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ABSTRACT

Divergent selection between contrasting habitasstha potential to drive adaptive
divergence and the evolution of reproductive igotain the face of initially high gene
flow. This work explores the genetic divergencaiyoung ecological species pair,
Daphnia pulexandDaphnia pulicarig during habitat transition events, by surveying 363
individuals from 9 lakes and 8 ponds in Southerta@o and Michigan. | conducted a
phylogenetic and population genetics study usiegititochondriaNADH
dehydrogenasB (ND5) gene, the nucledactate dehydrogenage(Ldh-A)locus, and
21 microsatellite markers. A discordant phylogensignal between nuclear and
mitochondrial markers suggests a prolonged histbhybridization and introgression
between lake and pond species. Population genaigsas, based on nuclear markers,
reflects a low level of contemporary gene flow aclgenetic differentiation between
pond and lake populations, and additional subsiraatithin lakes, suggesting the

existence of strong habitat isolating barriers leemvponds and lakes.
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CHAPTER |
INTRODUCTION

Ecological speciation with gene flow

Ecological processes are central to the formatforews species when barriers to gene
flow evolve between populations as a result of @gichlly-based divergent selection
(Schluter and Conte 2009; Rundle and Nosil 200Bh &1$ in a habitat transition event.
Habitat isolation is usually based on the inabitifya species to use another species’
environment, and rests on genetically based diifgge in fithess associated with habitat
use (Coyne and Orr 2004). The process of popukti@eoming differentially adapted to
occupy distinct habitats or utilize different resmes while reproductive isolation
develops incidentally is called by-product speoiaijRice 1987; Rice and Hostert 1993;
Rundle and Whitlock 2001). Several laboratory expents have simulated by-product
speciation usin@rosophila(Kilias et al. 1980; Dodd 1989; Rice and Salt 1990) and the
yeastSaccharomyces cerevisif@ettmanet al 2007). However, examples of speciation
by habitat isolation from nature are rare (Schl@@d2), mainly because it is difficult to
assess if habitat separation is the main mechahigtmeduces gene flow during the
incipient stage of speciation (Coyne and Orr 20Bwever, a few cases of ecological
speciation have been explored in which ecologiaetidrs were the main driving force of
speciation. For example, the freshwater amphipty@lella aztecaexhibits substantial
adaptive, genetically based phenotypic variatioomgrpopulations that occupy distinct
habitat types and likely experienced recent ecoldgipeciation (McPeek and Wellborn
1998). Lakes with fish contain a small-bodied favfrihe amphipod, and fishless ponds

and marshes contain a large-bodied form (Wellb&%4). Different morphs of the three-



spined stickleback fistGGasterosteus aculeatusvolved independently across multiple
lake-stream habitat transitions that usually calaavith limnetic-benthic ecotones
(Berneret al. 2009). These ecological populations have divergéd gene flow within a
few thousand generations and make a case for ecal@peciation in a parapatric

context.

Speciation in the face of gene flow is generalyuight to be difficult, because gene flow
constrains population differentiation and prevehesevolution of strong reproductive
isolation (Mayr 1963; Coyne and Orr 2004). Howevecent studies show that strong
natural selection may promote local adaptationexadogical speciation, even in the face
of extensive gene flow. Niemilleat al. (2008) present phylogenetic evidence from
nuclear and mitochondrial genealogies suggestiagtiie Tennessee cave salamander
(Gyrinophilus palleucusoriginated from its sister species, the surfaselting spring
salamanderGyrinophilus porphyriticusyia divergence with gene flow. In the sympatric
host races of the larch budmo®eirphera dinianaevidence from RFLP markers show
that strong divergent selection acts on a few lyekgroups, while the selectively neutral
part of the genome is subjected to homogenizing dlew between races (Emelianet/

al. 2004). The two forms are considered host radéerghan full species because of the
potential for hybridization, but sympatric diffetetion is maintained by selection. In
another study of the African malaria mosquAoppheles gambia&vhich is divided into
two sympatric, partially isolated subtaxa, the M & form, a genome scan revealed that
differentiation between the two forms is only presie three small regions of the

genome (Turneet al 2005). These regions of differentiation likelyntain genes



responsible for the ecological and behavioral ismfebetween the M and S form of the

mosquito.

In ecological speciation with gene flow, divergea® occur in some genes even if there
is significant exchange of other regions (Hey 200i&;2009). A simple model by Hey
(2006) proposes that hybrids carry a full set ofegefrom each population, but backcross
hybrids do not, and so it is possible for some gaagass between populations if
backcross hybrids vary in their fithess dependingvbich genes they carry. An
extension of this idea is the “transporter” hypsie€Schluter and Conte 2009) which
proposes that in the early stages of divergenaadstg variation of one population is
maintained by recurrent gene flow from another pajoan. A slightly different model is
proposed by Via (2009), where she describes thergerof sister species in early
speciation as having a mosaic nature, where eaalhgimportant genomic regions

resist gene exchange, while gene flow continues st of the genome. Evidence for
gene flow may be revealed by discordance betwdtsreit gene genealogies often
caused by hybridization (Wareg al 1997; Dopmaret al. 2005; Bullet al. 2006; Putman

et al. 2007; Cheret al.2009), and suggests a history of divergence witte dow.

Despite the above mentioned studies, demonstrdiugggence with gene flow remains
somewhat difficult because weak genetic differgittrabetween taxa could be due to
recent divergence, gene flow, or a combinationathfNosil 2008). Our understanding
of the genetics of ecological speciation is vemyited (Rundle and Nosil 2005; Schluter
2009) and future work on the ecological and gerfatitors reducing gene flow can help

increase our understanding of the conditions thatifate divergence in the face of gene



flow (Nosil 2008). To accomplish this, new modest®ms are needed to better
understand the evolutionary forces driving spearatvith gene flow, such as during

habitat transition.

Studying the concept of speciation is best achiglismigh comparative studies of
evolutionary young lineages where the processrehgthening reproductive isolation is
still active (Bernatchez 2004; Via 200®aphnia(Crustacea: Branchipoda) has been
used as a model organism in many diverse areaslofjig (Peters and de Bernandi
1987) and its wide geographic distribution acrosmyraquatic environments, easy
cultivation under controlled conditions, as wellths availability of many genomic
resources, makes it also an ideal study systestdidies of speciation. In this study, | am
using two ecological sister speci&aphnia pulexandDaphnia pulicarig which are part
of theDaphnia pulexspecies completo study speciation with gene flow during habitat
transition between lakes and ponds. By conductotl b phylogenetic and population
genetics study and using a variety of differentageic markers, | evaluate contemporary
and historical patterns of gene flow between andrayhe two ecological sister species.
| also examine the population structure and thergamhtion history of these species.
Ultimately, this study introducd3aphniaas a model system for the study of speciation
with gene flow during habitat transition and regsateresting findings about speciation

in freshwater organisms.
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CHAPTER I
SPECIATION WITH GENE FLOW IN DAPHNIA PULEX AND DAPHNIA

PULICARIA*

INTRODUCTION

Speciation irDaphnia

The relative contribution of geography and ecoltmthe diversification of freshwater
organisms is little understood. While allopatrigl&ion is considered the main
mechanism of speciation in zooplankton species agBlaphnia(Adamowiczet al

2009), colonization of new aquatic habitats has\lago proposed to initiate many
speciation events in cladocerans (Lynch 1985).ddmisDaphnia(Cladocera) is a

group of widespread freshwater crustaceans whidhdes about 200 species (Colbourne
et al. 1997), of which 34 species inhabit North Ameliidabert 1995). It is believed that
this genus originated over 200 million years agoird) the Mesozoic (Colbourne and
Hebert 1996), and fossil records from Australiafconthat the genus has been in
existence for at least 70 million years and closelgted genera have existed for at least
120 million years (Fryer 1991). The genus inclu8esibgeneradaphnia

Hyalodaphnia andCtenodahnig comprised of about 15 species complexes (Coll@urn
and Hebert 1996) that possess strong disperséiesdue to their diapausing eggs being
encased in a modification of the female’s carapaosvn as an ephippium, typical of

Anomopoda zooplankton.

*This chapter is the outcome of joint research atestin the declaration of co-authorship page.



Attempts to understand taxonomic relationships iwithe genu®aphniahave been
limited by the constrained morphological diversityd dramatic phenotypic plasticity of
this group (Hebert 1978; Dodson 1989; Lampert 1@#adouani and Pinel-Alloul
2002), the occurrence of interspecific hybrids (dapnd Hebert 1992; Hebert and
Finston 1996; Spaak 1997; Weidgral. 1999), the total suppression of sexual
reproduction in some groups (Creas@l 1989; Crease and Lynch 1991; Helstral
1993), and the occurrence of polyploidy (Dufresné Hebert 1994; Adamowicz et sl.
2002; Mergeat al 2008; Vergilinoet al 2009). All these factors make the
establishment of species boundaries difficult. 2ime analyses have traditionally been
used to distinguish between species inRaphnia pulexcomplex (Hebert 1987) and
more recently, sequence analysis provided morghhgito the evolutionary history of
this group (e.g. Colbourne and Hebert 1996; Adaropei al 2009). Lynch (1985) was
the first to propose an explicit mechanism of sgigan for cladocerans where he argues
for a combined role of founder effect and adaptivergence irDaphniaspeciation.
According to his model, speciation via the founetéect is much more likely to occur if
it is accompanied by a shift in environment sirtae tan facilitate the development of
reproductive isolation through different selectpressures in different habitats. De
Meesteret al. (2002) extended this idea and argued that ompeogpalation is locally
adapted, a strong colonization “priority effecttivees much of the gene flow between
differently adapted aquatic habitats. This priodffect is achieved by founder events,
rapid population growth and local adaptation upolomization, resource

monopolization, and the buildup of large resting bgnks, which together resists the
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persistence of newly invading genotypes and resuliggh genetic subdivision and

speciation.

Daphnia pulexandDaphnia pulicaria

It has been suggested that habitat transitionsvieltl by local adaptation played an
important role in the evolution of th@gaphnia pulexspecies complex (Lynaét al 1999;
Pfrenderet al. 2000), which includes several ecological speicibabiting a variety of
different freshwater habitats (Adamowietzal. 2009). Some of the species in this
complex includeDaphnia middendorffianahich isan arctic lake species (Hobaek and
Weider 1999)Daphnia tenebrosavhich inhabits both ponds and lakes in the Arctic
(Edmondson 1955Paphnia melanicdhat is found in sand dune ponds (Hebert 1995),
Daphnia pulexvhich isa temperate pond species, &aphnia pulicariawhich is one of
the most widely distributed North American lake @pe (Hebert 1995). The two sister
speciesPaphnia pulexandDaphnia pulicarig are estimated to have diverged ~82,000
years ago but still experience significant levdlgene flow (Omilian and Lynch 2009).
Hybrids of the two species can be successfullyyeed in laboratory settings (Heier and
Dudycha 2009), and can be found in nature in digtdy deforested ponds, and generally
reproduce by obligate parthenogenesis (Hebert aedseé 1983). The opportunity for
gene flow between lake and pond populations is begtaus®aphniacan easily

disperse across wide distances (Cohen and ShubB) 2hen its long term dormant
eggs, that are enclosed with an ephippial casdramsported by wind, rain (Caceres and

Soluk 2002), or animal vectors (Allen 2009). HowewespiteDaphnids ability to
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disperse between water bodies, genetic data imdidaitv levels of achieved gene flow

between lake and pond populations (Pfreredexl 2000).

It has been proposed that barriers to gene flowds lake and pondaphniaare likely
ecologically based (Lynch 1985; Heier and Dudych@® and divergent selection
betweerD. pulexandD. pulicaria populations should be substantial. Several studies
have found that lakes and ponds have differentipalyand biotic conditions (Wellborn
et al 1996), and thdDdaphniain these habitats differs significantly in itselihistory traits
(Dudych and Tessier 1999; Dudycha 2003; Dudych&R@aphnia pulexs present in
shallow, fishless, temporary ponds for a shortqeeaf time in the spring, whilB.
pulicaria populations can persist in stratified lakes yeamd (Caceres and Tessier
2004). In lakesDaphniapopulations feed on phytoplankton and are us#adhosed to
predation by fish, while in temporal ponds, thegoaleed on detritus, experience mainly
invertebrate predation and experience, anoxiacantplete freezing (Colbourret al
1997). In the presence of fidh, pulicariainhabits the cold hypolimnetic region to avoid
fish predation and competition from otHgaphniaspecies (Wright and Shapiro 1990),
while in the absence of fisB. pulicarialargely feeds in the epilimnetic waters (Werner
et al. 1977) and has been observed to be up to 3 times atbundant (Leibold 1991).
Additionally, sediment egg banks contain a largdume of resting eggs in lakes than in
ponds (Céceres and Tessier 2004), and this iyldalsed by a lower hatching rate in
the lakes due to differences in environmental tieteeen lake and pond habitats
(Caceres and Tessier 2003). P@aphniagrow faster and have shorter life spans
(Dudych and Tessier 1999; Dudycha 2003; Dudych&@R@Xperience greater changes

in density, and have greater early reproductivewauhan lakéaphnia(Dudycha
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2004). All these differences between pdhdoulexand lakeD. pulicariaindicate that the
two species have diverged ecologically and make fgood study system of ecological

speciation with gene flow involving habitat trainsit between lakes and ponds.

