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Abstract

Whether speciation can advance to completion in the face of initially high levels of gene

flow is a very controversial topic in evolutionary biology. Extensive gene exchange is

generally considered to homogenize populations and counteract divergence. Moreover,

the role of introgressive hybridization in evolution remains largely unexplored in

animals, particularly in freshwater zooplankton in which allopatric speciation is

considered to be the norm. Our work investigates the genetic structure of two young

ecological species: the pond species, Daphnia pulex and the lake species, Daphnia
pulicaria. Phylogenetic and population genetics analyses were conducted on mitochon-

drial NADH dehydrogenase 5 (ND5) gene, the nuclear Lactate dehydrogenase (Ldh) gene

and 21 nuclear microsatellite markers in 416 individuals from habitats with various

degrees of permanence. The strong and consistent phylogenetic discordance between

nuclear and mitochondrial markers suggests a complex evolutionary history of multiple

independent habitat transition events that involved hybridization and introgression

between lake and pond Daphnia. On the other hand, the low level of contemporary gene

flow between adjacent populations indicates the presence of effective habitat isolating

barriers. The Daphnia system provides strong evidence for a divergence-with-gene flow

speciation model that involves multiple habitat transition events.
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Introduction

The geography and ecology of cladoceran speciation

The relative contribution of geography and ecology to

the diversification of freshwater biota is little under-

stood. Allopatric speciation has been regarded as the

main mechanism of speciation in many freshwater

organisms in which species boundaries often coincide

with current or past geographic barriers (Frey 1982;

Adamowicz et al. 2009; Xu et al. 2009). The island-like

nature of the limnetic habitat itself creates further

opportunity for geographic isolation and restriction of
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gene flow (Bernatchez & Wilson 1998; Colbourne et al.

1998; Waters et al. 2001). Recently, evidence of ecologi-

cally-based speciation has been revealed in a variety of

freshwater species and geographic settings (Lu & Ber-

natchez 1999; Rundle et al. 2007; Schluter & Conte

2009). These finding reinvigorated the long-lasting

debate on the relative contribution of geography and

ecology to diversification in the freshwater realm. For

organisms with exceptionally high dispersal abilities

and a cyclically parthenogenetic mode of reproduction,

such as anomopod cladocerans, continuous range

expansion or colonization of novel aquatic habitats (e.g.

habitat transitions) can potentially initiate speciation

through a combination of founder effect, natural

selection (Lynch 1985; De Meester 1996; Pfrender et al.

2000), and hybridization (Taylor & Hebert 1993).
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Reproduction by cyclical parthenogenesis (CP) is con-

sidered to be conducive to both colonization of new

habitats (founder events) and rapid evolution of ecolog-

ically relevant traits (Lynch 1985). During the partheno-

genetic phase of reproduction, selection acts on the total

phenotype of an individual clone, and not on individual

traits ⁄ loci. This clonal selection spans the entire gen-

ome, resulting in a ‘build-up of hidden genetic vari-

ance’ between clones (Lynch 1985). However, during

the sexual phase, linkage disequilibrium between loci is

eroded, and the genetic variation accumulated during

the parthenogenetic phase is released and expressed

phenotypically in the population (Lynch & Gabriel

1983; Lynch 1985). This synergistic selection environ-

ment of CP is considered to have the potential to accel-

erate the evolution of ecologically relevant traits and

local adaptation. Moreover, strong local adaptation can

result in rapid monopolization of resources by the resi-

dent genotypes, which can generate a priority effect

against subsequent colonists (De Meester 1996; De Me-

ester et al. 2002), as well as adaptive divergence in life

history traits (Pfrender et al. 2000). For example, one

such by-product of local adaptation can be changes in

the timing of sexual reproduction itself (temporal isola-

tion), a particularly effective mechanism for restricting

gene flow (Deng 1997; Jankowski & Straile 2004).

While the evolutionary mechanisms responsible for

decreasing gene flow and creating genetic subdivisions

are generally well understood, the potential role of

interspecific hybridization and introgression in facilitat-

ing colonization of new habitats and ecological specia-

tion remains a very contentious issue in speciation

research (Mallet 2007). This problem is particularly dif-

ficult to track in the aquatic environment, where hybrid

zones are less stable (Petrusek et al. 2008), hybrids are

distributed along large ecological gradients (Pantel et al.

2011) and have an assortment of mating systems. One

challenge in studying speciation involves pinpointing

the reproductive barriers that initiate speciation, and

understanding the succession of these barriers through

time, leading to the completion of speciation (Coyne &

Orr 2004). The speciation process becomes even more

complicated when gradual divergence is punctuated by

reticulate evolution. Species-rich complexes that involve

relatively young lineages with various degrees of repro-

ductive isolation, sharp genetic subdivision between

populations and potential for hybridization and intro-

gression provide very good models for studying the

evolutionary forces that drive speciation. Such complex

systems offer the opportunity to examine a broad range

of genetic divergences from the population to the sister

species level. By studying the genomic landscape of

genetic differentiation across various geographical

scales and ecological settings we can make important
inferences about the gradual progression and succession

of reproductive barriers.
A new model system for speciation research

After more than 200 years of intense ecological and evo-

lutionary research, the Daphnia pulex species complex

emerges as a model system not only for ecological

genomics (Colbourne et al. 2011) but also for speciation

studies. The complex includes approximately 12 species

(distinct mitochondrial lineages) that inhabit a variety

of standing freshwater habitats ranging from temperate

and arctic lakes and ponds to coastal or sand dune

ponds (Colbourne & Hebert 1996; Colbourne et al. 1998;

Adamowicz et al. 2009; Vergilino et al. 2011) and are

characterized by various degrees of reproductive isola-

tion and significant intraspecific (among populations)

genetic subdivision (Crease et al. 1997; Pfrender et al.

