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INTRODUCTION

| NTRODUCTION

Resources and growth — general limitations

Organisms are made of more than one substancelldivihg organisms require resources in
order to maintain their metabolism, growth and oélpiction. The most prominent factor that
leads to a divergent response of species is th&abkafood which can vary both in quantity
and quality, influencing species metabolism digectContrasting to food quantity, food

quality effects have surprisingly been neglectednamy ecological and evolutionary studies
(Sterner and Elser 2002).

All organisms transform energy, convert elements iorganic forms and thereby
create a distinct biological, chemical and physictdrnal environment. The first constraint in
biological systems is the abundance and availghilitchemical elements, which in many
cases both are limited (Williams 1997). As for laling things, the elements that constitute
the majority of organic biomolecules show uniqueroital properties, and their abundances
in biological tissues do not reflect their relataleundance on earth, often referred to as “the
evolution of chemical elements by biological systéiffrrausto da Silva and Williams 2001).
For example, carbon is present in all known orgasisand constitutes the second most
abundant element by mass in biological tissuesutah8.5%), but its percent by weight is
below one percent in the lithosphere and only 0.@&l#®©unded as atmospheric £@rausto
da Silva and Williams 2001).

Primary producers such as algae or plants showidsmable variation in their
elemental composition (Sterner and Elser 2002)trasting to most consumers with a rather
stable elemental body tissue ratio. Thus, the adsheomposition of the food often does not
match the demands of consumers, so they have ® wip food below their nutritional or
energetic requirements. As a result, primary coresarhave to adjust their pathways or rates

of metabolism in order to balance the variationsesource supply.

The focus of this study lies on the effects of i limitation in freshwater filter-
feeders of the genuPaphnig i.e. on the effects of resource shortaBdosphorus (P)
concentration of seston is regarded as the keprfafteutrophication (Schindler 1978) and
consequently | tested Baphniaspecies supplied with food algae limited in phaspk show

a differential response in their life-history tsaicompared to non-limiting conditions.
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Moreover, | studied the evolutionary consequendefmad quality limitations to assess the

potential for local adaptation Daphniafor this essential resource.

Evolutionary ecology and natural selection

In the past, evolutionary studies used phylogenatid molecular methods to focus on
historical processes, such as natural selectionveber, these studies often neglected
ecological aspects shaping evolutionary proces3eshe other hand, ecological studies often
explained variation between populations and speséay in terms of contemporary biotic

and abiotic environmental effects. In order to gedhese gaps, the field of evolutionary
ecology emerged, integrating both, the historicad aontemporary mechanisms explaining
the origin and maintenance of genetic variation dnarsity (e.g. see MacArthur 1964,

Pianka 1976, Rosenzweig 1991, Urban et al. 200@)sTevolutionary ecology explores the
functional biological basis at the interface betwebe fields of ecology and evolution

(Hairston et al. 2005, Carroll et al. 2007).

One of the main aims in evolutionary ecology igdgeal the patterns that led to the
observed geographical distribution of species; beeanot all species are distributed all over,
but can be found in restricted areas of definedogowal parameters. This pattern has
frequently been attributed to local adaptation pécses, but the degree to which local
adaptation occurs depends on the potential forralagelection to occur (Darwin 1859) as
well as the potential for populations to evolvdatiénces from each other. Local adaptation is
the result of directional or disruptive selectiand it is one of the central themes in the field
of evolutionary ecology because it is a direct eguence of natural selection. Thus it has
been accepted as the main mechanism leading taatidapin biology (Futuyma 1999).
Natural selection favours certain genotypes or genimeages and directly influences the

genotypic composition of a resident population (End986).

If selection favours different phenotypes in diffiet environments, also the
corresponding genotypes become more frequent. Henvethis is only true when the
phenotypic response to selection can be classafsegenotypic response, i.e. if it is based on
heritable traits. In addition, local adaptation negd to reproductive isolation if the character
states under divergent selection are heritable aswbciated with mate choice, so that
migrating individuals have a reduced mating succeswpared to the resident, adapted

phenotypes (Fox et al. 2001).
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In order to test if natural selection occurred, onght compare neutral genetic
markers and quantitative traits of species. Thioisducted by a comparison against the null
hypothesis that variation is selectively neutrgdit& (1993) developed the idea of testing
selective divergence by a comparison of populadifierentiation in quantitative traits ¢
with the differentiation obtained from neutral mmléar markers (&). Phenotypic variation
for quantitative traits results from the simultangosegregation of alleles at multiple
quantitative trait loci (QTL), i.e. the phenotypm® influenced in degree by the interaction of
two or more genes and their interaction with theiremment. Three outcomes, each having a
unique interpretation, are possible (Merila anddBrak 2001): (i) @r values exceedssi
values: this is commonly interpreted as evidencgiadrgent selection and adaptation to local
environments (e.g. see Podolsky and Holtsford 18emnin et al. 1996, Luttikhuizen et al.
2003, Fox 2004); (ii) @ values do not differ from 4t values: here genetic drift alone is
sufficient to explain the pattern of detected Vi@oia (Yang et al. 1996, Fox et al. 2001),
although effects of natural selection and drift rmm¢ be indistinguishable in certain cases
(Sokal and Wartenburg 1983); and (iiix{Qvalues are smaller than therfvalues: here the
explanation is the existence of convergent seled¢dwouring the same phenotype in different

environments (Kuittinen et al. 1997, Fox et al. 20Bdmands and Harrison 2003).

All these concepts for the comparison of quantigatiraits with molecular markers
help to distinguish between the alternative scesashaping populations subdivision and to
test for directional selection, a pre-requisiteltaral adaptation. Here | present studies on the
evolutionary ecology and local adaptation of treslfiwater zooplankt€&aphnia.l will study
the impact of food quality differences to assesspbtential for adaptation within this genus.
Based on a comparison of quantitative and qualéattiaits this will help to understand the
different life-history responses of species anddsess the impact of food quality on local

adaptation irDaphnia.

The study organismDaphnia

Species of the genu3aphniaplay an important role in freshwater food webs lasytlink
primary production with higher trophic levels. Asnas found by genetic methods, the genus
Daphniacan be subdivided in the subgenB®aphnia Ctenodaphniaand theD. longispina
group (Colbourne and Hebert 1996). Because of the higénptypic plasticity and the
common interspecific hybridization (FI6l3ner and k@986, Schwenk et al. 2000, Schwenk

et al. 2001), the genuBaphnia is still not taxonomically resolved, but recent ds&s
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recognize 32 species in Europe (Schwenk et al. , 2B80zie 2005). However, the genus was
subjected to a major revision recently (PetruseX.€2008).

Daphnia species show a wide distribution and are foundearly every freshwater
system around the globe. Md3aphnia species reproduce by cyclical parthenogenesis, i.e
via obligate parthenogenesis. For cyclical partigens, parthenogenetic females produce
sexual females as well as sexual males when condititecome harsh, e.g. as a response to
daylength, temperature, predation, crowding, foodmngity or oxygenic stress (Banta and
Brown 1929, Carvalho and Hughes 1983, Hobaek anssbar1990, Kleiven et al. 1992). The
eggs are encapsulated in a carapace structurgpeptm) and are shed off during moulting or
decomposition of the carapax. Within the asexualaguction cyclePaphniareproduces by
amictic parthenogenesis. The females produce sdutes eggs (clonal lineage), and this
form of reproduction is much more frequent Daphnia than the sexual mode of
reproduction, resulting in natural populations ¢stirsg of clonal lineages (e.g. see Hebert
1978, Hebert and Crease 1983, Hebert 1984, Scheteak 2004, Thielsch et al. 2009). This
mode of reproduction also allows the establishnoérdlonal lineages in the laboratory and
testing ecological parameters on animals with idahgenetic composition. Combined with
its short generation time it represents an ideatickate for studies on evolutionary ecology.
In addition, well established techniques, both fmnetic and life-history studies, exist,

allowing a deep insight into the evolutionary ecyl@f Daphnia

For Daphnig several studies exist that integrated geneticematbgical aspects (for a
review see Mort 1991). In addition, Spitze (1998§ d.ynch et al (1999) experimentally
combined ecological and molecular genetic appragched many other studies exist that
compared the ambient environmental conditions wphcies genetics (e.g. see De Meester
1996, Hebert and Taylor 1997, Elser et al. 2000&sgdn 2000, Pfrender et al. 2000,
Schwenk et al. 2001, Brendonck and De Meester 2088eres and Tessier 2003, DeMott et
al. 2004).

In this thesis, | will study the evolutionary ecgjoand local adaptation in the genus
Daphnia with special attention on food quality differenclestween habitats as selective
factors, focussing on the effect of phosphorustéition. Up until now several studies on local
adaptation were published (e.g. see Carvalho 1B8dhiorri et al. 1991, Leibold and Tessier
1991, Parejko and Dodson 1991, Pijanowska et &031%pitze 1993, Teschner 1995,

10
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Mitchell and Lampert 2000, Cousyn et al. 2001, @e€K et al. 2001), none dealing with the
effects of food quality as a selective factor iis tipenus. This is remarkable as recent evidence

has shown that nutrient stoichiometry of food playstal role in the success BDaphnia

Food quality and Daphnia

As for all consumers, also for the filter-feed@phniathe ideal food source would be easily
ingestible, digestible and contains all essentihgounds matching the nutritional demands
of the organism at all developmental stages. Und&iral conditions, these requirements are
rarely met, andaphniaoften encounters food sources of sub-optimal guesiusing limited
growth.

Several factors that determine food quality in algae identified which can be
classified in size and morphology (DeMott 1995Xi¢dy (e.g. see Lampert 1982, Nizan et al.
1986, Reinikainen et al. 1994, Jang et al. 2003{jent content (e.g. (C)arbon:(P)hosphorus
molar ratio (C:P), C:(N)itrogen, Sterner and EI2002) and biochemical content (Muller-
Navarra 1995a, Mduller-Navarra 1995b, Sundbom andd®r1997). For all the different
variables that determine the quality of a food vese, phosphorus has been suggested to be
the main limiting nutrient in most freshwater syste lakes and rivers (Schindler 1978). It is
essential for growth and maintenance, for the nodiln of energy rich compounds (e.g.
ATP) and as structural component of phospholipitts RNA (Frausto da Silva and Williams
2001). Studies on phosphorus limitation often use (C)arbon: (P)hosphorus molar ratio
(C:P) to describe the degree of phosphorus limmattompared to carbon content. An
increased C:P ratio represents a low P-contertieofdod item and thus a lower food quality

for the consumer.

Compared to other zooplankteB3aphnia shows a high requirement for phosphorus
because of their high body P-content (C:P ratio=Eé&ssen and Lyche 1991). This makes
them more likely to be affected when P becomescscand they are assumed to be limited by
a C:P ratio above 80-300 (DeMott 1998, Brett et2800, Vrede et al. 2002). At the same
time, phosphorus concentrations, or more spedyi€xlP ratios of the seston, can show large
variation between different lakes both in space &meé (Elser and Hassett 1994, Kreeger et
al. 1997). Numerous studies on food quality effeetspecially on P-limited food, were
conducted oDaphnia(e.g. see Sterner 1993, Miller-Navarra and Lamp@96, Van Donk
et al. 1997, DeMott and Gulati 1999, Boersma 2@J6it et al. 2000, Elser et al. 2001, Urabe

11
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and Sterner 2001, Becker and Boersma 2003, Wetiddr 2005), and it is know th&aphnia
can counter-act phosphorus limitation by sevefelHistory adjustments, e.g. by filter screen
morphology (Repka et al. 1999a, Repka et al. 19@®eat rate adjustment of the filter

screens appendices (Plath and Boersma 2001).

Although much is known on the contemporary effesftsiutrient limitation and the
consequences of food quality limitation Daphnig only little is known on its potential for
adaptation to food with changing qualities. In tissis, | studied several life-history traits on
various organisation levels aphnia,i.e. between subgenera, species and hybrids asasvel
for clonal lineages, to reveal the potential fatdbadaptation to food quality differences in

this genus.

12
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Questions on the role of food quality for local adptation in Daphnia

During the last centuries, many European lakes badergo severe changes in their ecology
because of man-made eutrophication, i.e. an oviehsment with nutrients, but many
recovered to their original trophic state due ttiytmn control (Correll 1998)Only little is
known on the response of the zooplankton communitighese fast changing environmental
conditions, and we do not know if established papohs can keep pace with these rapid
changes. Thus we lack information if populationsstiow local adaptation on food limited in
quality and how they cope with changes in nutrigioavailability. In northern temperate
lakes, total phosphorus (P) concentration of sesgorregarded as the key factor of
eutrophication (Schindler 1978), and | will usestlelemental factor as a surrogate for
nutritional load in algae applied aphniaspecies. This study provides a basis for future
hypothesis testing on the ecological mechanisnisiifiaence local adaptation in this genus

concerning food quality differences.

Thus | will focus on the influence of food qualibpth on quantitative and qualitative
traits; this will allow the assessment of the impaf phosphorus limitation across several
hierarchical levels ilDaphnia | will study the response to variation in foodatjty among
(i) subgenera, species and interspecific hybrigs;lones, (iii) and at the molecular level.

More specifically, | want to answer the followingesgtions:

(i) Subgenera, species and interspecific hybrids

* Do Daphniaspecies and interspecific hybrids vary in thespense (in life-
history traits) to different phosphorus levelsloit food?

