S
GOETHE ;@,
UNIVERSITAT

FRANKFURT AM MAIN

apaig eloN

syueg 663 Bunsay eluydeq wo.j suiened Areuonnjoa3 Jo UONINIISUOIDY YL

800¢

The Reconstruction
of Evolutionary Patterns
from Daphnia

Resting Egg Banks

Nora Brede

Doctoral thesis

July 2008



The Reconstruction of Evolutionary Patterns from

Daphnia Resting Egg Banks

Dissertation
zur Erlangung des Doktorgrades

der Naturwissenschaften

vorgelegt im Fachbereich Biologie
der Goethe-Universitat

in Frankfurt am Main
von Nora Brede

aus Frankfurt am Main

Frankfurt am Main 2008
(D 30)






“Hybridization is an ecologically dependent behasigghenomenon, with genetic

consequences.” (Grant & Grant, 2008)



Table of Contents

General Introduction 7
The Genu®Paphnia 7
Daphnia resting egg banks 9
Interspecific Hybridization 11
Preview to This Study 12

Chapter 1: Microsatellite Markers for European Daphnia 15
1.1. Introduction 15
1.2. Material and Methods 15
1.3. Results and Discussion 20

Chapter 2: The Impact of Man-made Ecological Changgon the Genetic Architecture of

Daphnia Species 23
2.1. Introduction 23
2.2. Materials and Methods 25
2.3. Results and Discussion 29

Chapter 3: Ecological and Genetic Consequences ofterspecific Hybridization in

Daphnia 37
3.1. Introduction 37
3.2. Material and Methods 38
3.3. Results 41
3.4. Discussion 44

Chapter 4: The Contribution of Differential Hatchin g Success to the Fithess of Species

and Interspecific Hybrids 49
4.1. Introduction 49
4.2. Material and methods 51
4.3. Results 54

4.4. Discussion 55



Chapter 5: Detecting Genetic Responses to Environm&al Change: Mitochondrial DNA

and Temperature
5.1. Introduction
5.2. Material and Methods
5.3. Results
5.4. Discussion

General Discussion
Daphnia populations of Lake Constance and Greifensee
Interspecific Hybridization over Time
Consequences of Interspecific Hybridization andogitession
Future Perspectives
Synopsis

Summary

Reference list

Zusammenfassung (German Summary)

Curriculum Vitae

Erklarung

Acknowledgements

59
59
61
63
65

69

69

71

73

75

76

77

79

91

97

98

99



The Reconstruction of Evolutionary Patterns



General Introduction

General Introduction

Many lakes in Europe are known to have gone thraayere ecological changes induced by
human influence. Anthropogenic ecological change lecome a major subject in biological
sciences — especially in environmental studiesdibersity research and protection of
endangered species. Pollution caused by toxicanexlicaments and other chemicals,
invasion of exotic plant and animal species andnghaof natural habitats facilitated by
infrastructure, massive cutbacks and herewith dassat erosion, draining of wetlands or
fragmentation of landscapes in general have agtirapact on many organism groups. These
factors imply new selective pressures in additmnatural ones (such as parasites, predators,
competition etc.) and fitness challenges for thebitants of freshwater systems.

This thesis presents the reconstruction of a pdjpualaover time exposed to environmental
change induced by anthropogenic influences. Ircdmer of this study stand species ofthe
longispina group, i.e.D. galeata, D. hyalina, D. cucullata and their interspecific hybrids,
inhabiting two pre-alpine lakes, Lake Constance @neifensee. Both lakes went through a
phase of eutrophication (in the case of Greiferggereutrophication) beginning around mid
of the 28" century. By exploring their biological archivesrbed in sediment layers | studied
the effects of eutrophication on species compasitioterspecific hybridization, the genetic

population structure and the fate of introgressiver time.

The GenusDaphnia

Species of the genuBaphnia belong to the most prominent planktonic organisims
freshwater ecosystems (Manca & Ruggiu, 1998). As ohthe most dominant grazers in
freshwater plankton, it has been in the cententarest for many decadd3aphnia became a
model organism in several fields of biology: ecgloimnology, evolutionary biology and
genetics (Lynch & Spitze, 1994; Stark & Banks, 200Bhe genus itself consists of three
subgeneraDaphnia, Ctenodaphnia and theD. longispina group (Colbourne & Hebert, 1996).
Although the taxonomic status of some species isciear, current studies recognize 32
species in Europe (Schwenk et al., 2000; Benzi@sR0For this study, th®. longispina
group is of special interest: Of the known eightnore species five are known to hybridize
interspecifically (Salinger, unpubl.; Schwenk et 2D00). Species of tH2. longispina group
7



The Reconstruction of Evolutionary Patterns

inhabit different habitats but overlapping of halstis possible and occurs frequently (e.g.
Petrusek, 2008). Single species show unique adampdato fish predation like formation of
helmets (Laforsch & Tollrian, 2004), vertical migom (Lampert et al.,, 1994), to UV
radiation by melanization of the carapace (Rautidé&rhola, 2002) or to food limitation
(Lampert, 1988). Where intermediate habitats ocourdifferent ‘niches’ are available
different Daphnia species may occur in sympatry (Schwenk, 1997)sd haharacteristics in
combination with their reproduction strategy pravid large potential to inhabit small

temporary ponds as well as large lakes.

In general, all species of thB. longispina group are cyclical parthenogens. Asexual
reproduction via parthenogenesis (resulting in @ldmeages) can be replaced by bisexual
reproduction under stressful conditions via fezéition of haploid eggs (Hobaek & Larsson,
1990; Kleiven et al., 1992). These eggs are enbaghsin a carapace structure called
ephippium and are shed off by the sexual femalengunoulting or with decomposition of
the dead organism. Those resting eggs are not prdguced during crowding or to
circumvent starvation due to limited food, theyoatemain viable for long periods of time
surviving conditions unsuitable for the adult wéea like drought, frost and even gut
passage of water fowl (Proctor, 1964; Proctor & daal, 1965). Dormant propagules are also
capable to promote the dispersaDaphnia, although this is only one of several possibilities
known to facilitate migration (reviewed in Brendé&n& De Meester, 2003). Further
mechanisms of dispersal, e.g. via wind and attachre other objects through hook-like
structures or spines on the ephippial shell arerdexi (Havel & Shurin, 2004). To ensure
that hatching does not start with the first cuesnvisonditions are still unsuitable, resting
eggs remain in stasis (depending on the species dréew weeks to several months) and are
not capable of developing until the next seasgorévent premature hatching in unfavourable
conditions (Hairston et al., 2000; Caceres & Tesd803). Subsequently, dormancy can be
interrupted by triggers like light and increasimgnperatures (reviewed in Brendonck & De
Meester, 2003; Vandekerkhove et al., 2005a).

The aim of this study was to exploit the unique apymnity to analyse population dynamics
over time, i.e. almost one half of a century, talgse the effect of anthropogenically induced
ecological change on three interspecifically hyiarith species of th®. longispina group:
Three parental taxaDaphnia galeata, D. hyalina and D. cucullata as well as their

interspecific hybrids (with an emphasis Df galeata x hyalina). D. hyalina (which is D.



General Introduction

longispina according to new findings: Petrusek let 2008) was described from the Lake
Constance region and is known to inhabit mainlgeaoligotrophic permanent habitaf3.

galeata is well adapted to eutrophic lakes and seemslyamere on sexual reproduction than
the former specied. cucullata is relatively small and well adapted to high fistedation

(FI6RBner, 1972). Besides their small body size #pscies is known to respond to fish
kairomones and even microturbulences with the geioer of a relatively large helmet and
formation of a long spine on the abdominal endhef ¢arapace (Tollrian, 1990; Laforsch &

ollrian, 2004).

T
(sicitia) '
o £

‘ﬁ(\ta\'\;ﬂ bt
Wer L oo obtusa tay, . 0p
° ame(\(' rensjs (Cr;‘lsa

Sty e
Shog) eutdsisuo et
AN !

e pguvart
&
Yy,

~/@9

SO
20
O\
S,

0 Sy
. " mediteranéa
. xS) .
a
Q
Ry
N

NN
o
3

N
Qo
D5
SN

N
o '
\BUON [
yeystd st \
eyerst

Ceriodaphnia megaops

Figure A: Rooted phylogenetic tree based on 12SARMquences of all Europe®aphnia species
comprising the subgenerBaphnia (branch on lower left),Ctenodaphnia (upper branch) and
Hyalodaphnia (branch on lower right). Added are SEM picturegphippia assigned to the according

species (Salinger, 2007).

Daphnia Resting Egg Banks

Many freshwater organisms produce resting stageause they are often confronted with
unsuitable living conditions. Unsuitable settings $mall planktonic organisms might be of

abiotic nature like drought, frost, or low oxyges \&@ell as of biological nature like dietary
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restrictions, competition (crowding) or predatioevfewed in: Brendonck & De Meester,
2003). Because of their morphological traits resggs can stay viable (depending on the
species) up to 330 years in certain zooplanktemsefdreme case though: Hairston et al.,
1995). ForDaphnia, an ephippium extracted from 125 year old sedisi¢émtned out to be
still viable (Caceres, 1998). In this and anothedg the oldest hatched resting eggs were
extracted from sediment layers deposited betwe&® Ehd 1963 (Keller & Spaak, 2004).
According to Brendock & De Meester (2003) dormaaiges of zooplankton in resting egg
banks are found in densities of*11° eggs per m2. Natural hatching cues only affecs¢ho
resting eggs in the upper most 2-10 cm of the sewirsince the chance of being whirled up
and getting exposed to appropriate stimuli aredsglnly in this upper region (Herzig, 1985;
Caceres & Hairston, 1998).

It seems that the shape and coloration of dorntages is species-specifi@aphnia ephippia
are of filigree ultrastructure which can only beersausing scanning elektron microscopy.
Especially the appendages that facilitate the dssppeof the resting eggs and the surface
structure which allows the duration in mal-conditd surroundings are an object of interest
(Green & Figuerola, 2005). The feasability to assghippia (e.g. extracted from sediments
or drawn from habitats that lack living animals)aacertain species could be an important
indicator for past ecological conditions since mbDsphnia species are adapted to specific
habitats. In another so far unpublished study, allected ephippia from all known European
Daphnia species including a sample from the type localitgvery species and verified them
by sequencing and blast searching a 12S rDNA fragiftég. A). By this we were able to
analyse the possibilities of species specific assant of resting eggs on a computational
basis and with this provide a potent tool for egdt palaeolimnologists and others allowing

a more precise characterization of ancient habaatlitions.

In most habitats the majority of ephippia sinkshite ground and becomes buried by seasonal
debris and sediment before hatching cues initisedevelopment of some eggs (though in
permanent lakes probably hatching does not occeause of their depth and thereby
inaccessibility of developmental triggers). Sinbés tprocess is repeated as long as sexual
reproduction takes place an archive of dormantditges accumulates and is then called a
resting egg bank. The genetic composition of thbaphnia reproducing sexually is thus
stored in those layers of the sediment of the seakoing which they were produced.

Especially if the sediment is stratified which ceemains well preserved over decades,

10



General Introduction

Daphnia resting egg banks can become a precious objesttid¥ to scientists, since they can
be used to reconstruct ecological and evolutiomapcesses over a certain timescale (i.e.
resurrection ecology: Kerfoot et al., 1999). On ¢me hand, resting eggs up to an age of 45
years can usually be stimulated to hatch (Janko&sRiraile, 2003; Keller & Spaak, 2004)
offering the opportunity to study individuals ‘prackd’ under different ecological conditions
than the recent ones and on the other hand egisp@ndently of their capability to develop)
can be conducted to genetic analysis directly tocaliases due to differential hatching (Reid
et al., 2000; Brede, 2004).

So far the genetic archives Diphnia were used to answer questions on the recruitment o
populations from the resting egg bank (Caceres8;1B&irston et al., 2000), to understand
patterns of dispersal (Havel & Shurin, 2004) ordoonstruct ecological changes in habitats
(e.g. Vandekerkhove et al., 2005b). But until ntw potential of resting egg banks have not
been utilized to understand population dynamics ¢timee. Since resting eggs deposited in a
specific sediment layer are produced by the plamnktpopulation inhabiting a habitat at that
time and since these dormant stages representetietig composition of the that time, they
may serve to study the effects of microevolutionpagterns and the impact of interspecific
hybridization on parental species.

Interspecific Hybridization

Traditionally, the biological species concept of W#&1963) is referred to as the definition
best explaining a species in many educational tuigins: A species is a group of
interbreeding individuals that does not interbreeith other such groups. Over the last
decades many revisions of Mayrs definition havenj@®posed and new concepts have been
published. Templeton (1989) defined with the cobesspecies concept “... the most
inclusive group of organisms having the potentiak fgenetic and/or demographic
exchangeability.” A major problem of Ernst Mayrewi on the evolution of species can be
seen in its restriction of speciation followingrad-like scheme. In order to understand the
natural pattern of speciation in my opinion it icessary to dissociate from the concept of a
tree-like order of relationships among organismsictvhprovides a very unflexible
understanding of how species interact. Hmolution Through Genetic Exchange Arnold

(2006) supports Templeton’s definition as the masturate description of what can be

11
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observed in nature itself. He also supports theiffigs of Doolittle (1999) who states that “...
the history of life cannot properly be represenésda tree”. Arnold concludes: “This (...)
reflects the reality of the web-of-life metaphor @e best representation of long-term
evolutionary pattern and process.” Especially thepprtion of hybridization and
introgression (the gene flow between species agsaltr of ongoing hybridization and
backcrossing) has been underestimated until rgcéhthold, 1997). The amount of ongoing
natural interspecific crossings and their effecttaxonomic units is best described by the
concept of reticulate evolution: “Web-like phylogtic relationships reflecting genetic
exchange (through lateral transfer, viral recomtoama introgressive hybridization, etc.)
between diverging lineages.” (Arnold, 2006).

The above mentioned frequent hybridization amBaghnia species contradicts traditional
species concepts involving those premises definedvayr (1963) and are therefore not
applicable. Daphnia speciesare able to respond microevolutionarily to rapidlegical

changes (Hairston et al., 1999b; Decaestecker.eR@07). Based upon these findings, |
hypothesize that the combination of resting eggsdyction as an adaptation to harsh
conditions and missing reproductive barriers amsymgpatrically occurring, related species
usually preventing interspecific hybridization a® a quite immediate adaptation to
ecological changes due to a subsequently higheatigerariability in these taxa via geneflow

between species and may therefore be advantagous.

Preview to This Study

My general aim was to study the biological archov®aphnia (Cladocera; Anomopoda)

resting eggs isolated from lake sediments and taveh population genetic processes

covering several decades. Specifically, | addreisedollowing six questions:

(1) How did the genetic architecture of the speciespermchange after a hybrid sweep?

(2) Are levels of interspecific hybridization and ingression associated with environmental
changes?

(3) What is the level of postzygotic isolation amonge@ps, and does the genetic
composition in the resting egg bank correspond whith genetic spectrum of hatched
individuals?

(4) What is the level of genetic differentiation in traligenetic loci?

12



General Introduction

(5) What is the origin of curreaphnia populations of Lake Constance?
(6) What effect did introgression have on the curr@sphnia populations of Lake

Constance?

In chapter one | describe the establishment of 3@rasatellite markers for European
Hyalodaphnia species which are subsequently used to classdyettamined taxa, hybrid
classes and population structures. Some markers begn established for othBaphnia
species before, others were tailormadefogaleata. The markers were tested not only for
galeata, D. hyalina, D. cucullata andD. curvirostris but also for the recombinanis galeata
x hyalina andD. galeata x cucullata. In a final step | have identified diagnostic kdkefor the

tested species.

In chapter two | present a population genetic aialpf theDaphnia resting egg banks of
Lake Constance and Greifensee that have undergq@iase of anthropogenically induced
ecological change. | reconstructed its effect om $pbecies composition and the resulting
interspecific hybridization between the inhabitsmecied. galeata andD. hyalina (to some
extent alsoD. cucullata formerly present in Greifensee). Chapter threaudses on Lake
Constancébaphnia and the association of genetic processes andgcalahange. | put an
emphasis on the fate of interspecific hybrids dmel rate of genetic exchange and therefore
applied nuclear and mitochondrial DNA restrictioragment analyses as well as the
microsatellite markers developed as described apten one. Moreover, | studied hatched
parental and hybrid individuals from different tirperiods and analysed their ability to cope

with high and low quality and quantity of algaetdi

To better understand the contribution of the rgstegg bank to current populations, |
compared the genetic composition of eggs, non deuey eggs and hatchlings (chapter four)
genetically. The processes of developing from aptegan adult individual that is capable of
establishing a clonal lineage is physiologicallynmex and directly connected to their
genetic constitution. Interspecific hybridizatiomynead to fithess deficiencies due to genetic
incompatibilities or — to the other extreme — maguit in hybrid vigor. In chapter four the

extent of hybrid contribution to the planktonic pdgtion was the main focuss of research.

Chapter five finally deals with stabilized introgeaints oD. galeata andD. hyalina occuring

in the planktonic population of 2005 and 2006 amdupying adaptive niches formerly

13
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unique to one of the parental species. Of majoluemice seems to be the cytoplasmic
information rather than the nuclear condition wheelection acts on organisms via
temperature.