2000). In North America, the two most prevalent species

of the complex are D. pulex (Leydig), a temperate pond

species, and Daphnia pulicaria (Forbes), a widely distrib-

uted and geographically structured lake species. The

two ecologically distinct species are estimated to have

diverged relatively recently, less than 2 Mya, based on

mitochondrial markers (Colbourne & Hebert 1996; Col-

bourne et al. 1998), or about 82 kya based on nuclear

loci (Omilian & Lynch 2009). The two species show

marked differences in life history traits; pond Daphnia

grow faster, have larger body size, shorter life span,

and earlier age of first reproduction than lake Daphnia

(Dudycha & Tessier 1999; Dudycha 2004). Based on

these observations, it has been proposed that current

barriers to gene flow between lake and pond popula-

tions are largely prezygotic, and involve ecologically-

based barriers such as habitat (Lynch 1985; Pfrender

et al. 2000; Heier & Dudycha 2009) and temporal (allo-

chronic) isolation (Deng 1997).

Ecological studies show that D. pulex is present in

shallow, fishless, temporary ponds for a short period of

time in the spring, while D. pulicaria can persist in some

stratified lakes year-round (Cáceres & Tessier 2003). In

ponds, Daphnia feed on detritus and phytoplankton,

experience mainly invertebrate predation, and are sub-

jected to long periods of anoxia. In addition, their diap-

ausing (ephippial) eggs often experience seasonal

drying and ⁄ or freezing. In contrast, Daphnia in lakes

feed on phytoplankton and use diurnal migration to

avoid fish predation and competition from other cladoc-

eran species (Wright & Shapiro 1990). Moreover, ephip-

pial egg production is much more variable in

permanent habitats where females can overwinter (Các-

eres & Tessier 2004).

Sexually reproducing pulex ⁄ pulicaria hybrids, capa-

ble of backcrossing, can be successfully produced in
� 2012 Blackwell Publishing Ltd
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laboratory settings (Heier & Dudycha 2009), but are

rarely detected in nature. In contrast, obligately parthe-

nogenetic (OP) hybrids are commonly found in nature

in intermediate, deforested habitats such as permanent

fishless ponds and lakes (Hebert & Crease 1983), or

extremely ephemeral ponds. These asexual hybrids can

co-occur regionally or locally with the sexual lineages

(Hebert & Finston 2001; Heier & Dudycha 2009), and

can have a competitive advantage over the parental

species due to potential hybrid vigour (Loaring &

Hebert 1981) and demographic advantage (Pantel et al.

2011). Although OP hybrids are generally considered to

be reproductively isolated from their parental species

via mating system isolation, many OP clones retain the

ability to produce viable and fertile males that have the

potential to backcross with the parental species (Innes

et al. 2000) and maintain interspecific gene flow.

Studying current and historical levels of gene flow

between and within ecologically dichotomous habitats

can provide a better understanding of the evolutionary

history of the D. pulex complex. We use a combination of

phylogenetic and population genetic analyses on pond

and lake populations collected from a focal geographic

area. Moreover, we employ a suite of mitochondrial and
Table 1 Habitat location, sampling size, mitochondrial and nuclear d

ber of individuals screened; Nc, number of individuals analysed after

lotype diversity; p, nucleotide diversity; clade membership based on

parthenogenesis, OP-obligate parthenogenesis); Ldh, Lactate dehydro

ity

Location ID Lat Lng

mtDNA

N Nc Nh h

Ponds

Disputed*, ON Dis 42.17 )83.03 54 54 7 0.7

Solomon*, MI Sol 42.71 )85.38 55 55 14 0.7

St. Michael*, ON Stm 42.23 )83.07 33 32 3 0.6

Canard, ON Can 42.12 )82.98 22 – – –

Gesto, ON Ges 42.13 )82.88 2 – – –

West Gull, MI Wgu 42.41 )85.44 11 – – –

Grimey, MI Grm 42.31 )85.36 6 – – –

Total 183 141 0.7

Lakes

Lawrence*, MI Law 42.26 )85.21 92 78 8 0.7

Three Lakes 2*, MI Tlk 42.21 )85.26 37 30 5 0.7

Warner*, MI War 42.28 )85.31 63 60 6 0.2

Bassett, MI Bas 42.40 )85.29 10 – – –

Little Mill, MI Mil 42.27 )85.15 13 – – –

Long, IL Lng 40.14 )87.44 3 – – –

Sportsman, IL Spm 40.14 )87.44 2 – – –

Clear, IL Clr 40.14 )87.44 2 – – –

Big Gull, ON Big 44.88 )78.75 10 – – –

Total 232 168 0.6

*Populations surveyed intensely for population genetics analyses.