Divergence and speciation betwdamphnia pulexandDaphnia pulicaria

Models for gene exchange between the ecologic#tindt Daphnia pulexandDaphnia
pulicaria have previously been proposé&drender and colleagues (2000) suggest that in
Oregon, permanent lake populations periodicallpeize temporary ponds following
floods and must then quickly adapt to an ephenteaitat (Pfrendeet al. 2000).

Despite this long-term gene flo®, pulexandD. pulicariain Oregon form
monophyletic clades (based on 10 allozyme and 6osétellite loci, Morgaret al

2001). However, an allozyme screen has been udheé jpast as a diagnostic marker to
distinguish between porid. pulexand lakeD. pulicaria (Hebertet al. 1989; Heberét al
1993), where pond individuals are usually homozggou the “slow” (S) allele and lake
individuals are homozygous for the “fast” (F) atleRdditionally, a recent study of
variation at six nuclear protein-coding loci indesthaDaphnia pulexandDaphnia
pulicaria form distinct genetic clusters and are also mowlgtic with respect to their
closest relativeD. arenata(Omilian and Lynch 2009). The study also repoith hevels
of gene flow betweeB. pulexandD. pulicaria. However, based on mitochondrial data,
as much as 19% sequence divergence separate$fénendilineages found within this
complex (Colbourne et al. 1998). North AmeridanpulexandD. pulicaria belong to the
same major clade within this complex, with North émeanD. pulicaria consisting of

several species that include, polar, western, asteaD. pulicarialineages.
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SinceD. pulexandD. pulicaria are not completely reproductively isolated butdig
occupy different habitats, there is a need to sthdyextent of genetic mixing, both
between and among habitats, to better understancbtbnization and evolutionary
history ofDaphnia For this study, | most often use Van Valen’s @Q&cological
species concept that defines a species as a lingage occupies an adaptive zone
minimally different from that of any other lineageits range and which evolves
separately from all lineages outside its rangengy#he mitochondriaND5 gene, the
nuclearLdh-Agene, and 21 microsatellite markers, | exploresti@utionary
consequences of habitat transition events irDégghnia pulexcomplex. | present a
phylogenetic and population genetics study usirgjl3&phniaisolates collected from
natural ponds and lakes in Southern Ontario andhigim. Specifically, | evaluate the
extent of gene flow between lake and p@nhdaulicariaandD. pulexpopulations in
Southern Michigan and Ontario, examine the popatasiructure and explore the history

of the lake species.
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MATERIALSAND METHODS

Sample collection

Lake samples were collected by towing a planktdrvedically through the deepest part
of each lake, while pond samples were taken wdlpanet from shore. After collection,
single individual femal®aphniawere placed in separate 250 ml beakers and alltoved
reproduce parthenogenetically to establish clanak| hereafter referred to as isolates.
The isolates were maintained in filtered river watel5 - 18°C with a 12-h light, 12-h
dark photoperiod and fed every 3-4 days with a doatton of the microalgae species
NannochloropsisindTetraselmigReed Mariculture) diluted in dgi®. After several
weeks, 6-10 clonal individuals were collected freath beaker and immediately stored

at -20°C.

D. pulexandD. pulicaria were collected from a total of 15 habitats (9 takad 8 ponds)
across Michigan, lllinois, and Ontario (figure 2.The mitochondrial ND5 gene was
used to conduct a phylogenetic study on a largebenof isolates (363) with low
sampling (3-14 individuals) per habitat (tables®2.2.1B). In contrast, the population
genetic survey was based on a focal geographiosoetghwestern Ontario and
Michigan) and on an intensive sampling of 3 laKi&5(isolates) and 2 ponds (101
isolates) with 35-86 isolates per habitat. The [b&®D. pulicariaisolates were collected
in July 2008 and May 2009 from three permanentdakawrence and Warner Lakes in
Barry County and Three Lakes Il in Kalamazoo Couwaltyocated in southwestern
Michigan, USA (figure 2.1, table 2.1B). All thregkles are hard water lakes with small

surface area (<30 ha), relatively deep (>10m)ntiladly stratified (Leibold and Tessier
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1991), and have similar zooplankton communities idated byD. pulicaria andD.
galeatamendotagHaney and Hall 1975; Leibold and Tessier 1991)ri&alLake also
containsD. retrocurva(Leibold and Tessier 1991)he 101D. pulexisolates were
collected from two temporary ponds, Disputed ankbi@on, located in Southern Ontario
and Michigan, respectively, in the spring and eadgnmer of 2007 2008, and 2009

(table 2.1A).

Sexuality tests

During optimal conditions, cyclically parthenogendCP) females produce diploid eggs
by apomixis which develop into genetically identidaughters. Certain environmental
cues, such as warm temperatures and crowding dacerthe production of males and
haploid diapausing eggs, which need to be fertli¢éebert and Crease 1983). Some
populations reproduce by obligate parthenogen@&s#y,(in which case the diapausing
eggs are also produced by apomixis and do notmefgriilization. Unlike the apomictic
eggs, which develop directly into juveniles in teenale’s brood pouch, the diapausing
eggs are expelled into an ephippium, where theyearain dormant for days or decades
(Heier and Dudycha 2009). pulicariashows large between-population variation in the
magnitude of investment in dormancy or sex (CacanesTessier 2004), whil@. pulex

is more consistent and produces dormant eggs geanbefore its temporary habitat

dries up.

SinceD. pulexis known to consist of cyclically parthenogend@®) populations,
obligately parthenogenetic (OP) populations, as asgepopulations with mixed

reproductive strategies (Hebert and Crease 198@nsive sexuality tests were
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conducted on all pond isolates to determine tlegiraductive strategy. Single females
were isolated and their mode of reproduction waerdened using the method of Innes
et al (1986). Since lake populations were previousporeed to be reproducing solely by
CP (Tessier and Leibold 1997), sexuality tests weréormed on a subset of 10 isolates

from each lake to confirm that their mode of repttbn was indeed CP.

Mitochondrial DNA amplification

DNA was extracted from isolate cultures using tié\8 protocol described by Doyle
and Doyle (1987) and the final yield of DNA wasuggended in 100 pl of J&@. An 897
bp fragment of the NADH dehydrogenase 5 (ND5) geas amplified using the forward
primer: 5GGGGTGTATCTATTAATTCG 3' and reverse prime
5’ATAAAACTCCAATCAACCTTG 3' (Colbourneet al. 1998). PCR was carried out in
a 25 pl volume consisting of 1.5 ul DNA templat¥, RCR buffer with 0.25 mM of
MgCl,, 2.5 units of Taq polymerase, 0.1 uM of dNTP, @rii8 mM of each of the
forward and reverse primers. The thermal cycle rnogncluded an initial denaturation
step of 3 min at 95°C followed by 5 cycles of 3@ematuration at 94°C, 35 s annealing at
54°C, 40 s extension at 72°C followed by 30 cyoe35 s at 94°C, 35 s at 50°C, and 40
s at 72°C, with a final extension at 72°C for 4 nRCR products were verified on a 1%
agarose gel and sequenced with the forward prisiagBigDye terminator sequencing
chemistry. The reactions were resolved on an ABIOXL genetic analyzer (Applied
Biosystems). Sequences were inspected and aliggied GODONCODE ALIGNER 2.0

(CodonCode Corporation, Dedham, MA) and manuallyemted.
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NuclearLactate dehydrogenasgirvey

Previous surveys of allozyme variation (Helatral 1989; Heberéet al 1993) have
shown that lake populations are generally fixedaioelectrophoretically “fast” (F) allele
at theLactate dehydrogenagelocus (Cristescet al. 2008). Pond populations are either
fixed for a “slow” (S) allele or are SF heterozygmtSF heterozygotes have been
reported to reproduce by OP (Inregsal 1986) and been considerét-generation
hybrids ofD. pulexandD. pulicaria (Hebertet al 1993; Hebert and Finston 2001).
Allele specific primers (Creas al. 2010) were used to determine thlih-A genotype

of each isolate (table AA). Primers that amplifg fhallele are LAhAF-F;
5'GAGCGATTTAACGTTGCGCCT and LdhAF-R:

5 GGACGACTTGTGTGTGAATTTC. Primers that amplify ti®allele are LdhAS-F;
5’GAGCGATTTAACGTTGCGCCC3' and LdhAS-R:
5’GGACGACTTGTGTGTGAATTTGS'. Each isolate was testwdh both sets of
primers. PCR reactions and cycling conditions wieeesame as those used for ND5
amplification. Alleles were resolved on a 1.5% agargel. To confirm the results,
fifteen individuals were additionally analyzed ugihe traditional method of allozyme

electrophoresis (Hebert and Beaton 1989).

Microsatellite survey

Twenty one unlinked and previously mapped micrdis&tenarkers were chosen from
different linkage groups of tHa. pulexlinkage map (Cristescet al. 2006) and were
used to genotype 266 isolates from three lakeawngbdbnd populations. The forward,

sequence-specific primers were 5'-extended witliMh8(-21) oligonucleotide,
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according to the method described by Schuelke (Ra0@ PCR was performed in 12 pul
reactions with 0.98 pl DNA template, 1X PCR bufféth 25 nmol of MgC}, 0.5 units
of Taq polymerase, 2.5 nmol of dNTP, 1 pmol of fard/primer, 2 pmol of reverse
primer, and 2 pmol of a universal fluorescentlydiga M13(-21) primer (NED, PET,
FAM, VIC). A touchdown PCR was used to reduce neogjc amplification. Thermal
cycle programs include an initial denaturation siEf min at 95°C followed by 10
cycles of 35 s denaturation at 94°C, 35 s at 60f8 tlve annealing temperature
decreased by 1°C every cycle during each of th@l®wing cycles, 45 s extension at
72°C followed by 30 cycles of 35 s at 94°C, 35 53fiC, and 45 s at 72°C, with a final
extension at 72°C for 10 min. Reactions were derdtfor 5 min at 90°C, quickly
cooled on ice and resolved on an ABI 3130 XL autemiaequencer with GeneSEin
500 LIZ™ internal size standard. Genotypes were scored) @ENEMAPPER v4.0

(Applied Biosystems) and verified manually by eye.

Phylogenetic analyses

Unique mitochondrial ND5 haplotypes were identifiesing DnaSP v.5.0 (Librado and
Rozas 2009). Genetic diversity for mtDNA was chteazed by the standard indices of
haplotype diversity and nucleotide diversity usiigASP v 5.00.07 (Rozaat al 2003).
Phylogenetic analyses were performed using neigjaang (NJ) and Bayesian
inference (Bl) methods. Based on the phylogenynebt pulexcomplex constructed by
Adamowiczet al (2009), EuropeaBPaphnia puleXGenBank accession number
DQ235231) was chosen as an outgroup. MODELTESTRb8ada and Crandall 1998)

was used to select the best-fit model of sequemostisution (HKY+G). Neighbor-
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joining phylogenetic analysis was conducted in MEG®A (Tamuraet al. 2007) based on
nucleotide distances corrected using the Tamurariddiel (Tamura & Nei 1993) with a
gamma rate distribution (0.3241). Confidence Idgethe topology of the tree was
estimated using bootstrap analyses with 1000 r&elsc Bayesian phylogenetic analyses
were performed in MrBayes 3.1.2 (Ronquist & Huelssrk 2003). All searches used
random starting trees and employed four indeperndst Trees were sampled every
100 generations for 6 million generations and st 23% of all the trees were discarded
as burn-in. The 83® majority rule consensus tree was generated frometimaining trees
and the posterior probability of each node wasutated as the percentage of trees

recovering any particular node.

Since | was interested at looking at the closdimiahip of mitochondrial haplotypes
between pond and lake individuals, a network waregged using all ND5 haplotypes
from the panarcti©aphnia pulexclade and Ml lak®aphnia pulicariaclade and
excluding the wester@aphnia pulicariaclade using TCS 1.0 (Clemesgttal. 2000). The
program estimates genealogical relationships arseqgences at the population level

using the 95% statistical parsimony algorithm (Téxtgnet al 1992).

A NJ phylogeny was constructed based on microgately calculating the commonly
used Nei's standard genetic distaioa (1972) between genotypes of all pairs of

individuals in POPULATIONS 1.2.30 (Langella 1999).
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Population genetics analyses

Allelic richness A;) at microsatellite locivas measured in each of the three lake and two
pond populations as the number of alleles indepamafesample size using FSTAT v.
2.9.3.2 (Goudet 2001). Weir and Cockerham’s (198dieeding coefficientH;s) was
calculated for each population and linkage disdgpiim (LD) was measured between

all pairs of loci in each population using GENEP@#ine v.4.0.10 (Raymond and
Rousset 1995). Alleles with a frequency of lessth@% were removed from linkage
disequilibrium analysis because the rare allelesnafive false positives.