14



Chapter 1 : Microsatellite Markers for Europdaaphnia

Chapter 1: Microsatellite Markers for European Daphnia

Published in Molecular Ecology Notes: N. Brede etibgr with A. Thielsch, C. Sandrock, P.
Spaak, B. Keller, B. Streit and K. Schwenk (2006)

1.1. Introduction

Cladoceran species of the geribaphnia have become an important model organism in
ecotoxicology, limnology, ecological genetics amtantly in genomics (Lynch & Spitze,
1994; Stark & Banks, 2003). This prominenceDaiphnia is based on several characteristics
of this genus: Species are widely distributed, espntatives are key species in trophic
cascades and occur across all kinds of freshwaibitdts, they are easy to rear in the
laboratory and because of their reproductive mageli€ parthenogenesis) they represent
ideal experimental animals. In additiddaphnia diapausing eggs were successfully used to
reconstruct changes of taxon composition over ewwlarily relevant time periods (e.g.
Hairston et al., 1999a).

The frequent occurrence of interspecific hybridmatamong species of tHe. longispina
complex resulted in several taxonomic problems,rativated many studies with regard to
the origin, maintenance and fate of hybrid linea@eg. Schwenk & Spaak, 1995; Jankowski
& Straile, 2004). Previous studies were mainly tedi by the small number of fixed loci
among species (allozymes: Schwenk & Spaak, 199¥}fenlimited discriminatory power of

other molecular markers (e.g. Billiones et al.,£00

Although several microsatellite markers have beeavebbped for American species
(Colbourne et al., 2004; Fox, 2004), only a smalnber of markers has been published for
European taxa (Ender et al., 1996; Fox, 2004).

1.2. Material and Methods

Here we present 32 microsatellite markers for taepgearD. longispina group, which were
partly optimized using thB. pulicaria markers by Colbourne et al. (2004; Dburthermore,
we tested previously published primer sequenceseldped either for European
Hyalodaphnia or for North AmericarD. galeata mendotae (DaB: Ender et al., 1996; Dgm:
Fox, 2004). An additional set of microsatellite kes (SwiD) was developed using an

15
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enriched library from size selected genomicgaleata DNA ligated into SAULA/SAULB-
linker (Armour et al., 1994) and enriched by magnéead selection with biotin-labelled
(CA)14 and (ACAGY oligonucleotide repeats (Gautschi et al., 200Qit & 570 recombinant
colonies screened, 98 gave a positive signal &fgeridization. Plasmids from 72 positive
clones were sequenced and primers were designethfonicrosatellite inserts (Ecogenics
GmbH). Of these, 13 were tested for polymorphism.

In order to cover a representative array of specfethe D. longispina group, we selected
laboratory clones originating from a broad geograptange.D. galeata (one from each
country: Germany, Switzerland, The Netherlands, tiNdreland), D. hyalina (one from
Northern, Middle and Southern Germany, and one f@mtzerland),D. rosea (one from
Northern and two from central Germani)), cucullata (one from each country: Switzerland
and The Netherlands) am curvirostris (two from Northern Germany, one from each of the
following countries: Central Germany, Czech Rep)blvere tested as well as one
interspecific hybrid of the following specieB. galeata x hyalina (The Netherlands)D.
galeata x rosea (Israel) andD. galeata x cucullata (The Netherlands). Six of the 32 loci
(DaB10/15, DaB17/17, DaB17/16, DaB10/14, Dp512, &p$19) have been tested on 23
populations oD. galeata across Europe. The allelic richness (allélgsanged from 0.34 to
0.72 (@ = 0.484) and an average observed hetersitygif 0.236 (range: 0.114-0.405; Dove
et al., in preparation). Since species of tBaphnia longispina group form clonal
assemblages, generations overlap due to diapawusenangressive hybridization occurs
frequently, thus heterozygosity deficiencies anmikdge disequilibria are often observed
(Schwenk & Spaak, 1995).

DNA preparation oDaphnia individuals was carried out in 70 pl H3 buffer {100 mM Tris-
HCI (pH 8.3 at 25°C), 0.05 M potassium chlorideQ0®% Tween-20 and 0.005% NP-40).
After adding 2 pl of Proteinase K (Sigma, 10 mg/sdinples were vortexed and centrifge
Incubation varied between 4 and 16 hours at 56d@es were then boiled at 96°C for 12
min, centrifuged shortly, and stored at 4°C. PC&ctiens were performed in 0.2 ml tubes
using either a Biometra T3 or a DYAD thermal cycklt reactions were first performed with
a 10 pl reaction volume containing 2.4 mM MgQdlx PCR buffer, 0.25 mM dNTPs, 0.2 uM
of each primer and 0.5 Units Tag DNA polymerasesfgitals and primers by Invitrogen).
Cycling conditions started with a 3 min denatursigp at 95°C followed by 35 cycles of 1
min steps at 95°C, 55°C and 72°C. A final 7 mintegsis step at 72°C completed the

program.
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Depending on the specifity of each primer set, RfORditions varied mainly in annealing
temperature (see Table 1). When pure PCR produets wbtained, the PCR was repeated
with labeled forward primers (Invitrogen, MWG). Ahmgons were diluted and
electrophoresed on a CEQ 2000 (Beckman Coulteonoan A.L.F. sequencer (Amersham)
with self-designed size standards based on Lamiodsa DNA (Symonds & Lloyd, 2004).

From 32 loci 25 were variable for at least threecsps. 16 of the markers showed a large shift
of fragment lengths, indicating potentially diagtiosnsertions or deletions among species
(see Table 2). Several primer combinations wereedeim multiplex PCR reactions to allow
faster and efficient screening of populations. Rrironcentrations were adjusted in order to
amplify similar amounts of PCR products. For exampbrimers DaB17/17 (0.1 pM),
DaB10/14 (0.075 uM), Dp512 (0.3 uM) and Dgm109 76.QuM) were subjected to a
multiplex PCR with 3 mM MgGl 1x PCR buffer, 2% BSA (NEB), 2% DMSO (Sigma), 1 U
Taqg (Invitrogen) in a reaction volume of 10 pl. @yg conditions are identical to those
presented above. For the primer set SwiD1, SwiditDSwid14 (each 0.1 uM) an annealing
temperature of 60°C was appropriate. Generally, yngmimer combinations were
successfully tested in multiplex PCR, however,isigiht amplification was only achieved if

all primers were labeled with the same dye.

1.3. Results and Discussion

110 primer pairs that positively amplified micrcedlite markers in America. dentifera
(Colbourne et al., 2004) were tested and resuhiegight polymorphic loci. Only 65 primer
pairs successfully amplified a fragment and only &#plicons exhibited the expected
fragment size { 50bp; after testing amplification conditions of Ikmurne et al. 2004 and
alternative conditions using. pulicaria-clone from The Netherlands as a positive control).
DNA Sequencing revealed that only 18 fragmentsesponded with the reference sequence,
of which eight loci (7.3% of the tested microsated) contained repetitive units found in
D. pulicaria (Colbourne et al., 2004). Due to inefficient arfipiition yield for theD.
longispina group, three primer pairs (Dpl196NB, Dp238NB, anp281LNB) containing a
variable microsatellite were newly designed. Oundgt shows that the high sequence
divergence of microsatellite flanking regions hamspeéhe application of primer sets
originating from sister species. However, consitgithe large genetic differentiation among
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D. pulicaria and members of other subgenera (Ctnodaphnia andD. longispina group),
we expect that the application of the describedkerar will be most efficient for closer

related species.

These markers together with the newly developedkenamprovide a powerful “toolbox” of 32
microsatellite loci forDaphnia taxonomy, ecology and evolutionary biology. Thesakers
were already applied to determine natural populasimucture irD. galeata (Dove et al., in
preparation) and for clonal identification of exipeental animals (Seidendorf et al., 2007). In
addition, due to the discriminatory power of mi@tslite loci among species and hybrid
classes, we were able to reconstruct evolutionagnges fromDaphnia resting egg banks

(Brede et al., in preparation).
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Chapter 2: The Impact of Man-made Ecological Change on the Genetic

Architecture of Daphnia Species
Submitted to PNAS: N. Brede, together with C. Saoky D. Straile, P. Spaak, T. Jankowski,
B. Streit and K. Schwenk

2.1. Introduction

During the last century most European lakes wemruifh a phase of eutrophication, i.e. an
overenrichment with nutrients, and many recovereeirtoriginal trophic state due to
pollution control (Correll, 1998). This process &companied by a shift in species
composition and diversity of both pelagic and Blacommunities, reduction of water quality,
and even occasional fish kills (Schindler, 2006)nbrthern temperate lakes, total phosphorus
(P) concentration is regarded as the key fact@utfophication (Schindler, 1978). Man made
increased levels of phosphorus (urban and industelaage, erosional runoff and leaching
from agricultural areas) causes algal blooms wlsgbhsequently affect species of higher
trophic levels such as zooplankton and fish. Amtiregmost important planktonic grazers in
pelagic foodwebs are species of the geDaphnia (Crustacea: Anomopoda; water fleas).
Daphnia species serve as food for fish and invertebrated, feed on algae and bacteria.
Daphnia produce diapausing stages, which are depositeédeirsediments of lakes (Figure
1B). Since subfossil resting eggs are often si@ble (up to 100 years: Marcus et al., 1994))
and provide sufficient quality and quantities of ANbr genetic analyses (Schwenk, 1993;
Limburg & Weider, 2002), resting egg banks représam unique biological archive to
unravel ecological and evolutionary changes (Hairset al., 1999b; Brendonck & De
Meester, 2003). Although sediment remains have based to assess the species
compositional changes in association with eutragtioa (Jeppesen et al., 2005), hardly
anything is known about intraspecific processeshsas extinction or origin of lineages,
natural selection and adaptation. However, a nurabstudies suggested an indirect impact
of variation in phosphorus ddaphnia clonal and species composition through variation i
planktivorous fish (Boersma et al.,, 1998), parasi(@/olinska et al., 2006), and toxic
cyanobacteria (Hairston et al., 1999b). Life higteurveys oDaphnia species indicated that
predation levels as well as food quantity and qu#é.g. C:P ratio of algae) determine fitness
(Seidendorf et al., 2007). In order to unravel &epbal association of species composition

and variation in P levels, we reconstructed theotagomposition and patterns of genetic
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variation usingDaphnia diapausing (ephippial) eggs from two peri-alpirakels, Lake
Constance (Austria, Germany, Switzerland) and @nsiée (Switzerland). Both lakes, as the
majority of European lakes, were subjected to imsee levels of phosphorus mostly due to
the intensive application of fertilizers and phaospis containing detergents (Correll, 1998).
However, after the reduction of P inflow, due te thstallation of sewage treatment plants, P-
levels decreased again to lower levels comparabtédse prior to eutrophication. The two
main goals of our study were (1) to test for a pbét association of inter- and intraspecific
genetic variation irbaphnia with changes in total P over time. Furthermorg w2 aimed to
assess the evolutionary consequences of rapidg@calachanges on the genetic make-up of

natural populations.

Lake Constance Greifensee
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1990- 1988-
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Figure 1. Reconstruction of theDaphnia taxon composition and ecological changes in Lake
Constance and Greifensee over tim&) Phosphorus concentration in Lake Constance (grey
upper x-axis) and Greifensee (green and lower g}awer time . B) Sediment core covering years
between 1900 and 2004 used for the isolation ¢igeeggs. C andD) Temporal variation in relative
abundances dbaphnia taxa in Lake Constance and Greifensee, respectilight blue =D. hyalina,
red =D. galeata x hyalina and grey =D. galeata). Species and hybrid identification is based 08-IT
RFLP, mtDNA, and microsatellite analyse€) Temporal pattern of nuclear and mitochondrial DNA
introgression ofD. galeata in Greifensee. Relative abundance of all thBsegaleata individuals
classified by microsatellite analyses, which exhdiiher nuclear (ITS) or mitochondrial (16S) DNA
of D. hyalina. Blue triangles represent ITS alleles and blues duitochondrial haplotypes db.
hyalina found inD. galeata resting eggs.
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2.2. Materials and Methods

Sediment cores of Lake Constance (Germany) wetecatet in September 2004 from 180 m
depth close to the Langenargener Bucht. GreifeiSeatzerland) cores were collected in
November 2004 from the middle of the lake at 30 eptl. Largest possible lake depth for
sediment sampling was chosen to prevent samplingadbgical archives which have been
subjected to multiple hatching stimuli. Sedimentsnf Lake Constance were dated by
lamination counting (Wessels et al., 1995; Weideale 1997). In addition, cores of both
lakes were dated using reference cores which haea Bubjected to 137Cs-dating (Lake
Constance (Wessels et al.,, 1995) and Greifensette(Let al., 1997). Sediments from
Greifensee were portioned into 1 cm slices. In otdeobtain a sufficient number of resting
eggs for both lakes we pooled sediment layers coyem average 5.59 years (range = 3 to
18 years; Table 3). In order to prevent contamamatif cores by the movement of the Perspex
tube through the sediment, we removed the outamsed ring (ca. 1 cm) from subsequent
treatments. Ephippia were isolated by washing #unsents through a metal sieve (220 pm
mesh size). Phosphorus concentrations, either based direct measurements or
reconstructions using diatoms in sediments, wereviged by the Landesanstalt fir
Umweltschutz Baden-Wurttemberg, Institut fir Seesdbung, Langenargen, Germany (Lake
Constance) and the Canton of Zirich (GreifenEHaer et al., 2004).

Resting eggs were isolated from their ephippiallstaand DNA was prepared separately in 35
pl H3 buffer (10 mM Tris-HCI, pH 8.3 at 25°C; 0.056 potassium chloride, 0.005% Tween-
20, and 0.005% NP-40) and 1.2 ul Proteinase K @&n[1 Sigma). After an incubation time
of 12 hours Proteinase K was deactivated by hedhiegsample 12 min to 95°C. An ITS
fragment (a short piece of the ITS1 region, 5.88lADand a large part of ITS2 region) was
amplified using a total reaction volume of 14 pluRof template, 3 mM MgCI2, 1x PCR
buffer, 0.2 mM dNTP, 0.3 uM of each primer (ITS3S. 5-GGA AGT AAA AGT CGT
AAC AAG G-3" and ITS1-18S: 5-CGG TGG TCG ACG ACAIT CGA CAC GC-3') and
one Ulreaction Taq polymerase (Invitrogen) were ldma@ in 94 °C for 3 min, 5 cycles at
94°C for 1 min; 52°C for 1 min; 72°C for 1.5 min5 &ycles: 94°C for 1 min; 50°C for 30
sec; 72°C for 1 min; final synthesis step at 720€ 5 min. A restriction fragment length
polymorphism analysis (RFLP) was used for taxomtidieation (Billiones et al., 2004).

Amplicons of the ITS region were digested with tbstriction enzyme Mwo | for 2.5 hours at
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60°C in a total reaction volume of 9.6 pl contagnBpul PCR product and 10x NEBuffer for

Mwo I, 0.8 U of the restriction enzyme and autoelddH0O.

Table 3. Number ofDaphnia resting eggs subjected to DNA analyses. ITRestriction
fragment length polymorphism analysis (RFLP) of thiernal transcribed spacer region
(ITS), 16S = 16S rDNA mitochondrial DNA RFLP andafis microsatellite analysis of six
(Lake Constance) and eight (Greifensee) polymoriatuic

Lake Time ITS 16S psat

Lake Constance  1908-26 2 0 2
1935-39 3 0 1
1940-44 1 0 0
1945-53 9 0 0
1954-59 27 27 27
1960-63 30 0 38
1965-70 71 0 0
1971-75 64 37 38
1980-87 81 0 0
1990-95 56 57 56
1999-04 100 0 0
Total 444 121 156

Greifensee 1927-36 30 30 30
1937-39 15 14 14
1942-45 15 15 15
1948-50 38 34 34
1951-54 66 61 61
1958-63 44 25 25
1966-70 97 76 76
1971-74 29 18 18
1977-80 100 49 49
1988-92 66 39 39
1999-04 56 52 52
Total 556 413 413

To distinguish betweeD. galeata andD. hyalina mitochondrial haplotypes, a digestion of a
16S rDNA fragment with restriction enzymes was aotdd (Schwenk et al., 1998). PCR
amplifications were performed with 2 pl templatelih pl reaction volume containing 3 mM
MgClI2, 1 x PCR buffer, 0.2 mM dNTP, 0.3 uM of egmimer (S1: 5-CGG CCG CCT GTT
TAT CAA AAA CAT-3'; S2: 5'-GGA GCT CCG GTT TGA ACTAG ATC-3)and 1 U Taq
DNA polymerase (all chemicals and primers by Irogen). Cycling conditions started with
two cycles of 93°C for 2.5 min, 55°C for 1 min, an2°C for 2 min followed by 41 cycles of
1 min steps at 93°C, 55°C, and 72°C. A final 5 mymthesis step at 72°C completed the
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amplification. Four pl of the amplicon were sepahatdigested for 3 hours with three
different enzymes: Mnl |, Dde |, and Rsa | (all NEBhe combination of digestion banding
patterns identified the mitochondrial haplotypeal{[E 4).

Microsatellite analyses are based on either sik€L@onstance) or eight (Greifensee) loci:
DaB10/15, DaB17/17, DaB17/16, DaB10/14 (Ender gt18196), Dp512, Dp519 (Colbourne
et al., 2004), Dgm101, and Dgm109 (Fox, 2004).aMfplifications were performed in a 10
pl reaction volume containing 2.4 mM MgCI2, 1x PG&fer, 0.25 mM dNTPs, 0.2 uM of
each primer, and 0.5 U Tag DNA polymerase (chemiaatl primers by Invitrogen). Cycling
conditions started with a 3 min denaturing step=(C followed by 35 cycles of 1 min steps
at 95°C, primer specific annealing temperature [gdew) and 72°C. A final 7 min synthesis
step at 72°C completed the program. Annealing teatpees varied depending on primer
pairs: DaB10/15, DaB17/17, DaB17/16, DaB10/14 &53p512 at 56°C, Dp519 at 50°C,
Dgm101 at 54°C, and Dgm109 at 60°C. Amplicons wiheted and electrophoresed on an
A.L.F. sequencer (Amersham) with self-designed st@ndards based on Lambda virus
DNA.