� 2012 Blackwell Publishing Ltd
nuclear markers to estimate the extent of gene flow

between ecologically divergent habitats as well as the

level of genetic subdivision within each habitat type.
Materials and methods

Sample collection and sexuality tests

D. pulex and D. pulicaria were collected from a total of

16 habitats, including 7 ponds (N = 184) and 9 lakes

(N = 232) across Michigan, Illinois, and Ontario

(Table 1). Single Daphnia females were used to establish

clonal lines, hereafter referred to as isolates. In order to

maximize both geographic coverage and sampling

intensity per habitat, we used two approaches. The

phylogenetic reconstructions were based on a broader

geographic scale (16 habitats) with lower sampling

(mean: 26 individuals per habitat), while the population

genetic analyses focused on a restricted geographic area

(�200 km in diameter) and intensive sampling (mean:

55.8 individuals per habitat) of three shallow (<1 m

deep), ephemeral ponds known to dry completely dur-

ing most summer seasons, and three relatively deep,

thermally stratified lakes with similar zooplankton
iversity of Daphnia pulex and D. pulicaria populations. N, num-

removal of clonal duplicates; Nh, number of haplotypes; h, hap-

ND5 phylogeny (Fig. 2b); RM, reproductive mode (CP-cyclical

genase genotype; Ar, allelic richness; HE, expected heterozygos-

RM

Nuclear

p Clade Ldh N Nc Ar HE

35 0.002 A CP SS 51 51 5.6 0.603

40 0.006 A CP SS 50 50 5.4 0.608

88 0.003 A CP SS 34 33 3.6 0.534

– A, B CP ⁄ OP SS ⁄ SF – – – –

– A, B CP ⁄ OP SF – – – –

– A, B OP SS – – – –

– A OP SS – – – –

21 0.004 135 134 4.9 0.582

75 0.025 A, B CP FF 86 71 2.6 0.410

36 0.008 A, B CP FF 36 29 2.5 0.406

99 0.005 A, B CP FF 48 41 2.5 0.406

– A, B CP FF – – – –

– A, D CP FF – – – –

– A CP FF – – – –

– A, B CP FF – – – –

– A CP FF – – – –

– C, D CP FF – – – –

03 0.013 170 141 2.5 0.407
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communities. Since D. pulex is known to consist of pop-

ulations that use cyclical parthenogenesis (CP), obligate

parthenogenesis (OP), or mixed reproductive strategies

(Hebert & Crease 1983), sexuality tests were conducted

on all pond isolates to determine their mode of repro-

duction, using the method of Innes et al. (1986). Isolates

reproducing by OP were included only in the mito-

chondrial phylogenetic reconstruction. All pond popula-

tions analysed in our population genetic studies were

dominated by or contained exclusively CP lineages.

Since we were not able to find CP populations of

D. pulex in close proximity to the D. pulicaria popula-

tions, the physical distance between the two types of

habitats was not well balanced and resulted in lake

populations being closer to each other (within �10 km

radius) than either ponds (�100 km) or pond and lakes

(�100 km).
Mitochondrial DNA analysis

Genomic DNA was extracted using the CTAB protocol

(Doyle & Doyle 1987). The mitochondrial NADH dehy-

drogenase 5 (ND5) gene was amplified in 415 pond and

lake isolates (for detailed methods, see Appendix A).

Unique ND5 haplotypes were identified using DNASP

v.5.10.01 (Rozas et al. 2003). DNASP was also used to

calculate genetic diversity indices such as number of

haplotypes (Nh), haplotype (h), and nucleotide (p) diver-

sity. To examine the hierarchical population structure

for lake and pond populations, we conducted an analy-

sis of molecular variance (AMOVA) in ARLEQUIN v.3.1

(Excoffier et al. 2005).
Phylogenetic analyses

Phylogenetic analyses were performed using neighbour-

joining (NJ) analysis in MEGA v.5.0 (Tamura et al.

2011) and Bayesian inference (BI) in MRBAYES v.3.1.2

(Ronquist & Huelsenbeck 2003). MODELTEST v.3.7

(Posada & Crandall 1998) was used to select the best

model of sequence substitution. The NJ analysis was

based on nucleotide distances corrected using the Tam-

ura–Nei model (Tamura & Nei 1993), with confidence

levels estimated using 1,000 bootstrap replicates. The

Bayesian analyses were performed using the best-fit

substitution model as determined by MODELTEST

(HKY+G). All searches used random starting trees and

employed four independent runs. Trees were sampled

every 100th generation for 106 generations, and the first

25% of trees were discarded as burn-in. The 50%

majority rule consensus tree was generated from the

remaining trees and the posterior probability of each

node was calculated as the percentage of trees recover-

ing a particular node. European D. pulex (GenBank
accession number DQ235231) and Daphnia tenebrosa

(HQ434637) were used as outgroups, while panarctic

D. pulex (HQ434681), western D. pulicaria (HQ434678),

and eastern D. pulicaria (AB512006) were used as refer-

ence sequences.
Nuclear Lactate dehydrogenase genotyping

Previous surveys of allozyme variation have shown that

lake populations are generally fixed for an electropho-

retically ‘fast’ (F) allele at the Lactate dehydrogenase (Ldh)

locus (Hebert et al. 1989; Crease et al. 2011). Pond pop-

ulations are either fixed for a ‘slow’ (S) allele, or are SF

heterozygotes, which have been reported to reproduce

by OP (Innes et al. 1986) and are considered to be F1

hybrids of D. pulex and D. pulicaria (Hebert & Finston

2001). We designed allele-specific primers based on Ldh

sequences from both species (Crease et al. 2011) to

determine the Ldh genotype of each isolate (Appen-

dix A).
Microsatellite survey and population genetics analyses

A microsatellite-based population genetic survey was

performed on a focal geographic area (southern Ontario

and south central Michigan) by intensively sampling 3

ephemeral ponds (N = 135 isolates) and 3 lakes

(N = 170 isolates; Table 1). We analysed 21 previously

mapped microsatellite markers (Table S1 in Supporting

information, Appendix A), located on different linkage

groups (Cristescu et al. 2006). Neutral markers are

known to be useful in identifying the signature of eco-

logical barriers to gene flow (greater differentiation

between populations in different environments than

within similar environments) when divergent selection

is strong and migration is intermediate (Thibert-Plante

& Hendry 2010).