» Are interspecific hybrids superior at certain eamimental conditions?

» Are species different in their susceptibilities/ariation in food quality?

* Is there a trade-off between susceptibility to a@on in food quality and
growth rate at optimal conditions?

* Is the response of species to variation in foodliyuaxplained by habitat
preferences or phylogenetic history?

* What is the time frame of adaptation to food qyalit

13
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(ii) Clonal level

* Do Daphniaclones vary in their response (in life-historyitsato variation in
food quality?
* Is the response of daphniids to food quality exy@diby habitat differences?

* Is variation in life-history traits between popudais explained by directional
selection?

(iif) Molecular level

 What is the molecular basis for a differential @se according to food
quality differences iDaphnia?

* Which genes show a differential expression pattgraer various food quality
conditions?
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Thesis outline
My thesis examines the role of food quality fordbadaptation ilDaphniacovering several
hierarchical levels: subgenera (chapter one), spgchapter two) and clones (chapter three),

as well as the molecular level (chapter four).

In chapter one | report about a life-history expwmt conducted for twelvaphnia
species which belong to three different subgenlestudied somatic growth rate differences
on P-sufficient and P-limited algae to investigdiféerences between subgenera and species.
In addition, | revealed a trade-off in susceptiilio food quality changes and growth at
optimal conditions. A phylogenetic contrast anayéPIC) showed potential associations

between species-specific habitat preferences adrésponse to variation in food quality.

To understand the impact of different food quaditier a hybrid complex iDaphniag
| conducted life-history experiments with cloneaphnia galeataDaphnia cucullataand
their interspecific hybrids and measured fitnedatee life-history traits at two food quality
conditions (chapter two). The results of the sirgitae life-history studies were confirmed
by a multi-clone experiment. All clones were in@ted in an experimental tank supplied
with a diet of either P-limited or P-sufficient alg After several generations, the frequency
of taxa was determined by molecular methods. Th&periments allowed the assessment of

the impact of food quality differences on hybridintanance irDaphnia

In chapter three, | applied a combined approackcofogical and genetic analyses to
reveal the potential for local adaptation to foarhlity differences irbaphnia | describe the
variation for quantitative traits and molecular keas estimated within and among four lake
populations ofDaphnia galeatarepresenting two different types of habitat. | stddthe
reaction norm for susceptibility to variation inofib quality and compared it to the genetic
differentiation based on microsatellite analysigigssix polymorphic loci. A comparison of
both measurements, i.esfand Fst, allowed the differentiation between genetic daiftd
natural selection, and shows whether the precamdifior local adaptation (i.e. directional

selection) occurs iDaphnia

To understand the impact of food quality differenes the molecular level (chapter
four), | addressed the molecular basis for a difféial response to variation in food quality. A

clone of the microcrustace&aphnia magnavas subjected to phosphorus-rich and P-limited

15
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algae and somatic growth rate was measured. IntiaadcDNA of experimental animals
were subjected to DD-PCR and fragments of up- amdegulated loci were sequenced after
DNA cloning. With these methods | found and anallysandidate genes associated with a

change in somatic growth rate due to food qualiffences irDaphnia

The general discussion highlights the results enligght of microevolutionary change

in Daphniaand provides suggestions for further researclctines.

16
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CHAPTER1

Chapter 1: Evolutionary constraints and trade-off: susceptibility of Daphnia species to
phosphorus-limited diets

1.1 Introduction

The field of ecological stoichiometry deals wittetbalance of energy and multiple chemical
elements in ecological interactions (Sterner andeliEl2002), and stoichiometrical
considerations have lead to several interestingtasi@gble hypotheses. The most prominent
question in this context is the limitation of eds&nelements, that is the elemental
composition of the food is below the nutritionalntlnds of the consumer. Stoichiometric
theory makes predictions about the relationshipveenh a consumer’s element contents and
two key traits. It is assumed that maximal growtterand the sensitivity to element
deficiency are interrelated (Sterner and Hessed)19he first relationship, the phosphorus
content of the food and the growth rate of the ooy, is summarized in thgrowth rate
hypothesis(GRH). Assuming that P-rich ribosomal RNA is thargest repository of
phosphorus in an organism, somatic growth rate baldirectly affected by P-limitation (see
also Vrede et al. 2004). Thus, when P-levels alenbthe nutritional demands of a particular
species, reduced growth rates and enzyme activi#ésfollow. As these considerations
imply that the P-content of organisms is correlatgtth their growth rate, recent studies have
broadened the stoichiometric concept for use idutimary studies (reviewed in Elser et al.
2000Db).

The GRH predicts that organisms with high body Rteot also show a higher RNA
content and higher growth rates when supplied Witufficient food than organisms with
lower P-contents (Elser et al. 1996, Acharya ek@04). Secondly, those organisms which
show high P-demands at maximal growth rates shdoldoorly when resources are P-
deficient, i.e., they should face a trade-off betwenaximum performance and sensitivity to

changes in phosphorus supply (Sterner and Hes$#1).19

Many studies on various aquatic and terrestriatigigeindicate that animal growth
rate, rRNA allocation, the transcription of sevegdnes as well as P requirements are
inherently associated (Schulz and Sterner 1999, @bt al. 2001, Kay et al. 2005, Elser
2006), but a growing number of studies failed tafyghese associations (DeMott et al. 2004,
DeMott and Pape 2005). For example, DeMott and Rapeé5) studied the interactions

19
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between body P-content, growth rate and habitdemece for several species Daphnia
and observed no relationship of body P-contenheQiaphniaand phosphorus content of
their food. Moreover, they did not observe highemsstivities of taxa with higher body P to
food with low phosphorus content. In consequerteey proposed that other factors than body
P-content are responsible for variation in somgitaavth rate and sensitivity to variation in P-
content of food itemsThe inconsistent results f@aphnia might be explained by the gap
between ecologically and evolutionary motivatedrapphes in stoichiometry (Sterner and
Elser 2002, Elser 2006). However, recent phylogersttidies, for example on insects (Fagan
et al. 2002) or fishes (Hendrixson et al. 2007)yehahown that organismal stoichiometry
shows a strong phylogenetic signal (Kay et al. 2006., the body C:N:P ratio of species is
explained by their evolutionary history. Physioka]i studies have shown th&aphnia
species differ in their elemental composition, Pecontent (Hessen and Lyche 1991, Weider
et al. 2004). Although these differences have kessmociated with the length of ribosomal
rDNA spacer (Crease and Lynch 1991, Gorokhova.&0f12, Weider et al. 2004), however,
the underlying evolutionary processes are contmakly discussed (Sterner and Hessen 1994,
DeMott and Pape 2005).

In contrast to the studies on organismal stoichtoynevhich already have
implemented evolutionary approaches, we lack taigll of integration in studies on the
response of species to variation in food qualitipaphnia,but see the noticeable exceptions
of Weider et al. (2005), Seidendorf et al. (2009 &essier and Woodruff (2002b). Several
field and laboratory studies have shown thaphniaspecies vary in their life-history traits if
they are subjected to food sources of differentlityyan particular if the key element
phosphorus is limiting (e.g. see Urabe et al. 1@8Viott 1998) As a consequence, it is to be
expected that species from different habitats, dier in their phosphorus demands and thus
exhibit different maximum growth rates (Tessier &mibold 1997, Tessier et al. 2000). For
example, the advantage of high growth rates andehesitivity to changes in food quality can
differ between lakes of different size, depth aoddf structure (Tessier and Woodruff 2002a,
2002b). Thus, interspecific variation in P-contesft Daphnia species might represent
different P requirements and might explain ecolaldifferentiation. On the other hand,
physiological demands might reflect primarily theylmgenetic history of species, rather than
a response to selection. It still remains unclelaetiver species responses to variation in food
quality (in terms of phosphorus content) are exmdi by their evolutionary history and

possible phylogenetic constraints, or whether thesponses are associated more with their

20
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ecological niche, and local adaptation. Here wesqame a phylogenetically comparative
approach testing 1Paphnia species from deep to shallow to temporary lakeshoée
different subgenera for variation in key life-histgparameter i.e. somatic growth rate (SGR)
and susceptibility to phosphorus changes in foaityu Hairston et al. (2001) suggested that
resistance to harsh conditions might have evolhsd decrease in phenotypic plasticity and
an increase in growth rate at limiting conditiomsgomparison to other species which show a
broader range of phenotypic plasticity but a higlsensitivity to changing conditions.
Although there is strong evidence on specializatorresource environments Daphnia
(Tessier and Woodruff 2002a, 2002b), we still lackcomparison of different species on
phosphorus limitationWe test the hypothesis of Hairston et al. (2001)cbgnparing the
susceptibility to food quality changes with the soim growth rate at high-P and P-limited
food conditions among 1Raphniaspecies of 3 different subgenera. Specifically,facis

on the following questions: 1) is the response &aoymg food quality conditions among
Daphniasubgenera and species associated with their péyétig history or linked to habitat
preferences? and 2) Is somatic growth rate undémapfood conditions associated with a

different susceptibility to variation in food qui?

21
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1.2 Material and Methods

Taxon selection

Most species of the gen@aphnia apart from a monotypic subgenigstralodaphniawith a
restricted distributionbelong to three major monophyletic and widely distired taxonomic
groups (Adamowicz et al.), a highly diversified gabusCtenodaphnia and two large
species groups within the subgemaphnia— theD. pulexgroupand theD. longispinagroup
(often denoted as a separate subgemralodaphniaandDaphnig). Four lineages of each of
these three groups (some of them representingngkdsaribed cryptic lineages), all occurring

in the Western Palaearctic region, were subjecedfbod quality experiment (table 1).

Table 1:Daphniaspecies and taxonomic affiliations (subgeneraadld)and environmental parameters used for
phylogenetic independent contrast analysis (forenmioformation see material and methods). Abaphniafound

in all types of habitats, Habitat type: Pu = pudéle = pond, La = lake, Re = reservoir, Habitahmerency: P =
permanent, T = temporary, Habitat size: S = snhMlk medium, L = large, Water transparency: C = glda=
turbid, Fish: A = absent and P = present. Nameamdéscribed or nomenclaturally problematic cryppiecies are
enclosed in quotation marks. Europdar pulicaria’ corresponds t®. gr. pulicaria sp2, andD. “obtusd to D.

gr. obtusasp3 in Adamowicz et alD. “atkinsont is a distinct lineage different from. atkinsonisensu stricto.
Nomenclature ob. longispinafollows Petrusek et al. (2008).

Habitat Permanency Size  Water colour Fish
Ctenodaphnia
D. magna All P, T S,M, L C,T A P
D. similis Pu, Po T S C A
D. lumholtzi Po, La, Re P, T S, M, L C A P
D. "atkinsoni" Pu, Po T S, M C, T A P
D. pulex group
D. pulex Po P, T S, M, L C A P
D. "pulicaria" La, Re P M. L C, T A P
D. obtusa Pu, Po T S C,T A
D. "obtusa" Pu, Po T S C, T A
D. longispina group
D. galeata La, Re P M. L C, T AP
D. cucullata La, Re P M. L T P
D. curvirostris Po P, T S, M, L C A P
D. longispina (hyalina morph) Po, La, Re P, T S, M, L C,T A P

We used one clone per species, although we wereeawofathe potential clonal
variation affecting the measured traits. Howevarai previous study focusing on closely
related sister species (Seidendorf et al. 2007)pbserved that interspecific differences in
Daphnia measured on life-history traits affected by foaghlify differences exceeded the
clonal variation. Thus, if strong phylogenetic abitat-dependent signal exists within the
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variation of the measured traits, we should be abléind this even with one clone per
species. All clones had been kept for at leastrieiggions under identical conditions in the

experimental medium (see below) in order to minenmizaternal effects.

Life-History Experiments

For the food quality experiment, we used semi-cwdus cultures ofcenedesmus obliquus
which were established in Z/4 medium (Zehnder anoth&m 1960) with sufficient
phosphorus or with limited phosphorus content gateerin a similar way as in Becker and
Boersma (2003). These cultures resulted in algid eath a molar carbon to phosphorus
(C:P) ratio of 70 - 80 for P-rich cells fPand about 1000 for P-limited alga€)(REvery day,
700 mL (total volume: 1.5 L) of culture medium waplaced with fresh medium: algae were
centrifuged at 5000 rpm for 10 min and diluted mogphorus-free medium (AdaM, Kluttgen
et al. 1994). C-content of the cultures was measph®tometrically using a calibration curve
for both culture conditions. The calibration cuwas established by measuring the extinction
of different algae suspensions at 800 nm usingeatsgphotometer (Hitachi, U-2000). For
each dilution, C-content was measured subsequewntiytration of algae onto precombusted
24 mm diameter glass-fiber filters (Whatman GF/@J &-content was quantified by a CHN-
analyzer (Perkin Elmer). P-content of algae was swesl spectrophotometrically after

digestion with potassium persulfate (Langner anddti& 1982).

All experimentalDaphniacultures were kept at 18°C with a light:dark cycfel6:8 h.
Before starting the experiments, each species djastad to ADaM medium for at least five
generations. Juvenile animals were collected frtookscultures and placed into 250 mL jars
filled with ADaM medium and fed 1 mg Clof P*-algae to guarantee a food supply above
the incipient limiting level (Lampert 1987). We mdated 10-15 neonates 24 h old) in 250
mL experimental vessels which were placed in aflbsugh system. Both algal suspensions
(P-sufficient and P-limited algae) were set to 1 @d.' and the flow rate through the
chambers was set to 55 mL} tresulting in a replacement rate of total chamimume of

about 5 &. Each culture condition was represented by 5cafgs each.