A probability test with Markov chain (1000 demenzation steps, 100 batches, and 1000
iterations per batch) was conducted to determiedikelihood of two pairs of loci being

in linkage disequilibrium. Significance levels weletermined after Bonferonni

correction of P-values (P<0.00048).

Observed heterozygosity §Hand unbiased estimates of expected heterozydgosity
Hardy-Weinberg assumptiondd) as well as P-values for tests of Hardy-Weinberg
equilibrium (HWE)were calculated using ARLEQUIN version 3.1 (Excaxfét al

2005). Tests for deviations from HWE used Marko&ini{1000 dememorization steps,
100 batches, 1000 iterations per batch) and seigli&anferonni correction was applied
to determine significant P-values. The presencaubfalleles was tested with the

software MICRO-CHECKER version 2.2.0 (van Oostetteilal. 2004).

Repeated multilocus genotypes were detected usiiAREX v. 6 (Peakall and
Smouse 2006). Repeated genotypes were removedhedataset for all subsequent

analyses because clonal amplification of genotgaesinfluence data interpretation
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(Sunnuckset al 1997). Microsatellite data analysis was performwéd one

representative of each genotype (i.e. clonal cagie®ved).

Pairwise estimates of the fixation ind&¢; from Weir and Cockerham (1984) were
calculated as a measure of genetic differentiagimong populations and tested for a
significant departure from zero using permutatioscpdures in ARLEQUIN ver. 3.0
(Excoffieret al. 2005). To examine fine-scale genetic patternaééen lakes and ponds
and among the three lake populations, | used GENALE (Peakall and Smouse 2006)
to construct a Principal Coordinates Analysis (P@Agxplore multivariate patterns of

molecular diversity relative to populations.

To further determine if there was genetic struche®veen ponds and lakes and among
the lakes, a Bayesian inference of population atreovas conducted using
STRUCTURE v. 2.3.1 (Pritchart al 2000; Falusket al. 2003). This program uses
multilocus genotypic data to define a set of pofoites with distinct allele frequencies,
hereafter referred to as clusters, and assignightls probabilistically to these defined
clusters without prior knowledge of sampling looati Two separate analyses were
conducted, the first included 2 ponds and 3 lakekthe second included only the 3
lakes. For the lake and pond analysis | assedgglthbods for models with the number
of clusters (K) ranging from K = 1 to K = 5 (totaimber of populations) and for lakes K
ranged from K = 1 to K = 3. For each value of Katried out 5 independent Markov
Chain Monte Carlo (MCMC) runs with 100,000 genenasi discarded as burn-in
followed by an additional 1,000,000 generations r@sailts were consistent across runs.

The optimal number of clusters was estimated bypasing the log-likelihood of the
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data given the number of clusters H(X|K)] (Pritchardet al. 2000) and by examining the
standardized second order rate change B{}K) (AK) (Evanncet al. 2005). Individual
multilocus genotypes were then assigned to a c¢lastording to the HWE criteria

(Pritchardet al. 2000).

To illustrate the historical dispersal patternsaestn sites, a Bayesian method was used
to calculate emigration and immigration rates WtGRATE version 3.0.3 (Beerli

2008). The number of migrantif) per generation was calculateddall;, whered;
equalsxN" andM; equalsmy/p. Among the parametersjs the inheritance parameter;
N is the effective population size; p is the mutatiate per locus per generation; and
m is the immigration rate. For my analystsyas set as 4. This value is commonly used
for nuclear gene data, and other parameters weneagsd from the data by the program.
A Brownian motion mutation model was used. | useadHhort chains (10,000 iterations)
and 3 long chains (1,000,000 iterations) with 50,@@rations discarded as an initial
'burn-in' for the Bayesian search strategy. MIGRASESumes that all interbreeding
populations have been sampled, despite this limitat have chosen to use this software
since it allows to estimate both emigration and igration rates between all the

populations.
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RESULTS

Phylogenetic Analyses

The 687 bp long mitochondrial ND5 sequence-alignmnoéthe 363 isolates contained
539 conserved sites and 148 variable sites of wcivere parsimony-uninformative.
There were more haplotypes found among the two $¢2f) than among the three lakes
(17; table 2.2) and haplotype diversity was slighilgher for ponds (0.89) than for lakes
(0.82). However, nucleotide diversity was lower ponds (0.006) than for lakes (0.025).
The 50 unique haplotypes identified formed two wgelbported clades that correspond to
the panarcti®. pulex(ppx) and westerD. pulicaria (wpc) lineages identified by
Colbourneet al (1998). All isolates collected from ponds groupéthin the ppx clade
while lake isolates were found either in the p@adel or in the wpc clade (figure 2.2). All
but one of the isolates from Three Lakes Il hagampitochondrial profile (table 2.1B).
Four isolates from Warner Lake had ppx mtDNA witbk test of the isolates having wpc
MtDNA. In Lawrence Lake, 47% of the isolates werend to have ppx mtDNA and

53% had wpc mtDNA.

The network of the ppx clade displayed a star-sthaa¢tern. Two separate groups were
detected within the network (figure 2.3) that cepended with the clades observed in the
NJ and Bl analysis (figure 2.2). The most commaopldtgpe, haplotype 2 (ppx), was the
only one found in both lakes and ponds. Many ofithglotypes differed from haplotype

2 by only 1-4 nucleotide differences, while a distigroup of lake haplotypes

(corresponding with clade B in figure 2.2) diffefiedm haplotype 2 by at least 8
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nucleotides. Only lake isolates were found amorggrtiore distinct group, except some

lake-pond hybridl{DH heterozygotes) sampled from Windsor ponds.

A neighbor-joining (NJ) phylogram was constructeddd on 21 microsatellite loci
(figure 2.4) and shows a clear separation withverlap between lake and pond habitats.
All of the pond isolates group into one clade, wfall the lake isolates group into

another. Lake isolates with the two different mitoadrial profiles group together.

Genotypes at thedh-Alocus

Despite the occurrence of both ppx and wpc mtDNAake populations, all lake isolates
were homozygous for the F allele at thlih-Alocus and are referred to Raphnia
pulicaria. Moreover, all pond isolates that were determitweiéproduce by CP were
homozygous for the S allele and are referred ashnia pulexOut of the 136 total
pond individuals screened in the large phylogerstiwey, 19 were determined to be OP
and were either homozygous (SS) or heterozygousdtSRelLdh-Alocus (table 2.1A,

figure 2.2).

Population genetics analyses

The total number of alleles at each microsatdititels ranged from 1 to 10 (table 2.3,
figure 2.5). The allelic richness for the pondsgeehfrom 2.000 to 8.863, and for the
lakes from 1.000 to 4.974. The observed heteroziygfms each microsatellite locus in
each population ranged from 0 to 0.925. In tot@lpBvate alleles were found among the
two pond populations and 6 private alleles in tiree lakes, all with a frequency below

25% except for one allele at locus d153 in Solofond, which had a frequency of 68%.
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At locusd174on linkage group I, all lake populations were €iXer the same allele.
Additionally, genetic diversity was very low in theke populations at loci d015 and
d111, on linkage groups Il and VI respectivelyty=four out of 105 tests of HWE across
all populations and loci were nominally significgdR&0.05) and 25 were significant after
sequential Bonferroni adjustment (table 2.3). Hakk had ~3-4 loci (14-19% of loci)
out of HWE. Disputed and Solomon ponds had 3 alo#iq14%, 43%) out of HWE
respectively. AlImost all loci that were out of HWEthe two ponds showed heterozygote
deficiency (8 out of 9 in Solomon Pond and 3 ouB af Disputed Pond). There was no
clear pattern of heterozygote deficiency or exoesise lakes. Low levels (10-24%) of
null alleles were detected among the lakes andptabtlle 2.3). Isolates that had the
same genotype at all 21 microsatellite markers \ekmetified and clones were removed

for all subsequent microsatellite analysis.

Linkage disequilibrium

The test for linkage disequilibrium (LD) betweerirpaf microsatellite loci indicated
that lake populations have higher numbers of lodiD than pond populations. After
Bonferroni correction for multiple tests (P<0.00p48wrence Lake had the highest
number of pairs of loci in LD with 34 out of 210iga Warner Lake had 18 out of 210
pairs in linkage disequilibrium, and Three Lakebdt the lowest number with 10 out of
210 pairs of loci (table 2.6). The two pond popolas had much lower levels of linkage
disequilibrium; Solomon Pond had 3 pairs out of palls and Disputed Pond had 0 out
of 210 pairs of loci in disequilibrium. A separaealysis was conducted for Lawrence

Lake based on its mitochondrial profile; individsialith ppx mtDNA (Law2) had higher
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levels of LD (31 pairs) than individuals with wpdDINA (Lawl, 13 pairs). Locus pairs
d186-d006 and d186-d148 were in LD in all the |akbitats. In addition 6 loci were
found to be in LD with either of the three mitockloial clades (A and B, or C) in
Lawrence Lake; d027, d029, d186, d006, d148, dtdl8g 2.7). Ten loci were identified
(d070, d027, d087, d127, d029, d186, d042, d0043,dd016) to be in LD with either

mitochondrial haplotypes within clade A or B.

Population differentiation and genetic distance

Microsatellite markers revealed marked genetiedgntiation among the lake and pond
habitats. For example, pairwiBervalues between the ponds and lakes ranged from
0.438 to 0.481 (table 2.45stvalues among lakes were between 0.076 and 0.147
between ponds was 0.080. A separate analysis corgghe two mitochondrial groups

in Lawrence Lake (Lawl and Law2) revealedrgfnvalue of 0.109 between the two
groups within the same lake (APPENDIX table S.1).FArvalues were significantly
different from 0 (P<0.05). Principal component s (PCA) indicated the existence of
two clusters corresponding to ponds and lakesr@i@u7A). The PCA analysis of only

the lake isolates did not show any pattern of paparh subdivision.

The STRUCTURE analysis based on microsatellitesated the highest posterior
probability for two clusters, corresponding to fend and lake groups (figure 2.6A). The
lakes-only analysis indicated that there are tvatimtit clusters within the lakes (figure
2.6B). The method recommended by Evaahal (2005) confirmed two genetic clusters
for both the global data set and also for the |akdsset. Warner Lake was mostly part of

one cluster, Three Lakes Il was mostly part of heotluster, and Lawrence Lake was a
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mixture of the two clusters. In Lawrence lake (véhtirere is a mixture of individuals
with both ppx and ppc mtDNA), there was no corietabetween the clustering pattern

observed in STRUCTURE and the mitochondrial typeauth individual.

Analysis of emigration and immigration rates (humbkemigrants/generatiorsm)
revealed that the highest level of gene flow caolimerved among ponds witmof 1.5
migrants/generation, while the lowest level of goe was observed between lakes and
ponds withNmranging from 0.48 to 1.34 (table 2.5). The numlenigrants among the

lakes was variable and ranged from 0.47 to 0.80.
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DISCUSSION

Divergence with gene flow

Mitochondrial gene introgression may be detectdtiout any evidence for nuclear gene
mixing when hybrids from one habitat successfullydgress into a different habitat type
and are subject to strong selection pressureg atublear genome level. It is striking that
two divergent mitochondrial lineages occur in 5 o® lakes surveyed in this study
(figure 2.2).Daphnia pulexmitochondrial DNA lineage (ppx mtDNA) was previbus
found in lakes from Michigan (Creasteal 1989), the arctic (Dufresne and Hebert 1997)
and western Canada (Creas@l 1997). However, no previous study detected the
presence of both ppx mtDNA and wpc mtDNA within #@ne habitat. In this study, all
lakes examined from Michigan (Three Lakes Il, Warhawrence, Bassett, and Mill)

had both mitochondrial types. It is likely that thege sample size enabled me to detect
both mitochondrial types since each lake had onenoon type and one rare type, except
for Lawrence Lake which had both mitochondrial tyjpeequal proportions. Of course, |
cannot rule out the possibility that the occurreotcthe different mitochondrial types
within the same lake is not a common occurrendak@Daphnia pulicariaand that the

lake system presented here is unique.