Repeated multilocus genotypes were detected using

GENALEX v.6 (Peakall & Smouse 2006) and removed

from the dataset for all subsequent analyses. Microsatel-

lite data was tested for departures from Hardy-Weinberg

equilibrium (HWE) using 10,000 permutations in ARLE-

QUIN. Levels of significance were adjusted by sequential

Bonferroni corrections (Rice 1989) and compared with

results from the false discovery rate method (Benjamini

& Hochberg 1995). ARLEQUIN was also used to calcu-

late the observed (HO) and expected (HE) heterozygosi-

ties. Genetic diversity indices of allelic richness (Ar) and

number of alleles (A), as well as the inbreeding coeffi-

cient (FIS), were estimated in FSTAT v.2.9.3.2 (Goudet

2001). The presence of null alleles was tested with

MICROCHECKER v.2.2.0 (Van Oosterhout et al. 2004).

Linkage disequilibrium (LD) analysis was performed

for all pairs of loci (including the ND5 marker) in each
� 2012 Blackwell Publishing Ltd
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population, using GENEPOP v.4.0.10 (Raymond &

Rousset 1995) after removing low frequency alleles

(<10%). A probability test using Markov chains (1000

dememorization steps, 100 batches, 1000 iterations per

batch) was conducted to determine the likelihood of

pairs of loci being in LD. Significance levels were

adjusted as above.

The degree of genetic differentiation between popula-

tions was assessed by calculating pairwise FST values

with 10,000 permutations in ARLEQUIN. Additionally,

genetic relatedness between individuals was inferred by

constructing a NJ dendrogram based on Cavalli Sforza-

Edwards chord distances (Cavalli-Sforza & Edwards

1967) in POPULATIONS v.1.2.30 (Langella 1999), and

by conducting a factorial correspondence analysis

(FCA) in GENETIX v.4.05 (Evanno et al. 2005). Admix-

ture between pond and lake populations was assessed

using a Bayesian clustering analysis implemented in

STRUCTURE v.2.3.1 (Pritchard et al. 2000). STRUC-

TURE uses multilocus genotype data to define a set of

populations with distinct allele frequencies (hereafter

referred to as clusters), irrespective of sampling loca-

tion. We assessed the likelihood for models with the

number of clusters (K) ranging from 1 to 6 (total sites).

For each value of K, we carried out 5 independent runs,

with 105 generations discarded as burn-in followed by

an additional 106 generations. The optimal number of

clusters was estimated using both the method of Prit-

chard et al. (2000) and Evanno et al. (2005).

Emigration and immigration rates between pond and

lake populations were inferred using a maximum likeli-

hood method implemented in MIGRATE v.3.0.3 (Beerli

2008), which assumes that all interbreeding populations

have been sampled. Despite this limitation, we chose to

use this approach since it takes into account historical

patterns of gene flow. A Brownian motion mutation

model was used with 10 short chains (104 iterations), 3

long chains (106 iterations) and 104 iterations discarded

as ‘burn-in’.
Results

Phylogenetic analyses of the mitochondrial ND5 gene
and nuclear Ldh profiles

The 687- bp final ND5 alignment contained 105 variable

sites, of which 53 were parsimony-informative. Within

the 415 isolates analysed, we identified a total of 51

haplotypes (GenBank accession numbers JN561018 to

JN561068). Among these, 29 were unique to pond popu-

lations, 21 to lake populations, and one haplotype was

shared between ponds and lakes. Consistent with this

observation, haplotype diversity was slightly higher for

pond (0.721) than for lake (0.603) populations. By con-
� 2012 Blackwell Publishing Ltd
trast, nucleotide diversity was much lower for ponds

(0.004) than for lakes (0.013; Table 1). AMOVA analysis

(Table S2, Supporting information) revealed that much

of the genetic variance (39.95%) was partitioned

between ponds and lakes. A slightly smaller amount of

variance was found among populations from the same

habitat type (29.37%), and within populations (30.68%).

NJ and BI analyses of the unique ND5 haplotypes

recovered four well supported phylogroups (Fig. 1b).

The closely related clades A and B correspond to the

panarctic D. pulex group (Colbourne et al. 1998; Paland

et al. 2005) while clades C and D represent the previ-

ously recognized western and eastern D. pulicaria (Col-

bourne et al. 1998) groups, respectively. Genetic

distances between sister groups range from 1.8% (A ⁄ B)

to 3.3% (C ⁄ D). All phylogroups were characterized by

mean within-group genetic distances of less than 1.1%.