Data analysis
To obtain the somatic growth rate (SGR) of all ekpental animals, the initial weight was
measured on a cohort of newly born anim&l24 h), as well as the weight after 4 days of

incubation under experimental conditions. Animalerevdried at 65°C and weighed on a
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microbalance (Sartorius 4503 micro). SGR was catedl following the formula SGR =
In(Md/Mpg)/t, where M is the average initial mass per individual andidithe mass of the

animals at time t (Sterner and Elser 2002).

We used the approach described in Hairston (20€dfjmating two measures of
susceptibility: first, we calculated a simple difface between SGR at optimal and limiting
conditions (dSGR = SGR[P- SGR[P]). SGR[P+] is the growth rate at high P conditions
and SGR[P-] represents the somatic growth rate -lmnied conditions. Secondly, we
measured the differences on log-transformed vabfeSGR (dSGR, = logSGR[P] -
logSGR[P]). Hairston (2001) showed that scaling of reacti@nms is critical for interpreting
data on the evolution of phenotypic plasticity. dliyy a reaction norm should reflect the
change in fitness associated with the alternatenggpes induced by a change in
environment, here food quality. If the fithess pksies is a linear function of dSGR, it is
appropriate to investigate these differences byyoay out graphical or statistical analysis
using dSGRy, which is the same as analyzing the ratio of dSB®vever, if the fitness of a
species is an exponential function of dSGR, ifpigrapriate to use dSGR directly without any
transformation. Since we have no a priori inforrmaton the function relating the growth rate
and fitness, we estimated and compared both dASGRSG R,

All experimental data were analyzed by ANOVA. Spsciwere nested within
subgenus and were implemented as random factomwtitle model, all other effects were
treated as fixed factors (Statistical modribgenus + food quality + species (subgenus) +
subgenus*food quality + species (subgenus)*conujiti®he F-values and the accompanying
degrees of freedom (df) were calculated accordinthé methods described in Satterthwaite
(1946). Differences among subgenera were testpdsterioriconducting a Fisher-LSD test

using type Il GLM.

Phylogenetic independent contrast analysis (PIC)

Phylogenetic independent contrast analysis (Pl@®wal the comparison of characters of
species, such as morphology or life-history trtitg are phylogenetically dependent (Harvey
and Pagel 1991). One of the most common applicaitisnto determine if two traits are
associated after correcting for their evolutionhrstory. Here we test for an association of
life-history traits (SGR) and habitat structurectdsely relatedDaphnia species. In order to
conduct a PIC, DNA sequences of the 12S ribosouoialrst (12S rDNA) oDaphniaspecies
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were either obtained from current sequencing effofMoritz Salinger, personal
communication), or were downloaded from GenBankylddenetic reconstruction of
Daphniaspecies was based on the Bayesian inference tgdny performed by MrBayes v.
3.2.2 (Ronquist and Huelsenbeck 2003) based on iceshbnformation from sequences of
fragments of mitochondrial genes for 12s rRNA, chitmme c oxidase subunit 1 (COI) and,
for some taxa, also the mitochondrially encoded WA@ehydrogenase (ND2). We used the
general time reversible model of sequence evolutith among-site rate variation following
a gamma distribution, enforced the molecular clamkgd evaluated support at nodes with
posterior probabilities generated in MrBayes. Saqas of two other related cladoceran
generaCeriodaphniaandMoina, were used as outgroups.

To evaluate the potential effects of environmentaiditions on the susceptibility of
Daphniato food quality variation, we selected various WKegbitat characteristics (locality
type and size, permanency, water turbidity, fisaspnce) and split each into two to several
categories (Table 1). We then assigned these a#@egtor each species used in the
experiment, based on literature records (which ccchg reliably linked to the taxon in
guestion) and field observations. These environalatdta were then correlated with direct
(dSGR) and indirect measurements (d@gHRor the susceptibility to phosphorus-limited
food after correcting for phylogenetic history. &ddition, the same calculation was done
without phylogenetic correction. Comparative anialygas achieved by the PDTREE module
of Mesquite (Midford et al. 2005, Maddison and Masdd 2006). All assumptions for
phylogenetic contrast analysis were tested accgitdinhe PDTREE protocol.
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1.3Results

All Daphnia species responded with a significant reductiol5s@R at limited phosphorus
conditions (table 2, figure 1) compared with SGRaufficient supply. Overall, we observed
neither a significant subgenus nor a significardcsgs effect on somatic growth rates (table
2). In addition, we did not detect a differentiasponse (no interaction of and the subgenera
with the food quality) of the three subgenera. Hoavespecies responded differentially under

both food conditions (table 2species™“food quality” interaction).

A post-hoc comparison of the three different sulegerderived from the ANOVA
analysis on SGR showed a more differential pattéh. subgenera were significantly
different from each other at P-sufficient, but nat P-limited conditions (table 3).
Interestingly, they responded with large differenae their variation to food quality (figure
1).

D. longispina group

Ctenodaphnia
0.6 7 D. pulex|group
|
0.5 4 —_—
04 - %\
0.3 A J
o %E I
o —T
w O D. galeata
02 1 op. longispina
V D. curvirostris va
A D. cucullata

0.1 - ® D. magna
B D. lumholtzi

V D. similis -4
A D. “atkinsoni”
0.0 1 /O D. "obtusa"

O D. obtusa
V D. “pulicaria”
o1 A D. pulex

P+ P-

Figure 1: Reaction norms for I2aphniaspecies, raised under P-limiting (P-) anduficient (P+) condition
Species are grouped according to their phylogeraffiations to the three subgeneba longispinagroug
(white), Ctenodaphnia (dark grey) abdpulexgroup (light grey). Error bars indicate 95% cogfide limits.
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TheD. longispinagroup showed higher variation between species VideP-limited
algae, whereas for the other two groups variatemveen species was higher on P-sufficient

food levels.

Table 2a.) Results of an ANOVA analysis of somgtiawth rate (SGR) among I2aphniaspecies, species were
nested within the subgenera. Species(subgener@meades(subgenera)*food qualltgve been treated as random
factors, all others were set as fixed, 2b.) ANOWalgsis of susceptibility to variation in food qial Both types

of calculations, dSGR and dSGRIlog (for detailside¢erial and Methods) are shown, species were desgtain
subgenera and provide a fully nested statisticalgte Significant results are emphasized in bottete P <
0.05). SS = sum of square= degrees of freedom, MQ = mean squares

a.)

SS df MQ F p
subgenus 0.15¢ 2 0.07¢ 1.81 1.80¢
food quality (P+/P-) 0.768 1 0.768 40.31 <0.001
Species (Subgenus) 0.393 9 0.044 2.29 0.116
Subgenus *food quality 0.088 2 0.044 231 0.155
Species (Subgenus)*food quality 0.171 9 0.019 3.00 0.003
Error 0.610 96 0.006
b.)

SS df MQ F p
dSGR
species(subgenus) 0.362 9 0.040 5,52 <0.001
subgenus 0.090 2 0.045 1.14 0.360
dSGRIlog
species(subgenus) 1.823 9 0.203 2.31 0.035
subgenus 0.137 2 0.218 1.09 0.375

When species were nested within subgenera ancdreat random factors, only the
species were significantly different (using bothasigres of dSGR; table 2b). However,
ignoring the hierarchical structure, we found angigant subgenus effect (df=2, MQ= 0.048,
F=3.49, p=0.038).

Table 3: Results of thpost hoccomparison tests of the somatic growth rate ambree subgenera @aphnia
derived from an ANOVA analysis on their somatic\gtio rate. Significant results are emphasized il betters

(p < 0.05). Lower matrix shows p-values derived unéeufficient conditions, upper matrix representaies
derived under P-limited conditions.

Ctenodaphnia D. pulex group D. longispina group
Ctenodaphni 0.44¢ 0.26¢
D. pulex grou 0.001 0.06:
D. longispina grou <0.001 0.022
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Furthermore, we detected a relationship betweersukeeptibility of the 1PDaphnia
species to variation in food quality (dASGR) and abengrowth rate under optimal food
quality conditions (SGR P+; figure 2). Species wmhstiowed a rather small SGR at optimal
food quality conditions showed low susceptibilitials high food quality changes, whereas
species with a high somatic growth rate at P-seffiic conditions exhibited a higher
susceptibility to food quality changes. Specieseagmouped (figure 2, circles) based on their
susceptibility to changes in food quality (high low susceptibility). Both groups differed
significantly (p >0.05) in their SGR at P-suffictesonditions.

In a next step, we correlated the habitat chanaties given in table 1 with the
measurements of susceptibility (AISGR and SGR) witheo phylogenetic correction. We
observed no significant correlations here, i.enenof the given habitat parameters explained

the differences in dSGR (all p-values <0.05). Irdesr to conduct an analysis of a
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Figure 2: Relationship between the susceptibilft§ 2Daphniaspecies to variation in food quality (ASGR)
somatic growth rate under optimal food quality dtinds (SGR P+). Average values per specieprésente
by species names) are based on two to five clagicates (R = 0.578; P = 0.002). Species were grol
(circles) based on their susceptibility on changedood quality (high or low susceptibility). Botroup:
differed significantly in their SGR at sufficientd®nditions (t = 6.9P < 0.001). Subgenera classificatior
species is depicted by boxes (whitdD=longispina group dark grey =Ctenodaphnialight grey =D. pulex
groug).
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phylogenetically corrected data set with the measents of susceptibility (phylogenetic
contrast analysis), we reconstructed the relatipgsimong the 1Daphniaspecies used in
the experiment based on a phylogenetic analysisgusiitochondrial DNA (figure 3)
resulting in a branching pattern that was in codance with previously published analyses
(Colbourne and Hebert 1996, Schwenk et al. 200@#alvicz et al., Petrusek et al. 2008).

1.2

Ctenodaphnia D. pulex group D. longispina group
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Figure 3: Combined plot of spea susceptibility to changes in P with their phgliogtic history. Species frc
each taxonomic group are grouped by boxes (whiDe lengispinagroup, dark grey €tenodaphnialight gre)
= D. pulexgroup). Phylogenetic reconstruction is based omygeBan approach using 12S rDNA, COIl and I
sequences.

Prior to the phylogenetic contrast analysis, wetetésall inherent assumptions
according to the manual instructions of PDAP (Midfet al. 2005, Maddison and Maddison
2006), a software module that analyses data byniitnod of phylogenetically independent
contrasts (PIC), as described by Felsenstein (1$83AP includes a series of diagnostics to
check the inherent assumptions of PIC, thus aliraptions were tested within the software

module. When analyzing data by the method of sedoghnetically independent contrasts
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branch lengths need to be statistically adequate, @e the discussion in Garland et al. 1991,
Garland et al. 1992, Blomberg et al. 2003). Analgzoranch length, we found no significant
correlation of absolute values of the standardi2éd versus their standard deviations and
branch lengths needed to be transformed. The satwedule can be used to transform
branch lengths to the arbitrary branch lengths. & (Purvis 1995), and transformation was
achieved according to the published protocols (bhdifet al. 2005, Maddison and Maddison
2006). Branch length transformation was successily for dSGR but not for dSG&thus
dSGR,y was not considered for further analysis. Only significant regression, between
dSGR and water color (P = 0.017) was found.
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1.4 Discussion

The response ofDaphnia species to food quality differences does not cefltheir
phylogenetic history, since species differencessayeificantly larger than differences among
subgenera (table 2b). These results are in congoedaith previously published data (Tessier
and Woodruff 2002b), however their study was based limited number of species and
food of unknown P-content. We tested for an assiocidetween environmental parameters
(tablel) and susceptibility to food quality changesing phylogenetically corrected and un-
corrected data sets. Susceptibility to variationfand quality showed only a significant
relationship with water colour (p = 0.017), howeuszcause of only two character states, this
might be of stochastic nature. The failure to detsty explanatory variables among the
habitat characteristics might indicate that thelagioal parameters were not sufficient to
characterize the species specific habitats, orgbalbgical differentiation in life-history traits
represents a random process. Furthermore, we didhaloide a parameter that is directly
linked to phosphorus content of seston. This ldckny significant phylogenetic signal at the
subgenus level may indicate that, in contrast ¢ottaditional view orDaphniaevolution, the
main ecological differentiation among species weguaed much later (2 - 30 Myr, see also
Colbourne et al. 1997) than the split into threbgamera (100 - 900 Myr, Schwenk et al.
2000).