Table 4. Species specific mitochondrial DNA markers aphnia. Restriction fragment length
polymorphism analysis (RFLP) of 16S rDNA fragmeusing restriction enzyme®sa |, Dde I, and

Mnl 1. Haplotypescl, g1 andhl were reported in previous studie3;andc3 exhibit identical RFLP
patterns, but DNA sequencing of 12S rDNA reveakadid sequence differences (11.1% sequence
divergence). Each resting egg Df cucullata and a subsample dd. hyalina resting eggs were
subjected to PCR and sequencing of mtDNA (Tayloalet1996). Haplotype3 was found only in
twelve D. cucullata resting eggs during the time period of 1958-1968icating a short but
unsuccessful invasion of Greifensee.

Species haplotype Rsa | Dde | Mnl |

D. cucullata cl 560 290-180-100 250-230-100
c3 560 450-100 250-260-100

D. galeata 0l 510-50 290-180-100 250-210-100

D. hyalina hl 560 390-100-80 230-180-100-90
X7 560 450-100 250-260-100

Species and hybrid identification was based on dfferent approaches, first we pooled all
available information (ITS, microsatellites and MW, “total evidence”) and secondly, we
identified species based on microsatellite analgsid inferred the relative frequency of a
nuclear (ITS) and a mitochondrial (16S rDNA) spsecispecific marker over time

(“congruence approach”). Microsatellite data weubjscted to two different model-based
Bayesian statistical techniques, STRUCTURE ver@dnand NEWHYBRIDS version 1.1,

which utilize the information of highly polymorphimolecular markers (Pritchard et al.,
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2000; Anderson & Thompson, 2002). The following iops were used for each
STRUCTURE run: assignment without any prior infotima of population membership, two
population model (K = 2), 106 replicates after anbun of 105, admixture moded, inferred
with an initial value of 1, a maximum value of EOuniform prior, and the same value for all
populations; different values of FST for differetbpopulations; prior mean FST of 0.01; a
prior SD of 0.0; and constahtwith a value of 1. NEWHYBRIDS analyses are basednore
than 106 Markov Chain Monte Carlo (MCMC) simulati&neeps following a burn-in period
of 104 sweeps, six genotype frequency classes,nandrior information. Data sets were
analysed several times with different starting aluengths of burn-in period and numbers of

sweeps, as recommended by the authors (Andersdmé&ppson, 2002).

Table 5. Hardy-Weinberg expectations Bfaphnia taxa.We used
the relative abundances of species, based on ldrsnamosatellite
DNA markers to estimate expected taxa proportiordeurandom
mating in both lakes. We found three of eight (L&kenstance)
and three of ten (Greifensee) deviations from Hahinberg
expectations [chi-square test (Peakall & Smouses g0

Lake Time X° P

Lake Constance 1945-53 0.031 0.860
1954-59 0.270 0.603
1960-63 0.068 0.794

1965-70 10.101 0.001
1971-75 45.265 >0.001

1980-87 0.003 0.955
1990-95 0.122 0.727
1999-04 4,967 0.026
Greifensee 1927-36 0.050 0.823

1942-45 0.082 0.775
1948-50 0.919 0.338
1951-54 33.199 0.000

1958-63 0.502 0.479
1966-70 1.823 0.177
1971-74 0.166 0.684
1977-80 2.323 0.127

1988-92 38.122 >0.001
1999-04 21.748 > 0.001

One of the methods used for species and hybridtifaeeion, the ITS-RFLP analysis
(Billiones et al., 2004), has been verified usinddiional restriction sites, since recent
findings indicate a polymorphic recognition site Mfvo | for D. galeata and D. cucullata
(Skage et al., 2007). However, we did not detegtaanbiguous genotypes in the populations
of Lake Constance and Greifensee. We only founthallproportion ofD. cucullata (and
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their hybrids) resting eggs during a short time iquer (1958-1963) in Greifensee.
Identification of D. cucullata based on ITS patterns was consistent with mtDNA an
microsatellite data. In Lake Constanceaocucullata, D. cucullata x galeata, or D. hyalina

X cucullata were detected.

Gene flow among species was detected by compariedn$TS, microsatellite, and
mitochondrial DNA markers. Each comparison (mictellites versus ITS; microsatellites
versus mtDNA; ITS versus mtDNA; or selected mictelige loci versus microsatellites)
revealed evidence for recombinant genotypes amdgression. In addition, we obtained very
similar patterns of introgression irrespectively thie applied statistical techniques, e.qg.
STRUCTURE (Pritchard et al., 2000) or NEWHYBRIDSn@erson & Thompson, 2002).
Our results, together with previous multiple fingnof introgression amorigaphnia species,
provide strong evidence for gene flow between gEeopposed to alternative explanations
such as ancestral polymorphism or homogenizationrDi¥IA intergenic spacers after
hybridization (Taylor & Hebert, 1993; Schwenk & $8a1995; Spaak, 1996; Gieliler et al.,
1999; Taylor et al., 2005).

2.3. Results and Discussion

Lake Constance and Greifensee are currently indhliny two genetically divergent species
of the Daphnia longispina complex D. galeata andD. hyalina) as well as their interspecific
hybrids (Jankowski & Straile, 2003; Keller & Spa&f04). Thesdaphnia taxa reproduce
via cyclic parthenogenesis, altering clonal propagawith sexually produced resting eggs.
The induction of sexual females and males is detetnby environmental factors such as the
change in food level, crowding (high densities ohgpecifics), and photoperiod (Hobaek &
Larsson, 1990). Therefore, abundances of restigg eger time do not necessarily represent
the short term success or fitness of taxa or clbnehges at a given time period (Jankowski
& Straile, 2003; Keller & Spaak, 2004). Insteadatiee abundances of taxa or genotypes
derived from resting egg banks reveal informatidiowd lineages which successfully
contributed genes to the next generation. Thudyses of resting egg banks allows one to
trace the long-term evolutionary fate of lineag&®ider et al., 1997).
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The changes in species and hybrid composition ssecéated with rapid environmental shifts
in Lake Constance and Greifensee (Figure. 1A, 1C1d). In the first half of the last century
both lakes were inhabited WY. hyalina, which has been shown to be indigenous for Lake
Constance (Obersee; Elster & Schwoerbel, 1970)ddition, our data confirm previous
observations thdD. galeata invaded Lake Constance in the mid-1950s (MucklBiBmann-
Vogel, 1976). Similarly, Greifensee was succesgfmVaded by the same species in the mid-
1940s. Species invasions in both lakes were foliblwg interspecific hybridization and a
subsequent decrease Bf hyalina ephippia in the resting egg bank. This reductiod the
virtual absence oD. hyalina resting eggs during recent decades (Figure 1C lddis
probably primarily due to the reduction of sexuakiaty since planktonicD. hyalina
individuals have been reported in recent studiask@wski & Straile, 2003; Keller & Spaak,
2004). Furthermore, in the resting egg bank of 8nsiee we detectdd. cucullata and the

interspecific hybrid®. hyalina x cucullata andD. cucullata x galeata in low frequencies.

The occurrence and sexual reproduction of pareaka seem to be explained by ecological
parameters. Both resting egg banks show that arase oD. galeata and a decrease BX.
hyalina over time are associated with the rise of phogphaoncentrations. Although both
lakes went through a very similar history of eutrigation, they differ in the magnitude of
phosphorus pollution. Lake Constance phosphorusdawse from less than 10 ug/l (winter
mixis) in the 1940s to a maximum of 87 pg/l in 19@eifensee peaked in 1971 with 525
pg/l after an average value of about 40 pg/l in 1B80s Elber et a., 2004).

These different levels, but very similar shapethefP curves suggest that the relative change
in trophic levels might be more important for sgscshifts than absolute P values. Alternative
explanations for the association of taxon compmsitand relative changes in P are 1) a
general invasion dD. galeata in this region during the 1960s, 2) reduced sexe@loduction

of D. galeata in Lake Greifensee during the first part of thetleentury or 3) other factors
related to P, such as fish abundances, parasitesnperature determine the establishment of

D. galeata.

Since a number of lakes which have not been swdgeit a major phase of eutrophication
(and are found in the neighbourhood of eutrophstesys), have never been invadedlby
galeata but exhibit only populations d. hyalina or D. longispina (a synonym of D. hyalina:
Petrusek et al., 2008). Furthermore, many studase lshowen thabD. hyalina is mainly

found in oligotrophic lakes, wherd3. galeata represents a generalist which also occurs in
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strongly polluted habitats (Keller et al., 2008 amdlerences therein). In addition, studies
using zooplankton remains of several lakes acrassgde covering a large part of the last
century revealed that species composition over timas associated with trophic levels
(Manca & Armiraglio, 2002; Guilizzoni et al., 2008 addition, field and laboratory studies
showed thatDaphnia species vary in their habitat preference and $gnand respond to
variation in the P content of their food (Hessenlet1995; Tessier et al., 2000; Seidendorf et
al., 2007). Therefore, or results — the associatidbnP changes andDaphnia taxon
composition in Lake Constance and Greifensee —irareoncordance with previous field

observations and current experimental work.

o] A)Lake Constance | B) Greifensee

Expected taxon abundances

0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Observed taxon abundances Observed taxon abundances

Figure 2. Comparison of observed and expected parental abddhgenotypes assuming Hardy-
Weinberg equilibrium irDaphnia populations of Lake Constance (A) and Greifen®e Qbserved
species D. galeata = circles;D. hyalina = squares) and hybrid (triangles) identificatisnbased on
nuclear DNA markers (ITS and microsatellites) angeeted taxon abundances are calculated
according to Hardy-Weinberg expectations (TableL#)es represent linear correlations of observed
and expected taxa abundances (stippldd. galeata x hyalina, dotted =D. hyalina and solid =D.
galeata)

Although Greifensee reached relatively high lewsdl® already during the 19403, galeata
invaded the lake much later when P concentratieuslled around 100 pg/l. However, the
presence of a few interspecific hybrids alreadyrduthe 1920s suggests thatgaleata was
present in Greifensee, but did not become estauligtiespite P levels above 20 pg/l). This
suggests that other (environmental) factors limitelestablishment @. galeata. One of the
most important factors, besides P, which alBaphnia communities is fish predation
(Vakkilainen et al., 2004). However, predation thierent impacts in shallow and deep

lakes, e.g. predator control is higher in shallbarnt deep lakes (Jeppesen et al., 2003). Thus,
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the interaction of P and fish predation (and paddigt other factors) determines local
community structures (Jeppesen et al.,, 2000; Hobetekl., 2002; Moss et al., 2004,
Gyllenstréom et al., 2005). Thus, it is not surpristhat instead of absolute values of P rather

the relative changes in trophic levels correspoitd eommunity structure.
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Figure 3. Level of mitochondrial DNA introgression iBaphnia species. Genotypic structure of
Daphnia populations in ) Lake Constance an@) Greifensee based on the posterior probability of
belonging toD. hyalina [as implemented in STRUCTURE (Pritchard et alQ®(). Species specific
mitochondrial DNA haplotypes (16S rDNA RFLP analjsare labeled with different colors (blue =
D. hyalina and red =D. galeata). Error bars represent 95% probability intervalsié =D. hyalina and

red linesD. galeata).
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Recent life history experiments Bf. galeata andD. galeata x hyalina hybrids hatched from
Lake Constance sediments provided further supporttfe association of variation in P-
content of food items (algae) adphnia fitness. Daphnids from three time periods (1960s,
1970s and 2000s) showed a larger differentiatiosoimatic growth rate (§ over time than
genetic differentiation (& Schwenk unpublished data). This pattern was stetdi for both
taxa and also prevalent in other traits, such as da first reproduction and number of
juveniles. Since genetic differentiation througingiwas an order of magnitude higher for the
studied life history traits than for neutral mak€éDNA microsatellites), natural selection is
the most likely driving force behind the observedlationary changes (Spitze, 1993; Merila
& Crnokrak, 2001). In summary, our data are cossistvith field and laboratory experiments
which suggest a severe impact of total P on comiypwtiucture and differential fitness in
Daphnia. Relative changes in trophic levels seem to fatitig interspecific hybridization

and determine the fate of evolutionary lineagdarge-lakeDaphnia.
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In addition, we found in both lakes that the ocenoe of interspecific hybrids is determined
by the relative abundance of parental species stiggethat species form a panmictic
population with apparently low levels of pre- orsprygotic isolation (only a few samples
deviated from Hardy-Weinberg expectations; seed &kdnd Figure 2; Schwenk et al., 2001).
This pattern suggests that the ecological shiftifaied the establishment &i. galeata and
subsequent interspecific hybridization widhhyalina. D. galeata x hyalina resting eggs were
detected during times of intermediate phosphorums@atrations (e.g. Greifensee: 185.9 ug/l,
range = 18 - 525 pg/l), indicating either hybrighsriority under changing habitat conditions
or a different phenology of sexual reproductionpafental taxa which causes an increasing
level of interspecific crosses (Lewontin & Bircl966). Although we have no direct evidence
for increased hybrid fitness under intermediate sphorus conditions, the existence of
backcrosses and mitochondrial DNA introgressiongssts thatD. galeata x hyalina
individuals successfully reproduced and contributedfuture generations (Figure 1E).
Although we can not differentiate between the twteptial szenarios, either increased hybrid
fitness at intermediate trophic conditions or randmating among parentals, however both
scenarios imply that the changes in trophic leaedsresponsible for the origin of interspecific
hybrids.

The overenrichment and later re-oligotrophicatibtakes allowed us to reconstruct the biotic
consequences of biomanipulation at the speciesratiddual level. Previous studies either
observed community changes over short time pef®elgeral years) using observational data
at high taxonomic resolution or long time perio@l®(Q to 200 years) using sediment remains
and low taxonomic resolution. Here we present dateering 100 years of intraspecific
changes based on a high taxonomic resolution (gpadevel). This data set allowed us to
asses the genetic consequences of the rapid ecaloghift in Lake Constance and
Greifensee. Comparative analyses of nuclear andchondrial DNA markers over time
indicate that population genetic changes are medlilty introgression since the onset of
interspecific hybridization (Figure 1E). The dinectality and level of mitochondrial

introgression varied among lakes (Figure 3).

However, in both lakes we found a significant numlzé D. hyalina (defined by
microsatellite analysis) exhibiting mitochondriaNB of D. galeata. In addition, we observed
a general shift in the genotypic architectureDofgaleata andD. hyalina in both lakes over

time (Figure 4). Introgression, i. e. the spreadefetic material of one species into the gene
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pool of the other, facilitates the origin of newcaenbinant genotypes which may establish

new evolutionary lineages.
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Figure 4. Association of genotypic shifts in thgaphnia species complex and environmental change
over time. Genetic architecture of th®aphnia hyalina-galeata species complex inA) Lake
Constance andB| Greifensee based on a canonical correspondenedyses (CA) of microsatellite
data (Belkhir et al., 1996-2004). Each dot represtre genetic composition of a sampleDaphnia
resting eggs (including species and hybrids) isdlditom sediment cores of a given time pBridhe
y-axis represents the average phosphorus condent(aig/l) for each sample and arrows indicate the
sequence of temporal changes.

This process is expected to be irreversible, sinszhighly unlikely that assortative mating,
genetic drift, or selection may re-establish theginal genotypic architecture. Thus,
interspecific hybridization of differeriDaphnia species prohibited the recovery of the taxon
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composition prior to the eutrophication period desthe fact that both lakes nearly returned
to their initial trophic states. Recent global eommental changes, such as the rise of surface
temperature and the invasion of alien species,r afaple opportunities for interspecific
hybridization because previously geographicallyatm organisms come into contact. Since
our data show that species introductions not ohir docal communities, but also genetic
structures of indigenous species, human-mediatéddunctions pose direct and indirect
effects on the diversity of local populations. Térevironmental problem of eutrophication as
well as of alien species invasions might be mormgg than previously thought since genetic
conseqguences can be cryptic and persistent.
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Chapter 3: Ecological and Genetic Consequences ofnterspecific

Hybridization in Daphnia

3.1. Introduction

During the last two decades more and more casegcoimbinant taxa across all animal
classes are reported (Schwenk et al., 2008Rdphnia species hybridization is well known
and explored thoroughly (Schwenk & Spaak, 1997;a8pd997; Schwenk et al., 2000).
Researchers have focused on the extent of hybridtgees within populations (Schwenk &
Spaak, 1997) and their ecological preferences taeds traits in life history experiments
(Spaak & Hoekstra, 1995; Spaak & Boersma, 2006¢ledm remains the fate of interspecific

hybrid lineages which may persist via parthenogenes

Hybrids may adapt much faster to ecological charspese recombination of differentiated

parental genomes generates a more diverse arrggnutypes than mutation. Above this,
most novel mutations are unique and will be subpkdb selection. With genetic characters
‘adopted’ from another species evolutionary veaifien may be overridden (Arnold, 2006).

The enrichment of genomes with new but ‘validatgehetic traits descending from the other
parental taxon may serve as a potential sourcgefoetic novelties in hybrids. Although gene
flow between species may be anticipated via enzgnpbcesses like gene conversion in
parts of the genome (Aylon et al., 2004), it casodead to the merging of sympatrically

occurring species.