The mitochondrial phylogenies do not support the reci-

procal monophyly of pond and lake isolates. While

pond isolates group within the D. pulex A and B clades,

lake isolates were found either in the D. pulicaria clades

(C and D) or in D. pulex clades A and B (Fig. 1b). With

one exception, all pulex ⁄ pulicaria hybrids (with SF Ldh

genotypes and OP reproduction) were detected in

ponds.
Ldh genotypes

Large scale allozyme surveys of Daphnia populations

across North America indicate that several loci (such as

Hex and Ldh) are fixed for different alleles in lake and

pond populations (Hebert et al. 1989). Consistent with

this previous work, we found that lake isolates are

invariably homozygous for the Ldh-F allele, regardless

of their mitochondrial haplotype. Moreover, all pond

isolates with CP reproduction were homozygous for the

Ldh-S allele (Fig. 1b). There was no discordance

between Ldh genotypes determined using PCR and allo-

zymes.
Population genetic analysis of microsatellite loci

Among 305 isolates analysed, we identified 24 repeated

multilocus genotypes, which were encountered from 2

to 4 times and were restricted to single lake or pond

populations. A total of 192 alleles were detected across

the 21 loci assayed, of which 175 (91%; mean 8 allele-

s ⁄ locus) were found in pond populations and 74 (39%;

mean 4 alleles ⁄ locus) in lake populations (Table S1,

Supporting information). The number of alleles unique

to ponds (118) was much higher than those for lakes

(17). The allelic richness and expected heterozygosity

varied from 3.6 to 5.6 (mean 4.9) and 0.534 to 0.608

(mean 0.582), respectively, in pond populations, and
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Fig. 1 Analysis of microsatellite and mitochondrial variation in populations of Daphnia pulex and D. pulicaria. (a) Unrooted NJ den-

drogram based on Cavalli–Sforza–Edwards chord distances of genetic variation at 21 microsatellite loci. (b) NJ dendrogram of the

mitochondrial ND5 gene. The label of each haplotype indicates its location, followed by Ldh genotype (FF, SF or SS). Thick lines

denote lake isolates, while thin lines correspond to pond isolates. The single haplotype found in both lakes and ponds is denoted by

an asterisk. Numbers beside nodes represent bootstrap support and posterior probabilities, respectively. (c) Factorial correspondence

analysis of variation at 21 microsatellite loci for lake and pond isolates. (d) Bayesian STRUCTURE analysis with best support for

K = 2. The multilocus genotype of each isolate is represented by a vertical line that is partitioned into K shaded segments that repre-

sent the isolates’ probability of belonging to each of the genetic clusters. Three individuals were removed for this analysis due to rel-

atively high proportion of missing data (23–42%).
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from 2.5 to 2.6 (mean 2.5) and 0.406 to 0.410 (mean

0.407), respectively, in lake populations (Table 1). While

most loci were in HWE, 24 out of 115 cases showed sig-

nificant deviations from HWE expectations, including

13 for pond populations, and 11 for lake populations
(Table S1, Supporting information). The analysis of LD

between pairs of microsatellite loci revealed a much

lower number of loci in LD for pond than for lake pop-

ulations. While ponds had 0.5% of locus pairs in LD,

lakes had 2.9–12.1% (mean: 8.8%) of locus pairs in LD.
� 2012 Blackwell Publishing Ltd
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The analysis of LD between microsatellite loci and the

different mitochondrial clades revealed that Lawrence

Lake had significantly more non-random associations

between microsatellite alleles and mitochondrial haplo-

types (43–52% loci in LD) than the other two lakes

(0–10% loci in LD; Table S3, Supporting information).
Population differentiation between sampling sites

Microsatellite markers revealed marked genetic differ-

entiation between pond and lake populations with pair-

wise FST values ranging from 0.434 to 0.521. By

contrast, pairwise FST estimates between ponds (0.079–

0.142) and between lakes (0.085–0.149) were consider-

ably smaller (Table 2). Consistent with this observation,

the NJ dendrogram based on the Cavalli Sforza-

Edwards chord distances clusters individual genotypes

in two distinct groups, with no overlap between lake

and pond isolates (Fig. 1a). The FCA analysis also indi-

cated the existence of two main genotype clusters, cor-

responding to the pond and lake samples (Fig. 1c). All

lake genotypes group together irrespective of their

mitochondrial haplotype. These results were supported

by the STRUCTURE analysis. The most parsimonious

model was one with two clusters, corresponding per-

fectly to the pond and lake groups (Fig. 1d). Further-

more, there was little evidence of contemporary gene

flow between ponds and lakes, as both clusters aver-
Table 2 Pairwise FST estimates between six populations of

pond and lake Daphnia based on 21 microsatellite loci. All val-

ues are significantly different from 0 at P < 0.05 and after

sequential Bonferroni correction. Site abbreviations are given in

Table 1

Dis Sol Stm Law Tlk

Sol 0.079 –

Stm 0.120 0.142 –

Law 0.481 0.446 0.510 –

Tlk 0.464 0.434 0.500 0.085 –

War 0.474 0.436 0.521 0.088 0.149

Table 3 Migration rates (Nm, number of migrants per generation) be

of D. pulicaria. Results are averaged over 21 microsatellite loci. Sourc

by row. Site abbreviations are given in Table 1

Dis Sol Stm

Dis – 1.6913 1.2790

Sol 1.8408 – 2.6818

Stm 0.7527 0.8021 –

Law 0.3917 0.1799 0.2148

Tlk 0.1643 0.1617 0.1479

War 0.4209 0.1496 0.0552

� 2012 Blackwell Publishing Ltd
aged membership coefficients higher than 99%. Analy-