In concordance with previous studies, we showed thalve differentDaphnia
species collected across a broad habitat rangereliffsignificantly in SGR due to limited
phosphorus supply (table 2a, e.g. see Gulati anddle1997, Boersma 2000, Plath and
Boersma 2001, Becker and Boersma 2003, Seidendorél.e 2007). Although our
experimental design based on two different foodlities reflects only a fraction of the
natural variation in food quality, our results icalie that species respond with up to a 3-fold
difference in somatic growth rates (figure 1). Ttheee major species groups represented in
our experiment did not differ in their responsddod quality, i.e., we observed sabgenus
nor asubgenus*foodjuality interaction (table 2a). However, although theyedéd from each
other at P-sufficient conditions (table 3), no gigant differentiation was found at P-limited
conditions. In addition, differences between botbasurements, dSGR and dSGRIlog were
only marginal in our study. Since SGR as any fiénegrrogate is much more likely to be
represented by a saturation function, we tend ppau of a non-linear relationship between
fithness and SGR (Hairston et al. 2001).
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It is know that freshwater habitats represent nady alistinct regimes according to
their predator selective forces (Zaret 1980), ks differ substantially with respect to food
quality (Tessier and Woodruff 2002a, 2002b). Shalland temporary habitats are much
richer in food quality than deep and permanentdaket food qualities vary seasonally, and
zooplankton is likely to be physiologically chaliggd by these distinct seasonal shifts
(Kreeger et al. 1997). The high resource qualitghiallow lakes is an indirect consequence of
greater mortality on grazers in such lakes (Tessielr Woodruff 2002a), due to high nutrient
recycling (Jeppesen et al. 1997). Taxa from de&pslawhich are adapted to a reduced
resource availability, do poor in rich resource isnvments compared to those which
originate from non-limited habitats (Tessier and dffff 2002b). We showed that species
which are typical grazers in resource limited hatbit(table 1) likeD. pulicaria, D.
longispina, D. cucullata, D. lumholtahow all the same reduced susceptibility to chamges
food quality. In addition, these species are chiaremed by only moderate changes to their
low somatic growth rates at high food qualitiegffie 2). FoiD. lumholtziandD. cucullata
we know that they commonly occur in relatively eptnic habitats with high fish predation,
and it is known that these two taxa cope with piiedapressure differently (Pijanowska
1991, DeClerck and De Meester 2003, Dzialowski.2@03), although they apparently share
their way of response on food quality differendascontrast, species of shallow or temporary
ponds likeD. pulex or D. obtusa,showed a high somatic growth rate at optimal food
conditions, facing a trade-off in higher suscefitipito variation in food quality (figure 2,
group A). InterestinglyD. magnashowed a high somatic growth rate, but also aerdtiw
susceptibility to changes in food quality. This adtage, combined with a larger clutch size
than most of the other species tested here (EB68, Boersma 1997), might contribute to its
success as a very versatile (and extremely widadprepecies. However, we know that
magnaan hardly be found in freshwater system with selective predation pressures, that is
although they can be found in Holartic, Orientald &thiopian biogeographic regiors,
magnawill not be the dominating species in these tygidsabitat.

On a species level, susceptibility to variationfood quality among the different
Daphniaspecies was found to be associated with somatiwtgrrate at optimal food quality
conditions, and it is known that variation in séingy is largely independent of body size in
daphniids (Tessier and Woodruff 2002b). If speabew a relatively high somatic growth
rate, they also show a higher susceptibility tongjes in food quality (figure 2). Conversely,
those which show a rather low somatic growth rateeha reduced susceptibility on food
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guality changes as it was proposed by Sterner asddth (1994). This is in concordance with
previously published data (Tessier and Woodruff 200 and trade-offs in sensitivity or
efficiency of resource use may be central to urideding diversity in consumer—resource

interactions (Tessier et al. 2000), especially wioe is phosphorus limited.

Our study uncovered the trade-off between the spesusceptibility to food quality
changes and growth rate at optimal conditions. §asting species are faced with a higher
susceptibility on food quality changes as propdsg&terner and Hessen (1994), which was
uncoupled of species phylogeny. Differences betwepacies were not explained by
ecological parameters on phylogenetically correciaea sets. Hairston et al. (2001) proposed
that a resistance to limiting conditions might haasolved as a decrease in phenotypic
plasticity and an increase in growth rate at lingticonditions inDaphnia We hypothesise
that a low susceptibility on food quality changa#l explain a resistance to harsh conditions
and helps to explain species distribution in thédwivhich is consistent with an adaptive

match of exploitation ability to specific phosphsievels inDaphnia

In summary, we found no phylogenetic associatiorploylogenetic constraints for
Daphniaaccording to food quality differences on somatiovgh rate. In addition, we found
no association of somatic growth rates with envimental parameters, but a trade-off
between the susceptibility to food quality changesl growth at optimal conditions. We
conclude that the ecological differentiation of @ps is consistent with an adaptive match of
exploitation ability to the specific resource cdrmahs. We encourage further studies using
controlled food quality conditions with additionalcological parameters, i.e. predation,
temperature and parasite load. These experimefitheilp to elucidate the impact of food

quality differences for the ecological differenitiat in Daphnia
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CHAPTERZ2

Chapter 2: Evolutionary stoichiometry: The role offood quality for clonal
differentiation and hybrid maintenance in aDaphnia species complex

2.1 Introduction

It has long been thought that interspecific hylmation among animal species represents a
rare phenomenon (Mayr 1963). Recent studies, hawéweve shown that interspecific
hybridization is in fact fairly common and contrtba significantly to evolutionary changes
(Harrison 1990, Grant and Grant 1992, Bullini 199%wling and Secor 1997, Seehausen
2004). The origin and establishment of hybrid Iges can occur rapidly within a few
generations, which allows evolutionary biologisisstudy a number of basic ecological and
genetic processes under natural conditions (i.eproductive isolation, ecological
differentiation, and speciation). Consequentlyeigpecific hybridization has become a major
research field in evolutionary biology and molecwaology (Hewitt 1988, Harrison 1990,
Seehausen 2004). Well isolated populations ondslam in lakes and ponds offer a unique
opportunity to study the consequences of inter§igeaybridization in syntopic populations
which lack any geographic isolation or gradients.phrticular, the analysis of ecological
differentiation among these hybridizing taxa allotb®e analysis of exogenous factors
responsible for the origin and maintenance of lt/bneages (e.g. Grant and Grant 1994, Bert
and Arnold 1995, Turgeon et al. 1999). Cyclic panibgenetic organisms are especially
suited to study hybridization processes, as thegraductive mode allows the experimental
differentiation between exogenous and endogenolsctem. Studies on interspecific
hybridization among several cladoceran taxa, maddphniaspecies, showed that parental
taxa co-occur over large areas, populations aré is@ited and interspecific hybrids are
found frequently in syntopy with at least one p&aespecies (Wolf 1987, Hebert et al. 1989,
Schwenk and Spaak 1995). However, species are igahetwell differentiated despite
frequent interspecific hybridization and backcrogsiSchwenk et al. 2000).

Most attempts to explain the origin and maintenaoicenterspecific hybrids can be
classified as derivates of two different types afdels: Firsttension zone modeéxplain the
formation of hybrids by a balance between dispesbphrental species into a hybrid zone and
the subsequent selection against interspecificitigb his selection against hybrids is mainly
attributed to endogenous factors, such as gemetampatibilities between parental genomes.

In contrast,cline or ecotone modelare based on exogenous factors, i.e., environmenta
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gradients, which determine the origin and fate raérspecific hybrids (e.g. Endler 1977,
Arnold 1997). Both types of models have been useexplain hybrid maintenance in many
plants and animal taxa (e.g. see Arnold 1997, Rege1997, Avise 2000, Scribner et al.
2000, Seehausen 2004). Among species of the migtaaean genudaphnig a number of
studies described that under certain environmewotaditions interspecific hybrids exhibited a
higher relative fitness (e.g., intrinsic rate otnease) than parental species (Spaak and
Hoekstra 1995, Repka et al. 1999b, DeClerck andM2ester 2003). This phenomenon
motivated Spaak and Hoekstra (1995) to proposetdehworal hybrid superiorit THS)
model. This model assumes higher fitness for ips#ic hybrids only during certain periods
of the year when several environmental conditioresrmaet. This model is a derivative of a
cline model (i.e., bounded hybrid superiority mgdehich defines fithess among parental
species and interspecific hybrids based on exogefamtiors (Moore 1977). The THS model
is supported by recent field data, which demorstraemporal dominance of interspecific
hybrids during a season (DeClerck and De MeestéB820n addition, a number of life-
history studies provided evidence for differentiemvmental factors that are responsible for
hybrid maintenance, such as variation in fish pieda(DeClerck and De Meester 2003),
temperature (Weider and Wolf 1991) and food quar(fioersma and Vijverberg 1994b,
1994c). Here we tested the question if food qualifferences, which often occur during a

season in lakes (Kreeger et al. 1997), help toagxphe maintenance of hybrid lineages.

Although low food quality is known to affect fitresn Daphniaadversely (Boersma
2000) and food quality plays an important role exphg community structure and
population dynamics of zooplankton (Elser et aD@&) Sterner and Elser 2002), the effect of
food quality has so far not been tested in the éaork of studies on interspecific
hybridization. One of the best studied determinanfs food quality in freshwater
environments is phosphorus (P) content of foodiglast since it is essential as a component
of proteins, nucleic acids, lipids, and energeticleotides (Sterner and Elser 2002). It
represents one of the limiting factors for growthfrieshwater zooplankton species (Scheffer
2001), and several studies indicated tBajphnia species responded to a decrease in P-
content of algae with a reduction in fitness (Vaand Lampert 1992, Sterner et al. 1993,
Weers and Gulati 1997, Boersma 2000, Becker andsBw@e2003). It is known that above a
critical carbon to phosphorus ratio (C:P ratiopbbut 225-375, growth is limited Daphnia

a value which can be found in a substantial sutisketkes(Brett et al. 2000), although recent

36



CHAPTERZ2

evidence suggests that the use of these thresimofgdd situations should be done with care

(DeMott and Tessier 2002).

The general aim of our study was to investigate-Hifstory variation of the two
Daphnia speciesDaphnia galeataD. cucullataand their interspecific hybrids at two food
guality treatments (P-rich and P-limited algaeprder to assess the potential contribution of
food quality variation to hybrid maintenance. Sfeally we addressed the following

question: DoDaphnia species and their interspecific hybrids differ their response to

variation in food quality?
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2.2 Material and methods
Life-history experiments

Three clones obD. galeata,two clones ofD. cucullataand three clones of their interspecific
hybrid D. cucullata x galeatavere subjected to three different experiments.iitkrspecific
hybrids and on®. galeataclone originate from laboratory crosses (Schwerd.e2001). We
used theD. galeataclone G100 (isolated from lake Tjeukemeer, The Biddimds) and G44
(Grote Brekken, The Netherlands) and one clone,,®ltbch resulted from an intraspecific
cross between G100 and G43. cucullatawas represented by the two clones, C33 (Lake
Tjeukemeer) and V50 (Lake Vechten, The Netherlandsgrspecific hybrids originate from
laboratory crosses of G100 and C33, resultingan&lX1 and X3, and a cross between V50
and G100 resulted in clone GCL1. The offspring Ibfceosses was verified using several

genetic markers (Schwenk et al. 2001).

Semi-continuous cultures &cenedesmus obliquusere established in Z/4 medium
(Zehnder and Gorham 1960) with full phosphorus @hweduced phosphorus content in a
way similar to Becker and Boersma (2003), resulimglgal cells with a molar carbon to
phosphorus (C:P) ratio of 70 — 80 for P-rich céf and about1000 for P-limited alga€)(P
Every day, 700 mL (total volume: 1.5 L) of cultureedium was replaced with fresh medium:
Algae were centrifuged at 5000 rpm for 10 min anldted in phosphorus-free medium
(“Aachener Daphnien Medium”, AdaM, Kluttgen et #894) to remove traces of dissolved P
of algal culture media. C-content of the cultureaswestablished photometrically using a
calibration curve for both culture conditions. Thkalibration curve was established by
measuring the extinction of different diluted algaespensions at 800 nm using a
spectrophotometer (Hitachi, U-2000). For each dilyt C-content was measured
subsequently by filtration of algae onto precuméeds4 mm diameter glass-fiber filters
(Whatman GF/C) and C-content was quantified by é&N¢adalyzer (Perkin Elmer). P-content
of algae was measured spectrophotometrically aftgestion with potassium persulfate
(Langner and Hendrix 1982).

All experiments and cultures were kept at 18°C vatlight:dark cycle of 16:8 h.
Before starting the experiments, daphniids of econal lineage were adjusted to ADaM
medium for at least five generations. Juvenile atémvere collected from stock cultures and
placed into 250 mL jars filled with ADaM medium afiedd 1 mg C [* of P*-algae to
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guarantee a food supply above the incipient lirgitievel (Lampert 1987). Neonates, born
within 24 h, were subjected to three different expents. First, newborns were kept
individually in 250 mL beakers at"Pand P-conditions at 1mg C t until they reached
maturity and reproduced. Medium and algae wereaoepl every day. Size of the newborns
(JUS), as well as size of the females at reprodnciSAR), was measured under a
microscope to the nearest 0.02 mm. The numberwboms (NJU) and days to reproduction
(DTR) under both conditions {Rind P) were counted. In a second experiment, 10 newborns
of each clone were kept at Bnd P-conditions (in 250 mL beakers) for four days toaswre
their somatic growth rate (SGR). The initial siz€ joveniles was measured using ten
newborns per clone, and the size after 4 dayseoéxiperimental animals was measured to the
nearest 0.02 mm under a microscope. The size adrimeals was obtained by measuring the
maximum length excluding the caudal spine. Somgtmwth rate (SGR) was calculated
following the formula SGR = In(lLo)/t, where ly is the average initial size of a clone and L
Is the size of the animals at time t (Sterner als@r£2002). To test for the susceptibility of a
taxon to variation in food quality, we estimatea trelative growth rate (RGR) using the
formula: RGR = u/i asdescribed in Sterner and Elser (2002), whegergpresents the

somatic growth rate under P-rich and p the songgibeth rate at P-limited conditions.