Daphnia species have become a model organism in ecologichevolutionary studies since
sexually produced diapausing eggs can be stimutatbdtch even after 40 years if dormancy
(Jankowski & Straile, 2003; Keller & Spaak, 200@enotypes produced Hyaphnia that
have inhabited bygone time periods involving otheslogical conditions and selective effects
can be used to study evolutionary processes owver (Hairston et al., 1999b; Jankowski &
Straile, 2003). Moreover, the fate of interspeckiybridization and its consequences can be
reconstructed and tested to explore the fithests tod recombinant genotypes. In this study
we focussed on their competitive potential compdcegdarental taxa and the effect of gene
flow between species (i.e. introgression: Granalet2005; Mallet, 2005; Ishida & Taylor,
2007) under the light of altering ecological coratis.
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In this study we investigated the taxon compositiod fate of interspecific hybrids as well as
parental taxa oDaphnia galeata andD. galeata x hyalina from Lake Constance. We answer
the following questions: 1) Did interspecific hydidation result in gene flow between

species, i.e. introgression? 2) If so, did intrggren and altering ecological characteristics of
the habitat lead to the merging or diversificatmntaxa over time? We attempt to answer
these questions by analysing the population gems#ticture of the resting egg bank of the
last 48 years. Subsequently, we hatched parentahgorid individuals from different time

periods and tested these on the extent of adaptatialifferent food levels based on the

trophic history of Lake Constance.

3.2. Material and Methods

Sampling. Sedimentcores of Lake Constance, which is located at theedsy of Germany,
Switzerland and Austria, were collected in Septenif¥4 from 180 m depth close to the
Langenargener Bucht. Largest possible lake depthsédliment sampling was chosen to
prevent sampling of biological archives which hayeen subjected to multiple hatching
stimuli (below the thermocline, anoxic conditionssummer and in the dark). Sediments were
dated by lamination counting. In addition, coresemgated using reference cores which have
been subjected t&'Cs-dating (Wessels et al., 1995). In order to prewentamination of
cores by the movement of the Perspex tube throhghsédiment, we removed the outer
sediment ring (ca. 1 cm) from subsequent treatmé&pkippia were isolated by washing the
sediments through a metal sieve (220 um mesh $thesphorus concentrations, either based
on direct measurements or reconstructions usingrd&in sediments, were provided by the
Landesanstalt fur Umweltschutz Baden-Wurttembergl dnstitut fir Seenforschung,

Langenargen, Germany (Lake Constance).

Genetic analysisOut of 214 isolated resting eggs, 48 extractenhftioe years 1960-1970, 48
from 1971-75, 31 from 1980-1987, 45 from 1990-12@6l 42 eggs from 1999-2004 were
analyzed with ITS RFLP and 12 microsatellite logiitlentify the taxa present in Lake
Constance. Resting eggs were isolated from théippml shells and DNA was prepared
separately in 35 pl H3 buffer (10 mM Tris-HCI, pEB&t 25°C; 0.05 M potassium chloride,
0.005% Tween-20, and 0.005% NP-40) and 1.2 pl e K (10 pug/ml; Sigma) at 40°C.

After an incubation time of 12 hours Proteinase &wileactivated by heating the sample 12
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min to 95°C. An ITS fragment was amplified accoglto the protocols given in (Billiones et
al., 2004; Skage et al., 2007).

Microsatellite analyses are based on twelve loacilSwiD6, SwiD12, SwiD18 and SwiD14,
Dp281, DaB10/14 as well as Dgm105, Dgm109, Dgmla&@ Bpl96, DaB17/17 were
amplified separately multiplexed in a 10 ul reactimlume containing 2 pl DNA and 3 mM
MgCl,, 1x PCR buffer, 0.2 mM dNTP, 0.2 uM of every prinfjenly Dp281 with 0.1 pM),
and 1 unit of Taq polymerase (primers SwiD6, Swilbh# SwiD18 by MWG, all chemicals
as well as all other primers by Invitrogen). Cygliconditions started with a 3 min denaturing
step at 95°C followed by 35 cycles of 1 min step®%°C, 55°C annealing (Dp196 and
DaB17/17 at 53°C) and 72°C. A final 7 min synthestep at 72°C completed the program.
Amplicons were diluted and electrophoresed on a GEquencer (Beckman Coulter) with
self-designed size standards based on LambdabDM4s(Brede et al., 2006).

Data analysis. We identified the taxonomic affiliation of eachgetpased on a factorial
correspence analysis (GENETIX v. 4.01, Belkhirlet2096-2004) of microsatellite data and
partially inferred ITS-RFLP data available as adiadnal species specific marker for hybrid
class detection (see also chapter two: “congruap@oach”). Microsatellite data were
subjected to two different model-based Bayesiatissitaal techniques, STRUCTURE version
2.1 and NEWHYBRIDS version 1.1, which utilize th&armation of highly polymorphic
molecular markers (Pritchard et al., 2000; Anderg€omhompson, 2002). The following
options were used for each STRUCTURE run: assighnméhout any prior information of
population membership, two population model (K = & replicates after a burn-in of 4,0
admixture modelp inferred with an initial value of 1, a maximum wealof 10, a uniform
prior, and the same value for all populations; edéght values of & for different
subpopulations; prior means#of 0.01; a prior SD of 0.0; and constanwith a value of 1.
NEWHYBRIDS analyses are based on more thahMérkov Chain Monte Carlo (MCMC)
simulation sweeps following a burn-in period of Kveeps, six genotype frequency classes,
and no prior information. Data sets were analy$edet times with different starting values,
lengths of burn-in period and numbers of sweepseesmmended by the authors (Anderson
& Thompson, 2002).

Life History experiments. Daphnia individuals were hatched from ephippia isolateairfr
sediment layers of selected time periods. Afteroggrng clonal lineages we selected for the

taxonD. galeata five clonal lineages from different time period€65-1970, 1970-1980 and
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1999-2004. For the second life history experimeith \. galeata x hyalina we chose five
clonal lineages from the time periods: 1970-198%,5t1980 and 1999-2004.

We conducted an experiment with two food conditiansl five clones oD. galeata from
five time periods. In up to seven replicates weet$swo to four 24h juveniles over four days
in 20°C (x£1°C) in a light-dark-cycle (16:8 h). Ir0@ ml jars all juveniles were reared in
ADaM medium (Kluttgen et al., 1994) — P+ conditiomere equivalent to a C:P ratio of 120
in the fed algae Scenedesmus obliquus, P limited {e) corresponded to a C:P ratio of 1000.
Medium and food were renewed every day during tkgeement which lasted four days.
Individuals were measured before the experimeneuadinocular and after the experiment
under a light microscope from the top of the headhe basis of the spine. The somatic
growth rate was calculated with: SGR = [ID(SIn(S)] / t

with & being the mean of body size at the beginning efakperiment and;$he mean of
body size after four days.

In a second experiment we added ‘quantity’ as tofao the experimental design. In a flow
through system as described in Lampert et al. ()1€88 conditions were 1.0 mg C/L, Q-
corresponded to 0.1 mg C/L. At a temperature 08°(8.20Daphnia individuals were tested
in one tube with five replicates per clone. Alladgmedia were stored in 20 | bottles wrapped
with aluminium foil and checked daily with a photetar. After four daysPaphnia were
extracted from the tubes and their body size meas(lrase of spine to top of head without

the potential helmet).

F& and Qi values. A comparison of genetic and ecological differetmia between
individuals was used to detect evolutionary proegskike diversifying or homogenizing
selection (Merila & Crnokrak, 2001). For the an@ysf genetic distance between species
within one time period and between those individuged in the life history experiments F
values were calculated with GenAlEx (Peakall & Ss®uW2001). Q values were calculated
with: Qst = VA (V4Vi+2V,)

With V; being the variance between populations (mean sgurtime), Y being the variance
within populations (mean squares of clones) agdh¥ error (mean squares). Mean squares
were calculated on the basis of general linear isogigh STATISTICA (v. 6, StatSoft, Inc.
2003).
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3.3. Results

Taxon composition over time.Our results show that the taxonomic compositionDof
galeata, D. hyalina and recombinant genotypes has changed over tidehamse findings
correspond with those of chapter two. We found fiseonomic classes ranging frob
hyalina parental genotypes over hybridsDogaleata as the second parental taxon present in
the lake. The determination between F1 andDF2jaleata x hyalina was not possible and

therefore all ambivalent genotypes were pooledgerzeral hybrid group.

Between 1960 and 1970 all taxonomic classes, aeental taxa, first generation hybrids,
second generation hybrids and backcrosses in haghtidns, were be found present in the
resting egg bank. Between 1971 and 1995hyalina produced 20% of the dormant
propagules whereas hybrid genotypes are hardlydfangmore. All other resting eggs belong
to the taxonD. galeata. From 1980 until 1995 all resting stages analybhetbng to the
previous group. In the sediments of the years 183904 both parentals and both backcross
classes were detected. While half of the eggs elbmoD. galeata, 30 % were classified as

D. hyalina. More than 10% of the samples were backcroBseghl eata x hyalina.
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Figure 5. Taxonomic composition of resting eggs in Lake Gamse including hybrid classes. dark
green:D. hyalina, light green: backcrossddl. hyalina x galeata, turquoise: I D. galeata x hyaling;
light blue: backcrossed. galeata x hyalina, dark blueD. galeata

Ft values over time.We used Evalues as a parameter for taxon differentiatiatviieenD.
hyalina andD. galeata) over time (Figure 6). All hybrid genotypes wepeleided from the
analysis. Values in 1960-1970 and 1971-1975 ramfgeden 0.255 and 0.326. There was no
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comparison possible between 1980 and 1995 $ingaleata resting eggs were the only ones
present in the resting egg bank of Lake Constahlcese parental taxa @f. hyalina andD.
galeata analyzed from the resting egg bank of 1999 to Z)ived an &of 0.072.

0,40
0,35

0,30

0,25 %

0,20

0,15

0,10 -
0,05 -
O,m T T T T
Figure 6. F values forD. galeata andD. hyalina populations within

each time period. Values for 1980s and 1990s assing since no
resting eggs ob. hyalina were found.

A pairwise test of differentiation shows that miokkus genotypes of the 2000s sample are
significantly different to those of the 1960s andthose of the 1970s (P<0.001, Fstat 2.9.3,
Goudet & Keller, 2002).

Life history traits and the effects of selectionln a life history experiment we measured the
somatic growth rate ofD. galeata clones hatched from Lake Constance sediments
representing different time periods: 1965-1970,0t2980 and 1999-2004. We compaiad
galeata traits in high food quality (P+) and low food gixalP-). SGR is always higher in the
high food quality treatment. In general SGR incesagver time. While SGR in clones from
1965-1970 averages at 0.12, the SGR in the low fatment of the most recent genotypes
is 0.13 and 0.17 in P+. Over all, the SGRDofjaleata under high food conditions stays quite
stable over time (between 0.1 - 0.17) but increasmapared between the genotypes of
different times significantly (Table 4): while a@hdividuals from 1965 to 1970 had growth
rates between 0.1 and 0.13, those individuals ft689 to 2004 ranged in SGR between 0.09
and 0.17 - that represents the complete range ml&so growth ratesneasured in this

experiment (Figure 7).
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Table 4. The variation of the somatic growth rateddngaleata clones hatched from the
sediments of three different time periods (196030% and 2000s). df = degrees of
freedom, sq = sum of squares, all p values sigmitic

Effect df SQ F p
Quality 1 0.01 15.349 <0.001
Clone (Time) 14 0.07 7.14 <0.001
Clone (Time)*Quality 13 0.029 3.222 <0.001
Pt P
0,20

1t M
b %; # +-H

0,08

60s | 70s| 2000s| 604 7058 2000s

)

0,04

Figure 7. Somatic growth rates d@. galeata clones hatched from
three different time periods exposed to two différalgal diets. P
phosphorus enriche@cenedesmus obliquus diet; P: phosphorus
deficient Scenedesmus obliquus. Bars represent 95% confidence
intervals. Symbols reflect different clonal lineageithin one time
period.

Subsequently, we compared thg Values calculated from microsatellite analysishw@

(derived from differentiation in SGR for high araM food quality between all time periods)
to detect signals of selection between populatmrer time. For the time periods between
1960 to 1970 and since then (1960) until recentrsy¢2000) selection has acted on the
somatic growth rate (low as well as high food dgyalithe days until first reproduction and

the size of the juveniles. All values decreased tivee (Figure 8).

We also teste®. galeata x hyalina clones hatched from sediments of the time peri@¥0-
1975, 1975-1980 and 1999-2004 (Figure 9). The dongmowth rate of five clones in a
multifactorial design was measured to distinguigiwieen the role of importance of food
guality and food quantity. While there is no sigzaht difference in the SGR of parenial
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galeata and recombinants, hybrids show a wider range d® §Gthe recent genotypes. Most
recent genotypes (1999-2004) displayed the lowe&dR $ all treatments but P+Q+. In the
latter treatment they also had the highest SGR(aie3). Over allD. galeata x hyalina has
the highest SGR under good food quality and higlownts of food. Clones had the lowest
SGR not only in low food quality and quantity busain qualitatively good algae in low
qguantity. Daphnia showed a higher SGR given high amounts of foodowof phosphorus
content. In those treatments with a limiting facteither P-, Q- or both) the clones hatched
from sediments of 1970-1975 had the highest SGRefreral recombinant genotypes do not

show any fitness deficiencies according to the nea life history traits.
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Figure 8. Comparison of & (white bars) and Q(black bars) values d. galeata clones hatched the
sediments of different time periods related to fbigr history traits: somatic growth rates (A), day
until first reproduction (B), number (C) and siZ® ©f juveniles.

3.4. Discussion

The taxonomic composition @faphnia in Lake Constance has changed severely over she la
60 years. Sinc®. galeata invaded the lake in the mid 1950s it hybridizeeefy with the
indigenousD. hyalina. Interspecific hybridization occurred at its maxim mainly between
1954 and 1979 and then again during the latestdee¢dankowski & Straile, 2004). In
betweenD. hyalina inhabited the lake as clonal lineages but almossexual reproduction
could be detected probably as a result of the emlteecological quality caused by
eutrophication. In chapter 2 | show that intersfietiybridization betweel. galeata andD.
hyalina was most frequent during times of ecological cleamgthis habitat. Here, | found
evidence for introgression on the nuclear level @uengoing recombination of the two taxa.
Although | was not able to characterize multilogesiotypes oD. hyalina beforeD. galeata
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invaded Lake Constance, allele frequencies thae i@merly only detected in this species

are found irD. galeata resting eggs of recent years.
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Figure 9. Somatic growth rates ob. galeata x hyalina clones
hatched from three different time different timeipds under four
different food qualities and quantities: A70: 1915, E70: 1975-
1980, 2000: 1999-2004;PC:P 120, P C:P 1000, Q 1.0 mg C/L,
Q: 0.1 mg C/L. Symbols reflect different clonal lages within one
time period.

| detected based on RFLP analysis of mitochondMA that interspecific hybridization is
unidirectional forD. galeata (chapter 2). Still, another study investigatingemt (2005 and
2006) planktonic samples showed that 6.25% obDalyalina identified with ITS RFLP and
microsatellite analysis carriedla galeata mitochondrial haplotype (chapter 5). Interspecific
hybridization is therefore not unidirectional analsHead to introgressiongfvalues derived
from the conducted microsatellite analysis havewshdhat D. galeata and D. hyalina
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converge over the observed decades. The geneiifatedtiation between the two taxa
decreased significantly during the last 30 yealss Tevelopment is yet another evidence for
ongoing gene flow in the observBadphnia taxa.

The conducted life history experiments showed tbDatgaleata x hyalina recombinant
individuals hatched from sediments of different age able to compete with the parental
taxon D. galeata of the same time period. Tested for life histogrgmeters like somatic
growth rate, number of juveniles and size of julemino significant differences could be
detected between both taxa. Although all hybridnalolineages were characterized with
microsatellite analysis and chosen for the expertmeaccording to their intermediate
multilocus genotype in a factorial correspondencalysis (ENETIX v. 4.01) of genotype
frequencies, it is most probable that younger rdsoants originate from more than just one
generation of hybridization. It seems that the gee® of both species combined are well

compatible and do not cause fitness deficiencidw/omid offspring.

Lake Constance has undergone severe ecologicagebaturing the last 30 years (Correll,
1998; Jankowski, 2002). Reoligotrophication ha®rell practically all biological factors
relevant for Daphnia: predators, vegetation, secchi depth, oxygen otonend food
(Schindler, 1978; Schindler, 2006). The life higtexperiments oD. galeata clones have
shown that individuals deriving from 1999-2004 digpa higher variability in SGR in both
treatments with low and high quality algal diethieTresults from the life history experiment
indicate that diversifying selection has actedOaphnia galeata over time — due to partial
introgression oD. hyalina alleles into individuals assigned to the paretdaabnD. galeata,
clonal lineages might now be adapted to alternaéigelogical niches — those whebe

galeata were originally able to persist and those typicalD. hyalina (FI6[3ner, 1972).