sis of historical gene flow (emigration and immigration

rates) averaged over many generations (Nm, number of

migrants ⁄ generation) revealed a relatively high level of

gene flow between lakes and ponds (Nm range: 0.06–

0.76; Table 3).
Discussion

Understanding how populations lose evolutionary cohe-

sion, enter divergent evolutionary paths, and eventually

complete the speciation process remains enigmatic. The

young D. pulex species complex offers the opportunity

to study the speciation process from the population

level to the species level due to its exceptional

propensity for both adaptive radiation and hybridiza-

tion (Colbourne et al. 1998; Vergilino et al. 2011). This

combination of attributes allows the quantification of

levels of past and current gene flow among populations

or among young species that inhabit standing water

bodies with various degrees of permanence and differ-

ent ecological challenges. Early population studies

revealed unexpectedly high levels of genetic structure

across very small geographic scales (<100 km)

despite the high propensity for dispersal, suggesting

that D. pulex is perhaps one of the most subdivided

species yet studied (Crease et al. 1990; Lynch et al.

1999) and likely in an active process of geographical

and ecological speciation (Pfrender et al. 2000; Omilian

& Lynch 2009).
D. pulex as a complex of highly subdivided species

Our phylogenetic analyses based on the mitochondrial

ND5 gene recovered four well supported phylogroups.

The two closely related clades A and B had a mixed

composition of pond (66.66%) and lake (33.33%) haplo-

types (Fig. 1b) and formed a well supported group

often recognized as panarctic D. pulex (Colbourne et al.

1998; Paland et al. 2005). The sister clades C and D con-

tained exclusively lake haplotypes (Fig. 1b) known as

western and eastern D. pulicaria (Colbourne et al. 1998).
tween pond populations of Daphnia pulex and lake populations

e populations are listed by column, recipient populations listed

Law Tlk War

0.0758 0.5371 0.4423

0.4812 0.6032 0.7591

0.0965 0.4910 0.1314

– 1.4034 0.7064

1.2166 – 1.0071

0.7852 0.7987 –
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A parsimony network analysis of the complex Panarctic

group further supports the lack of reciprocal mono-

phyly between lake and pond haplotypes (Fig. S1, Sup-

porting information). Furthermore, the network reveals

a complex history of habitat transition events, with sev-

eral distinct groups of lake haplotypes radiating inde-

pendently from more central haplotypes, suggesting at

least three independent habitat transition events. The

central haplotype (asterisk in Fig. 1b) of the star-like

network was the only haplotype encountered with high

frequency in both types of habitats (Fig. S1, Supporting

information).

Unlike the mitochondrial marker, the nuclear Ldh

genotype grouped Daphnia isolates consistently by habi-

tat. For example, all lake isolates had the typical (FF)

genotype, regardless of their mitochondrial profile.

Moreover, our microsatellite data strongly support the

reciprocal monophyly of pond and lake Daphnia

(Fig. 1). These findings are consistent with previous

work based on nuclear protein sequences (Omilian &

Lynch 2009) and allozymes (Hebert et al. 1989; Crease

et al. 2011) in revealing a strong genetic cohesion across

the nuclear genome (coding and non-coding) within

each habitat type and significant divergence between

ponds and lakes. Most importantly, the discordant phy-

logenetic signal between the mitochondrial and nuclear

genomes (Fig. 1) suggests a history of hybridization

and introgression.

Population genetic analysis based on microsatellite

data further emphasized the taxonomic complexity of

D. pulex (sensu lato). While pairwise FST estimates

between populations within each habitat type were

moderate (FST smaller than 0.14; Table 2), marked

genetic differentiation was found between pond and

lake populations (FST higher than 0.43). This finding

suggests that although gene flow at a local scale was

high enough to genetically homogenize populations

within each environment, the contemporaneous level of

gene flow between ecologically divergent populations is

relatively minor. The somewhat unbalanced geographic

distribution of lakes and ponds is unlikely to be respon-

sible for the strong genetic structure observed between

lakes and ponds. Past allozyme and molecular studies

(e.g. Hebert et al. 1989; Omilian & Lynch 2009) also

revealed a strong association of several nuclear markers

with habitat type, irrespective of the geography. Indeed,

the pond closest to the lake populations (Sol) was no

more similar to the lake populations than were

the other two distant pond populations. Our results

are consistent with previous findings suggesting that

D. pulex and D. pulicaria are indeed ‘good species’ and

that gene flow is significantly lower between popula-

tions in different environments than among populations

within each habitat type.
Populations in the two divergent habitats also

showed marked differences in several important evolu-

tionary parameters. For example, lake populations were

characterized by lower genetic diversity (e.g. haplotype

diversity; allelic richness; number of unique alleles;