Mitochondrial introgression between two young speaan reveal historical patterns of
gene flow and can shed light on possible habigatsition events. The mitochondrial
phylogenetic reconstruction revealed three monagitytlades with high statistical
support (figure 2.2): a Westebh pulicaria clade (clade C), a more diverse panatotic

pulexclade (clade A), and a third previously unrecogdi2. pulicaria clade (clade B)
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which is very closely related to panardiicpulex The Westerm. pulicaria clade

consists of only lake isolates. Clade A includeshed pond isolates and some of the lake
isolates, including the most common haplotype (bigple 2, figure 2.5) that was the only
one shared between lakes and ponds. Clade B noostdysts of lake isolates and pond-
lake hybrids (SEDH heterozygotes) from ponds in Windsor. The ppx nADN
haplotypes of lak®. pulicariado not form a monophyletic group relative to tepulex
cluster, indicating that at least three independabitat transition events from ponds to
lakes have occurred. The first corresponds to lidadé C and likely represents the
initial establishment of lakBaphniafrom ponds. The second event corresponds to clade
B, which is more recent than the well establishessi&nD. pulicaria clade (clade C).
Since clade B is highly statistically supported andtains only lake individuals and F1
hybrids, it seems reasonable to suggest thatsliseparatb. pulicaria clade that may
be genetically distinct from oth&r. pulicaria groups. | call this clade, MI |lakgaphnia
pulicaria. Clade A corresponds to the most recent transgiw@nt from ponds to lakes,
where the presence of shared haplotypes betweeratakpond suggests that transition
or hybridization events are ongoing. An overalltgat of historical gene flow from

ponds to lakes is supported by the mitochondriglqgeny.

This proposed scenario of multiple, unidirectionabitat transitions is further supported
by the results of the network analyses. The ND3dtgpe network exhibits a star-shaped
pattern with two major groups recovered (figure) ZThese two groups correspond to the
two clades (A and B) identified in the NJ phylogemanalyses (figure 2.2). Group A
displays a typical star shape with haplotype 2 appg to be the ancestral haplotype and

including a total of 35 haplotypes. A single ancadtaplotype often gives rise to
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multiple descendant haplotypes yielding a haplotype with true multifurcations
(Posada and Crandall 2001), as is seen with theonlein this study. The large number
of derived haplotypes in this group suggests pdjmuiaxpansion within this species.
The second group enclosed by a rectangle in figulgéncludes only one F1 hybrid
haplotype and 7 lake haplotypes that are divideatimo groups. The network indicates
that this group is separated by at least 8 mutatieps and suggests that the transition
from lakes to ponds of lineages with type B mitauthta happened earlier than did

transitions from lakes to ponds of lineages wighetyA.

Differences between a species’ mitochondrial geareeglogy and its nuclear gene
genealogy can provide initial support for divergemath gene flow. The higher mutation
rate of microsatellite markers than mitochondriakkers indicate that microsatellite data
reflect a more contemporary pattern, whereas miodhal data show a more historical
perspective. The nuclear microsatellite phylogra®edl on allele frequencies (figure 2.4)
shows two distinct clades corresponding to lake@ordl habitats, indicating that
populations of lakes and ponds are currently dimergrhe pond isolates show more
diversity than the lake isolates and this samespattan also be observed from the
mitochondrial data (figure 2.3). Since the lake podd clades in the microsatellite
phylogram (figure 2.4) do not overlap, it is reasiole to conclude that isolates with
either mitochondrial haplotype found in the lakes iaterbreeding and that these
mitochondrial patterns are remnants of past codditin events. Despite introgression in
the mitochondria, nuclear data clearly supportemjence between lakes and ponds and

the formation of the two incipient lineages supp@ricase of divergence with gene flow.
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Discordance between nucldath and mitochondrial data

Past work on allozymes in pond and |&kaphniaindicate that certain nuclear loci show
a consistent pattern corresponding to each typaloitat (Heberet al 1989; Heberet

al. 1993) and this study is strongly concordant pitkvious findings. Thédh-A
genotype of all the lake isolates, regardless @it tmitochondrial lineage, has a typical
lake profile (FF). The.dh-Agenotype of the isolates was also consistent \ih t
microsatellite data since it provided evidenceie€drdance between the mitochondrial
data and a nuclear coding region. Based on nudkeetriation analysis at thelh-A

locus ofDaphnig Creaseet al. (2010) found that this locus is under strong purd
selection in the lakes and the occurrence of asetesweep in lake populations was
associated with the appearance of the fast (Heal¢dh-A Lactate dehydrogenase
(LDH) catalyses the interconversion of pyruvate and fects involved in the terminal
step of anaerobic glycolysis, and the conversidiacthte to glucose in gluconeogenesis
(Powerset al. 1991). In the fisliFundulus heteroclitud DH enzyme activity was found
to change with temperature (Crawford and Power®)188d differences ihdh gene
expression exist between populations adapted fereift thermal habitats (Schukeal
2000).Ldh may directly affect many biological functions swas differences in oxygen
consumption, metabolic flux, developmental ratéchiag time, swimming performance,
survival at elevated temperatures (Powers and g&cthfb8), and tolerance to hydrostatic
pressure (Nishiguchdt al 2010). This study again points out the importaoiche LDH

locus toDaphnids survival in a pond versus a lake habitat.
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What multi locus nuclear data reveals about lakk@ndDaphnia

Relatively lower numbers of alleles at each lodigai(e 2.5) as well as lower allelic
richness in lakes (table 2.3) compared to the pomalgsbe due to genetic drift or a recent
colonization of these lakes. This is in agreemaittt & previous study showing lower
nucleotide diversity levels in lak@aphniathan in pondaphniaat six protein coding

loci (Omilian and Lynch 2009). However, the presentthree different mitochondrial
lineages in the lakes may be contributing to tlghér levels of mitochondrial nucleotide
diversity observed in these lakes compared to tmelgp Locusil74may be located in a
potential region involved in lake adaptation as tbcus was found to be fixed for the
same allele in all the lakes examined. Lodig4is found in the exon region of a zinc-
finger protein (wFleaBase), which is a class ot@res that are involved in DNA
recognition, RNA packaging, transcriptional activat regulation of apoptosis, protein
folding and assembly, and lipid binding (Laéyal 2001). Further work on this genomic
region is needed to determine whether it is in texcter strong natural selection in the
lakes and whether the fixation at this locus wassed by drift or a selective sweep

which is consistent with the locus being underrggroatural selection.

Most of the microsatellite loci were in HWE (81-8%% the lakes and ponds, except
Solomon pond (57% loci in HWE). Genotype frequesaiser to HWE are typical of a
CP, randomly mating pond population (Morggral 2001) and deviations from HWE
due to homozygous excess is indicative of inbragdarich is the pattern seen in
Solomon pond. The cyclical parthenogenetic lifedrisof Daphniamakes it possible for

populations to experience prolonged periods ofallselection (Morgaet al 2001), and
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since Solomon pond was the only habitat sampled latthe season, clonal selection
likely accounts for the HWE deviations in this poftie occurrence of null alleles in this
study as suggested by MICRO-CHECKER is quite lo@ iamot detected at many loci
that are out of HWE, therefore | suggest that alldlles have a minimal impact on the

results of this study.

Difference in linkage disequilibrium between lakesl ponds

| found higher levels of linkage disequilibrium ()i the lake populations than in the
ponds (table 2.6A) and there are three possibkoresato explain this observed pattern:
(1) sampling strategy, (2) clonal selection, andn@ural selection. (1) Sampling size or
strategy may cause the high LD observed in theslakeause lake habitats are much
larger than ponds and contain many mdaphniaindividuals, and it is thus more
difficult to get an accurate representation ofldie population, even though there is a
lower effective population size observed in lakespared to ponds (Omilian and Lynch
2009). (2) The cyclical parthenogenetic life higtof Daphniamakes it possible for
populations to experience prolonged periods ofallgelection (Morgaet al 2001),
especially in the lakes sin€e pulicariais present in the water column for extended
periods of time before engaging in sexual reprddacSince lake individuals engage in
sex less often than pond populations (Caceres assidr 2004) LD may decay more
slowly in lakes than in ponds. (3) High LD in ttaké populations may indicate that
certain combinations of alleles are particularlydi@ed by natural selection in one
environment, but not in the other, such as is oftn in ecological species (Schluter

2009). Furthermore, LD is found between certainragatellite markers and specific
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mitochondrial type (ppx or wpc; table 2.7), andwetn some markers and the two
different mtDNA clades (clades A and B). This iratis that the three clades (A, B, and

C) may be on different evolutionary trajectorieshe lakes.

Population differentiation between the differenbitats

Based on th&srestimates (table 2.4) this study suggests low $evkgene flow between
lakes and ponds, and based on migration rate®(2a8) a slightly higher level of gene
flow from ponds to lakes than the other way aroisnevident. However, the gene flow
estimates based on frequency data of 21 microsatelarkers are lower than the
estimate of Omilian and Lynch (2009) based on Geanccoding regions. Gene flow
among the ponds is much higher (1.5 migrants/gépnajahan among the lakes (0.5- 0.8
migrants/generation), indicating that, despitertblise geographic proximity, habitat
segregation among the lakes is common. Hh&alues between the two groups in
Lawrence Lake (based on mitochondrial type) was(@d09), but significantly different
from O (table S.1 in appendix), indicating thatrthenay still be some distinction between

the two mitochondrial groups within this lake.

Based on the results of STRUCTURE analysis (figu6g, the nuclear neighbor-joining
(NJ) phylogram (figure 2.4), as well as the primtipomponent analysis (figure 2.7A), it
can be clearly seen that lakes and ponds form tstmct groups. | also detected two
genetic clusters within the lakes from a separaRIBCTURE analysis (figure 2.7B).
However, this clustering pattern within the lakesswvnot as pronounced as the distinction
between lakes and ponds. Although this genetideling observed in the lakes is not

likely caused by local adaptations to food resosifgdlenet al 2010), other differences
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may be responsible for this pattern. For exampleJack of complete homogenization of
nuclear genomes in some lake individuals, comptredore established or older lake

groups may be causing this partitioning within lddees.

Difference in predation pressures and conditiorteénlakes may account for the
observed genetic pattern. The inverteb@it@oborugpreys mainly orbaphniain both
lakes and ponds, while the Bluegill Sunfiglegomis macrochiryds the most abundant
planktivorous fish species in the surveyed lakesrf\gret al 1977; Osenbergt al.

1988; Werner and Hall 1988) and is not found ingsMhree lakes Il has the highest
Chaoboruglensity compared to the other lakes (Leibold angsiBe 1991) and has
dystrophic conditions and high dissolved organictent (Haney and Hall 1975; Leibold
and Tessier 1991), much like the pond environm2aphniaexperiences the strongest
predation pressure from fishgpomis macrochirysn Warner Lake and lowest in

LawrencelLake (Osenbergt al 1988; Leibold and Tessier 1991).

In addition to differences between the lakes is #tudy, each lake contains two habitats:
the shallow, warm epilimnion, where fish predatismigh (Hall and Werner 1977;
Werner and Hall 1988) and the deeper colder, anoypolimnion, where fish are usually
absent. Since clonal habitat and depth speciadizagi common iD. pulicaria, it may be
useful to conduct future work exploring the relaship between the genetic clustering
observed in this study and habitat partitioningwntthe same lake habitat. Although the
sampling protocol in this study was consistent s€i@l the lakes, it does not allow such

an analysis.
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Discordance between multiple nuclear markers andamondrial phylogenies

Describing and interpreting historical and conterapppatterns of divergence between
species is one of the principal goals of evolutigri@ology. However, for recently
diverged populations or species with incompleteaépctive isolation, gene genealogies
from different markers may be discordant, whiclenfsupports a history of divergence
with gene flow. The analysis of nuclear micros#@eelinarkers indicates a higtyrvalue
between lakes and ponds (table 2.4) with low legélgene flow (table 2.5), and a
clustering pattern separating lakes and pondsrégQ.5, 2.6, 2.7). At the same time, the
mitochondrial phylogenetic analysis indicates $whe lake haplotypes group with pond
haplotypes (figure 2.2). This pattern suggestsititedgression of ponB. pulexis
occurring in the lakes and the low levels of mitmotirial sequence divergence between

ppx MtDNA haplotypes in lakes and ponds indicates these events are very recent.

Pfrender and colleagues (2000) proposed that mittte subdivision within ponds in
Oregon is due to some populations containing “ldée-nuclear alleles. They have
suggested that permanent lake lineages periodicalbnize temporary ponds following
floods and quickly adapt to an ephemeral habitae(®eret al. 2000), likely through
hybridization and introgression with the resideomg lineage. My data shows that the
most common mitochondrial haplotype is shared betwsnds and lakes (figure 2.3)
and this suggests a pattern of pond individualadimg lakes and introgressing into the
lake population, since at the nuclear level allltkes group together (figures 2.5, 2.6,
2.7). Itis quite possible that certain individuaigponds already contain “lake-like”

alleles and can more easily migrate and introgréesa permanent lake habitat. The
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results of this study show that gene flow is odagyin both directions (from ponds to
lakes and from lakes to ponds), but introgressiggoad migrants into lakes happens

more easily than the introgression of lake migramis ponds.