Comparisons of quantitative trait measurements population differentiation values at
neutral genetic loci (i.e. Qvs. k) confirm the results of the life history experinhen
Qst values higher than sFvalues confirm the hypothesis of diversifying séten within
populations over time. Although<Fvalues decreased over time due to introgression,
intensifying the difference between the quanti@tand the molecular traits the results from
this study show that selection for different optilves been acting on life history traitsin
galeata over time. While decreasing genetic differentiatiat the first sight might be

interpreted as a merging effect caused by ongoiggridization and introgression,
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comparisons of quantitative and genetic traits aétiee opposite: ‘Validated’ genetic traits

originating from the one parental taxon can cabsesthrichment of the other’'s genome.

In future studiesD. hyalina and D. galeata from today’s planktonic population of Lake
Constance need to be tested with an emphasis anliteehistory traits. With this a more

detailed insight into the ecological niche représénby each taxon today would help to
understand the competitive and coexisting traithisf hybridizing population.
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Chapter 4: The Contribution of Differential Hatchin g Success to the Fitness

of Species and Interspecific Hybrids
Published in Hydrobiologia: N. Brede, together widh Straile, B. Streit and K. Schwenk
(2007)

4.1. Introduction

Dormant egg banks of microcrustaceans have beeerapn recognised as biological
archives that allow to reconstruct microevolutignand ecological changes (reviewed in:
Brendonck & De Meester, 2003). Paleogenetic dataesfing eggs have been used to
understand changes of species assemblages dueasivin species (Kerfoot et al., 2004),
morphological differentiation associated with véida in predation levels (Kerfoot & Weider,
2004) and natural selection for grazer resistandexic cyanobacteria (Hairston et al., 1999b;
Hairston et al., 2001). Recent studies, howeverealed notable discrepancies between
species assemblages derived from dormant eggspaeies assemblages of “active” pelagic
populations (Jankowski & Straile, 2003; Keller & &, 2004). This discrepancy was
attributed to differential levels (and timing) @baial reproduction among taxa.

In general, species assemblages of “active” pelpgpulations will only reflect the taxon
composition of resting egg banks if the followingsamptions are met: No differential
(species specific) rates of (1) hatching, (2) stalvof hatchlings and (3) reproductive output
of ex-ephippial adults. In addition, successfultdined individuals should not differ in their
(4) level of clonal propagation, (5) induction ofales and sexual females, and (6) mating

success (numbers correspond to those in Figure 9).

Although we have ample information on the differaintevels of selection which directly
affect clonal propagation (4; Pfrender & Lynch, @@)Otaxon specific levels of sexual
reproduction (5; Spaak et al., 2004) and matingesg (6; Keller & Spaak, 2004), we lack
information on the initial steps of the life cyqle-3; Figure 9). In order to bridge this gap, we
compared the taxon composition of “non developingsting eggs and hatchlings isolated
from sediments of Lake Constance. In addition, veasared the reproductive success of ex-
ephippial adults for each taxoD.(galeata, D. hyalina and the interspecific hybrid. galeata

X hyalina).
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©

Sexual

Figure 9. Reproductive cycle of natural and laboratory papahs of Daphnia illustrating the
different components of fitness. 1: Hatching frophi@pia, 2: survival of juveniles, 3: reproductive
mode of ex-ephippial adults, 4: level of clonalgmgation, 5: induction of males and sexual females,
6: mating success.

D. hyalina represents the indigenolsaphnia taxon of Lake Constance; Lake Constance is
the type locality forD. hyalina (FI6Rner, 2000).D. galeata invaded Lake Constance
successfully in the early 1950s associated witlorgicuous shift in habitat quality through
the long term process of increasing eutrophicatiuring the following decades multiple
hybridization events and introgression altered gkaetic structure of the species complex
(Jankowski & Straile, 2004). During peak eutrophima (1970s)D. galeata was the most
abundant taxon found in the resting egg bank wiseiredhe 1980P€. hyalina was present
only in the plankton population and could not barfd in the resting egg bank of that time
(Jankowski & Straile, 2003; N. Brede, unpublishedg)l. Due to effective pollution control of
Lake Constance inflows, the lake recovered in thbssquent years and regained its

characteristic oligotrophic conditions.

The aim of our study was to determine the levalitierential hatching amonBaphnia taxa
and to identify the life history stages explainthg discrepancy between “active” pelagic and
the dormant populations. Specifically, we addresfisel question whether the relative
frequencies of taxa found in the resting egg baiflerdfrom the relative proportions of

successfully reproducing individuals. To do so, measured the i) hatching rate, ii)
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proportion of individuals reaching maturity and) ifieproductive fitness of ex-ephippial

females of the threBaphnia taxa inhabiting Lake Constance.

4.2. Material and Methods

Sampling. Sediment cores were sampled in Lake Constance im&w. Cores were
recovered in December 2002 from 220 m depth closkd deepest point of the lake between
Konstanz and Langenargen (47° 34’ 46” N, 9° 27" %) and in September 2004 from 180
m depth close to the Langenargener Bucht (47° 37’2, 9° 26’ 24” E). Sediments were
dated by lamination counting (Wessels et al., 199%) prepared as in previous studies
(Weider et al., 1997). In general, the sedimengsvegll laminated and reference cores have
been dated by*'Cs dating before (Wessels et al., 1995). Ephipmeevisolated by washing

the sediments through a 220 pm mesh sieve.

Hatching experiments. Four hatching experiments were conducted in whhipgia from
three different time periods were exposed to hatgltimuli (1970s, 1990s and 2000s; Table
1). All experiments were carried out in a 16:8 ¢ghti dark cycle at 18°C (pers. comm. T.
Jankowski; Vandekerkhove et al.,, 2005a). Two d#fer media were used for the
experiments, pond water and Lake Constance waterdar to obtain maximum hatching
success. Both, the Lake Constance (drawn in witgbt before use) and the pond water were
filtered (0.45 pum Whatman filters) and autoclaviednd water originates from small artificial
(concrete) pools filled with rainwater which areahed once a year. All ephippia isolated
from the sediments were subjected to the hatchxmgréanents. To avoid any damage of
viable resting eggs we did not open ephippia terd@ne the presence or absence of eggs.
The experiments “1970/1” and “1990” as well as ¢iperiments “1970/2” and “2000” were

conducted simultaneously.

Each plate was checked in the morning and if necgsalso in the afternoon in search of
neonates. Hatching started after two to six dagseath hatchling was transferred to a 10 ml
vessel and fed witBcenedesmus obliquus suspension containing ~ 1 mg €tb guarantee a
food supply above the incipient limiting level. Amals were controlled by eye until reaching
maturity to monitor developmental differences betwendividuals. Experiment “1970/1”

was carried out with two times 96 ephippia extrddiem sediments of 1971-74 and placed
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individually in 96 well plates with filtered Lake dBstance water. After transferring
hatchlings to 100 ml jars animals were controlladdye until reaching maturity in this
experiment to monitor developmental differences wieen individuals: All hatched
individuals were observed daily and categorizedhiee groups. “Asexually reproducing”
categorizes ex-ephippial adults establishing a atldimeage, “not reproducing” represents
animals that did not reproduce at all (after mal. dhys) and “ephippium producing”
accounts for the observed fraction of hatchlingst thuilt up an ephippial shell (without
depositing eggs) right after molting to maturityhheldefinition of sexual females is imprecise
and usually connected to the visibility of promotedary activity. The generation of an
ephippial structure on the carapace is an indinatoit not the ultimate proof of the status of
a female. Experiment “1970/2” (same time periodnasL970/1") was replicated four times;
each replicate was carried out by exposing 96 @uhijn well plates with filtered pond water
to hatching stimuli. For experiment “1990” 192 gupia (two replicates) from the sediments
of 1994-98 were exposed to hatching stimuli irefdid Lake Constance water. Experiment
“2000” was carried out with ephippia extracted freadiments of 1999-2004 in filtered pond

water in six replicates (one replicate = 96 eplappi

Table 5. Absolute numbers of analyzed individuals and eggdl experiments. Numbers refer to the
amount of resting eggs or individuals subjected RFLP analysis of . galeata, GH: D. galeata x
hyalina H: D. hyalina. Hatching experiments were conducted either terBd lake water from Lake
Constance (1970/1 and 1990; L) or in filtered povater (1970/2 and 2000; P) experiments. The
experiments name is followed by the number of oapdis with every replicate containing 96 ephippia
(in brackets). The number of eggs or individuals warrected with the number of genetically not
analysed data. First row: “Non developed”: Eggg thd not hatch, Hatched: number of hatchlings,
Sum: number of eggs or individuals per taxon and @eriment, Sum all: Total amount of
experimental eggs per experiment. The total numdfefnon developed” eggs and hatchlings
(uncorrected values, see text) are provided ihastecolumn (Total*).

1970/1 (2,L)  1970/2 (4, P) 1990 (2, L) 200015, Total*
G GHH G GH H G GH H G GH H
“Non developing” 25 4 1 117.8214 48 51 0 0 12551.7 3.8 299
Hatched 1065 0 1678132 0 242 0 0 64 71 0 501
Sum 1319 1 2856345 4.8 293 0 0 189.5.8.7 3.8

Sum all 141 325 293 211.6 800

In the two replicated experiments “1970/2” and “Q0Ca minor fraction of eggs and
individuals was not identified genetically (“1970/®tal N = 384, “2000” total N = 576;
Table 5). In order to correct the observed freqieenof taxa we multiplied the number of
unidentified eggs or individuals with the obserypedportion of each taxon. Hatching success
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per taxon was calculated by dividing the total nembf eggs (per taxon) over the whole
experiment or per replicate by the number of hatanedividuals. The total number of eggs
was calculated by summing the number of geneticalbntified hatchlings and “non
developing” eggs. In order to test whether the olesk hatching frequencies of taxa are
explained by the initial taxon composition of thepesed resting eggs we conducted a
goodness-of-fit G-test with a Williams correctioor fsmall sample sizes (Sokal and Rohlf
1995).

Genetic analysis.Resting eggs were isolated from their ephippialllshend DNA was
prepared separately in 35 pl H3 buffer (1x: 10 mkis-HCI; pH 8.3 at 25°C, 0.05 M
potassium chloride, 0.005 % Tween 20 and 0.005 %10)Pand 1.2 pl proteinase K (Sigma,;
10 mg / ml). Adults were directly transferred to TIOH3 buffer and 2 ul proteinase K. After
an incubation time of 12 hours proteinase K wastidated by heating the sample for 12 min
at 95°C. An ITS fragment was amplified using a ltotaction volume of 14 pl. 2 ul of
template and 3 mM Mgg|l 1x PCR buffer, 0.2 mM dNTP, 0.3 uM of each pringgiS2-
5.8S: 5'-GGA AGT AAA AGT CGT AAC AAG G-37; 10 pM;TIS1-18S: 5-CGG TGG
TCG ACG ACA CTT CGA CAC GC-37; 10 pM) and 1 Tag DNA polymerase (all
chemicals and primers: Invitrogen) in 94 °C for Bipfive cycles at 94 °C for 1 min; 52 °C
for 1 min; 72 °C for 1.5 min; 35 cycles: 94 °C fbmin; 50 °C for 30 sec; 72 °C for 1 min;

final synthesis step at 72 °C for 5 min.

A restriction fragment length polymorphism analysiRFLP) was used for taxon
identification (Billiones et al., 2004). Amplicored the ITS region were digested with the
restriction enzymé/iwo | (5-GVNNNNN|NNGC-3"; NEB) for 2.5 hours at 60 °C in a total
reaction volume of 9.6 ul containing 8 pul PCR pradand 10x NEBuffer foMwo I, 5 U of
the restriction enzyme and autoclavedOH

The digestion products were transferred to a 2 @amg gel and bands were separated by
applying 115 volts. Specific banding patterns alidentification of the taxaD. galeata (100,
320, 380 and 490 bpp. hyalina (100, 520 and 680 bp) and their hybrid who displap
additive banding pattern in the RFLP analysis. IRBLP analyses were compared with
microsatellite analyses (six loci: DaB 10/15, DaB1¥7, DaB 17/16, DaB 10/14, Dp512 and

Dp519; see Brede et al. 2005) and resulted in airtaixon classifications.
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4.3. Results

Our genetic analyses of the resting egg bank redealery low frequency @&. hyalina and
the interspecific hybrid compared . galeata ephippia (1:6.5:88;&.0.8 : 4.6 : 4.4;
Figure 10).

In all cases, hatching peaked within two days daodlg decreased over the next one or two
weeks. In the experiments “1970/1” and “1970/2” hwéphippia exposed to different water
characteristics (filtered Lake Constance and poatemrespectively) the hatching success for
the lake water experiment was 78.7 % whereas #®rpthnd water experiment the average
hatching success was 55.7 %. Hatching success é&etlake and replicated, pond water
experiments could not be tested because of langatiea within treatments among replicates
(hatching success differed over four replicatesvbenh 37.6 and 77.6 %). Eggs from the
sediments of the 1990s hatched most successfutly 82.3 %. The hatching success for
recent ephippia (experiment “2000”) was lower at534. We found no differences in

hatching success among ephippia isolated fromrdiftesediment layers.

Hatching success among parental taxa did not dsifgrificantly in any of the experiments
(“1970/1”: 2, df = 2,p = 0.48; “1970/2": replicated goodness-of-fit test,(Williams) p =
0.1168; “1990":2, df = 2,p = 0.66; “2000”: replicated goodness-of-fit-test, @illiams) p =
0.6090; Figure 10). Apart from experiment “2000), galeata eggs developed with 80.9 %
hatching success in experiment “1970/1”, an aversgecess of 60.3 % in experiment
“1970/2" (replicated experiment) and a hatchingcggs of 82.3 % in the “1990” experiment.
Further observations within this experiment showed 28.7 % of all hatchlings died before
the first molt. In recent times (experiment “20Q0D. galeata hatched with an average
success of 34.7 % (ranging between 23.1 and 47.D%pleata x hyalina hybrid eggs were
almost as successful: In both 1970s experimentsichydggs hatched in lake water with
55.6 %, whereas hatching success in pond waterSha%. No eggs of the interspecific
hybrid were found in the sample from the 1990sibutcent times (experiment “2000"), the
hybrid hatched with 38% success. In all three d@rpants in which we foun®. hyalina eggs
(N =7, uncorrected value; see also Table 5) natehled (Figure 10).
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Figure 10. Comparison of hatching rate, taxon compositionesting eggs present in the experiment
(white bars) and those that hatched (black barpgiment (left y axis). GD. galeata, GH: D. galeata

X hyalina, H: D. hyalina. Dots represent the hatching rate (right y axis)l arror bars standard
deviation among replicates.

As mentioned before, the one eggofhyalina found in experiment “1970/1” did not hatch.
Within the three categories observed, dblygaleata and the interspecific hybrid. galeata x
hyalina were detected. Within the category “asexually @dpcing” all hatchlings turned out
to beD. galeata (N = 74). All interspecific hybrids (N = 5) divideamong the two other
categories with 33.3 % “ephippium producing” and2% “not reproducing”. All categories
differed significantly p < 0.001) compared to the taxon composition of teched
individuals.

4.4. Discussion

The overall observed hatching rates are companatite those found in a previous study
(Weider et al., 1997). In addition, the variatiohhatching success shows a similar pattern
and confirms the tendency of reduced hatching @teggs recovered from recent sediments
(experiment 2000).

The proportion ofD. hyalina to D. galeata x hyalina to D. galeata eggs is on average
1:6.5:88(s.d. 0.8 : 4.6 : 4.4; Figure 10)alhfour experiments conducted in this study no
significant frequency difference between the taxomposition within the resting eggs and
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those that hatched and established a clonal lineageobserved. The discrepancy between
the resting egg bank and the pelagic populationncirbe explained by differential hatching
of taxa. In this study n®. hyalina resting eggs developed in three experiments reptieg
two time periods (containing corresponding resBggs). The most likely explanation for the
lack of D. hyalina hatchlings is a stochastic effect due to the launber of resting eggs.
Other studies showed that hyalina resting eggs hatch under natural conditions (Claové&
Wolf, 1989; Wolf & Carvalho, 1989; Jankowski, 2008or Lake Constance it has been
shown that hatching success Bf hyalina may depend on lake depth; Jankowski (2002)
showed thaD. hyalina hatched in the littoral (25%) but did not hatcbnfr the profundal.
Caceres and Tessier (2003) found a similar pattd@rnspatial variation in hatching
experiments on North-AmericaB. pulicaria. Furthermore, several authors describe that
some Daphnia species” ephippia are buoyant, e.g. through spihpsl drops or gas
chambers.). This differential buoyancy may resulhispatial separation BX. hyalina resting
eggs floating ashore where@s galeata ephippia sink mainly to the profundal. Recent
population genetic studies of resting eggs isoléteh Lake Constance sediments show that
D. hyalina was present as dormant stages before the 197@lso@ski & Straile, 2003; N.
Brede, unpubl. data). Based on these findings welade that spatial effects have to be taken

into account when the resting egg bank and cupeptilations are compared.