In order to investigate if results from life-hisyoexperiments of individuals can be
extrapolated to population experiments, we caroiida third experiment. We determined the
effect of different food sources on population gttowates of different clones @aphnia
species and hybrids in a multi-clone experimenndge we set up a flow-through system with
six 15-L containers. Three containers were suppldth P° algae medium and three
containers with Pmedium. Media and algae were replaced once a dag asflow-through
system based on a peristaltic pump which continyaeplaced the old vs. new media. Each
container was initially inoculated with 10 juverslef each clone. Once a week each container
was cleaned from algae and bacteria growing agltes walls. After 6 weeks, the experiment
was terminated, and all animals (per replicate)evesrunted after they had been preserved in
70% ethanol. In addition, we subjected a randonmpsauef 35 animals per replicate to genetic

analyses to determine the abundance of clonesaaadrt each container.

Genetic analysis
DNA preparation of individuals of experiment Il waconducted following a standard

protocol (Schwenk et al. 1998). For each individaaPolymerase Chain Reaction (PCR) was
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accomplished using the primers ITS2-5.8S and ITS-Bamplify a ~1500 base pair (bp)
segment consisting of ITS2, 5.8S, ITS1 and a padi8& rDNA (Billiones et al. 2004). A
subsequent Restriction-Fragment-Length-PolymorphiRiRLP) analysis was conducted to

determine taxon affiliation following the protoauf Billiones et al. (2004).

In order to analyze the clonal affiliation of eaictdividual (eight different clonal
lineages) we conducted microsatellite analysesmizgnation with mitochondrial DNA PCR-
RFLP analyses. Since two hybrid clones (generayedifferent maternal species) showed the
same genotype at all microsatellite loci we appl@GR-RFLP of maternally inherited
mitochondrial DNA. We amplified mitochondrial DNAsung the primer S1 and S2 as
described in Schwenk (1998) and conducted a RFla®sis with the restriction enzynisa
I. Mitochondrial DNA analysis was used to identtfye two hybrid clones X3 and GCL1
since they originate from different maternal lineadG100 and C33). Thus it was possible to
assign each individual to one of the 8 clonal lgesaand to determine the relative frequencies

of taxa and clones used in the multi-species/-d@geriment.

A subsample of each replicaten & 35) of Experiment Ill was subjected to
microsatellite analysis using six microsatelliteil¢Dove et al., unpub.). Fragments were
separated on Polyacrylamid (PAA) gels with the hefpan automatic DNA sequencer
(Automatic Length Fragment Analyser, ALF; AmershBharmacia)Allelic variation at each

microsatellite locus was combined to diagnostictmotus genotypes (MLG).

Numerical analyses

Experiment | and 1l

Rates of population increasg {or each taxon and treatment were calculatedgusia Euler-
Lotka-equation (Stearns 1992). Since our cultu@ssisted of individual animals, no age
specific-survivorship If) could be determined, therefotgwas set to 1. To estimate the
variance forr, two random combinations between the three rejelicper clone and treatment
were drawn to calculate an average and standarndtaev to obtain a rough estimate of

variation.

Because of an unbalanced experimental design (tloees forD. galeataand the
interspecific hybrids and two clonesbf cucullatg we used a General Linear Model (GLM).

Clones were nested within taxon and were implenteagerandom factor within the model,
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all other effects were treated as fixed factorat{Stical modeltaxon + condition + clone
(taxon)+ taxon*condition + clone(taxon)*conditipnThe F-values and the accompanying
degrees of freedom (df) were calculated accordinthé methods described in Satterthwaite
(1946). Differences between the taxa were teatg@asterioriconducting a Fisher-LSD test
using type Ill GLM. In addition, we conducted a t@esGLM analysis for each life-history
trait using taxon and clones (nested within taxasm)two levels to assess the proportion of

total variance for this life-history trait.

For intraspecific comparisons (among clones), 2-waMOVA analyses were
performed, and one-by-one comparisons betweenaaalones were analyzed using Mann-
WhitneyU tests. Total variance of a trait and taxefif\ was decomposed by a one-way
ANOVA into clonal variancesofc). Broad-sense heritabilities {H for each trait and taxon
were calculated following the approach described.ynch and Walsh (1998) for clonal

organisms (B= 6°c/ 6’1, 6°c = genetic variancey’r = total variance).

Experiment IlI

A comparison of taxon and clonal composition am@gdicates and treatments was
conducted using a multiple comparison procedurdniFHBidak method, Sidak 1967, Holm
1979). For the analysis of the clonal compositi@excluded the taxdD. cucullatg since

only a relatively small number @. cucullataindividuals were detected (0 — 11 % of total).
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2.3. Results

Daphniaclones of each taxon reared at high concentrafibnsg C L) of P-rich and P-

limited green algaeS; obliquu} differed significantly in their life-history trts and showed a

reduced fitness at low P-conditions. Somatic groratie of all taxa was on average reduced

by 45% (from 0.11 + 0.03 to 0.06 £ 0.03; mean = B&Sed on the average across all clones
n= 8), the number of juveniles declined by 29% (fr@42 + 1.47 to 2.44 + 1.16 and
individuals required 20% more time to reproducer(frl0.56 d + 2.46 to 13.28 d + 3.74).
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Figure 1: Reaction norms &f. galeata,D. cucullataand their
interspecific hybridsD. cucullata x galeatafor three life-
history traits. (A) Somatic growth rates (SGR) untéeo food
quality conditions (AP), (B) size at first reproduction (SAR)
presented on log-scale, and (C) number of juverofefirst
clutch (NJU), error bars represent standard errors.
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Using a nested statistical
analysis of variances, no significant
interaction for SGR of taxa with
experimental  conditions  were
detected (Table 1), but interspecific
hybrids were significant different to
both parental taxa at'feonditions,
and to clones obD. cucullataat P-
conditions (Table 2). For SAR, no
effect of food quality was detected,
but clones differed in their reaction
to the different qualities (Table 1
and 2, Fig. 1). In addition, JUS was
not altered by P-limited algae.
Number of juveniles (NJU) was
different for all three taxa but not
among clones within taxa. For the
NJU, a significant food quality
effect was detected, and clones of
D. galeata differed significant in
their number of juveniles at P-
sufficient conditions. Furthermore,
NJU varied much more at Fhan at
P-conditions (Fig. 2). In addition,

the time it took the taxa to
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reproduce was significantly longer when fed P-ledialgae, and also an interaction of clonal

lineages with food quality was detected (Table 1).

Table 1: Results of the General Linear Model (GLamgalysis of variation in six life-history traits amg eight
clones ofD. galeata, D. cucullatagnd D. cucullata x galeataTaxon written in brackets indicates that clones
were nested within taxa. Clone(Taxon) abtbne(Taxon)*Conditiorhave been treated as random factors, all
others were set as fixed factors. SGR = somatiovifyaate, NJU = number of juveniles, DTR = days to
reproduction, SAR = size at reproduction, JUS= sifguveniles,r = rate of population increase. Significant
results are emphasized in bold lettgrs(0.05). Degrees of freedom (df) are non-integks to the special type
of calculation (see Material and Methods section).

sum of squares df  mean square F p

SGR Taxon 0.015 4.994 0.004 1.735 0.268
food quality (P+/P-) 0.076 4.978 0.001 83.928 <0.001
Clone(Taxon) 0.022 5.000 0.001 4.815 0.055
Taxon*Conditon 0.009 4971 0.001 5.060 0.063
Clone(Taxon)*Condition 0.005 124.000 0.001 1.407 0.226
Error 0.080

SAR Taxon 1.729 5.189 0.026 33.492 0.001
food quality (P+/P-) 0.077 5.282 0.021 3.729 0.108
Clone(Taxon) 0.137 5.000 0.022 1.250 0.406
Taxon*Conditon 0.067 5.237 0.021 1.607 0.286
Clone(Taxon)*Condition 0.109 73.000 0.006 3.390 0.008
Error 0.471

Jus Taxon 0.773 6.143 0.055 7.053 0.026
food quality (P+/P-) 0.024 16.666 0.013 1.861 0.191
Clone(Taxon) 0.337 5.000 0.010 6.693 0.029
Taxon*Conditon 0.019 14.749 0.013 0.760 0.485
Clone(Taxon)*Condition 0.050 247.000 0.020 0.501 0.775
Error 4.966

NJU Taxon 28.728 5.793 1.401 10.256 0.012
food quality (P+/P-) 18.860 5.918 1.466 12.869 0.012
Clone(Taxon) 7.077 5.000 1.490 0.950 0.522
Taxon*Conditon 13.900 5.751 1.470 4.729 0.061
Clone(Taxon)*Condition 7.452 75.000 1.232 1.210 0.313
Error 92.396

DTR Taxon 6.277 5.282 23.346 0.134 0.877
food quality (P+/P-) 160.816 5.426 18.838 8.537 0.030
Clone(Taxon) 123.552 5.000 20.012 1.235 0.411
Taxon*Conditon 23.864 5.350 19.027 0.627 0.569
Clone(Taxon)*Condition 100.058 75.000 7.832 2.555 0.034
Error 587.436

r Taxon 0.025 5.000 0.001 12.219 0.012
food quality (P+/P-) 0.040 5.000 0.002 18.645 0.008
Clone(Taxon) 0.005 5.000 0.002 0.477 0.782
Taxon*Conditon 0.008 5.000 0.002 1.808 0.257
Clone(Taxon)*Condition 0.011 16.000 0.001 1.577 0.223
Error 0.022
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Table 2: Results of theost hoccomparison tests, derived from a General Linead®dGLM) analysis of three
life-history traits among eight clones &f. galeata(gal), D. cucullata(cuc), andD. cucullata x galeatgcg).
SGR= somatic growth rate, SAR= size at reproductiddU= number of juveniles. Significant results are
emphasized in bold letterp € 0.05).

SGR cg P- cg P+ cuc P- cuc P+ gal P- gal P+
cg P-

cg P+ <0.001

cuc P- 0.222 <0.001

cuc P+ 0.125 <0.001 0.011

gal P- 0.003 <0.001 0.133 <0.001

gal P+ <0.001 0.025 <0.001 0.001 <0.001

SAR cg P- cg P+ cuc P- cuc P+ gal P- gal P+
cg P-

cg P+ <0.001

cuc P- <0.001 <0.001

cuc P+ <0.001 <0.001 0.860

gal P- <0.001 <0.001 <0.001 <0.001

gal P+ <0.001 <0.001 <0.001 <0.001 0.005

NJU cg P- cg P+ cuc P- cuc P+ gal P- gal P+
cg P-

cg P+ 0.925

cuc P- 0.875 0.375

cuc P+ 1.000 0.960 0.874

gal P- 0.976 1.000 0.520 0.988

gal P+ <0.001 <0.001 <0.001 <0.001 <0.001

The taxa differed in their rate of population irase, which also was significant
negatively affected by P-limited algae (Fig. 2).dddition, the variation that emerges from
the different analyses is mostly attributable tieispecific variation (more than 90 %, Table
3), intraspecific (clonal) variation was low excdpt SGR (32% intraspecific variation of

total).

In order to reveal the sensitivity of clones andatdo the different experimental
treatments we calculated the relative growth rdae,growth rate at low-P relative to high-P
food (RGR). The clones d@. galeatashowed the lowest values for RGR (0.44 + 0.05, th
interspecific hybrid were intermediate (0.55 + Q.@&hd clones oD. cucullata showed
highest values for RGR (0.77 £ 0.25). The parespekties differed significantly in their RGR
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(Mann-WhitneyY test, p = 0.0133), indicating that parentals exhibit diéiet levels of
susceptibility to variation in food quality.

0.35, o
0.30/
0.25/
0.20] {\}
0.15/ Y{

0.10/

0.054

intrinsic rate of increasea™)

0.00.

C33 V50 |[GL5 G44 G100[GCL1X1 X3
D. cucullata D. galeata D. cuc. x gal.

0.30, 5

O D. cucullata
0.25{ -O- D. galeata
- D. cuc. x gal.

0.20;

0.15

0.10;

intrinsic rate of increasewda™)

0.05

0.00

P- P+

Figure 2: Rates of population increase (r) for @dch clonal lineage of D. galeata, D. cucullata tredr
interspecific hybrids. Open circles represent Briclosed circles P limited conditions. Black linase
connecting the means of each clonal lineage undefdod quality conditions (P+ and P-). (B) Reastimrms
of the rates of population increase per taxon #i bonditionsD. cuc. * gal.= interspecific hybrids. Error bars
represent standard errors.