Conclusions

This study explores the evolutionary consequentaslutat transition events in lake and
pondDaphnia The mitochondrial phylogenetic survey revealezldhcurrence of three
different mitochondrial lineages within lake pulicaria, which likely correspond to

three separate habitat transition events intogkesl. This finding based on the
mitochondrial ND5 marker is in contrast with theyfggenetic signal revealed by the
nuclear markers that consistently grddgphniabased on habitat. The strong discordant
phylogenetic signal between nuclear and mitochahdrarkers suggests that
hybridization and introgression of poBd pulexgenes into th®. pulicariagenome has
been occurring in the lakes and that some of thesets are relatively recent.
Additionally, the detection of two genetic unitstiwn the lakes needs further
investigation to determine the cause of this gerstbdivision within the lakes. Despite
historical evidence for hybridization and gene fl@vealed by phylogenetic analysis
between lake and pond populations, population gedeata indicates low levels of
contemporaneous gene flow suggesting the existd#rsteong habitat isolating barriers
between ponds and lakes. The results of this gtodyt to a divergence with gene flow

scenario for the speciation of poBd pulexand lakeD. pulicaria.
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Table 2.1A Habitat location and sampling size for pddaphnia pulexpopulations.

Habitat locations, mitochondrial and nuclear pi§lfor the study of 27Daphnia

isolates withiD, location codeN1, number of individuals analyzed using mitochondria
marker ;N2, number of individuals analyzed using 21 microéisgemarkers and
mitochondrial markert.dh, nuclear lactate dehydrogenase A profiling, S$admygous
slow, FF- homozygous fast, SF-heterozygous; mtDid#ochondrial profiling, ppx,
panarcticDaphnia pulexwpc, westeraphnia pulicaria; Cld, indicates whiciDaphnia
pulexclade the individuals belong to in phylogenetialgsis based on mtDNA (figure
2.2); Rep, reproduction mode, CP-cyclical parthemegis, OP-obligate parthenogenesis;

Prov/St, province or state of habitat, MI-Michig&i\-Ontario.

Ponds ID Prv/iSt Lat Long N1 N2 Ldh mtDNA Cld Rep
Disputec  Disp ON 4217 -83.03t 52 50 SS ppx A CF
Solomor  Sol Mi 42.71¢ -85.38¢ 53 51 SS ppx A CF
Canard Carl ON 42.1z -82.9€ 13 - SS/St  ppx A CP/OF
Canarc2 Car2 ON 42.1¢ -83.0z 3 - SF ppx A OF
Canarc3 Car3 ON 42.1: -82.9: 6 - SS/SE  ppx A CP/OF
Gest¢ Ge: ON 42.1% -82.8¢ 2 - SF ppx A CP/OF
West Gul WG MI 4241 -85.4¢ 4 - S¢S ppX A  OF
Grimey Grm Ml 42.31 -85.3¢ 3 - S¢ ppx A OF
Total 13€ 101
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Table 2.1B Habitat location and sampling size for |dkaphnia pulicariapopulations
with ID, location codeN1, number of individuals analyzed using mitochondmarker
only; N2, number of individuals analyzed using 21 microisgemarkers and
mitochondrial markert.dh, nuclear lactate dehydrogenase A profiling, FRnboygous
fast; mtDNA, mitochondrial profiling ppx, panarciaphnia pulexwpc, western
Daphnia pulicaria,epc, easter®aphnia pulicaria, Cld, indicates whicDaphnia pulex
clade the individuals belong to in the phylogen&te based on mtDNA (figure 2.2);
Rep, reproduction mode, CP-cyclical parthenogenédtsobligate parthenogenesis;

Prov/St, province or state of habitat, MI-Michig&i\-Ontario, IL-lllinois.

Lakes ID Prv/iSt Lat Long N1 N2 Ldh mtDNA Cld Rep
Lawrence Law Ml 4226 -8521 86 86 FF 40 ppx A/B CP

46 wpc
Three Lakes 3L2 MI 42.21 -85.26 38 35 FF 37 ppx, 1lwpc A/B CP
I
Warner Warn Ml 4228 -8531 63 44 FF 4 ppx, 59wpc /BA CP
Bassett Bas Ml 4240 -85.29 12 - FF 9 ppx, 3 wpc - CP
Mill Mill Ml 4227 -85.15 14 - FF 13 ppx, Lwpc - 1)
Long Lng IL 40.14 -87.44 4 - FF ppXx A CP
Sportsman Spm IL 40.14 -87.44 3 - FF ppX AlB CP
Clear Clr IL 40.14 -87.44 3 - FF ppx A CP
Big Gull BG ON 4488 -78.75 3 - FF 2 wpc, lepc - CP
Total 226 165 113 ppx

112 wpc

lepc
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Table 2.2 Genetic diversity indexes for 2 pond and 3 lakpytations based on a 687 bp

sequence of the mitochondrldADH dehydrogenase gene.

Number of Number of Haplotype Nucleotide
isolates haplotypes diversity diversity

Ponds 108 25 0.887 0.006
Solomon 54 17 0.793 0.006
Disputed 54 8 0.751 0.002
L akes 192 17 0.820 0.025
Warner 63 7 0.313 0.005
Three Lakes Il 37 6 0.751 0.009
Lawrence 92 8 0.765 0.025
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Table 2.3 Genetic diversity at 21 microsatellite loci fop6pulations oDaphnia pulex
andDaphnia pulicaria N, sample sizeA, number of allelesA, allele richnessHo,
observed heterozygositite, expected heterozygositlis inbreeding coefficientPny,
exactP-value for Hardy-Weinberg equilibrium test; r, frecy of null allele. Values in
bold indicate a deviation from HWE after sequerBahferroni correction.

Abbreviations for the different populations areeagivin tables 2.1A, 2.1B.

L ocus Index Disp Sol Warn Law 3L2
do7c N 49 48 45 87 35
AlA 5/4.93: 6/5.29¢ 3/2.60¢ 4/3.98t 3/2.99¢
Ho 0.673¢ 0.562¢ 0.844« 0.908: 0.457:
He 0.725¢ 0.634( 0.513¢ 0.647¢ 0.493:
Fis 0.072¢ 0.113¢ -0.677: -0.405¢ 0.046¢
Phw 0.087¢  0.0080 0.0000  0.0000 0.084¢
r - . - - .
do27 N 51 50 45 86 35
AlA 8/6.62" 7/6.550 3/2.94: 3/3.00C 3/3.00C
Ho 0.627¢ 0.740( 0.422: 0.337: 0.400(
He 0.716¢ 0.660( 0.527: 0.529¢ 0.569¢
Fis 0.125: -0.122¢ 0.199: 0.364¢ 0.268¢
Puw 0.293¢ 0.587( 0.328( 0.0004 0.006:
r - - - 0.15¢ -
dl17 N 50 49 45 86 35
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L ocus Index Disp Sol Warn Law 3L2
dl117 AlA 7/6.19: 716.23¢  3/2.60¢ 2/2.00C 3/3.00C
Ho 0.320( 0.510: 0.488¢ 0.407( 0.428¢
He 0.368: 0.574: 0.506: 0.352] 0.430:
Fis 0.132: 0.112: 0.006¢ 0.154¢ 0.011:
Puw 0.122: 0.0009 0.€32¢ 0.218: 0.0021
r - - - - -
dov¢ N 51 50 45 84 35
AlA 10/7.64¢ 9/8.43¢ 1/1.00C 2/1.99: 1/1.00C
Ho 0.804( 0.€ - 0.023¢ -
He 0.732: 0.694¢ - 0.02%7 -
Fis -0.992( 0.137: - -0.006: -
Puw 0.027¢ 0.0001 - 1.000(¢ -
r - . - - -
do87 N 48 46 43 82 35
AlA 7/5.81: 8/7.50. 3/2.26: 2/2.00C 2/2.00C
Ho 0.604: 0.478: 0.046¢ 0.439( 0.200(
He 0.734, 0.713: 0.046: 0.358: 0.227:
Fis 0.179: 0.331¢ -0.005¢ -0.227 0.125(
Phaw 0.036¢ 0.0002 1 0.057¢ 0.445(
r - 0.15i - - -
dos¢ N 50 46 45 85 35
AlA 5/4.98¢ 7/6.59. 4/3.58¢ 4/3.89¢ 3/3.00C
Ho 0.680( 0.500( 0.244: 0.€ 0.485’
He 0.731: 0.553¢ 0.225} 0.486: 0.420°
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L ocus Index Disp Sol Warn Law 3L2
doa¢ Fis 0.070¢  0.098( -0.078: -0.235¢ -0.167"
Paw 0.199¢  0.299¢ 1.000C  0.0000 1.000(
r - - - - -
dl16¢ N 49 41 43 85 35
AlA 5/4.99¢ 6/5.91¢ 3/2.86¢ 4/3.88: 2/1.80¢
Ho 0.489¢ 0.585¢ 0.581: 0.529: 0.028¢
He 0.7269: 0.755: 0.515: 0.516¢ 0.028¢
Fis 0.328¢ 0.227. -0.149¢ -0.025: -
Puw 0.002: 0.0006 0.007: 0.011: 1.000c¢
r 0.15¢ 0.111 - - -
do5( N 50 46 45 85 35
AlA 4/3.1¢€0 3/2.620 1/1.00C 2/2.00C 2/1.99¢
Ho 0.140( 0.434¢ - 0.000(¢ 0.057:
He 0.233: 0.458¢ - 0.068¢ 0.109:
Fis 0.401¢ 0.053: - 1.000(¢ 0.481¢
Paw 0.036: 0.449: - 0.0000 0.087:
r 0.141 - - 0.18¢ -
d127 N 50 41 45 80 34
AlA 4/3.92¢ 3/3.00C 2/1.99: 4/4.00C 3/2.97:
Ho 0.560( 0.487¢ 0.022: 0.350( 0.676¢
He 0.572% 0.426¢ 0.106: 0.438( 0.534:
Fis 0.022¢ -0.146: 0.79Q0 0.200 -0.291:
Paw 0.018¢ 0.556¢ 0.003( 0.0000 0.009(
r - - 0.18- - -
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L ocus Index Disp Sol Warn Law 3L2
d10¢ N 49 41 40 81 34
AlA 6/5.020 3/3.00C 4/3.89: 3/3.00C 3/3.00C
Ho 0.408: 0.487¢  0.300( 0.284( 0.294:
He 0.530¢ 0.565¢ 0.511% 0.605( 0.595:
Fis 0.232¢ 0.139: 0.429¢ 0.532: 0.477.
Paw 0.002:  0.023¢ 0.001¢  0.0000 0.0000
r 0.11z - 0.205 0.23: 0.20:
do2¢ N 50 48 44 86 34
AlA 5/4.97: 6/5.60¢ 3/2.99¢ 3/3.00C 3/3.00C
Ho 0.540( 0.583: 0.772% 0.720¢ 0.735:
He 0.695¢ 0.698¢ 0.568: 0.569¢ 0.527:
Fis 0.225¢ 0.166: -0.398¢ -0.267¢ -0.413:¢
Puw 0.01¢0 0.016¢ 0.0000 0.012¢ 0.0010
r 0.101 - - - -
d174 N 50 47 45 87 35
AlA 716.37" 9/7.94% 1/1.00C 1/1.00C 1/1.00C
Ho 0.540C 0.702: - - -
He 0.7640 0.800: - - -
Fis 0.295: 0.123¢ - - -
Puw 0.001¢ 0.206¢ - - -
r 0.141 - - - -
doit N 48 29 39 87 34
AlA 11/8.86:  8/8.00C 2/1.6%0 1/1.00C 2/1.82¢
Ho 0.541° 0.448: 0.025¢ - 0.029:
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L ocus Index Disp Sol Warn Law 3L2
doit He 0.773( 0.706¢ 0.025¢ - 0.029:
Fis 0.301¢ 0.369" - - -
Prw 0.0000 0.001¢ 1.000(C - 1.000¢
r 0.13¢ 0.18: - - -
d18e N 46 38 44 86 35
AlA 8/7.35¢ 716.943 4/4 4/4 5/4.80¢
Ho 0.521; 0.394° 0.704¢ 0.720¢ 0.542¢
He 0.707¢ 0.819: 0.732¢ 0.683: 0.501¢
Fis 0.264¢ 0.521¢ 0.009: -0.055¢ -0.075:
Paw 0.0003 0.0000 0.0005 0.019: 0.933¢
r 0.10¢ 0.24% - - -
d111 N 44 34 - 86 35
AlA 8/7.810 4/4.00C 1/1.00C 2/1.88¢ 1/1.00C
Ho 0.818: 0.411¢ - 0.011¢ -
He 0.813( 0.605¢ - 0.011¢ -
Fis -0.006¢ 0.323: - 0.000( -
Puw 0.866¢ 0.0004 - 1.000(C -
r - 0.14% - - -
d15: N 45 36 39 87 35
AlA 6/5.99¢ 2/2.00C 3/2.65: 2/1.87¢ 1/1.00C
Ho 0.777¢ 0.527¢  0.076¢ 0.011¢ -
He 0.804( 0.440¢ 0.075¢ 0.011¢ -
Fis 0.033(  -0.200¢ -0.017¢ 0.000( -
Paw 0.432: 0.281: 1.000(C 1.000¢ -
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L ocus Index Disp Sol Warn Law 3L2
d15: r - - - - -
do4z N 32 32 37 85 35
AlA 6/5.88¢ 4/3.90¢ 2/2.00C 4/3.98¢ 3/3.00C
Ho 0.156: 0.250C 0.540¢ 0.576¢ 0.342¢
He 0.312( 0.489¢ 0.497¢ 0.509: 0.545:
Fis 0.503: 0.493¢ -0.155¢ -0.132¢ 0.356¢
Paw 0.005¢ 0.001: 0.733¢ 0.002¢ 0.023t
r 0.17¢ 0.21¢ - - -
dooe N 49 48 44 86 35
AlA 8/7.52¢ 8/7.03. 3/2.99¢ 5/4.97¢ 3/2.80¢
Ho 0.755! 0.5€25 0.7%0C 0.593( 0.257:
He 0.769( 0.788t 0.546¢ 0.594 0.230¢
Fis 0.018: 0.288¢ -0.411: 0.002¢ -0.113:
Puw 0.249¢ 0.0000 0.022¢ 0.051¢ 1.000c¢
r - 0.13¢ - - -
d14¢ N 48 46 42 87 34
AlA 5/4.39: 4/3.72¢ 3/3.00C 3/3.00C 4/4.00C
Ho 0.166° 0.108° 0.571: 0.482¢ 0.794:
He 0.380¢ 0.184: 0.600¢ 0.475: 0.723¢
Fis 0.564¢ 0.412¢ 0.034¢ -0.014¢ -0.074¢
Prw 0.0000 0.0001 0.000¢ 0.569: 0.0000
r 0.23¢ 0.131 - - -
d18z N 44 34 38 76 33
AlA 5/4.64« 5/4.85: 3/2.00C 4/4.00C 3/2.85:
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L ocus Index Disp Sol Warn Law 3L2