In the experiment “1970/1” we studied the developtreg Daphnia from the juvenile stage to
maturity. Only ex-ephippial individuals of the taxoD. galeata reproduced
parthenogenetically (Figure 11). Among those arsnveich failed to reproduce and those
carrying an ephippium we fourid. galeata and all interspecific hybrids. Still, some of the
hatchlings that primarily produced an ephippiunedain built up a clonal lineage. Although
we cannot exclude the possibility that these olzdems are due to a differential response of
taxa to laboratory conditions, we do not expect tha standardized laboratory conditions
have such detrimental effects on basic developrhgmteesses of hybrids. The observed
patterns indicate that hybrids do experience fargsficiencies, in particular, after reaching
the adult stage. This reduced reproductive sucakesderspecific hybrids (and recombinant
genotypes) and soni2. galeata individuals might be caused by genetic incomplitiksé of
recombinant hybrid genomes. Sorbe galeata individuals within the two categories are
probable to be backcrosses of the parental speSteslies have shown that backcrossing

occurs in Lake Constance (Jankowski & Straile, 20@ffler et al., 2004).
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Figure 11. Relative taxon composition @faphnia species and hybrids at two life history stageter af
hatching (juveniles) and after first reproductiexgeriment “1970/1”). Black area>. galeata, grey
area =D. galeata x hyalina, white area =D. hyalina. The total number of identified taxa is provided
above each pie in the ordBr. galeata x hyalina, D. hyalina, D. galeata. Numbers above arrows
describe the percent of undeveloped eggs versuohlimgs (left arrows) and represent the percentage
of individuals attributed to different modes of reguction (asexual reproduction, no reproductioth an
production of ephippial females; right arrows).

In Jankowski’s Ph.D. thesis (2002) hatching expenit in the laboratory and in the littoral
zone of Lake Constance showed thagaleata andD. hyalina hatch in different zones of the

lake. After reconstructing the taxon compositiorerotime using spininess of the ephippia,
historical records, and genetically (allozymes)edained hatchlings, Jankowski and Straile
(2003) concluded that the resting egg banRaphnia does not represent the “active” pelagic
population. Similar results were obtained by conmgaegg banks and “active” populations
by Keller and Spaak (2004).

Both published results and our data suggest tleattimponents of reproductive success in
Daphnia contribute differentially to the fithess of spex&nd interspecific hybrids. We found
no species-specific (1) hatching rates and (2) iierdntial survival of juveniles. We
observed in one experiment (*1990”) a 28.7% mdstakite among juveniles, however, since
they could not be subjected to genetic analysesv@re not able to determine taxon specific

survival rates. Species and hybrids differed inrthde of reproduction and in their level of
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clonal propagation (3, 4; Figure 9). In additicenxd varied in their rate of sexual reproduction
(Jankowski & Straile, 2003; Keller & Spaak, 2004).

The observed differences between resting egg banéspelagic populations might also be
explained by the heterogeneous spatial distributioresting eggs (Jankowski, 2002) and the
comparison of pelagic populations representing #dire population with a non
representative sample of the profundal resting legigk. Furthermore, we have very little
information on the level of random mating withindammong taxa (Keller & Spaak, 2004; 6,
Figure 9). All these observations suggest that highly unlikely to find “active” planktonic

populations that reflect dormant populations.

In general, resting egg banks represent a conghimef recombinants sexually produced by
“successful” parental genotypes. Speaking in ewmtarily relevant terms, the resting egg
bank forms a large archive of genetic variationchiliesults irDaphnia populations that can
change rapidly following to ecological changes, pedation levels, food quality or quantity
(Hairston et al., 1999b; Cousyn et al.,, 2001). Lomgm evolutionary changes, like
adaptations to novel environments, the consequentesterspecific hybridization or
successful invasions of species and lineages willdlected in resting egg banks (Duffy et
al.,, 2000; Jankowski & Straile, 2004). Since selveaspects of current populations are
determined by their history, future ecological s&gdmay profit from an interdisciplinary

approach using both population genetic data owe &ind life history studies.
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Chapter 5: Detecting Genetic Responses to Environmtal Change:

Mitochondrial DNA and Temperature

5.1. Introduction

Mitochondrial introgression. In general, mitochondria are maternally inherif@atrilines)
although cases of paternal inheritankgt{lus. Ladoukakis & Zouros, 2001), biparental
inheritance Drosophila: Kondo et al., 1990ylus: Gyllensten et al., 1991; birds: Kvist et al.,
2003) and parental leakage in combination withrggecific hybridization (Kvist et al., 2003)
are known. The latter is a quite common proce$3aphnia. Many species within one of the
different subgenerBaphnia, Ctenodaphnia andHyal odaphnia tend to hybridize. Although
the genetic differentiation between species caguite high(7.6% between D. galeata
mendotae andD. dentifera on the 12S rRNA gene: Colbourne & Hebert, 199@grspecific
hybrids do not suffer from severe fithess deficiea¢Hobaek et al., 2004; Spaak & Boersma,
2006; Keller et al., 2008). Studies have shown ititatspecific hybrids are even capable to
replace the parental taxa from a certain habiteabge their fithess is shown to be highest

under intermediate conditions (Schwenk & Spaak,71.99

Due to hybridization and later generation backarmgstrogression of mitochondrial and
nuclear information occurs. As this gene flow betwspecies proceeds, individuals may
exhibit the nuclear information of one parentaloabut the mitochondrial information of the
other parental taxon (mitochondrial introgressiditis is evidence for successful
introgression if other effects like, e.qg. lineageting can be excluded by applying species
specific markers on the mitochondrial level (Baphnia see: Schwenk et al., 1998). Detected
haplotypes are specific on the species level litdgness readily when interspecific
hybridization occurs due to maternal inheritancanllistudies have shown that
mitochondrial introgression may not be accompabiedpparent nuclear introgression (Doi
et al., 1999; Mishmar et al., 2003). In their revidallard and Whitlock (2004) state the
following: “... in taxa with some level of hybridizan or migration, there is a non-negligible
probability of introgression of mtDNA from one taxato another. This can happen just by
chance (because of the low effective size of mtDNb4)selective pressure (because of local
adaptation of the mitochondria), or by selectivieagression following mutational meltdown

in small populations.”
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Temperature dependency.The question of temperature tolerance became preralent in
the course of ongoing global climate change. Ia ttame work it is predicted that the natural
range of species will change severely since maggrosms are adapted to specific climate
zones and not very tolerant to permanent temperahifts (Somero, 2002; Sommer &
Portner, 2002). Heat stress is known to affectardy membrane permeability and protein
synthesis — it also affects the productivity of ealtondria. Although species adaptations are
complex considering multiple cellular interactioaad restricted in certain physiological
constraints (mitochondria for example will stopiaty at 55 to 60°C), temperature seems to
be an important selective pressure on mtDNA (Som2002; Sommer & Portner, 2002).
Still, the influence of different mitochondrial Hapypes has not been investigated
thoroughly, even in studies testing adaptationitfer@nt temperature ranges conducted on
Daphnia species (Dufresne & Hebert, 1998; Mitchell & Lamp@000; Paul et al., 2004;
Pinkhaus et al., 2007). In the present study onr igi to assess the response of different
cytonuclear genotypes to variation in temperataganes.

History of hybridization in Lake Constance. Lake Constance, the largest German
waterbody, was originally inhabited by the planktoorustacearDaphnia hyalina (Einsle,
1966). As grazer®aphnia are an important part of the ecological dynamica &reshwater
habitat.D. hyalina is known to inhabit mainly large, oligotrophic &k In comparison tD.
hyalina, D. galeata is known to inhabit large lakes of eutrophic tgéseutrophic character
with a pronounced sexual phase to survive nutpeot times in winter (FI6l3ner, 2000). The
latter species invaded Lake Constance in the mi&D42lue to massive ecological changes
induced by an anthropogenically induced eutroplinafMuckle & Dillmann-Vogel, 1976).
During the periods of massive ecological changesndances of both parental taxa were
more or less equal and a lack of reproduction ismlacauses massive interspecific

hybridization including introgression (see chajven).

With this study we aim to show the importance ofygblogical constraints related to
mitochondrial gene expression as a mechanism oftatilag to different seasonal
temperatures and , therewith, the potential of chibmdrial introgression. While Nagao et al.
(1998) and Burton et al. (1999) found fitness deficies in interspecific hybrids due to
defective expression of interacting nDNA and mtDNy&nes, we hypothesize that in
introgressedD. galeata and D. hyalina gene complexes are cooperating and enabling

individuals of one taxon to fill ecological nichesthe opposite taxon. We used ncDNA and
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MtDNA RFLP analysis as well as microsatellite meask® identify genetic characteristics in
D. galeata, D. hyalina and the recombinam. galeata x hyalina. In a life history experiment
we tested the influence of haplotyes on temperastness simulating winter and summer

season.

5.2. Material and Methods

Sampling. Planktonic samples were drawn from Lake Constanigerlinger basin in May,
July and August of 2005 and March, August and Sepéz of 2006. A plankton net with 140
um mesh size was used to draw over 100 m a quargiaphnia sample. While one part of
the samples was alive the other was preserveddinetBanol.

Live samples were transported to the UniversityFodnkfurt andDaphnia were selected
randomly and reared individualy to establish cldimedages. 50 separate clonal cultures were

grown in 250 ml jars.

Preparation of DNA and RFLP analysis.

Nuclear. A restriction fragment length polymorphism anay§RFLP) was used for taxon
identification. Amplicons of the ITS region weregdsted with a restriction enzyme and taxon
specific banding patterns were displayed on anosgagel and evaluated according to
(Billiones et al., 2004).

Microsatellite analysis.A set of eleven primers amplifying microsatelliteas used for
identification of taxa and interspecific hybridsof Brede et al. (2006, chapter one) we
applied DaB 10/14, DaB 17/17, Dgm 105, Dgm 112,106NB, Dp 281NB, Dp 519, SwiD
6, SwiD 12, SwiD 14 and SwiD 18. ITS-RFLP and msaitellite analyses were used to
destinguish between parental and hybrid taxa (Taple

16S rDNA. To distinguish betweeD. galeata andD. hyalina mitochondrial haplotypes, a
digestion of a 16S rDNA fragment with restrictiomgmes was conducted (nomenclature of
mitochondrial haplotypes follows Schwenk et al.98P An additional hyplotypex{) could

be assigned tD. hyalina via DNA sequencing analysis of 12S rDNA.
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Temperature experiment.The experiment was conducted with twelve clomaddiges of
Daphnia selected from those individuals sampled from L&@kastance with the following
characteristics: three different clonal lineageB ofaleata with haplotype gl (g-g1, Schwenk
et al., 1998), three @. galeata with haplotype x7 (g-x7, see last paragraph),alokD.
hyalina with haplotype g1 (h-g1) and three®fhyalina with haplotype x7 (h-x7).
Juveniles< 24 hours of age were kept in five replicates v fio six individuals in climate
chambers tempered at 5°C, 12.5°C and 20°C. Eachldravas illuminated for 16 hours
with an 8 W penlightDaphnia were kept in modified ADaM medium (Aachener Dagmi
Medium: Kluttgen et al., 1994); 1 I: 0,333 g syritbesea salt, 2.3 ml Cagsolution (0.8 mol
L% 117.6 g [* CaCh * 2 H,0), 2.2 ml NaHC@solution (0.3 mol [ 22.5 g ! NaHCQ)
and 0.1 ml Se@solution (0.013 mol :: 14 mg L'* SeQ) in 100 ml jars and fed with 250 pl
of Scenedesmus obliquus solution. Individuals were transferred to frests javery day at the

same time. The size of individuals was determirfest ¢hree days under a light microscope.

Table 7 Comparison of taxonomic assignment with ITS-RFLiRI anicrosatellite NewHybrids
analysis. N displays the number of individuals thas assigned equally with both methods.

ITS NewHybrids
N D. galeata D. hyalina F; hybrid k hybrid
D. galeata 142 120 (92 %) 5 (4 %) 3 (2 %) 4 (3 %)
D. hyalina 191 17 (9 %) 168 (88 %) 2 (1 %) 4 (2 %)
D. galeata x hyalina 42 23 (53 %) 5 (12 %) 2 (5 %) 13 (30 %)

The somatic growth rate was calculated with:

SGR =[In(9 — In(§)] / t

with & being the mean of body size at the beginning efdkperiment and;$he mean of
body size Daphnia were measured (base of spine to top of head wiitiheupotential helmet)

under a light microscope.

Results were tested generalized linear models basemh ANOVA (analysis of variance).
Tested parameters were tested individually, hiéreatly (parentheses) or nested (asterics):
taxon, haplotypes, temperature, taxon*haplotypespierature, taxon*haplotypes, haplo-

types*temperature, taxon*temperature, clone (takaptotypes), clone (taxon*haplotypes).
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5.3. Results

The planktonic population of Lake ConstanceThe analysis of the taxonomic composition
of Lake Constance revealed dynamic chang&sajphnia taxon abundances.

D. galeata was found in the planktonic samples of May 20Gf&enebling a little less than one
forth of the populationD. hyalina is the most dominant species in this month, wisebea
galeata x hyalina hybrids were detected with 27.7%. In July, theapon is dominated by
D. galeata (76.8%) and only every tenth individual belongthei to D. hyalina or the
interspecific hybridIn OctobeD. hyalina represents 86.5% of the sample while 2.7% belong
to D. galeata. In March of 200@D. hyalina has an abundance of 86.4% d&nhdjaleata 10.6%.
The recombinants are present with 3%. The averagerwemperature in the particular
months was as following: in May 14.8°C, in July&%, in October 13.9°C and in March of
the following year 6.4°C (Figure 12).

1000/51;11 13 23 43 6 7 1 4 32 7 2 57

80% - T+ 20

60% - + 15

40% - + 10

Temperature

20% -

0% -

g
October March

gh‘h

Figure 12. Distribution of mitochondrial haplotypes with near taxa according to RFLP analyses
sampled between 2005 and 2006. black: g1, whitegséy: hl; gD. galeata, h: D. hyalina, gh:D.
galeata x hyalina

All D. galeata individuals belonged to the gl matriline, but irafdh four out of seven
individuals exhibited the haplotype x@. hyalina individuals showed only in October the x7
haplotype. Individuals showing mitochondrial infation of theD. hyalina typical haplotype
hl were found in the months May (n = 3) and July=(8). In the months May, July and
March an average of 10% of &ll hyalina individuals carried the g1 haplotype.
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Recombinants usually have mitochondria originatirgn g1 matrilines. Hybridization in
Lake Constance is almost unidirectional as showsther studies before (Brede et al., 2007).
Only in May in one individual (7.7%) the haplotyp& was detected and in October one of

the two found was analysed as x7.

Life history experiment on selectedDaphnia clones.In a life history experiment we show
that both taxaD. galeata andD. hyalina, have similar somatic growth rates under different
temperatures (Figure 13). At 5°C the SGR was ardwdd, rising to 0.06 and above at
12.5°C and approximately 0.16 at 20°C.

0,16: 0,16:
0,12: 0,12:
O] 0.08: Q 0.08:
0,04: 0,04:
0,00: 0,00:
5T 125 20T 5<C 125 20T
D. galeata D. hyalina

Figure 13.Somatic growth rates of the studied taxon-hyplatymbinations at different temperatures;
white: mitochondrial haplotypes x7, black: g1

At 5°C and 12.5°C individuals containing the hapbat x7 grew faster independently of their
nuclear status. At cold and medium temperatureslifference between x7 matrilines and gl
matrilines was above 0.02. At 20°C individuals wgth haplotypes grew almost as fast as x7
matrilines. At 20°CD. hyalina carrying the g1 haplotype had a slightly higherRSGhe
haplotype * temperature interaction was testedisogimt at p = 0.009 whereas the interaction

between taxon * temperature was not significarguife 13 and Table 8).
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Table 8 Analysis of variance with generalized linear mo@skting the increase in body size of
the four taxon-haplotype-combinations. Bold linedicate significant values.

df SQ MQ F p
Clone (taxon*haplotype) 8 0,049 0,006 16,301 <0100
Taxon 1 < 0,001 < 0,001 0,012 0,914
Haplotype 1 0,015 0,015 2,492 0,153
Temperature 2 0,783 0,391 1046,379 < 0,001
Taxon*haplotype*temperature 2 < 0,001 < 0,001 1,000 0,389
Taxon*haplotype 1 0,005 0,005 0,781 0,403
Haplotype*temperature 2 0,005 0,002 6,428 0,009
Taxon*temperature 2 0,001 < 0,001 1,245 0,314
Clone (taxon*temperature) 16 0,006 < 0,001 0,975 480,
Error 172 0,066 < 0,001

5.4. Discussion

Seasonal abundance shifts ilDaphnia. The planktonic population of Lake Constance is
dynamic with its taxon composition changing over ieason. The abundance®ofjal eata,

D. hyalina and the interspecific hybriD. galeata x hyalina seem to follow saisonal patterns
(no significant correlation). In gener@l, galeata dominates the planktonic population during
warm times — in this study the average monthly terafure was 20°C in July. In contrast,
hyalina occurs in its highest densities during colder terafures, here in October (14°C) and
March (6°C). It is known, thaD. hyalina individuals of this taxon survive winter as
parthenogenetic females. This change in reprodeicstrategy inD. hyalina might be
associated with the eutrophication history of L&anstance (Jankowski, 2002). Analyses of
the Daphnia resting egg bank show thBt hyalina reproduced also sexually until end of
1950s. With exceeding eutrophication and increafeedl availability during winterD.
hyalina was able to survive without relying on dormangst&aD. galeata on the other side
strongly relies on sexual reproduction (JankowskB&aile, 2003). While abundances are
high during summer, the parthenogenetic populabibthis taxon almost completely breaks
down and disappears in winter. Both taxa seem ¢plaly a differential adaptation to the
changing ecological conditions in Lake Constandas ecological differention might also

explain the maintenance of both taxa despite hatggsrof hybridization.
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The effect of haplotypesWe found significant differences in growth betwedones within

a taxon and, moreover, the life history experimsmbwed that mitochondrial haplotypes
affect the somatic growth rate at different tempemregimesD. galeata (with the haplotype
gl) generally grow slower at 5°C and 12.5°C tBaihyalina (with the haplotype x7). For the
mitochondrially introgressed cloneld, galeata carrying the x7 haplotype (originating from
D. hyalina) grew larger under low temperatures compared tsehof this taxon with gl
haplotypes. A similar pattern was observedDohyalina introgressed by the g1 haplotype —
under warm conditions (20°C) the SGR was higherpamed to x7. Studies on mice (Felclair
et al., 1998; Nagao et al., 1998) and the copé&pgdpus californicus (Edmands & Burton,
1999) have shown, that interspecific hybridizataond resulting introgression can lead to a
reduction in physical performance caused by a tigeecoordination of the expression in
NDNA- and mtDNA-encoded genes. Pinkaus et al. (fank et al., 2007) report in their study
on clones of D. galeata, D. hyalina and interspetiybrids from Saidenbach Reservoir no
differences in temperature dependent occurrenceeleet species but between different
multilocus genotypes (distinguished by allozymelysig). In a series of physiological tests,
the authors find a significant correlation betweg#ysiological parameters and multilocus
genotype. Although later generation interspecifypridization was apparent, mitochondrial

genotyping was not conducted.