The rate of population increagg (iffered among taxa and among different treatsent
(Table 1), and all taxa showed a reduced levebpufation increase at4onditions (Fig. 2).
D. galeatashowed the highestat P-rich conditions, but at P-limitednditions, clones of the
hybrid D. cucullata x galeataxhibited the highest values (Fig. 2), but differes1were not
significant (results not shown). Interestingly, dngrid clone (X3) revealed a very shallow
reaction norm compared to the other clones, i.esignificant difference between rates of
population increase at P-limited and P-rich coodsi (Fig. 2A).
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Table 3: Partitioning of variation in life-histotyaits between intraspecific (clone within taxomdanterspecific
(taxon) components. Significant results are emplealsin bold lettersp(< 0.05), SGR = somatic growth rate,
NJU = number of juveniles, DTR = days to reprodutti JUS = size of juveniles, SAR = size at f{
reproductiony = rate of population increase, MS= mean square

proportion
DF MS  of variance F P
SGR taxon 2 0.008 0.635 5.646 0.004
Clone (taxon) 5 0.004 0.365 3.243 0.009
SAR taxon 2 0.866 0.968 92.782 <0.000
Clone (taxon) 5 0.028 0.032 3.045 0.014
JUS taxa 2 0.697 0.909 35.039 <0.000
Clone (taxon) 5 0.070 0.091 3.518 0.004
NJU taxon 2 19.690 0.917 12.099 <0.000
Clone (taxon) 5 1.775 0.083 1.091 0.372
DTR taxon 2 2.759 0.147 0.259 0.773
Clone (taxon) 5 15.994 0.853 1.500 0.199
r Taxon 2 0.012 0.924 3.752 0.038
Clone (taxon) 5 0.001 0.076 0.307 0.904

Daphniataxa showed marked differences in broad-senséahbéities of various life-
history traits (Table 4). For examplB, galeatashowed the highest heritability values in
SGR, whereas interspecific hybrids showed the Isigheritability in NJU, DTR, JUS, and
SAR. In generalD. cucullata showed for all traits the lowest broad-sense #igitities

compared to the other two taxa (Table 4).

Table 4: Broad-sense heritabilites?(Hor the three different tax®. galeata, D. cucullata x galeataand D.
cucullata, for five life-history traits. SGR = somatic growthte, NJU = number of juveniles, DTR = days to
reproduction, JUS = size of juveniles, SAR = sizérat reproduction.

Trait D. galeata D. galeata x D. cucullata D. cucullata
SGR 0.163 0.078 0.028
SAR 0.128 0.264 0.011
Jus 0.190 0.201 0.007
NJU 0.057 0.101 0.034
DTR 0.083 0.174 0.040
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Densities of individuals in multi-clonal vesselsexfperiment Il varied strongly after
six weeks between both conditions; we found on ayerl429 + 77.8 individuals af-P
conditions and 245 + 96.1 individuals atd®nditions. Differences between both treatments
were significantF = 15.073,p = 0.018). Discrepancies between the individualgesited to
DNA-analysis and the number of individuals givenTiable 5 can be explained by a non-

sufficient yield of DNA for genetic analysis.
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Figure 3: A. Relative abundance Déphniataxa per replicate (L1, L2, and L2 fof,RR1, R2, and R3 for P
conditions) of the multi-clone experiment (expent#l). Zero numbers indicate frequencigfs correspondin
taxa not identified within the different replicat¢B) Relative abundances of multi locus genotypasreplicat
(see table 5)D.cuc x D.gal = interspecific hybridsClones ofD. cucullatawere excluded from microsatell
analysis because they occurred only in very lowuencies.
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Relative abundances of taxa did not differ sigaifity among treatments (ANOVA, Holm-
Sidak methodF = 1.617,p = 0.239). However, one replicate (L2) of the highality
treatment contained much lower densities of aninflals = 1484 individuals, L3 = 1374
individuals, compared to L2 = 722 individuals). Bdsn this large deviation we considered
this value as an outlier and calculated a comparisiween the relative abundances without
replicate L2. The reduced data set revealed afwmigni difference in taxon composition
between treatments (ANOVA, Holm-Sidak methdd,= 4.394,p = 0.037). In general,
frequencies oD. galeatawere higher at P-rich conditions than those ofrggecific hybrids
(Fig. 3A). In addition, no individual dD. cucullatawas detected at"Ronditions (Table 4).
In contrast, interspecific hybrids dominated atcéhditions (Table 5, Fig. 3AD. galeata
and interspecific hybrid clones occurred in simifaoportions at Rconditions (Fig. 3B),
except for clone X3, which was not found in anylicgte. In contrast, the interspecific hybrid
clone X1 was clearly dominant in all three replesaat Rconditions, including the extreme
case of replicate R3, in which only clone X1 wasind. Clonal frequencies differed
significantly among treatments and an interactibielonal composition with treatment was
detected (Holm-Sidak method,= 3.654,p = 0.016)

Table 5: Results of RFLP and microsatellite analysi the multi-clone experiment (experiment )T =
number of individuals assigned to taxon lewdl, = number of individuals assigned to each cloneC = tota
number of assigned individuals per replicate (L2, L3 for P-rich conditions and R1, R2, R3 fodifited
conditons) 2T = total number of investigated individuals peplieate.

Replicate D. cucullata D. galeata D. cucullata x galeata
2T 100 G44 GLs5 XC XT GCL1 X1 X3 C 2T PDHOED I
L1 0 11 3 5 19 20 2 3 0 5 13 24 @
P+ L2 0 2 0 1 3 3 8 8 0 16 27 19 @
L3 0 4 3 5 12 14 0 6 0 6 10 18 2
2 g
zT 100 G44 65 2C XT  Geur xa x3  zC T ZXC XE
R1 0 1 0 2 3 7 3 12 1 16 23 19 32
P R2 4 3 0 8 11 12 5 12 0 17 18 32 32
R3 3 0 0 0 0 0 0 21 0 21 23 24 2
2 ¢

48



CHAPTERZ2

2.4 Discussion

Our study shows that variation in food quality eaisnter- and intraspecific variation in
fitness related life-history traits &faphniaspecies and their interspecific hybri@$ones and
taxa showed a differential response to an exogefamisr which is bound to determine the
fitness of evolutionary lineages. All life-histonyaits (except juvenile size and size at
reproduction) ofD. galeata, D. cucullataand their interspecific hybrids were negatively
affected by P-limitation (Table 1, Fig. 1). Sevestildies had already demonstrated that a
chemical unbalanced food source (such as P-linatgde) reduces fitness Paphnia(e.qg.,
Sommer 1992, Boersma and Vijverberg 1995, Repk&,1@®ers and Gulati 1997, Repka et
al. 1999a, Repka 1999, Sterner and Schwalbach 2D@Mott 2003). At P-sufficient
conditions, clones dD. galaeatashowed the highest values at several life-histaiys, e.g.
number of juveniles, which was significantly hight#tan in the other taxa. However,
interspecific hybrids responded differentially, siwag highest values in somatic growth rate
at both food quality conditions (Fig. 1, Table 2dahey also dominated in our multi-clone
experiment at Pconditions (Fig. 3). Like in some other studiesrg@ and Grant 1996,
Schluter 1996), we found that hybrids are supeotheir parental species in several life-

history traits under certain environmental conaisio

In general, we observed a considerable amountoofativariation forD. galeataand
D. cucullata x galeatabut interactions between clones and experimerwalditions were
hardly foundD. cucullataclones differed in none of the life-history trangheread. galeata
and hybrid clones varied in 60% of their traitsf baly two interactions with food quality
were detected (results not shown). This pattelin sgreement with previous studies which
showed that variation betwe@&nh galeataand interspecific hybrid clones is smaller thaa th
variation between taxa (e.g. Weider 1993). Ourltesuggest that life-history variation under
various food quality conditions is mainly basedtloa differentiation between taxa rather than
on differentiation between clones, although thede@n of clones was not representative for
natural variation of field populations. In this djiy we investigated only one family (all
interspecific hybrids which originate from the sapaernal and maternal clone), and hence
we potentially underestimated clonal variation amamybrids and thus overestimated
between species effects. Thus, field hybrids meyhibit a much larger variance in response
to food quality variation than observed in our expents. However, the clonal variation of
one parental specieB.(galeatg was comparable to the variation among intersjebifbrids

(Table 3), thus hybrid variation is at least in tfamge of clonal variation within species.
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Hence, we conclude that the consistent differemégponse oDaphniaspecies and hybrids
to variation in food quality may facilitate co-etaace and niche differentiation.

Our results from single-clone life-history experimegewere supported by a multi-clone
experimentD. galeatashowed the highest rate of population increasetlamdiighest relative
frequencies during the multi-species experimenteurfétsufficient conditions. In contrast,
D. cucullata x galeatalominated in all three replicates at P-limited ditons. D. cucullata
was only detected at P-limited conditions, indiogtia higher ability to compete with.
galeataand the interspecific hybrids at those conditigkisthe clonal level we found a more
complex pattern: the single-clone experiments t exactly predict the most successful
clone of our multi-clone experiments, however, thatones which had a relatively high
population increase were among the most frequentesl in the multi-clone experiment.
Based on the values for somatic growth rateramee had expected clone X3 to represent the
most frequent clone at-Bonditions, however clone X1 dominated in all ¢hreplicates. The
differences between our expectations and what veergbd in the population experiment
might be the result of several processes: clonatactions, stochastic effects or a differential
mortality rate during experimental conditions. Tin@culation or the build-up of the X3
populations might have been different among ref@savhich caused large variation of clonal
abundances among vessels atcéhditions (outlier L2; Fig. 2). We excluded a dback
between grazing and nutrient recycling from thezgranto its resource to be able to compare
the single and multi-clonal experiments. These faed mechanisms are probably fairly
important in nature as they may alter the stoicletoyn of the grazer and the resources

(Andersen 1997), and hence should be includedtirdiexperiments.

Phenotypic plasticity has often been assumed tib fiatural selection by buffering the
effects of selection, but recent studies showed fif@notypic plasticity represents a
fundamental component of evolutionary change (Bela@d Nanjundiah 2004). Based on the
considerable phenotypic plasticity Bf galeataand theD. cucullata x galeatéhybrids and
the environmental variability of food quality, weuspect a large potential for the
establishment of new evolutionary trajectories. Umderstand how different phenotypes
perform under different environmental conditionse wmeed to evaluate whether the
phenotypic differences among populations and speaejgresent the outcome of evolution by
natural selection. Our results indicate that ingecsfic hybrids showed higher heritability

estimates for most of their life-history traits thparental taxa (except somatic growth rate,
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see Table 2), which may allow them to adapt fagiechanges in food quality. Increased
levels of heritability provides a greater scope threctional natural selection and thus
adaptation (Grant and Grant 1994), resulting it f&gaptation of novel genotypes and
phenotypes that may serve as the starting poiat méw evolutionary trajectory. Increased
heritability in interspecific hybrids is caused lwgher genetic variation among hybrids due to
additive effects (Graham 1992), new associationgvden nuclear and mitochondrial

genomes (Ferris et al. 1983) and mutation (Woodrd&9). However, since our experimental
design did not allow the comparison of heritabilagnong hybrids of different families,

heritability levels might be elevated due to witfamily comparisons. Further studies on the
quantitative variation in life-history traits areequired to determine the phenotypic
consequences of interspecific hybridization and tesulting potential for evolutionary

change.

Several theories have been developed to explainchgiaintenance based on tension
zone or cline and ecotone models; a derivativetdhgoral hybrid superiority model (THS)
by Spaak and Hoekstra (1995), assumes temporalijutéiting levels of exogenous selection
among taxa. Since the THS represents a hypothedisr than an explicit mathematical
model, we used our data to qualitatively test aggioms of the temporal hybrid superiority
model. First, we found that fitness in parentalcsg® and hybrids varies with environmental
conditions, i.e., food quality and secondly, inparsific hybrids show higher somatic growth
rate at low food quality conditions. Therefore, add food quality to the list of parameters,
such as predation levels and food quantity whichtrdaute to the temporary superiority of
interspecificDaphniahybrids. Although the THS model seems closelyteglao models on
species coexistence and maintenance of diversigy gee Chesson 2000), hybrid superiority,
as described by the THS model, is solely basedtoesk differences among taxa during the
asexual phase of reproduction. This is largely edusy the focus of most studies on this
phase: nearly all empirical data on fitness vasiain Daphniarely on measurements of the
rate of population increase during the asexual @h&sirther empirical studies of hybrid
complexes should include the sexual phase of reptmoh, as well as diapause and the

'storage effect’ thus providing data to rigorousdgt hypotheses on species coexistence.

Which exogenous factor, fish, invertebrate predatéwod quality or food quantity,
represent the most important factor responsiblenfdaorid maintenance iDaphniaremains

an open question for further research. Most likélywever, food quality has an important
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impact on population dynamics ddaphnia species and their intraspecific hybrids, in
particular in syntopic populations. Our data sugdkat food quality differences during a
season (Kreeger et al. 1997) or between lakes migbilitate species and hybrid
differentiation and that food quality certainly ¢dylay a role determining the fate of hybrid
lineages. Hybrids occur in high frequencies duroggtain periods of the growing season
(Wolf 1987, Weider and Stich 1992), showing thabrys show different fithess optima than
their parental taxa. Wolf (1987) showed that tHatnee abundance of hybrids increased after
the mid-summer decline, that is when food qualiteésured as C:P ratio) is usually low
(Kreeger et al. 1997). In addition, several studlesument large variation in food quality
within and among seasons (Lampert et al. 1986, é&viNlavarra and Lampert 1996). Thus,
the functional link between differential ecologicdémands of taxa and large temporal
variation in food quality might explain the co-ocence of hybrids with their parental taxa.
This might explain the observation made by Schw@®97) and also Hessen et al. (1995)
who observed associations of differ&dphniataxa with different environmental factors in
lakes. However, further field studies which monifood quality, food quantity, and taxon
frequencies are necessary to test hypotheses ddrowva our experimental study. In addition,
this approach should be supplemented by multi-cldae history studies considering more

than one potential factor explaining hybrid mairtece.