Table 1) and a significantly larger proportion of loci in

LD (Table S3, Supporting information). The frequent

agreement of genotype frequencies with HWE expecta-

tions strongly suggests that the populations analysed

are CP. While the majority of microsatellite loci (more

than 90%) were in HWE in four of the populations,

only about 62% of loci were in HWE in the other two

(Solomon Pond and Lawrence Lake). These deviations

were characterized by homozygote excess and could be

explained by non-random mating (e.g. assortative mat-

ing or inbreeding) during the sexual phase, or pro-

longed periods of clonal selection and ⁄ or drift during

the parthenogenetic phase of reproduction. The ephem-

eral ponds sampled in this study have a short season

(less than two months) allowing for less than seven par-

thenogenetic generations per season before the Daphnia

switch to sexual reproduction and dormancy. Past stud-

ies indicate that a short asexual phase, high investment

in dormancy and large effective population size are

effective in maintaining pond populations close to

HWE (Crease et al. 1990; Hebert & Finston 2001). We

suggest that the moderate deviation from HWE in Solo-

mon Pond, the only pond sampled at the end of the

wet season could be attributed to clonal selection. This

population showed a slightly higher level of LD

between pairs of microsatellite loci (5.2% based on less

conservative FDR) than the other pond populations

(Table S3, Supporting information). High level of LD is

expected after prolonged clonal selection and ⁄ or drift.

It is generally assumed that periods of asexual repro-

duction are significantly longer in stratified lakes than

in ephemeral ponds (Morgan et al. 2001; Cáceres & Tes-

sier 2004). Detailed studies on the phenology and prev-

alence of dormancy revealed high variability in the

degree of sexual investment among lake populations

(Cáceres & Tessier 2004). For example, Cáceres & Tes-

sier (2004) found a lower level of sexual investment in

the Lawrence Lake population than either Warner Lake

or Three Lakes 2. Prolonged periods of asexual repro-

duction offer the opportunity for clonal selection and ⁄ or

drift and can explain, at least partially, the deviation

from HWE and the higher level of LD between pairs of

microsatellite loci and between certain microsatellite

markers and mitochondrial type observed in this

population (Tables S3 and S4, Supporting information).

These findings suggest that D. pulex and D. pulicaria

populations have experienced different historical-demo-

graphic conditions and likely different selection

regimes.
� 2012 Blackwell Publishing Ltd
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Divergence with gene flow in the D. pulex complex

Considerable geographic patterning of molecular varia-

tion in both mitochondrial and nuclear genomes has

often been detected in D. pulex populations (Crease

et al. 1990; Colbourne et al. 1998; Paland et al. 2005)

with greater differentiation across the mitochondrial

genome, as expected because of its haploid, uniparental

inheritance (Lynch et al. 1999). It is generally accepted

that the vicariant events associated with the retreat and

advancement of glacial ice-sheets initiated divergence

between lineages isolated in different glacial refugia

(Colbourne et al. 1998). For example, divergence

between major mitochondrial lineages in the D. pulex

complex corresponds to about 2 Mya of divergent evo-

lution. However, the contrasting phylogenetic signal

between the nuclear and mitochondrial genomes

strongly suggests that divergence between D. pulex and

D. pulicaria did not occur by strict allopatric speciation.

Instead, we identified a significant level of historical

gene flow. A similarly high level of historical gene flow

(high enough to prevent divergence in the absence of

strong selection) was inferred by Omilian & Lynch

(2009) based on sequence variation at six nuclear loci.

These findings are consistent with an isolation-with-

gene flow scenario. Detailed population genetic studies

across pond populations of north-western Oregon

revealed no evidence of substantial interbreeding

between lake and pond lineages despite the occurrence

of lake-like genotypes in ponds following flooding

events (Pfrender et al. 2000). The findings of Pfrender

et al. (2000) suggest that the genetic constellation of the

pond and lake species remains distinct due to effective

ecological barriers to gene flow.
SS

FF

FF

♀

♂

♂

European Daphnia pulex

♂

♂

SF

Parental species

SF

 Unidirectiona
and back

Lake Pond

×

×

♀

♀

SS

SS

The subdivided
D. pulex clade

Western D. pulicaria

Eastern D. pulicaria

Panarctic D. pulex

Fig. 2 Proposed model for Daphnia speciation and the genetics of h
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Although hybridization and gene flow (introgression)

between species has generally not been considered a

constructive force in animal evolution (Mallet 2007),

hybridization has been regarded as a potentially impor-

tant evolutionary process in driving speciation in the

ecologically versatile Daphnia genus (Hebert 1985; Tay-

lor & Hebert 1993; Schwenk & Spaak 1995). For exam-

ple, OP pulex ⁄ pulicaria hybrids (Ldh-SF) often detected

in ponds have a D. pulex mitochondrial haplotype sug-

gesting not only unidirectional hybridization, but also

habitat-dependent hybrid parentage that involves

females of the common (resident) species and males of

the rare (invasive) species (Taylor & Hebert 1993).

While heterozygotes for pond and lake alleles at Ldh

and microsatellite loci were detected only in ponds and

not in lakes, many lake isolates contain a pulex-like

mitochondrial haplotype indicating that hybridization

has occurred independently multiple times followed by

introgression of pulex mitochondrial haplotypes into

lake populations.