In this study, we were not able to detect suchftette Introgressed individuals did not show
abnormal SGRs. Moreover, recombinant genotypes sedm capable of competing in the
natural population as the analysis of the plankt@oipulation of 2005 and 2006 indicates.

Mitochondrial introgression. We observed a significant interaction between hgpks and
temperature on somatic growth rate in individuaigainondrially introgressed facilitating the
co-existence with a parental taxon at times exoaptiof the observed range of the other
parental taxon. The effect of mitochondrial hapbaty with temperature is significant while
genotypes based on nuclear analysis did not difife@GR. Differential mitochondrial gene
expression is a physiological trait susceptiblest&ective pressures like environmental
temperature change. Species specific adaptatiomstemperature preferences, are easily
permeated if later generation interspecific hylaadiion leads to mitochondrial introgression.
Therefore, ecological preferencesldphnia species can be seen as instable factors if those
species hybridize frequently. Ballard & Whitlock O@3) remind in their review that
mitochondrial introgression has not only occurrdtew observed by researchers but probably

66



Chapter 5: Genetic Responses to Environmental &hang

many times in the phylogenetic history in spec@sly recent events can be detected while
old incidences stay unidentified.

We propose that mitochondrial introgression may ehav greater impact on natural
populations than originally expected since it camuse changes in the physiological
adaptation of organisms. In further studies theaohpf different haplotypes on the organism
needs to be explored to better understand the flerand limits of physiology and

ecological adaptation deriving from this former esgimbiont.
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General Discussion

In this last part of my thesis | will develop a raggeneral view on the effects of interspecific
hybridization based on the results presented.alhjitil will summarize the main answers to
those questions asked at the beginning of thieptrojl) How did the genetic architecture of
the species complex change after a hybrid sweep?e2levels of interspecific hybridization
and introgression associated with environmentahgbega? 3) What effect did introgression
have on the curreraphnia populations of Lake Constance? | develop genandirfgs of
my study hereafter and show that the analysis ofogical archives allows not only to
interpret processes of the past but also predecteffect of ecological change in the future.
Finally, 1 will suggest questions to be answeredspecitively and show the scientific

potential of resting egg banks with upcoming molacgenetic applications.

Daphnia Populations of Lake Constance and Greifensee

My findings of the taxonomic composition &faphnia in Lake Constance and Greifensee
(Chapter 2) are to a great extent in concordante tiwose presented by Jankowski and Straile
(2003) based on allozyme analysis. | was able twwskhat D. galeata invaded Lake
Constance in the beginning of the 1950s and estwdi successfully in the upcoming
decades. Massive hybridization could be observeatiinvithe first decade after its arrival
probably because of random mating apart from apgorkictive barrier wittD. hyalina. The
production of recombinants follows the massive aulication of this large water body until
the late 1980s. By then, the modernization of emmental controls and implementing of
sewage treats initiated its re-oligotrophicatiorfolind very similar patterns in Greifensee
where the inhabitingpaphnia species (i.eD. hyalina andD. cucullata) encountered the same
challenges (with a slight shift in time and a mesdilifference in the extent of ecological

relevant charge in the sense of hypereutrophicatmhre-mesotrophication).

In Lake Constancd). hyalina almost stopped sexual reproduction during timesakimum

eutrophication — the most probable explanatiortticd change in reproductive strategy is the
species’ adaptation to limited food. With the irage in phosphorus load, even during winter
times algae were abundant and, sirige hyalina shows a higher resistance to cold

temperatures, there was no need to invest in the@ugtion of dormant stages for this taxon
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anymore. Thus, the almost exclusive unidirectidpadf hybridization originating fronD.
galeata probably explains the limited extent of gene fldinected toD. hyalina (see chapter
2, but see also chapter 3 and 5). Analyses ofdbent planktonic population conducted in the
last decades and those presented here (chaptexv&)shown thaD. hyalina was always
present and even abundant in the pelagic of Lakest@oce (for example in shallow littoral
regions: Jankowski, 2002). In contrabt, galeata is almost not present during winter times
suggesting that this species strongly relies orptbduction of resting eggs. While toddys
galeata can be seen as an assemblage of recombinant geaasulting from indiscriminate
and highly frequent sexual reproductidh, hyalina genotypes have preserved their clonal
diversity. It remains unclear whether clonal setecthas or does influencB. hyalina
lineages negatively or if hatching Bf hyalina does occur, but in technically undetectable

frequencies or in a certain area of Lake Constarteh was not part of this study (2006).

For D. galeata, in Chapter 3 | describe the change in allelic position of those genotypes
that inhabited Lake Constance in the past and to@ldife-history experiment showed, that
D. galeata individuals hatched from resting eggs producedhi 1960s, 1970s and 2000s
tested for their capability of coping with food ltations (C:P 1000), indicating that
diversifying selection has affect&l galeata populations over time, which can be connected

to altering phosphorus levels in Lake Constance.

Although not connected to Lake Constance we fousrg gimilar patterns itdyalodaphnia
population dynamics in Greifensee. In this shallake we were able to observe the same
patterns as in Lake Constance. In the course dbgical change due to anthropogenically
induced eutrophication a species may be able tadiethe habitat of another. Because local
adaptations of indigenous species are compensgtdtelaltered environment, establishment
of immigrants becomes more probable. In this ctse,invading species is also capable of
hybridizing with the local species. In generalsthtudy shows that invadors may not only be
a threat to local species because they outcompetéotmer one, they may also hybridize
with the other species and thus induce a severegeha the genetic architecture of the
population. Introgression is a process that is mewersible in the sense that the genetic
architecture of each species will include somdedlef the other species. Keller et al. (2008)
conducted a study on the geographical distributioD. galeata, D. hyalina andD. cucullata
north and south of the Alps. All but three outlod 43 analysed lakes were also (although not

always predominantly) inhabited by interspecifidohgls of at least two of the mentioned
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species. While the authors found a strong cormatiith geography and habitat temperature
and the occurrence of parentals, another factotagpg the distribution was the trophic
level of the habitat.D. hyalina and D. cucullata preferred large and less phosphorus
containing lakes, an®. galeata was more often found in southern and warmer teetper
lakes. The authors propose that the former digtabwf D. hyalina andD. galeata along a
geographic gradient were altered by anthropogempact on the habitats Bfaphnia.

Interspecific Hybridization over Time

The findings of this study are applicable to moemeyal dicussions in science. In 1985,
Barton & Hewitt presented the tension zone modetirgy that a hybrid zone is only
maintained by the dispersal of parental taxa amerspecific hybridization occurring in a
region of overlap. While the assumptions of thisdeloare based solely on endogenous
factors (i.e. incompatibility of parental genomesrecombinant genotypes) susceptible to
selection processes, gradient models incorporatgical factors (Endler, 1977). Although
mentioned before by Moore (1985) a clear definibbthe bounded hybrid superiority model
was proposed in the same year as the former by éMand Buchanan (1986): While the
relative fithess of interspecific hybrids may bev/lm those habitats parental communities are
adapted to, they are more successful in intermedhalbitats or disturbed environments in the
range of migration to the parental species. WithNtosaic Hybrid Zone model Harrison (e.g.
Rose et al., 2002) described geographical charsttsrof some hybrid zones as a patchwork
of parental and recombinant populations with antemss on the importance of environment-
dependant selection. One of the reasons many stiemiderestimate the extent of genetic
exchange through interspecific hybridization prdipdies in the assumption that hybrids are
generally of minor fitness. While studies of plahtsre shown, that hybrids can even be of
higher fitness (i.e. heterosis, mostly observedhm F generation of recombinants), many
zoologists still believe that later generation lmokses and gene flow through introgression
are rare events in animals since hybrids are affeeduced vigor (Seehausen, 2004). Quite
recent studies on hybridizing animal taxa like ta$ have even lead to new hypothesis of
adaptive radiation via hybrid swarms (Seehausef4RMost important to the conducted
study here is the emphasis on the ecological fadtdluencing the generation of interspecific

hybrids. In chapter 2 | show, that this procesdiisctly connected to the rapid and severe
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alteration of ecological characteristics of the unalt habitat for Daphnia species (i.e.

eutrophication of Lake Constance and hypereutr@pioic of Greifensee).

| have attempted to summarize the underlying pseedn the temporary hybrid cline
hypothesis for sexually reproducing and hybridiztaga which are subjected to major and
fast environmental variation before (Brede, 2008gallows comprehending the origin and
fate of interspecific hybrid lineages over evolatoy relevant time periods including
potential gene flow among species, recombinati@hretural selection. Rapid environmental
changes are the premise to enable the successhdiom of a species, since under stable
environmental conditions local adaptation preventmsiigration (De Meester et al., 2002).
Hybrid fitness is expected to be superior to theepial fitness during the phase of ecological
change when the habitat is intermediate or perturtiehe system returns to a stable — but
different — ecological phase, the indigenous speuwigl be out-competed by the invading
taxon, and consequently hybridization will ceade.hbwever, the habitat returns to its
original state, our hypothesis predicts more thae @ossible outcome: (1) the taxon
composition will also return to its original statecluding a second phase of interspecific
hybridization during a qualitative habitat shift; () gene flow will cause the merging of
taxa, establishment of hybrid swarms, reinforcentérgarental taxa, or (3) the stabilization
of introgressants. The conclusions of the tempotadyrid cline hypothesis effect current

attempts to preserve pristine habitats and reslistarbed transitional zones.

Arnold states (2006, p. 152): “In some regards thmnogressive hybridization between rare
and more common forms is merely another exampleviwdt is occurring continuously
through evolutionary time. Yet with the whole-scateodification of the biosphere by
humans, genetic exchange-mediated effects on taxéikely to become more pronounced
and, in concert with the loss of habitat, have@#fen conservation efforts. (...) Likewise, |
will argue that if evolutionary diversification indeed a web-like process we should not use
the occurrence of genetic exchange alone to datermither (i) a taxonomic unit for the

hybridizing forms or (ii) a value for their consation.”

Especially, the results of the chapters 2, 3 argh®w, that interspecific hybridization is
facilitated by anthropogenic alterations of habitatlybridization may leed to gene flow
between species — also of genetic information eglefor fitness traits. This way, hybridizing

Daphnia populations are capable of a rapid evolutionaagtien to perturbed habitats.
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Consequences of Interspecific Hybridization and Inogression

At this point, | would like to emphasize the unigugportunity to study hybridizing species
over a time period longer than most long-term ssidiccomplished by analyzif@pphnia
resting egg banks. Studies like the 30 year lorggontation of Galapagos finches conducted
by Peter and Rosemary Grant have given new insightise fate of recombinant genotypes
and their effect on the parental taxa (Grant & Gra@02; Grant et al., 2003). In the study on
Darwin’s finches as well as in my doctoral work #eological change of the habitat is a key
factor influencing the natural populations occugrthere. Both cases document the success of
stabilized introgressants (see also cases reviawédallet, 2005) as a response of species to
rapid ecological changes causing severe selectigespre on morphological or genetic
adaptations (e.g. seed size acting selectively amvD’s finches beak morphology or dietary

and temperature differences affectidgphnia).

It has been hypothesized that interspecific hybation and therewith allopolyploidy may
lead to parthenogenesis or cyclic parthenogenesithe subgener®aphnia (pulex) and
Ctenodaphnia but also elsewhere: "All parthenogenetic vertedwgivise et al., 1992), and
many parthenogenetic lineages in other taxa (BEB2), have arisen via interspecific
hybridisation and carry the nuclear genomes of éwanore sexual species. (...) Just how
hybridisation leads to parthenogenesis is not cleat parthenogenesis can potentially
maintain heterotic, highly heterozygous genotype¥' (1998). Obligate parthenogenesis is
often interpreted as an evolutionary ‘dead end’abee taxa are not able to respond to
selective pressures via sexual recombination adgmieallelic composition. On the contrary,
cyclic parthenogenesis not only facilitates thet feslonization of new habitats (like the
former referring to the capability of rapidly ediabing large population sizes), it also

maintains genetic variability and permits interspetybridization.

With ongoing and omnipresent genetic exchange dred dynamics betweeiDaphnia
belonging to different species, a more appropridéscription of this group would be
‘dynamic taxa’. This term seems more suitable tgkinto account the frequency of
recombinants found in natural habitats and with dbgiously low reproductive barriers at
present. All taxa are of more or less distinct geniategrity (but see also: Schwenk et al.,
2000; Petrusek et al., 2008). Although hybrids gateel byHyalodaphnia species in some
cases exhibit low fitness, many studies have shitnahrecombinants can also exhibit high
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fitness levels and dominate (or take over) wholeitats (Schwenk, 1997; Keller et al., 2008;
Petrusek, 2008). It seems that an important compafeeproductive isolation iDaphnia is
based on ecological preferences and monopolizaffests when similarly adapted genotypes
of different taxonomic origin compete (De Meesteale, 2002). The establishment of hybrid
lineages might be successful if ecological nichfeimtermediate character to those possessed
by parental taxa can be filled — cases of tens@reg or mosaic patterns are conceivable as
well as shown in this study and described withimtémporary hybrid cline hypothesis during
periods of ecological change and — with this —Itdss of competitiveness of the inhabiting

parental lineages.

Reticulate evolution ibaphnia may not only describe the taxonomic past of tlsug but
also the very present of genetic exchange amongespe-or the argument thBaphnia
species are still distinguishable on the genetid @n some cases) morphological level |
propose the following: The frequency of hybrids amdogressants found at present in many
European lakes does not seem to fit the obserwaidess’ of species (Keller et al., 2008;
Rellstab, 2008). The severe changes in taxonondcgametic composition iDaphnia that
were caused by the anthropogenic change of ecalbggke Constance and Greifensee have
been shown to be no singularities in Europe (Ke#eral., 2008; Rellstab, unpubl.). In
concordance with the cultural and industrial degeient in human society many freshwater
habitats have been changed severelyDa@phnia, interspecific hybridization and gene flow
between species opens the opportunity to respomdpid ecological change with maximal
possible genetic recombination: “Furthermore, ewgbrids with lower fithess than their
parents can act as the foundation for much evaiatipinnovation.” (Arnold, 2006; p. 83). In
chapter 5 | analyzed the planktonic population aiké Constance and show, that
mitochondrial introgressed individuals are now prasin seasonal niches (depending on
temperature adaptations of the parental taxon) lwlias been made possible by the

“acquisition” of alien genetic information (in tesnof mitochondrial genome).

Arnold states in his boolevolution Through Genetic Exchange (2006) the following:
“Rather, adaptive trait transfer produces introgaess that are by definition hybrid. Thus, in
considering such transfers we should recognizettigahighly fit products, some of which are
the founders of new taxonomic lineages, are hylbrilspecially species likd®. galeata
which reproduce sexually more often than others @®pter 4 and Jankowski and Straile,

2003) may hybridize more frequently. This studywsohat in ecologically changing habitats
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interspecific hybridization and introgression maydkey factor for the survival @faphnia
since these processes allow fast adaptation tcchallenges.

Future perspectives

Biological archives likeDaphnia resting egg banks allow observing biological psses over
many generations in natural populations within i@rgcst’s life-time. The questions applied
to biological archives are manifold. Not only thosguestions adressed here -
anthropogenically induced alteration of habitats imterspecific hybridization in natural
populations, but also ecotoxicological effects (Bre not published) and host-parasite
interactions (Decaestecker et al., 2007) in thegmeises have been answered. By now, the
genome ofD. pulex is sequenced (http://wfleabase.org/) and more ugreto come:D.
pulicaria andD. magna are in progress. In future projects al3ogaleata, a species of the
Hyalodaphnia subgenus, will be sequenced. With the known genaonwalern applications
like SNP analyses, microarrays and different liilsare available. BAC and cosmid libraries
for microbiological approaches and cDNA libraries fene expression studies are already
downloadable from the homepage of th®aphnia Genomics Consortium

(http://daphnia.cgb.indiana.edu).