d18z Ho 0.295¢ 0.500( 0.57¢ 0.£00 0.484¢
He 0.458: 0.660: 0.563: 0.446¢ 0.3¢0C
Fis 0.357¢ 0.245¢ -0.082¢ -0.120: -0.295¢
Paw 0.008¢ 0.005¢ 0.076¢ 0.939" 0.372¢
r 0.16( - - - -

dole N 51 50 44 87 35
AlA 4/3.56" 7/5.73t  3/2.99¢ 3/3.00C 3/2.99¢
Ho 0.313; 0.700C 0.431¢ 0.333¢ 0.314:
He 0.389¢ 0.634: 0.3790 0.425° 0.278:
Fis 0.196¢ -0.104. -0.126: 0.218: -0.125]
Paw 0.045: 0.13t0 0.863¢ 0.0000 1.000c¢
r - - - - -

Total number of loci out ¢ 3 9 3 4 3

HWE in each population

heterozygote deficienc 3 8 1 2 2
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Table 2.4 PairwiseFstestimates between five populationdDaphnia pulexand
Daphnia pulicariabased on 21 microsatellite loci. Akrvalues are significantly

different from O (P < 0.05). Abbreviations for tléferent populations are given in tables

2.1A, 2.1B.
Disp Sol Warn Law
Sol 0.0790
Warn 0.4750 0.4434
Law 0.4810 0.4505 0.0764
3L2 0.4669 0.4384 0.1466 0.0868
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Table 2.5 Migration rates (Nm, number of migrants per getiend between lake and

pond populations. Results are averaged over 2losatellite loci. Source populations

are listed by column, recipient populations lisbtgdrow. Abbreviations for the different

populations are given in tables 2.1A, 2.1B.

Disp Sol Warn Law 3L2
Disp - 1.5206 1.1256 1.3294 1.1151
Sol 1.5333 - 1.1073 1.3376 1.0606
Warn 0.5278 0.5855 - 0.6715 0.7656
Law 0.5622 0.5966 0.8022 - 0.6426
3L2 0.5510 0.4829 0.4670 0.5539 -
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Table 2.6 Linkage disequilibrium between all pairs of logieach population ddaphnia
pulexandDaphnia pulicaria Abbreviations for the different populations areeg in
tables 2.1A, 2.1B, with Law, all individuals fronawrence Lake; Lawl, Lawrence lake
individuals withDaphnia pulicariamitochondrial DNA; Law2, Lawrence lake
individuals withDaphnia pulexnitochondria DNA. Values are P-values and those in

bold are significant after Bonferroni correction.

Locusl Locus2 Sol Disp 3L2 Warn Law Lawl Law2

do7( do27 0.322¢ 0.559: 0.024¢ 0.880° 0.2000 0.023! 0.608t

do7( di17 0.210¢ 0.030C 0.014: 0.032: 0.0002 0.363: 0.0000

do27 d117 0.156¢ 0.047: 0.0002 0.029¢ 0.198¢ 0.00(0 0.189:

do7( do7¢  0.041. 0.693( - - 0.449: 1.000C 0.278¢
do27 do7e¢ 0.537: 0.861f - - 0.404: 1.000C 0.152(
d117 do7e  0.407¢ 0.882¢ - - 1.000C 0.512¢ 1.000C

do7( dog87 0.268¢ 0.9627 0.017¢ 1.000C 0.0004 0.008¢ 0.000¢
do27 do87 0.026¢ 0.954¢ 0.0001 0.294. 0.106. 0.071¢ 0.044:
d117 dog87 0.028( 0.689: 0.040¢ 0.010: 0.666: 0.787! 0.182¢
do7¢ dog7 0.110¢ 0.833( - - 1.000C 1.000C 1.000(
do7( dog¢ 0.2517 0.607( 0.002¢ 0.685¢ 0.275. 0.518¢ 0.517:
do27 dog¢ 0.714: 0.549: 0.2117 0.019¢ 0.004( 0.0157 0.000¢
d117 dog¢ 0.880: 0.014¢ 0.668¢ 0.176¢ 0.079: 0.234. 0.277¢
do7¢ dog8¢  0.449¢ 0.430¢ - - 0.083 0.117¢ 0.235:
dos7 dog¢  0.020¢ 0.561° 0.04¢ 1.000C 0.301¢ 0.541¢ 0.793(

do7( diee 0.046( 0.543¢ 0.556¢ 0.111¢ 0.0000 0.015: 0.0000
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Locusl Locus2 Sol Disp 3L2 Warn Law Lawl Law2
do27 di6ée 0.583: 0.582( 1.000C 0.003: 0.072¢ 0.311. 0.158¢
d117 di6e 0.082: 0.367C 0.471¢ 0.001¢ 0.232¢ 0.669. 0.031¢
dove dle€ 0.0000 0.918( - - 0.722¢ 1.000C 1.000(C
do87 di6e 0.003¢ 0.830¢ 1.000C 0.637¢ 0.310( 0.026¢ 0.544«
dos¢ di6e 0.023¢ 0.693¢ 0.027( 0.271¢ 0.3417 0.876. 0.033¢
dovc do5C 0.905¢ 0.377¢ 0.011: - 0.375¢ - 0.063¢
do27 do5C 0.972( 0.127¢  0.400: - 0.1282 - 0.377¢
d117 do5C 0.438¢ 0.184¢ 0.362¢ - 0.292¢ - 0.330
dove do5C  0.137: 0.891¢ - - 1.000¢ - 1.000C
do87 do5C 0.019¢ 0.865: 0.288: - 0.270( - 0.074:
dos¢ do5C 0.437° 0.599( 0.179: - 0.452¢ - 0.612
d16¢ do5C 0.005¢ 0.516¢  1.000C - 0.467¢ - 0.401
do7c d127 0.036° 0.585¢ 0.012: 0.220C 0.0001 0.014C 0.000¢
do27 d127 0.645. 0.958¢ 0.004¢ 0.042¢ 0.0000 0.000¢ 0.010¢
d117 d127 0.441( 0.764¢ 0.2507 0.102: 0.410: 0.127¢ 0.0001
dove di27 0.080: 0.277¢ - - 1.000C 1.000C 1.000C
do87 d127 0.580¢ 0.115¢ 0.539¢ 0.047¢ 0.032¢ 0.079¢ 0.061(
dos¢ di27 0.385. 0.361¢ 0.300: 0.554« 0.4307 0.151: 0.510¢
dl1e6e d127 0.005: 0.499: 1.000C 0.798C 0.300¢ 0.687¢ 0.012¢
do5(C d127 0.205¢ 0.309: 0.033¢ - 0.204¢ - 0.496:
dovc d10t 0.263¢ 0.230¢ 0.237: 0.640¢ 0.0002 0.0€38 0.0001
do27 d10t 0.645. 0.858: 0.0000 0.0001 0.0000 0.0003 0.004¢
d117 d10t 0.023: 0.195: 0.006: 0.357° 0.0000 0.034C 0.009(
dove d10t  0.100¢ 0.710¢ - - 0.835¢ 1.000C 1.000cC