We suggest that lake-adapted isolates can periodically

invade temporary ponds following floods or habitat dis-

ruption events. Pfrender et al. (2000) also document the

frequent invasion of ponds by lake-like Daphnia geno-

types in north-western Oregon. The lake to pond inva-

sion can be occasionally followed by unidirectional

hybridization that involves females of the resident, D.

pulex species and males produced by the non-resident,

D. pulicaria invaders (Fig. 2). This scenario explains the

absence of lake mitochondrial haplotypes and segrega-

tion of lake-adapted nuclear alleles at very low fre-

quency in ponds. Backcrossing of F1s with the resident

pond Daphnia would produce a wide constellation of F2

and F3 genotypes carrying lake-adapted alleles that, in
pond Daphnia 
with lake alleles

Habitat
 transition

 Hybridization 
and backcrossing

l hybridization 
crossing

Lake

♀ ×
♀ ♂

SS

SS

SF

FF

FF

×

Lake Daphnia with 
few pond alleles but 
pond mitochondria

abitat transition. White triangles represent Daphnia pulex and

(SS, SF, or FF) and mitochondrial profile (white or dark circles)
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rare cases, could provide invasive potential and the

ability to withstand habitat transitions. This model

explains the rare historical introgression of pond mito-

chondrial haplotypes into lake populations despite the

rarity of hybrids at nuclear loci or the segregation of

pond-adapted alleles in permanent, stratified lake popu-

lations. We suggest that direct invasion of lakes by

pond Daphnia followed by successful breeding with lake

residents is less likely than this two-step hybridization

process, which allows pond Daphnia with different life

history attributes and naı̈ve to fish predation to ‘pre-

adapt’ and occasionally achieve the transition into lake

habitats. A similar model that involves hybridization

and backcrossing followed by the transfer of essential

alleles across a sharp environmental gradient was pro-

posed by Schluter & Conte (2009) to explain the

repeated colonization of freshwater from marine habi-

tats by threespine sticklebacks.

Detailed genomics studies in many species of plants

and animals suggest that moderate levels of hybridiza-

tion and introgression in well-diverged but incomplete

species pairs can provide a source of genetic variation

that can lead to the creation of beneficial new phenotypes

(reviewed by Baack & Rieseberg 2007), which may allow

populations to respond to new selection pressures, and

thus increases the likelihood of rapid adaptive diversifi-

cation after invasion of new habitats (Seehausen 2004).
Conclusions

Mitochondrial phylogenetic structure sharply contrasts

with that based on nuclear markers (Ldh and microsat-

ellites), which consistently separate isolates based on

habitat suggesting that the two ecological Daphnia spe-

cies maintain strong intraspecific cohesion and are

genetically divergent across their entire nuclear genome.

The lack of association between mitochondrial haplo-

type and habitat suggests that hybridization and intro-

gression of pond D. pulex genes into the D. pulicaria

genome has occurred multiple times. The evidence for

hybridization and gene flow revealed by phylogenetic

analyses, coupled with moderate to low levels of con-

temporary gene flow between lake and pond popula-

tions suggest a divergence-with-gene flow scenario. The

D. pulex species complex provides an excellent model

for investigating the specific conditions in which

hybridization acts as: (i) a sink of genetic divergence,

(counteracting local adaptation); (ii) a direct mechanism

of speciation generating new OP lineages with various

genetic assemblages and broad ecological attributes; (iii)

an evolutionary force that enhances ecological diver-

gence through reinforcement or (iv) a mechanism that

facilitates habitat transitions through increased ecologi-

cal tolerance (e.g. invasiveness).
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Appendix A Detailed molecular methods.

Table S1 Genetic diversity at 21 microsatellite loci for 6 popu-

lations of Daphnia pulex and Daphnia pulicaria with N, sample

size; A, number of alleles; Ar, allelic richness (with rarefaction

to 27 individuals); HO, observed heterozygosity; HE, expected

heterozygosity; FIS, inbreeding coefficient; PHW, exact P-value

for Hardy-Weinberg equilibrium; r, frequency of null alleles.

Significant deviations are indicated in bold for sequential Bon-

ferroni corrections (Rice 1989) and italic for the false discovery

rate (FDR; Benjamini & Hochberg 1995). Site IDs in Table 1.

Table S2 Hierarchical AMOVA analysis based on ND5 data for

Daphnia pulex and Daphnia pulicaria populations. Comparisons

were performed considering pond and lake population as

groups. Significant fixation indices at P < 0.05 are indicated

with asterisks.

Table S3 Linkage disequilibrium between all pairs of loci in

each Daphnia pulex and Daphnia pulicaria population. Significant

P-values are given in bold for sequential Bonferroni corrections

(Rice 1989) and italic for the false discovery rate (FDR; Benja-

mini & Hochberg 1995).

Table S4 Linkage disequilibrium between microsatellite loci

and mitochondrial profiles in lake Daphnia. Clade A ⁄ B ⁄ D indi-

cates an association (LD) between a given microsatellite locus

and any mitochondrial profile (clades A, B or D); clade A ⁄ B,

indicates LD between a microsatellite locus and either clade A

or B (figure 2). Significant P-values are indicated in bold for

sequential Bonferroni corrections (Rice 1989) and italic for the

false discovery rate (FDR; Benjamini & Hochberg 1995).

Fig. S1 Unrooted statistical parsimony network of mitochon-

drial ND5 haplotypes of Daphnia pulex and Daphnia pulicaria

isolates from the Panarctic clade (see Fig. 1). The network was

estimated using TCS 1.0 (Clement et al. 2000) under the 95%

statistical limits of parsimony using the algorithm of Temple-

ton et al. (1992). Circles represent sampled haplotypes and the

area of each circle is scaled to represent the relative frequency

of a particular haplotype. Small dots on the branches represent

single nucleotide difference between haplotypes and represent

hypothetical (unsampled) haplotypes. The central haplotype of

the network was found in both lakes and ponds. Boxes delin-

eate clades that experienced habitat transition events.
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