Decaestecker et al. (2007) conducted a study onpapasite interactions iD. magna clones
hatched from a resting egg bank. The authors exiddaphnia hosts deriving from the recent
past with parasites extracted from sediments oltfesame age and younger than Draphnia
individuals. With this, clones suffered from patasinfections of different evolutionarily
adaptive states. Decaestecker and her co-authposedDaphnia to parasites of their past,
presence and future. This wonderful approach lesstnbles the great opportunity diapausing
stages offer to scientists: In recent years, thedn® predict nature’s reaction to global
changes becomes more urgent. Global warming anchétiing of the polar caps influences
the ecology of almost all habitats. Rather thareolag the changes as they happen in natural
populations when habitats alter in their charastes, scientists can observe the effects past
perturbations had on populations and species aonvkahat analyse the outcome of these.
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Synopsis

Commonly, interspecific hybridization is a phenomerobserved in nature over ecological
gradients. This study adds new insights into ttiecefof interspecific hybridization and the
fate of recombinants. | have showed that speciesahle to invade habitats more easily if
these are perturbed. The invasion of a specieshmagyossible, because habitat disturbances
reduced the competition abilities of the indigen@pecies. The invading species initially
occurs in low densities, resulting in asymmetrimadl basically unidirectional introgression if
recombinant individuals do not suffer from sigrdiint fitness deficiencies. Gene flow among
species may be detected more easily on the mitakcladrevel, because this part of the
genome is inherited maternally and therefore nltteti when entering the invading species
via meiotic separation and fusion of two parentgmnes. In this study, the distribution of
haplotypes indicates that introgression on the chibadrial level was bidirectional. By
reconstructing the history of tlizgaphnia populations inhabiting Lake Constance | was able t
show that the anthropogenically induced alteratmn habitat ecology comprising an
eutrophication event and, lateron, an oligotropiocaevent, resulted in severe changes of the
taxon composition. | found that hybridization wasinty of unidirectional character due to
random mating probabilities and species densities @mplete intermixing occurred when
human efforts initiated the re-oligotrophication bfke Constance. The analysis of the
population history revealed, that the indigenouscegs stopped sexual reproduction almost
completely caused by altered ecological conditiomeking it possible foD. hyalina to
survive harsh times as parthenogenetic female. W&tloligotrophication, the opposite
scenario (excluding the actual invasion) took placd gene flow was directed b hyalina.
Today’s individuals are of introgressed nature thvdome interbred genotypes obviously

positively selected und persisting among the otdvesn.
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Summary

In this study | analysed past and rec&sphnia populations from Lake Constance and
Greifensee. Herefore, | first established a sehicfosatellite markers applicable to European
Hyal odaphnia species (chapter 1). Primers were also identitiedspecies specific fragment
lengths. 32 markers were then available to chataetehe resting egg banks Bfaphnia
galeata andD. hyalina. Chapter 2 presents the reconstruction of thenaxac compaosition

in these two ecologically different lakes. Thistpairmy work shows that the eutrophication
that occurred in both lakes in the mid of the t@sttury has strongly influenced tBaphnia
populations. In both lakd3aphnia galeata established and hybridized with the indigenBus
hyalina. Interspecific hybridization resulted in introgses on the mitochondrial and nuclear
level. In chapter 3 resting eggs from the sedimentthe 1960s, 1970s, 1980s, 1990s and
2000s were characterized with microsatellite mark&he aim was to specify the extent of
interspecific hybridization and nuclear introgressiassuming that the genetic exchange
between both species has an impact on their adaptad their habitat. In life history
experimentd. galeata andD. galeata x hyalina clones hatched from different time periods
showed significant differential responses to foawldqy. Therefore, the question had to be
answered how thBaphnia resting egg bank and the planktonic populationcarenected. In
chapter 4 hatching experiments were conducteditigdithis gap of scientific knowledge in
the life cycle of cyclic parthenogenetic waterfle@sly D. galeata individuals were able to
establish a clonal lineage after maturity. All atveel recombinant individuals did not
reproduce at all or firstly went through anothexuse phase of reproduction i.e. produced
resting eggs. In order to compare the findingshafpter 4 with the taxon composition of the
recent planktonic population daphnia in Lake Constance, samples were taken over one
season (between May 2005 and September 2006). douhe season, the taxonomic
composition ofDaphnia changes severely with. galeata being most abundant during the
warm season anD. hyalina in the cold season. Moreover, some individualsendatected,
that did not follow this pattern. With mitochondranalysis those individuals were identified
as mitochondrial introgressants and processed feo History experiments. Significant
differences in the somatic growth rate under défifertemperatures (5°C, 12.5°C and 20°C)
were related to the origin of the mitochondrial g rather than the nuclear taxonomic

assignment of the individual.
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The findings of this study show that all organisexposed to rapid ecological changes and

their microevolutionary reaction to those.
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German Summary

Zusammenfassung der Doktorarbeit

Viele Seen in Europa waren in den letzten Jahreehstarken anthropogenen, dkologischen
Verdnderungen ausgesetzt, wobei die Einschleppumgy Meobiota, Einbringung von
Medikamenten-Ruckstanden und Chemikalien und digoRbierung dieser Habitate einen
besonders gravierenden Einfluss auf deren natédic®leichgewicht haben. Die weit
verbreitete Eutrophierung der Gewdasser durch dentrdf§ von phosphorhaltigen
Waschmitteln und Duingemitteln  wurde in den letztedahrzehnten durch
UmweltschutzmalRnahmen und Klaranlagen grossteraernighernd riickgangig gemacht, um

in diesen Habitaten einen urspriinglichen 6kologiacBtatus wieder herzustellen.

Fur die Erforschung der durch Eutrophierung ausgeitd Prozesse wurden Arten aus der
Familie Daphniidae (Untergattunigyalodaphnia) zur Untersuchung ausgewahlt. Wahrend
sich Daphnien unter optimalen Lebensbedingunger® swe im Fruhjahr und Sommer
herrschen, asexuell vermehren, werden zu anderé&enZaicht nur sexuelle Weibchen
sondern auch Mannchen gebildet. Im sexuellen Reftamhszyklus bilden Daphnien
Dauereier, die in eine cuticulare Hulle eingebettatl. Diese Ephippien sind resistent gegen
Austrocknung, Frost und Druck und kénnen so Zeitieerstehen, in denen das Uberleben fiir
ein adultes Tier nicht mehr moglich ist. Die Dauersind auch nach mehreren Jahrzehnten
noch in der Lage, sich zu entwickeln und bildenihrer Gesamtheit im Sediment eine
resting egg bank (Dauerstadienbank), in der das genetische Matdaalvergangenen Jahre

konserviert vorliegt.

In dieser Doktorarbeit werden die Prozesse innbrhabn Populationen mehrerer
Hyalodaphnien-Arten rekonstruiert, die anthropogertéinflissen ausgesetzt waren. Im
Bodensee (Deutschland, Schweiz und Osterreich)aredensee (Schweiz) kommen die drei
untersuchten ArteDaphnia galeata, D. hyalina und D. cucullata (nur in letzterem) vor, die,

seit sie zusammen vorkommen, hybridisieren. Diez&se, die sich innerhalb dieser
Populationen abgespielt haben, wurden anhand dererBiadienbanken dieser Arten

rekonstruiert, teils durch direkte Anwendung vonlekalar-genetischen Methoden, teils
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durchLife-History-Versuche an Tieren, die aus Dauerstadien schliipitel bis zu 40 Jahre
alte Genotypen reprasentieren. Auf der einen Saitele besonderer Wert auf die Analyse
der Auswirkungen der Eutrophierung und Reoligotieping dieser physikalisch
unterschiedlichen Seen auf diaphnia Populationen gelegt. Auf der anderen Seite wurde
verfolgt, welchen evolutionaren Effekt interspesfie Hybride und Introgression zwischen

den Arten Uber die Zeit haben.

Hierzu wurden sechs spezifische Fragen gesteditjdiRahmen der oben prasentierten flnf
Kapitel aufgearbeitete werden:

1. Wie hat sich die genetische Zusammenstellung deshAfomplexes nach einer Phase
der Hybrdisierung verandert?

2. Steht das Ausmal} interspezifischer Hybridisierungnd uIntrogression in
Zusammenhang mit 6kologischen Veranderungen?

3. Wie effektiv ist die postzygotische Isolierung zehien den Arten, und wie genau gibt
die Dauerstadienbank die genetische Zusammensetdenggeschlipften Tiere
wieder?

4. Wie deutlich ist die genetische Differenzierung deten an neutralen genetischen
Loci sichtbar?

5. Woraus setzen sich die rezenizaphnia Populationen des Bodensees zusammen?

6. Welchen Effekt hatte Introgression auf die aktuel®aphnia Populationen des

Bodensees?

Um diese Fragen beantworten zu konnen, wurde einv8e Mikrosatelliten-Markern
entwickelt, die sich fur die genetische Charakierisng von Hyalodaphnien eignen (Kapitel
1). Hierfur wurden Mikrosatelliten-Marker fur diert&n Daphnia galeata, D. hyalina, D.
cucullata und D. curvirostris, sowie fir interspezifische Hybride der ersteni dketen
getestet, damit die Marker spater sowohl fur distiBemung der Arten und Hybrid-Klassen
verwendet werden konnen, als auch klassische Anwegah im Bereich der
Populationsgenetik finden. Das Set umfasst insgesain Primer fur deren Nutzung
Multiplex-PCR vorgeschlagen wird, um den Arbeit®tduKostenaufwand fir eine solche
Analyse zu minimieren.
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Mit Kapitel 2 beginnt die Vorstellung des eigertkn Projektes, das sich mit der
Rekonstruktion von Populationsdynamiken der Wak#wefim Bodensee uber die letzten 100
Jahre beschéttigt. Beide Seen sind in den letzea@en, beginnend in den 1950er Jahren,
durch eine Phase der Eutrophierung (im Fall desiféiisees eine Hypereutrophierung)
gegangen. Zu dieser Zeit wandeDe galeata in die Seen ein und etablierte sich tber die
kommenden Jahre. Dariiber hinaus hybridisierte dié @usserdem mit der indigen
vorkommenden ArtD. hyalina. WahrendD. hyalina heute im Greifensee nicht mehr zu
finden ist, betragt der Anteil der Individuen dieset im Plankton des Bodensees ca. 50%. In
Kapitel 2 wird die Artzusammensetzung vidaphnia in den beiden Seen mithilfe molekular
genetischer Methoden rekonstruiert und gezeigt,s des phasenweise zu vermehrter
interspezifischer Hybridisierung kam und es Hinwedalf Introgression zwischen den Arten
gibt. Das Ausmass an Hybridisierung erklart sicihcuehlende Isolationsmechanismen, da
Analysen ergaben, dass die Haufigkeit der Hybmdisigsereignisse direkt mit den
Abundanzen sympatrisch vorkommender Parentalarterreliert ist. Mikrosatelliten-
Analysen liessen dartber hinaus den Schluss z$, slaB dieDaphnia Populationen der
beiden Seen aufgrund derer 0©kologischen Verdnderumgl der einhergehenden
interspezifischen Hybridisierung in ihrer genetsgtZusammensetzung so verschoben haben,
dass eine Wiederherstellung der urspriinglichenagkethen Verhaltnisse nicht den einstigen

Zustand beDaphnia herbeifuhrt.

In Kapitel 3 wird nicht nur die Dauerstadienbank @®densees mit Mikrosatelliten-Analysen
genauer untersucht, sondekmfe-History-Experimente mit Daphnien prasentiert. Hierfur
wurden Dauereier aus Sedimenten verschiedenersAdigrahiert und zum Schlupf gebracht.
Nachdem Individuen aus den 1960er, 1970er und 200@&ren als klonale Linien
herangezogen wurden, wurde getestet, wie sich amterschiedliche Nahrungsqualitaten und
-quantitéaten auf die somatische Wachstumsrate ogaleata und D. galeata x hyalina

Klonen aus verschiedenen Dekaden auswirken.

Es konnte gezeigt werden, dass sich Die galeata und D. hyalina Populationen —
reprasentiert durch ihre Dauerstadienbank in detingmten des Bodensees — Uber die Zeit

nicht nur signifikant unterschiedlich sind, sondesinh auch einander annahern. Dide-
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History-Experimente konnten nachweisen, dass es einefikagne Interaktion zwischen
Klonen aus verschiedenen Zeiten und der Nahrungs&ijuaibt. Ein Vergleich von
genetischer und 6kologischer Differenzierung zeilgiss gerichtete Selektion auf mehreren

Ebenen gewirkt hat.

Im Weiteren wurde sich auf die Verbindung zwischddauerstadienbank und
Planktonpopulation der Daphnien des Bodensees ktmem¢ (Kapitel 4). Es galt zu
beantworten, inwieweit die Proportion der geschiipfTiere die Gesamtheit der zum Schlupf
angesetzten Dauereier reprasentiert. Es ist bekatads sich unterschiedliche Arten
unterschiedlich stark sexuell vermehren — so igt Wdarhaltnis der Dauerstadien vah
hyalina zuD. galeata 1 : 88. In mehreren Replikaten wurden Dauerstadienverschiedenen
Jahrzehnten zum Schlupf angesetzt und im Verlawbbkbdie Artzugehdrigkeit etablierter
klonaler Linien als auch die nach Beendigung dessMghes nicht entwickelten Eier
Uberpruft. Es konnte gezeigt werden, dBsshyalina aufgrund seiner geringen Haufigkeit
nicht schltipft, es aber keinen Unterschied im Sufleldolg zwischenD. galeata und D.
galeata x hyalina gibt, unabhéngig vom Alter der Dauerstadien. Dehnkonnte gezeigt
werden, dass alle geschlipften interspezifischebridgn nicht in der Lage waren, sich

normal zu vermehren — ein Zeichen fir Fitness-Otefiz

Im fanften Kapitel wird eine ausfihrliche AnalyserdDaphnia Planktonpopulation im
saisonalen Verlauf eines Jahres vorgestellt. Hieviirden die Planktonproben mit molekular
genetischen Methoden (ITS-RFLP und Mikrosatelliteay inre Art hin bestimmt. Dariiber
hinaus wurde fiur jedes Tier der mitochondriale lagg mittels Restriktionfragment-

Langenpolymorphismus bestimmt.

Die Studie konnte zeigen, dass sich Uber die Sasenraxon-Zusammensetzung andert.
WahrendD. galeata im Sommer am haufigsten ist, dominiddt hyalina wahrend der
kuhleren Jahreszeit. Hybride lassen sich nur wahees Friuhjahrs und Sommer in den
Proben nachweisen. Es konnte ausserdem nachgeweseéen, dasb. hyalina Klone dann
im Sommer auftreten, wenn sie mitochondrial einaplbtypen vorD. galeata tragen — und
anders herum. Mitochondriale Introgression durdkrspezifische Hybridisierung konnte in

94



German Summary

mehreren Fallen nachgewiesen werden. In eingfe-History-Versuch, bei dem die
somatische Wachstumsrate in verschiedenen Halterliegperaturen gemessen wurde.
Dabei ergab sich eine signifikante Interaktion oken mitochondrialem Haplotypen und

Temperatur.

Diese Arbeit konnte zeigen, dass sich in beidemSBedensee und Greifensee, die Taxon-
Zusammensetzung der vorkommenddyalodaphnia Arten innerhalb weniger Jahrzehnte
verandert hat. Die 0©kologische Verédnderung eineditek®s hat dazu gefuhrt, dass
einwandernde Arten mit den einheimischen und lokagepassten Arten konkurrieren
kénnen. Die invasive Art kann sich etablieren umtheimische Arten verdrangen oder mit
ihnen koexistieren. Wenn es zwischen den Arten dreirpréd- oder postzygotischen
Isolationsmechanismen gibt, kann es aufgrund vohré¢aeinlichkeiten dazu kommen, dass
interspezifische Hybride gebildet werden. In eingwologisch alternierenden Habitat, kdnnen
interspezifische Hybridisierung und anschliesse@anfluss zwischen den Arten von Vorteil
sein, weil der Austausch von ,bewéahrten* Allelerdu@enen unter starkem Selektionsdruck
eine schnellere Anpassung ermdglicht. Genflusscweis den Arten bedingt allerdings auch
eine andere Schlussfolgerung: die Wiederhersteliamganthropogen veranderten Habitaten
durch Umweltschutzmassnahmen kann nicht den Samdzdie Erhaltung urspringlicher

Habitate ersetzen.

Die Nutzung biologischer Archive durch molekulamgésche Rekonstruktionen der
ablaufenden Prozesse ermdglicht es, in einer kdneden Studie Prozesse, die sich uber
mehrere Dekaden hinziehen, zu analysieren. Imegehden Fall wurde der Schluss gezogen,
dass es sich bei Arten wiz galeata undD. hyalina eher um ,dynamische Taxa“ handelt, die
unterschiedliche 06kologische Anpassungen habersedaber teilen kénnen, auch wenn
interspezifische Hybride Fitness-Defizite aufweis#eil auch interspezifische Hybride die
Maglichkeit haben, sie asexuell zu vermehren, michelativ wenige Tiere, um zu einer
Ruckkreuzung mit den Parentalarten zu fuhren, diede&wum die Voraussetzung fir

Introgression ist.
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In der Zukunft kénnen biologische Archive wie di@au@rstadienbanken vdbaphnia zu
einem Modellsystem in den Wissenschaften werdes. ®anom vorDaphnia pulicaria ist
vor kurzem sequenziert worden. Daraus ergibt sioh ¥ielfalt neuer Analyse-Mdoglichkeiten
mit denen immer detailliertere Fragen gestellt loshntwortet werden kodnnen. Forscher
haben nun die Mdglichkeit, in konzentrierten Stadirozesse und Dynamiken natirlicher
Populationen Uber mehrere Dekaden zu rekonstruienehhieraus Erkenntnisse Uber die
Reaktion auf Stressoren, anthropogene EinflisseTentberaturveranderungen zu erlangen.
Diese einmalige Kombination aus physiologischereksghaften und molekular-genetischen
Methoden bietet ausserdem vielversprechende Ansatme Themen im Bereich der

Biodiversitatsforschung zu bearbeiten.
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