In conclusion, we have shown that different taxarfrthe Daphnia galeata hyalina
complex react differently to changes in food gyaliheasured as P-content) conditions. This
implies that elemental stoichiometry of the foodnst only expected to influence the
performance of individual species or hybrid linesdaut also the composition of zooplankton

communities in aquatic environments.
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CHAPTER3

Chapter 3: Local adaptation to food quality in a freshwater crustacean

3.1 Introduction

The microcrustaceadaphniais a key species in many pelagic food webs, arairasult one

of the best studied organisms in freshwater systémsroad phenotypic plasticity coupled
with the available genomic information makes it ersatilie model system to investigate
fundamental mechanisms in various fields, such cadogy, evolution and ecotoxicology
(Mort 1991, Weltje 2003). Phylogenetic relationshiphylogeography and morphological
variation are well described (Schwenk 1993, Taygond Hebert 1994, Schwenk and Spaak
1995, Spaak and Hoekstra 1995, Colbourne et alf,J6(3ner 2000). Moreover, a wealth of
information exists on the population structure dfedent Daphnia species (Korpelainen
1984, Dufresne and Hebert 1995, Hebert and Fink®@6, Crease et al. 1997, Vanoverbeke
and De Meester 1997, Weider and Hobaek 1997) ddnating that even populations in
proximity may show considerable genetic differetnia

Despite its predominantly parthenogenetic modeepiaduction, and the resulting
slower rates of evolutionDaphnia species seem to adapt quite rapidly to their local
environment Several authorbave shown, for example, local adaptation with eespo the
presence of predators (e.g. Leibold and Tessiet, 1Bfrejko and Dodson 1991, Pijanowska
et al. 1993, Spitze 1993, Cousyn et al. 2001, Deklet al. 2001). Others focused on
environmental factors, such as salinity (Teschr8®5), temperature (Mitchell and Lampert
2000), oxygen stress (Carvalho 1984), pollutioncfiarri et al. 1991), or other unspecified
factors (DeClerck et al. 2001) to study local adaph.

Interestingly, even though food quality and quanbelong to the most important
factors influencing population dynamicsraphnia,relating food quality to local adaptation
has proven to be difficult. Numerous studies hawan food quality effects for herbivorous
zooplankton (e.g. Sterner et al. 1993, Muller-Newvar995b, DeMott et al. 1998, Boersma
2000, Elser et al. 2001, Urabe and Sterner 200%séteet al. 2002, Becker and Boersma
2003, Seidendorf et al. 2007). Several factorsrdete the quality of algae as food for
zooplankters, such as size and morphology, toXpmatatability, nutrient and biochemical
content. Here we will focus on the nutrient contexspecially the carbon (C) to phosphorus

(P) ratio of sestonic algae. In freshwater envirents, phosphorus is the element that has
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attracted most attention, as in most systems thés limiting element for phytoplankton
growth (Sommer 1992, Elser and Hassett 1994). Mesnbkethe genu®aphniashow low
body tissue C:P ratios compared to other cladose¢aterner and Elser 2002), illustrating
their high phosphorus demand (Sterner and Schi@g,1Plath and Boersma 2001). Indeed, a
low P diet may have a considerable impact on fieehiistory ofDaphniaspecies (e.g. Sterner
1993, Mller-Navarra 1995b, Muller-Navarra and Lampl996, Plath and Boersma 2001,
Boersma and Kreutzer 2002, Becker and Boersma 2008)results of these studies suggest
that variation in phosphorus content of primaryducers should represent a key factor for
local adaptation. It is therefore surprising thateg the enormous interest of food quality
effects inDaphnia,only a few studies addressed the ability for thegsecies to show local
adaptation with regard to food quality. Repka (1,98998) studied food quality effects using
four different food types of algae and cyanobaaternich occur in lakes of different trophic
status. SeveraDaphnia clones isolated from different environments wetdbjascted to
different algal species, however the life-histoegponse of clones could not be explained by
the type of food sources. She concluded that othetiors than food quality determined
ecological differentiation. In contrast, some fiedtudies showed that local adaptation in
response to variation to food quality might repreése possible explanation for population
differentiation (Elser et al. 2000b) since growéter and phosphorus content of individuals

was correlated with the trophic status of the ldeeanimals were sampled from.

Adaptive variation and local adaptation is most wocingly demonstrated by a
comparison of variation in a trait against the nuwbpothesis that variation is selectively
neutral (Lande 1992, Whitlock 1999). To test if plgpions adapted to their particular
environmental conditions, we need to combine resaft life-history studies with genetic
information. Only a few studies successfully instgd genetic and ecological differentiation
among Daphnia populations. Lynch (1999) and Spitze (1993) were flirst who
experimentally combined ecology and molecular geseOthers tried to link their findings to
the ambient environmental conditions in lakes (btam et al. 1999, Mitchell and Lampert
2000, Cousyn et al. 2001, DeClerck et al. 2001)weieer, we are aware of only one study
which linked clonal variation with a differentiaésponse to variation in food quality (Weider
et al. 2005) Although this study indicated that variation in doquality may play a role in
microevolution, it did not provide information ohet potential for local adaptation to food

quality differences iDaphnia
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Many studies on local adaptation focused on a cosga of population
differentiation at quantitative traits ¢ and neutral molecular markerss{}; which provide
a powerful test for the role of selection in phepat divergence (Lande and Arnold 1983,
Spitze 1993, Merila and Crnokrak 2001, McKay andtd a2002). If the quantitative
differentiation (Q1) equals the genetic differentiation sg& among populations, than
guantitative traits, such as e.g. somatic growtte,rahould not have been subjected to
directional selection (Spitze 1993). Departuregifithis neutral expectation are considered as
evidence for selection, i.e.sQ< Fst indicates homogeneous selection, while fgr @ Fst
indicates diversifying selection (Merila and Crnakr2001). For a wide range of taxa, these
expectations were tested to detect different madeselection or levels of local adaptation.
This type of comparison was conducted Baphniabefore (Morgan et al. 2001), but food
quality differences were never tested explicitlyhis context. Here we will use the combined
analysis of between population genetic differemrat using neutral genetic markers
(microsatellites) and variation in susceptibility food quality in the freshwater species
Daphniagaleata.This species inhabits permanent lakes and theresqreriences a relatively
stable environment in which prolonged periods ohel selection may be frequent. We tested
for the prerequisites of local adaptations{&Fst) by comparing the genetic differentiation at
neutral loci (microsatellites) and in a fitnessatetl trait, i.e. the susceptibility to food quality

changes.
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3.2 Material and Methods

Zooplankton and water samples of lakes across Geravare collected during spring (Mai to
July) of 2004 (see table 1). The geographical desta between populations ranged between
17 and 572 kilometers. All lakes were sampled Ruttner-sampler and key lake parameters
were recorded (table 1). Water samples were state8’C prior to laboratory treatment.
Carbon content of the seston was measured bytifitraf algae onto pre-combusted 24 mm
diameter glass-fiber filters (Whatman GF/C) anédanalysis using a CHN-analyzer (Perkin
Elmer). Phosphorus-content of algae was measuredtrsphotometrically after digestion
with potassium persulfate (Langner and Hendrix 19&®oplankton samples of each lake
site, collected by a plankton net, were preserauetDPo ethanol and stored at 12°C for further
genetic analysis. Live animals were inspected tyext the sampling site and individuals of
D. galeatawere identified using morphological criteria (Fh&E? 2000). About 20 randomly
selected individuals per lake were transferredeaiovthe laboratory and set-up as clonal stock
cultures, and clones were maintained individually200 ml beakers filled with phosphorus-
free artificial (ADaM) medium (Kluttgen et al. 1994Animals were fed 1 mg Ci of
Scenedesmus obliquudich were cultured in Z/4 medium (Zehnder and @arhi960) with
sufficient phosphorus supply (resulting in algaklsosith a molar carbon to phosphorus (C:P)
ratio of 70 — 80). All individuals in stock cultiwevere double-checked by genetic methods in
order to verify their taxonomic status (see belowdetails on genetic methods). Individuals
identified asD. galeatawere used in the life-history experiments and osatellite analysis

(see below for details on genetic methods and Be¢dé 2006).

Table 1:Daphnia populations subjged to molecular and experimental analysis. Clomese sampled durit
spring 2004 and verified using microsatellite as@yCarbon to phosphorus (C:P) ratio of sestorpereided
and all lakes are grouped to different categorezoming to their @ ratio ( C:P ratio >300 = high, C:P r¢
<200 = low). Average distance betwdeaphniapopulations was 304 km. abbr. = abbreviation

lake abbr. C:P ratio position (lattitude/longitude) tegpory
Meerfelder Maar MMM 359 50°06'02.09"N/ 6°45'23.84"E high
Teterow GTTS 470 53°47'28.73"N/ 12°36'27.18"E high
Ober Moos GOMC 70 50°27'52.19"N/ 9°22'17.53"E low
Lake Gedern GGG 155 50°25'58.41"N/ 9°10'58.71"E low
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Measurement of quantitative traits- life-history experiments

Experiments were set-up as a common garden exp@rimeasuring the variation in somatic
growth rate (SGR) which is strongly correlated ie tntrinsic rate of population increase
(Lampert and Trubetskova 1996). For this we diyestanipulated the nutrient (C:P) supply
ratio of the algal food supplied to experimentalaals. All experiments were conducted at
18°C with a light:dark cycle of 16:8 h. Before $itag the experiments, individuals were
adjusted to ADaM medium for at least five generaiaJuvenile animals were collected from
stock cultures and placed into 250 mL jars fillethwADaM medium and fed 1 mg C'Lof
phosphorus sufficient-algae to guarantee a fooglgugbove the incipient limiting level
(Lampert 1987).

All clones were subjected to two different food kifyaconditions. Semi-continuous
cultures ofS. obliquuswere established in Z/4 medium (Zehnder & Gorh&60} with
sufficient phosphorus or with limited phosphorustemt in a way similar to Becker &
Boersma (2003) resulting in algal cells with a mdlaP ratio of 70-80 for P-rich cells (P+)
and about 1000 for P-limited algae (P-). Every d&@ mL (total volume: 1.5 L) of culture
medium was replaced with fresh medium: Algae wergrduged at 2700 rpm for 10 min and
resuspended in phosphorus-free medium (AdaM) toventraces of dissolved P of the algal
culture media. Carbon-content of algae was estaddigphotometrically using a calibration
curve for both culture conditions. The calibratiomrve was established by measuring the
extinction of differently diluted algae suspensicais800 nm using a spectrophotometer
(Hitachi, U-2000). For each dilution, the C-contesrsts measured.

For each experiment, 20 neonates, born within 24vére placed into 250 mL
experimental vessels of a flow-through system. Badtial suspensions (P-sufficient and P-
limited algae) were set to 1 mg C'in order to be well above the minimum C-contentle
of algae forDaphnia(Lampert 1987), the flow-through rate of the chansbwas set to 55 mL
h?, resulting in a replacement of culture media afwlb d*. The animals were kept at-P
and P- conditions for four days at 1 mg C'lto define their somatic growth rate (SGR) at
both food quality conditions. We used clonedPofgaleatasampled in lakes which showed a
broad differentiation in their ecological paramstégee table 1), especially C:P ratio. In total,
we used four different lakes, 2 lakes per catedoigh/low C:P ratio). In total, 15 lakes were
sampled during spring 2004, but only two lakes véthigh C:P ratio showed clones f

galeatawhich could be used for our experimerAdl clones were tested on P-sufficient and
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P-limited algae. Each lake was represented by ttieees ofD. galeata(6 replicates each).
In addition to the results of the life-history exipeent, we obtained microsatellite data for a
total of 40 animals per lake used in this experiim@nfrom preserved ethanol samples (for

details on genetic methods see below).

To determine SGR the initial and final mass forheatone was determined by
transferring 10 juveniles, reared within 24 h, log £xperimental animals after 4 days, to pre-
weighted aluminum boats. Samples were dried at ®0and weighted on a Sartorius
microbalance (Sartorius 450J micro). Somatic grovetie (SGR) was calculated following
the formula dM/Mdt = In(M/My/t, where M is the average initial mass of a clong,idthe
mass of the animals at time t (Sterner and Els@2R0 o test for the susceptibility of a taxon
to variation in food quality, we determined thelizsd growth rate (RGR) by RGR = SGR
ISGRs. as described in Sterner & Elser (2002), where S@&presents the somatic growth
rate under P deficient, and S@Rhe somatic growth rate at P-sufficient conditions

Genetic analysis

Taxonomic evaluation of the sampled species/ clones

In order to determine species affiliation of ouocst cultures sample animals were used
directly following the protocol of Billiones et a2004) and Brede et al. (2006).In addition,
DNA of preserved plankton was screened for spedifigation by genetic analysis, too. For
this, animals were transferred to 1 ml TE buffed (@M TrisHCI, 1mM EDTA, adjusted to
pH 8.0) for a minimum of 4h. Animals were directhansferred to 30-50 ul H3 buffer (10
mM Tris—HCI; pH 8.3 at 25°C, 0.05 M potassium cidet 0.005% Tween 20 and 0.005%
NP-40) and 2 pl proteinase K (Sigma 10mg/ml) wadedd After 12 h incubation at 42°C
proteinase K was deactivated by heating the sampl@5°C for 10 min. About 2 pl of
template was used directly for the amplificationtioé¢ ITS fragment by Polymerase Chain
Reaction (PCR) (3 mM Mggl 1x PCR buffer, 0.2 mM dNTP, 0.3 mM of each prir(i@iS2-
5.8S: 5'-GGA AGT AAA AGT CGT AAC AAG G-3, ITS1-18F-CGG TGG TCG ACG
ACA CTT CGA CAC GC-3, and 1 U TAQ DNA Polyermasd, chemicals and primers by
Invitrogen). PCR was set to 94°C for 3 min, fiveeleg at 94°C for 1 min; 52°C for 1 min;
72°C for 1.5 min; 35 cycles: 94°C for 1 min; 50°@ B0 s; 72°C for 1 min; final synthesis
step at 72°C for 5 min. A restriction fragment ldngolymorphism analysis (RFLP) was
conducted on PCR-products. Amplification productghe ITS region were enzymatically
digested by Mwol (5"-GVNNNNNNNGC-3"; NEB) for 2.5 h at 60°C, total volume 069.
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ul, 8 ul were PCR product and 10x NEBuffer for MwbIU of the restriction enzyme and
autoclaved dbD. Digestion products were transferred to a 2% asgargel and RFLP
products were separated by applying 115 volts. iBpebanding patterns allowed the
identification of the taxa. All individuals in stbccultures were double-checked by genetic

methods to verify their taxonomic status.

