et al. 2008; Wang et al. 2012).

To substantiate our interpretation of IBD, we also

compared the relationship of pairwise genomic related-

ness and distance between sampling locations of indi-

vidual D. magna clones. These correlations were always

significantly negative, a result consistent with the expec-

tation of IBD where gene flow and migration becomes

more limited as distance increases (Fig. 4). Because most

of our sampled populations are composed of only a sin-

gle clone, we cannot eliminate the possibility that an

individual clone may be the result of a recent and long-

distance migration event. However, under the utilized

framework, identifying any other stochastic process that

would have led to the conclusion that the distribution of

geographic variation at a continent-wide scale is

strongly related to geographic distance is unlikely, that

is the pattern of gene geography correspondence should

have dissipated rather than strengthened. Additionally,

in cases where two individuals were sampled from the

same population, similar profiles in the PCA plot were

observed, suggesting that using just one of these indi-

viduals would have well represented those populations

and that results were both quantitatively and qualita-

tively similar for the Procrustes analysis and tests of IBD

(Figs 1 and 2). Two of the utilized clones, FI-Xinb3 and

DE-Iinb1, derive from three and one generations of self-

ing, respectively. Inbreeding in a natural population will

increase the total homozygosity in a population

although not necessarily change overall allele frequen-

cies (Hartl & Clark 1997). Under the present framework

for determining IBD based upon whole-genome allele

frequencies, additional inbreeding may increase the

variance in the relationship between geographic distance

and genetic divergence, but the overall expectation of

the relationship will remain.

By analysing the present data set using both the full

sample and removing both the most distantly sampled

genotypes, from Mongolia (MN) and Israel (IL), we can

infer a number of additional insights. The MN clone is

clearly the most divergent sample. The MN clone is

geographically the most distant from all other clones,

but also the Himalayan mountain range might con-

tribute as a barrier influencing gene flow and migration,

but this cannot be investigated here with so few samples

in the region. A clear linear pattern of IBD is seen when

either the IR or IL clones act as focal individuals in

correlating pairwise distance and relatedness (Fig. 4).

An earlier study by De Gelas & De Meester (2005) sug-

gested there may be little population genetic structure in

European D. magna. A potential explanation for the dis-

crepancy between their observations and our results is

the increase in the total power to detect genetic differenti-

ation as our study encompasses tens of thousands of

SNPs, while the previous study relied on a single gene,

and furthermore, we used nuclear markers as opposed to

a mitochondrial gene (cytochrome oxidase subunit 1, or

COI). Importantly, population genetic inference deriving

from the organelle or nuclear genome may not always be

concordant (Jezkova et al. 2015). The studies by Novem-

bre et al. (2008) and Wang et al. (2012) which displayed

gene geography correspondence similarly relied on

large-scale NGS data. Many earlier phylogeographical

analyses relying on mitochondrial gene sequences alone

have recently been called into question (Galtier et al.

2009). By conducting a sensitivity analysis wherein we

subsampled the total number of loci, we show that sig-

nals of IBD become much more robust as the number of

loci greatly exceeds that previously applied to phylogeo-

graphic analysis of D. magna (Fig. 5).

Short-distance dispersal of D. magna happens via abi-

otic factors such as water and wind, and biotic factors

such as aquatic and terrestrial invertebrates, humans

and birds (van de Meutter et al. 2008). The exact mecha-

nism by which long-distance gene flow and migration

takes place in D. magna is unknown, although one of

the most likely mechanisms is via anthropomorphic

interactions and those with avian species and fresh

water invertebrates (Brown 1929; Proctor 1964; Proctor

& Malone 1965; Mellors 1975; Figuerola & Green 2002;