52



Locusl Locus2 Sol Disp 3L2 Warn Law Lawl Law2
do87 d10ot 0.017¢ 0.139: 0.0126 0.021C 0.001¢ 0.0000 0.279:
dos¢ d10t 0.089: 0.945¢ 0.007¢! 0.0002 0.035¢ 0.199¢ 0.078¢
d16¢ d10t 0.141: 0.530¢ 1.000C 0.242: 0.0000 0.003¢ 0.0002
do5(C d10t 0.306: 0.762¢ 0.120: - 0.001¢ - 0.014¢
d127 d10t 0.1527 0.701¢ 0.002¢ 0.052° 0.068¢ 0.264¢ 0.074<
dovc do2¢ 0.417: 0.512¢ 0.0227 0.351. 0.0000 0.0000 0.000¢
do27 do2¢ 0.634° 0.723¢ 0.039: 0.448: 0.0687 0.022¢ 0.015:
d117 do2¢ 0.736¢ 0.403° 0.02(1 0.000° 0.010¢ 0.008C 0.094¢
dove do2¢ 0.0000 0.957¢ - - 0.293¢ 0.138. 1.000cC
do87 do2¢ 0.472¢ 0.(524 0.073¢ 0.020¢ 0.0137 0.011° 0.397:
dos¢ do2¢ 0.284¢ 0.869: 0.644: 0.034( 0.0003 0.030¢ 0.010¢
d16¢ do2¢ 0.054: 0.182¢ 1.000C 0.909¢ 0.007¢ 0.107¢ 0.0001
do5(C do2¢ 0.371¢ 0.307° 0.081: - 0.812¢ - 1.000C
d127 do2¢ 0.696: 0.217¢ 0.076¢ 0.032¢ 0.025: 0.016¢ 0.016"
d10t do2¢ 0.200¢ 0.740¢ 0.047: 0.08¢7 0.371: 0.159C 0.010¢
dovc di7¢ 0.917¢ 0.038¢ - - - - -
do27 d17¢ 0.030¢ 0.828¢ - - - - -
d117 di7Z 0.200¢ 0.678. - - - - -
dove dil7¢ 0.364¢ 0.764. - - - - -
do87 di7¢ 0.507¢ 0.576. - - - - -
dos¢ di74 0.2837 0.813: - - - - -
d16¢ di7¢ 0.276. 0.541¢ - - - - -
do5(C di7¢ 0.976¢ 0.296: - - - - -
d127 di7Z 0.540¢ 0.527: - - - - -
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Locusl Locus2 Sol Disp 3L2 Warn Law Lawl Law2
d10: di7Z 0.530¢ 0.036: - - - - -
do2¢ di7¢ 0.277¢ 0.558: - - - - -
do7c doi1t 0.259° 0.291: 0.536¢ 1.000( - - -
do27 dolt 0.601: 0.712¢ 0.366¢ 1.000( - - -
d117 dolt 0.818( 0.303: 1.000C 0.522: - - -
dove dolt 0.844° 0.761( - - - - -
do87 dolt 0.341f 0.061: 1.000C 1.000C - - -
dos¢ dolt 0.176¢ 0.045¢ 0.226¢ 1.000( - - -
d166 dolt 0.708¢ 0.6017 1.000C - - - -
do5(C dolt 0.192: 0.289: 1.000( - - - -
d127 dolt 0.053( 0.747: 1.000C 1.000(C - - -
d10t dolt 0.845: 0.900C 0.594: - - - -
do2¢ dolt 0.533¢ 0.006f 1.000C 1.000(C - - -
d17¢ doit 0.801¢ 0.790: - - - - -
do7c d18€¢ 0.184z 0.902( 0.021¢ 0.075: 0.0000 0.0000 0.0000
do27 d18¢ 0.849: 0.066: 0.011( 0.0000 0.0007 0.0003 0.149:
d117 d18¢ 0.116¢ 0.608¢ 0.022: 0.0000 0.0000 0.000C 0.002¢
dove d18¢ 0.162¢ 0.382: - - 1.000C 0.467( 0.238:
do87 d18¢ 0.408¢ 0.273: 0.000¢ 0.097¢ 0.006¢ 0.418: 0.0000
dos¢ d18€ 0.861° 0.796: 0.003: 0.0000 0.147¢ 0.029° 0.896"
dl16e d18¢ 0.163¢ 0.596¢ 0.546: 0.0000 0.005: 0.439¢ 0.0000
do5(C d18€¢ 0.045¢ 0.538: 0.166: - 0.035¢ - 0.143¢
d127 di8¢ 0.303¢ 0.430¢ 0.001¢ 0.050¢ 0.0003 0.003: 0.006¢
d10t d18¢ 0.763: 0.097C 0.256¢ 0.0000 0.0000 0.049: 0.0000
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Locusl Locus2 Sol Disp 3L2 Warn Law Lawl Law2
do2¢ d18¢ 0.299¢ 0.236( 0.0037 0.0004 0.0000 0.0000 0.002(
d17¢ d18¢ 0.638: 0.339: - - - - -
do1t d18¢ 0.015° 0.830: 1.000C 0.197¢ - - -
dovc di1l 0.1264 0.866¢ - - 1.000C 1.000C -
do27 d111 0.3151: 0.933: - - 1.000C 1.000(C -
d117 di1l1 0.987: 0.509: - - 1.000C 0.511¢ -
dove d11l1 0.576¢ 0.349¢ - - 1.000C 1.000(C -
do87 d11l1 0.543¢ 0.211° - - 1.000C 1.000(C -
dos¢ di1l 0.305¢ 0.157: - - 1.000C 0.540: -
dl1e6e d11l 0.014: 0.744¢ - - 0.208: 0.213: -
do5(C di1l 0.815¢ 0.289: - - 1.000¢ - -
d127 d111 0.406: 0.381" - - 1.000C 1.000(¢ -
d10t di11 0.312¢ 0.412: - - - - -
do2¢ di1l 0.411¢ 0.956¢ - - 0.271¢ 0.634¢ -
d17¢ di111 0.330¢ 0.189: - - - - -
do1t di1l 0.352: 0.329: - - - - -
d18e d111 0.537¢ 0.207¢ - - 1.000C 1.000(C -
dovc d15: 0.824¢ 0.556¢ - 0.463. 1.000C 1.000C -
do27 d15: 0.655¢ 0.694: - 0.040¢ 1.000C 1.000C -
d117 d15: 0.499: 0.532¢ - 0.7437 1.000C 0.515: -
dove d15: 0.144f 0.398: - - 1.000C 1.000(C -
do87 d15: 0.884¢ 0.426: - 1.000C 1.000C 1.000(C -
dos¢ d15: 0.085¢ 0.547: - 1.000C 1.000C 0.532¢ -
dl16e€ di5: 0.324! 0.633. - 0436 0.208: 0.215¢ -
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Locusl Locus2 Sol Disp 3L2 Warn Law Lawl Law2
do5(C di5: 0.061¢ 0.236( - - 1.000cC - -
d127 d15: 0.104¢ 0.842¢ - 1.000C 1.000C 1.000(C -
d10t d15: 0.059¢ 0.128¢ - 1.000( - - -
do2¢ di5: 0.100¢ 0.989( - 0.28600 0.272I 0.629¢ -
d17¢ d15: 0.979: 0.895] - - - - -
do1t di5: 0.151: 0.909¢ - 1.000¢ - - -
d18e d15: 0.564! 0.613¢ - 0.025¢ 1.000C 1.000(C -
d111 di5: 0.271° 0.0000 - - 0.011: 0.020¢ -
dovc do4z 0.428. 0.800: 0.174( 0.943: 0.002¢ 0.261: 0.0000
do27 do4z 0.561: 0.6547 0.004¢ 0.652: 0.024( 0.000¢ 0.150¢
d117 do4z 0.663¢ 0.980: 0.000¢ 0.003: 0.0000 0.0000 0.0000
dove do4z 0.410¢ 0.272¢ - - 0.6474 1.000C 1.000C
do87 do4z 0.589: 0.014¢ 0.016¢ 0.110: 0.0000 1.000C 0.0002
dos¢ do4z 0.287: 0.608¢ 0.156¢ 0.012¢ 0.361¢ 0.175¢ 0.134:
d16¢ do4z 0.286¢ 0.977¢ 0.612: 0.896¢ 0.027: 0.286: 0.0000
do5(C do4z 0.307: 1.000C 0.424¢ - 0.220¢ - 0.124(
d127 do42 0.741¢ 0.309: 0.111f 0.357. 0.342: 0.046:¢ 0.000¢
d10: do4z 0.164° 0.822( 0.0087 0.046¢ 0.008¢ 0.085:! 0.0000
do2¢ do4z 0.584: 0.326¢ 0.039¢ 0.139¢ 0.000 0.007¢ 0.028:
d17¢ do4z 0.552: 0.999: - - - - -
do1t do4z 0.334¢ 0.641: 0.313¢ 1.000( - - -
d18e do4z 0.630¢ 0.952¢ 0.001¢ 0.025¢ 0.0000 0.006( 0.0000
di11 do4z 0.650¢ 0.315: - - 0.461¢ 0.368¢ -
d15: do4z 0.617: 0.145¢ - 1.000C 0.457¢ 0.371: -
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Locusl Locus2 Sol Disp 3L2 Warn Law Lawl Law2
dovc dooe 0.302¢ 0.888¢ 0.558: 1.000C 0.0000 0.011¢ 0.0000
do27 doO€E 0.0002 0.413° 0.063t 0.002¢ 0.0007 0.017° 0.086(
d117 dooe 0.039¢ 0.801f 0.0000 0.010: 0.0000 0.0000 0.001:
dove dooe  0.140( 0.692( - - 0.1417 0.173¢ 0.558¢
do87 dooe 0.008° 0.1247 0.493¢ 0.047: 0.0117 0.466: 0.002(
dos¢ dooe 0.228° 0.0107 0.261: 0.045: 0.0004 0.044: 0.007:
d16¢ dooe 0.092: 0.824¢ 0.250¢ 0.004: 0.007: 0.240° 0.0002
dos(C dooe  0.887¢ 0.905¢  1.000C - 0.040: - 0.135(
d127 dooe 0.1710 0.385¢ 0.003: 0.003° 0.032¢ 0.110¢ 0.009:
d10: dooe 0.071: 0.507° 0.043( 0.002: 0.053¢ 0.2513 0.040:
do2¢ dooe 0.633: 0.731¢ 0.226«+ 0.0003 0.0000 0.002¢ 0.0000
d17¢ dooe 0.629: 0.616: - - - - -
do1t dooe 0.175¢ 0.115. 1.000C 0.359¢ - - -
d18e dooe 0.605¢ 0.405° 0.0000 0.0000 0.0000 0.0000 0.0000
di11 doOe  0.015( 0.694: - - 0.210t  0.520( -
di5s dooe  0.695¢ 0.753: - 0.227¢  0.219: 0.529¢ -
do4z dooe 0.523° 0.058: 0.033: 0.525( 0.002¢ 0.233¢ 0.000¢
do7( di4¢ 0.407: 0.642¢ 0.0001 0.295° 0.0000 0.047. 0.0000
do27 di4¢ 0.645¢ 0.864: 0.020C 0.090¢ 0.0000 0.193¢ 0.002:
d117 d14¢ 0.290f 0.490¢ 0.001z 0.030: 0.970: 0.796¢ 0.029(
dove di4¢ 0.711: 0.859: - - 0.067¢ 0.404¢ 0.127¢
do87 d14¢ 0.481¢ 0.129© 0.0000 1.000C 0.0000 0.010¢ 0.0000
dos¢ di4¢ 0.057: 0.867¢ 0.0004 0.006¢ 0.052¢ 0.602: 0.037:
dl16e€ di4¢ 0.241° 0.508. 1.000C 0.284¢ 0.0001 0.0000 0.103¢
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Locusl Locus2 Sol Disp 3L2 Warn Law Lawl Law2
do5(C d14¢ 0.045¢ 0.837¢ 0.003¢ - 0.581¢ - 0.046¢
d127 d14¢ 0.882¢ 0.096¢ 0.001: 1.000C 0.323¢ 0.447¢ 0.336¢
d10t d14¢ 0.121: 0.059¢ 0.008¢ 0.059¢ 0.0007 0.002¢ 0.166"
do2¢ di4¢ 0.918° 0.436¢ 0.0003 0.003¢ 0.000¢ 0.020° 0.014"
d17¢ d14¢ 0.205¢ 0.429¢ - - - - -
do1t d14¢ 0.626( 0.442¢ 0.20%5 - - - -
d18e d14¢ 0.348: 0.0047 0.0000 0.0000 0.0002 0.395° 0.0000
di11 d14¢ 0.544( 0.002: - - 1.000C 1.000(C -
d15: d14¢ 0.095¢ 0.239¢ - 1.000C 1.000C 1.000C -
do4: di4¢ 0.338( 0.187¢ 0.0000 0.024: 0.001: 0.192¢ 0.000¢
dooe di4¢ 0.479: 0.786¢ 0.003¢ 0.001: 0.0000 0.034: 0.0000
do7c d18z 0.260° 0.605: 0.664: 0.074: 0.304: 0.228: 0.005¢
do27 d18z 0.341: 0.385¢ 0.256¢ 0.456. 0.389°" 0.106: 0.119¢
d117 di18z 0.5163 0.544: 0.136¢ 0.001¢ 0.027: 0.058¢ 0.674(
dove d18z 0.498¢ 0.596: - - 0.520C 0.605: 0.360¢
do87 d18z 0.0002 0.627: 0.0137 0.445: 0.473¢ 0.370¢ 0.729¢
dos¢ d18z 0.394¢ 0.218 0.004¢ 0.123: 0.969: 0.662: 0.508:
dl1e6e d18z 0.136¢ 0.769¢ 1.000C 0.8717 0595¢ 0.221¢ 0.154:!
do5(C d18z 0.216¢ 0.560¢ 0.273: - 0.691¢ - 1.000C
d127 d18z 0.555¢ 0.454( 0.058: 0.495° 0.742( 0.804( 0.034:
d10: d18z 0.335¢ 0.412¢ 0.002¢ 0.634: 0.0767 0.001: 0.393¢
do2¢ d18z 0.634( 0.766¢ 0.260¢ 0.005¢ 0.0000 0.0004 0.026¢
d174 di8z 0.943¢ 0.621¢ - - - - -
do1t di8z 0.576: 0.919° 0.489: - - - -
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Locusl Locus2 Sol Disp 3L2 Warn Law Lawl Law2
d18e d18z 0.2857 0.643( 0.005: 0.002¢ 0.026: 0.657( 0.02¢
di11 d18z 0.856¢ 0.319¢ - - - - -
d15: d18z 0.093¢ 0.790¢ - 0.577¢ - - -
do4: di8z 0.910¢ 0.213: 0.399¢ 0.270C 0.378¢ 0.107¢ 0.691¢
dooe d18z 0.363¢ 0.117¢ 0.0557 0.004¢ 0.0000 0.001C 0.0002
d14¢ d18z 0.835° 0.0697 0.013¢ 0.0000 0.090¢ 0.027¢ 0.154:
do7c dole 0.006¢ 0.547: 0.112¢ 0.496¢ 0.0000 0.181¢ 0.0000
do27 dole 0.150° 0.28¢3 0.083¢ 0.000¢ 0.093: 0.386: 0.088:
d117 dole 0.244t¢ 0.505¢ 0.116¢ 0.0001 0.045¢ 0.054: 0.006:
dove dole 0.069¢ 0.667: - - 0.249. 1.000C 0.155¢
do87 dole 0.00¢0 0.507¢ 0.342¢ 0.134¢ 0.059¢ 0.788: 0.001:
dos¢ do1€ 0.032¢ 0.660¢ 0.013: 0.0000 0.061: 0.0001 0.8740
dli6¢€ dole 0.042¢ 0.239¢ 0.302¢ 0.994: 0.050: 0.968: 0.0005
do5(C dole 0.365¢ 0.174¢ 0.008¢ - 0.017¢ - 0.018¢
d127 dole 0.336¢ 0.546: 0.013: 0.342¢ 0.002¢ 0.001: 0.101(
d10: dole 0.064¢ 0.889:¢ 0.001: 0.005: 0.027: 0.906: 0.026¢
do2¢ doie 0.8784 0.773¢ 0.003° 0.0000 0.089¢ 0.483: 0.027:
d174 dole 0.609¢ 0.286" - - - - -
do1t dole 0.628¢ 0.663: 1.000C 1.000( - - -
d18e dole 0.474¢ 0.803: 0.001: 0.0000 0.0000 0.067: 0.0000
di11 dole 0.052: 0.558: - - 0.210C 0.308: -
d15: dole 0.746: 0.530¢ - 0.429¢ 0.209. 0.293¢ -
do4: dole 0.013° 0.347¢ 0.074° 0.0000 0.2597 1.000C 0.0001
dooe dole 0.259¢ 0.804¢ 0.011¢ 0.0012: 0.0000 0.024¢ 0.0000
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Locusl Locus2 Sol Disp 3L2 Warn Law Lawl Law2

d14¢ doie 0.215: 0.287¢ 0.022¢ 0.0004 0.174¢ 0.70(10  0.0000

die2 do1€ 0.073: 0.905¢ 0.001¢ 0.000¢ 0.047:¢ 0.218: 0.001(

Total lociin LD 3 0 1C 18 34 31 13
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Table 2.7 Linkage disequilibrium between 21 microsatellgeiland mitochondrial
profiles ofDaphnia pulexandDaphnia pulicaria Abbreviations for the different
populations are given in table 2.1, with Law, atlividuals from Lawrence Lake; Law2,
Lawrence lake individuals witBaphnia pulexnitochondria DNA, clade AB/C,

indicates LD between a given microsatellite locud an association with any
mitochondrial profile (either panarctiz. pulexclade and Ml lak®. pulicaria clade,

clade A and B, or westelD. pulicaria clade C); clade A/B, indicates any LD between a
microsatellite locus and either clade A or clad@i@ure 2.2). Values are P-values and

those in bold are significant after Bonferroni eation.

L ocus Mitochondrial 3L2 Warn Law Law2
profile
d070 clade AB/C 0.5531 1.0000 0.30622 -
d027 clade AB/C 0.6370 0.8252 0.0000 -
d117 clade AB/C 1.0000 1.0000 0.0603 -
d078 clade AB/C - - 1.0000 -
d087 clade AB/C 1.0000 1.0000 0.0005 -
d0o88 clade AB/C 0.2533 1.0000 0.0025 -
d166 clade AB/C 1.0000 1.0000 0.1976 -
d050 clade AB/C 1.0000 - 0.0921 -
d127 clade AB/C 1.0000 1.0000 0.0012 -
d105 clade AB/C 0.5971 0.8204 0.0098 -
d029 clade AB/C 1.0000 1.0000 0.0000 -
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L ocus Mitochondrial 3L2 Warn Law Law2
profile
d174 clade AB/C - - - -
d015 clade AB/C 1.0000 1.0000 - -
d186 clade AB/C 1.0000 0.9317 0.0002 -
d111 clade AB/C - - 1.0000 -
d153 clade AB/C - 1.0000 1.0000 -
d042 clade AB/C 0.0985 0.7217 0.0006 -
d006 clade AB/C 1.0000 1.0000 0.0000 -
d148 clade AB/C 0.2346 0.2257 0.0000 -
d182 clade AB/C 0.4998 0.6611 0.0091 -
d016 clade AB/C 1.0000 0.7183 0.0001 -
d070 clade A/B 0.0713 0.5346 0.0000 0.0000
d027 clade A/B 0.3420 0.4835 0.0000 0.5240
d117 clade A/B 0.1845 0.0140 0.0152 0.0265
d078 clade A/B - - 0.3964 0.3572
d087 clade A/B 0.0006 0.3131 0.0003 0.1612
d088 clade A/B 0.1429 0.0766 0.0280 0.3824
d166 clade A/B 1.0000 0.6658 0.0025 0.0002
d050 clade A/B 0.7456 - 0.0941 1.0000
d127 clade A/B 0.4774 0.4375 0.0000 0.0032
d105 clade A/B 0.1468 0.6444 0.0006 0.0251
d029 clade A/B 0.0397 0.0003 0.0000 0.0054
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L ocus Mitochondrial 3L2 Warn Law Law2
profile

d174 clade A/B - - - -
dol5 clade A/B 1.0000 1.0000 - -
d186 clade A/B 0.1382 0.7318 0.0000 0.0000
d111 clade A/B - - 1.0000 -
d153 clade A/B - 1.0000 1.0000 -
do42 clade A/B 0.0028 0.7871 0.0001 0.0007
doo6 clade A/B 0.0994 0.4332 0.0000 0.1201
d148 clade A/B 0.0093 0.3071 0.0000 0.0823
d182 clade A/B 0.1351 0.6785 0.0085 0.0249
dol6 clade A/B 0.0071 0.0844 0.0000 0.0230
Nd5 clade A/B 0.0289 0.0020 0.0000 -

Total loci in LD with clade
AB/C - - 6 -

Total loci in LD with clade
A/B 1 1 10 3
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Figure 2.1 Distribution of collection sites in Michigan andh@rio. Lake habitats are
denoted by black circles and pond habitats aretddrwy white circles. The smaller
circles represent habitats from which a low nundfendividuals were collected (3-14
individuals from each site) and only screened whéhmitochondriaNADH
dehydrogenase ene and.actate dehydrogenasearkers. Larger circles indicate
populations that have been sampled intensely (r@%iduals from each site) and were

screened with microsatelliteDH, and mitochondrial markers.
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Figure 2.2 A Neighbor-joining (NJ) phylogeny of the mitocharadly encodedNADH
dehydrogenase §ene ND5) of Daphnia pulexandDaphnia pulicariafrom lllinois,
Michigan, and Ontario. The label code of each hgpidentifies the haplotype
number, its location (see table 2.1), followeddstate dehydrogenaseprofile (FF-
homozygous fast, SS-homozygous slow, SF-heterozygjow/fast) and habitat (lake
denoted by black circles, ponds denoted by whitdes), * indicates populations
reproducing by obligate parthenogenesis, all gblopulations reproduce by cyclical
parthenogenesis. Numbers before and after daskgislelnodes, represent bootstrap
support with 1000 replicates and posterior proli#sl respectively. The tree was rooted
with EuropearD. pulex(GenBank accession number DQ235231). Only value@% are
shown. The small panel on the left represents BIDS phylogeny of thé. pulex
complex (Colbournet al. 1998), branches in bold correspond to the twaomaades in

the phylogenetic reconstruction of this study.
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Figure 2.3. Unrooted statistical parsimony network of mitoctival ND5 haplotypes of
363Daphnia pulexandDaphnia pulicariaisolates from lllinois, Michigan, and Ontario.
The network was estimated under the 95% statidiroék of parsimony using the
algorithm of Templetort al.(1992). Numbered circles represent the label codach
haplotype. The area of the haplotype circles itesictp represent the relative frequency
of that haplotype. The outline of each circle idiézg the specific habitat(s) from which
each haplotype was collected. Lake populationsiaaeled in grey, pond populations are
white with CP, cyclical parthenogenesis, and OBgate parthenogenesis. Small black
circles on the branches represent a single nudkediiference between haplotypes and
are hypothetical haplotypes. Only Haplotype 2 ignin both lakes and ponds. The box

corresponds to clade B in figure 2.2.

67



Daphnia pulicaria mitochondria A
— Daphnia pulex mitochondria
* Three Lakes Il
= Warner Lake

® | awrence Lake
o Solomon pond

A Disputed pond

ANQ ' Ponds NN

Figure 2.4 Unrooted neighbor-joining phylogram based on gertbstances at 21
microsatellite loci in 10Daphnia pul& and 163aphnia pulicariafrom Michigan and
Ontario. The two distinct, monophyletic groups espond to pond and lake habitats.
Different symbols identify specific habitats. Sdliies identify lineages that shdbe

pulexmitochondria while dashed lines identidy pulicaria mitochondria.
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Figure 2.5 Number of alleles at 21 microsatellite loci in IDdphnia pulexcollected from Solomon and Disputed ponds and

215Daphnia pulicariaisolates sampled froM/arner, Lawrence, and Three Lakes II.
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Figure 2.6. Results of a Bayesian STRUCTURE analysis of tianaat 21 microsatellite
loci. A) Genotypes oDaphnia puleX101) andDaphnia pulicaria(165)from 5 habitats
with best support for K = 2. B) Genotypesidphnia pulicaria(165)from 3 habitats

with best support for K =.Zach individual’s multilocus genotype is represdrig a

thin vertical line, which is partitioned into K sed segments that represent the
individual’s probability of belonging to each oftlgenetic clusters. Black lines separate
different populations, which are labeled belowfilgare. Five STRUCTURE runs at
each kvalue produced nearly identical individual membgrsoefficients. The figures

show the highest probability runs.
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CHAPTER I11

CONCLUSIONSAND FUTURE DIRECTIONS

Identifying genomic regions under divergent setatti

Identification of genes and genomic regions undaegrdent selection in natural
populations has become one of the major goalsalugenary genetics (Makinegt al
2008), particularly in speciation. This study rdgdhat despite a prolonged history of
hybridization and introgression between the ecalalgpeciesDaphnia pulexand
Daphnia pulicaria,they are genetically diverged at the nuclear gendmthe face of
gene flow, divergent selection may act on a fewogan regions, while other neutral
regions homogenize, such as in the Z and E stfalmedEuropean corn borer moth
(Ostrinia nubilalig where only 1 out of the 5 genes examingal, was found to be
divergent between the two moth strains (Dopreial 2005). A similar pattern can be
observed betweebDaphnia pulexandDaphnia pulicariaat theLdhlocus, which is fixed
for the fast allele in lake habitats (Hebetral 1989; Heberéet al 1993; this study). A
second potential genomic region identified in 8tisdy (locusd174o0n linkage group I)
seems to show similar pattern of one allele beixedfin all lake populations examined.
Genomic regions for which one or both species actusive groups may mark the
footprint of recent selective sweeps, as is suggdsy Creaset al (2010) from their
Ldh sequence analysis in lake and p@a&phnia These selective sweep regions may be

closely linked to “speciation genes” or genes imedlin reproductive isolation of
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ecologically diverging populations.

DespiteDaphniapuleXs genome being publically available (wFleaBasey, kmowledge
of potential regions under divergent selectionnstéd to theLdh locus and perhaps
locusd174identified in this study. A multi locus screerth® best approach for detecting
selective sweeps when no prior information is @ldé on possible candidate regions.
This approach has been successfully used for degexttlective sweeps in several model
species such as marine and freshwater three-spiméteback Gasterosteus aculeatus
(Makinenet al 2008); the common sunflowételianthus annuysaadapted to drought
and salt tolerance (Kane and Rieseberg 2007); pbpné of the house moubtus
musculudgrom different parts of Europe; and tMdmosophilaspecies that experienced an
out of Africa habitat expansiomrosophila simulangSchofl and Schiétterer 2004) and
Drosophila melangastgiKaueret al 2003). These studies used a sufficiently high
density of neutral markers to identify regions thave recently experienced a selective

sweep.

The concept of hitchhiking can be used to pinptargpecific regions of the genome that
are under different selective pressures in diffeveéld populations. Hitchhiking refers to
the increase in frequency of neutral variationa negion of the genome that is closely
linked to a locus under selection (Smith and Hdigi4; Harret al. 2002). Genomic
regions under divergent selection are expectetldw seduction of variation below
neutral expectations and can indicate the presein@éselective sweep” (Schlottere and
Wiehe 1999), which may occur despite high levelgafe flow between diverging

populations (Barton and Bengtsson 1986; Emeliatal 2004).
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Daphniais becoming an attractive new model system becaarseus genomic tools

have become available for this organism (Cristes@l 2006; wFleaBase).
Microsatellites have been the marker of choicevéorous population genetics studies in
the past (Chambers and Macavoy 2000; Ellegren 288l&pe and Toonen 2006) due to
their high mutation rate relative to the rest & genome. They are particularly useful for
inferring recent evolutionary events. For examplelysis of microsatellite variability
offers a way to identify selective sweep regiong tmask whether they occur more often
than expected by chance (Ildeal 2006). It is now possible to conduct a genomeswid
scan for signatures of selective sweeps ilXAphniagenome. This type of study can
pinpoint regions of the genome experiencing divetgelection in lake verses pond
habitats. The question of which genes or genongions facilitate the genetic adaptation
of organisms to a new environment is central tdaggoal genetics and could contribute

to a better understanding of how new species emerge
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APPENDIX

Supplementary material

Table S.1. PairwisEsrestimates for all microsatellite loci generatechgsARLEQUIN.
Lawrence Lake is divided into two groups based itferént mitochondrial profiles of
individuals in this lake. Law1 individuals contdd@aphnia pulicariamtDNA, law?2
individuals contairDapnia pulexntDNA, Law=(lawl+ law?2). AllFst values are

significant (P<0.05). Abbreviations for the diffatgpopulations are given in table 1.

Disp Sol Warn Lawl Law2 Law
Sol 0.0797
Warn 0.4751 0.4434

Lawl 0.4827 0.4570 0.0864

Law?2 0.4649 0.4310 0.1271 0.1094

Law 0.4810 0.4505 0.0764

3L2 0.4669 0.4384  0.1466 0.1415 0.0856 0.0868
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