Figuerola et al. 2003, 2005; van de Meutter et al. 2008). If

bird-assisted dispersal is the main long-term dispersal

mechanism for D. magna, geographic barriers, such as

seas or mountain ranges, are less likely to act as disper-

sal barrier, although, some bird species follow stereo-

typic dispersal routes (e.g. along coastlines). Previous

work on a well-characterized coastal metapopulation of

D. magna in Finland has suggested that most coloniza-

tions derive from approximately 1.7 individuals,

although dispersal capacity overall was high (Haag

et al. 2005). A recent analysis by Walser & Haag (2012)

used microsatellite markers and six nuclear gene

sequences to compare patterns of IBD in the northern

populations of D. magna such as those studied in Haag

et al. (2005), which are known to experience more popu-

lation turnover and increased genetic drift (in particular

dynamics associated with local extinction and recolo-

nization; see Ebert et al. 2013), and central European

samples which are believed to experience less turnover
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[see De Meester et al. 2002; the monopolization hypoth-

esis (MH)]. MH, wherein a clone’s arrival precedence

and population growth rate limits effective local estab-

lishment, considers dynamics of local adaptation and

population connectivity on a scale that does not allow

for direct interrogation with the present data set. Orsini

et al. (2013), focusing on a much more local scale of 19

Belgium ponds, find genomewide signatures of local

adaptation due to biotic and abiotic factors at the focal

scale and a lack of IBD, which they consider as evi-

dence for the MH.

The geographic origin of the D. magna species is not

yet known, although the closely related species, D. similis

and D. lumholtzi, co-occurs with D. magna within a much

smaller range (Middle East and Africa), so limited evi-

dence exists that these regions may in fact be the origin

of the species (pers. comm. Adam Petrusek; De Gelas &

De Meester 2005; Popova & Kotov 2013). A potential rea-

son that the IL clone is such a distinct outlier in the Pro-

crustes analysis (Fig. 2B) and also a slightly less good fit

to the IBD pattern could be its location within the city of

Jerusalem, which may act as a barrier to gene flow and

migration from more natural populations within the

region following a much earlier colonization event. Sam-

ples from the surrounding and coastal regions of Israel

may allow for better assessment of this hypothesis. Addi-

tional insights will be available by reconstructing the

demographic history of the species, and in so doing, we

might (i) determine the origin of the species, which may

include more than a single refugium (Hewitt 1996, 1999)

and (ii) ascertain the number of expansion events that

may have led to the current distribution of allelic diver-

sity, neither of which can be determined with the applica-

tion of PCA-based analysis (Novembre & Stephens 2008).

Conclusion

Many previous studies have investigated genetic differ-

entiation in Daphnia, although mostly at a local or regio-

nal scale. Invariantly, these studies found high genetic

differentiation among populations and some found evi-

dence for IBD, while others not. The studies that did

find evidence for IBD also found a strong scatter in the

relationship between genetic differentiation and geo-

graphic distance, which is in contrast to our findings.

This scatter has been interpreted as evidence for the

strong stochasticity involved in the colonization process,

which is a main determinant of the genetic population

structure in Daphnia. In addition, subsequent gene flow

between populations is augmented by hybrid vigour in

some parts of the distribution range, but not in others,

and the amount of local gene flow may also be influ-

enced by local adaptation to specific environmental fea-

tures of the ponds. Our study differs in two important

respects from these earlier studies, the use of a large

number of marker loci and a continent-wide sample.

The results clearly indicate that, at a larger scale, most

of the stochastic effects that occur at a local scale disap-

pear and genetic similarity between populations

becomes almost strictly dependent on geographic dis-

tance. In the present study, we describe a distinct pat-

tern of population genetic differentiation, wherein

partitioning of genetic variation at ten thousands of

SNPs into its first two principle components followed by

Procrustes rotation results in a remarkable similarity to

the two dimensional grid of geographic sampling loca-

tions. To the authors’ knowledge, this distinct pattern

has only previously been documented in human popula-

tions (Novembre et al. 2008; Wang et al. 2012). While the

level of gene flow and migration is unquestionably lar-

ger in humans, the pattern that might arise between

PCAs and sampling locations, suggested by McVean

(2009), may still be a reasonable expectation for species

that migrate via mechanisms that are less impeded by

particular landscape features. Additionally, the inferred

rate of migration or gene flow may at times be much

greater than that expected from counting individual

migrants due to the role of hybrid vigour (Ingvarsson &

Whitlock 2000; Whitlock et al. 2000; Haag & Ebert 2007)

in D. magna, generating effective migration rates much

higher than would be expected otherwise (Ebert et al.

2001). Providing better estimates of the type and magni-

tude of population genetic structure will allow for future

studies of D. magna, a model system for both applied

and basic research, to better disentangle signals of his-

torical demography and natural selection.
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