Microsatellite analysis

We conducted a microsatellite analysis using sifedint loci (DaB 10/15, DaB 17/17, DaB
17/16, DaB 10/14, Dp512 andDp519) which were shéwhe highly variable foDaphnia
(Brede et al. 2006). PCR reactions were performe@.2 mL tubes using either a Biometra
T3 or a DYAD thermal cycler. All reactions werestiperformed in a 10 pL reaction volume
containing 2.4 mM MgGl 1x PCR buffer (see above), 0.25 mM dNTPs, 0.2 efMach
primer and 0.5 U Tag DNA polymerase (chemicals anders by Invitrogen). Cycling
conditions: 3 min 95°C, 35 cycles of 1 min step8%fIC, 55°C and 72°C with a final of 7 min
synthesis step at 72°C. Depending on the spegifmiteach primer set, PCR conditions
varied mainly in annealing temperature, for detade see Brede et al. (2006). When pure
PCR products were obtained, the PCR was repeat¢d Mbelled forward primers
(Invitrogen, MWG). Amplification products were dikd and electrophoresed on an ALF
sequencer (Amersham) with self-designed size stdedhased on Lambda virus DNA
(Symonds and Lloyd 2004). We summed up in totadfoindividuals screening on variation

for the six microsatellites per lake (total of lLi6@ivididuals).

Data analysis

We used a General Linear Model (GLM) for the anedysf SGR and RGR. Clones were
nested within lake and were implemented as randmtorf within the model, lake and quality
were treated as fixed factors. The F-values andatttempanying degrees of freedom (df)
were calculated according to Satterthwaite (19B&Jerences between the lakes were tested
a posteriori conducting a Fisher-LSD test using type Il GLM.rFdonal comparisons
(within lakes), 2-way ANOVA analyses were performezhd one-by-one comparisons
between lakes and clones were analyzed using Mamm@y-U tests. All analysis were
conducted in STATISTCA (StatSoft 2005).
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Fstvs. @Qrcomparison and genetic analysis

The genetic structuring of populations was examihgda hierarchical, nested analysis of
molecular variance in ARLEQUIN v. 3.11 (Excoffiera. 2005). Different data file formats
of multilocus genotypes were transformed usingsibibvare CONVERT (Glaubitz 2004). F-
statistics were computed from the descriptive camepts of variance as implemented within
the software of Arlequin v. 3.11 by permutationlgiss (Excoffier et al. 1992). Variance was
partitioned between both categories of natural ChRh and low, table 2), between
populations nested within these two groups, and ngmiadividuals within populations.
Pairwise population differentiation was calculabtesed on & (Weir and Cockerham 1984).
Global and population pairwise estimates @f Were also calculated using AMOVA in
ARLEQUIN v. 3.11. Significance was assessed affe@d0 permutations for global estimates
and 3000 permutations for pairwise estimates, udiegdefault settings in ARLEQUIN. We
also estimated & (Slatkin 1995), and further analyses were donegubbth, it and R, to
ensure that our conclusions were free on the chafigatistics. Br is a measure of genetic
differentiation based on the stepwise mutation m¢8bBIM), and is often more appropriate
for microsatellites. This is because differentiatinight be underestimated by mutations
create allelic homoplasy and mutation rate is hightive to the migration rate. However, if
mutation rates are low relative to migration ratég; can be expected to provide more
accurate estimates of genetic differentiation tRan (Slatkin 1995). As an estimator oER
we used Goodman’s unbiased g, calculated usingdRs®&2 (Goodman 1997). P-values of
global Rst estimates over all populations were obtained bympéation tests, and
approximate 95% confidence intervals by the ranigthe® central 95% of 10000 bootstrap

estimates.

For the quantitative trait RGR we estimategk @ a measurement of susceptibility to
food quality changes. To obtainsffor this polygenic trait we followed the protoaufl Koch
et al. (2004). The following variance componentseaalculated: Lake (Y, individuals (V),
and the residual error (/ From these, the £ values were calculated according to the
formula Q= Vp/ (Vp + Vi + 2 V). The variance components for RGR were obtained by
ANOVA analysis in STATISTICA (StatSoft 2005) andgaired variance were portioned
accordingly. This was conducted for the differeraups (high/low, table 1) and all pairwise

population comparisons.

62



CHAPTER3

3.3 Results
Life-history

In the life-history experiment with two differenbdd qualities (P+/P-) we observed a
significant food quality effect, with SGR lower wrdP- conditions (table 2, figure 1). Also

the clones of the different populations were sigaiftly different from each other, but

interactions between clones and experimental comditwere not found. In addition, we

observed a lake x food quality interaction: thatiglifferential response of the populations
originating from different lakes in SGR on food different qualities (table 2, figure 1). No

significantly different response was observed lfer two categories (high/low C:P ratio, table
1, Wilks lambda=0.996, F(2,139) = 0.2365 0.790).

0.25] 0.25/
GGG GTTS
0.204 0.20
0.15] 0.15
0.104 0.101
0.05] 0.05
P+ P- P+ P-
0.25 0.25
GOMC MMM
0.20 0.20
0.15 0.15
0.10 0.10
0.05 0.05
P+ P- P+ P-

Figure 1: Reaction norms @faphniaclones for variation in somatic growth rate (SGRyler two food qualit
conditions. Three clonal lineages per populationevgibjected to two different food qualitiesgifficient fooc
= P+, P-deficient food = P-Error bars indicate standard deviations. Depgnain the food quality and cloi
composition, SGR showed a significant differenctes norm (table 2). For lake abbreviations séxéeta.
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Table 2: Comparison of the somatic growth rate (P@R different populations oD. galeatato variation il
food. Populations were sampled in lakes across @myrfrom locations of different trophic categori®esult
were obtained by a GLM, clones were nested to tfferent populations and treated as random faatbrs
degrees of freedom, significant results are empbdsn bold lettersp(< 0.05).

Sum of square df  mean squa F p
Population 0.108 3 0.036 1.209 0.367
Clone(Population) 0.239 8 0.030 4.899 0.019
Food quality (P+/P-) 0.198 1 0.198  32.505 <0.001
Population*quality 0.109 3 0.036 5.974 0.019
Clone(Population)*quality 0.049 8 0.006 0.293 0.967
Error 2.502 120 0.021

In addition, the populations showed a significaiftedence for their RGR (F=6.26,
p=0.001] figure 2), thus populations differed in their systdality to food quality changes.
However, this significant difference in suscepiipibetween populations could not be linked
to the initial grouping of the lakes (figure 2).Aaoth categories, we found some variation in

susceptibilities between the lakes within a group.

1.4

low high

1.2 1

1.0 1

RGR

0.8 1

0.6 -

0.4 -

GGG GOMC GTTS MMM

Figure 2: Comparison of the realized growth rat&k® of the different populations @f. galeata.Population
differed significantly in their susceptibility tohanges in food quality of experimental algae (Hisieht, P
limited). For the different categories depicted in tabledlsignificant differences was found. Error barsdatk
standard deviations.
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Genetic structure
An analysis of molecular variance showed that Dephnia populations were weakly
structured; only about four percent of the variatisas attributable to the two categories

(table 3). Populations within the groups explaiadgdut eight percent of the total variation,

Table 3: Hierarchical analysis of molecular vare{@&MOVA) for D. galeatapopulations, grouped in t
categories (see table 1). Molecular variation wetemined by six variable microsatellite loci.

Sum of Variance Percentage

Source of variation d.f. squares components  of vaniati p-value Fst
Among categories 1 7.812 0.02335 3.741 0.3412 0.0374
Among populations

within categories 2 8.526 0.04951 7.9330.0001 0.0824
Among individuals

within populations 148 74.089 -0.05069 -8.120

Among individuals 152 91.500 0.60197 96.446

but most of the variation was found within popwas (table 3).The global estimates of
divergence between the two different categories Mgas= 0.037 £ 0.01480,p = 0.34115),
the divergence between the populations within titegories was slightly higher {= 0.082

+ 0.0013,p < 0.001). For By variables, we obtained values not correlated asd¢ldetermined
by Fst analysis (global R = 0.05+ 0.0013, p < 0.001, 10000 bootstrap estimatioitde t4),

but both values indicate only a moderate populadifferentiation.

Table 4: Population pairwisesRestimates of genetic variation (above diagonad) @airwise estimates of Weir
Cockerham Er (below diagonal). Population abbreviations as cltegi in table 1. Significant values

highlighted in bold.

MMM GGG GOMC GTTS

MMM 0.078 0.059 0.092
GGG 0.150 0.016 0.053
GOMC 0.048 0.112 0.016

GTTS 0.040 0.149 0.082
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Genetic and ecological differentiation

Qst comparisons for populations were determined ftwasof RGR, which represents a
measurement of susceptibility to food quality chesidn all pairwise comparisons, values for
Qst exceeded the amount offshowing a larger diversification at ecologicalritat neutral

loci, indicating directional selection (figure 3).
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Figure 3: Population differentiation in quantitatitraits (Qy) in relation to neutral genetic differentiations{f
in D. galeatafor variation in food quality. Differences betweesalized growth rate on food with differ
qualities are larger than expected from neutrdedghtiation. kr was based on six polymorphic microdite
markers, whereas the quantitative trait (RGR =izedlgrowth rate) was used as a measurement ofgipu
susceptibility to changes in food quality£QR

66



CHAPTER3

3.4 Discussion

We found a significant differentiation in suscepiiy to variation in food quality between
different populations (RGR), but no significant fdientiation among the two categories
(high/low C:P ratio, table 1). Due to the low numbépopulations within each category and
the artificial differentiation into high and low pblphorus lakes, we might have failed to
detect a signal of ecological differentiation. @inakes vary seasonally and annually in their
phosphorus availability (Kreeger et al. 1997) aral reduced the natural variation into one
value per lake, our categories might not represie@attrue natural phosphorus conditions
which determined the life-history of local clon&gevertheless, we did observe the significant
between-population variation with respect to theceptibility to changes in food quality. As
was shown in several life-history studi@aphniaclonesrespond with a decline in somatic
growth rate (and other life-history traits), if eged to food of low quality (figure 1, table 2,
and see e.g. Sterner et al. 1993, Boersma 2006, &lsal. 2001, Becker and Boersma 2003,
Seidendorf et al. 2007). Moreover, populations stbwa significant differential response to
either P-sufficient or P-limited algapdpulation*qualityeffect, table 2, figure 1), suggesting

local adaptation iDaphnia

During the last century most European lakes wemutjh a phase of eutrophication,
with subsequent recovery to their original tropstiate due to effluent control (Correll 1998)
Thus, an adaptation to locally different C:P ratazsurred most likely during a relatively
short time period. Although we are not able to deiee the time frame of adaptation, we
know that local adaptation to different environngec&n be a rather fast proces®aphnia
(De Meester et al. 1994, Hairston et al. 1999, @owt al. 2001, Morgan et al. 2001, De
Meester et al. 2002, but see Spaak and Keller 2@dge eutrophication represents a multi-
factorial process, we also have to consider intieftects that accompany changes in
phosphorus load. It is known that under phosphlbmigation species composition of sestonic
algae changes (Kreeger et al. 1997), and diffexkgyall species can have differential effects on
life-histories inDaphnia (Boersma and Vijverberg 1994a, 1995). Sibaphnia species are
non-selective filter feeders that are not ableiszriminate between different food particles
(DeMott 1986), they are highly susceptible to clem species composition of the seston.
ThusDaphniaclones might be adapted not only to the diffe@m ratios of algae, but also to
morphological characteristics of the food that catwng with an adaptation to variation in P
(e.g. see Brendelberger 1991, Lampert and Brenagdb&996).
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Based on the presented evidence for local adaptatiDaphniato variation in food
guality, we tested the assumption for this process,directional selection. We used an
approach based on the comparison of neutral geme#ickers (microsatellites) and a
quantitative trait (RGR). As a first step we deteraad the population structure, which
revealed a level of differentiation that was conapée to other studies iDaphniawhich is
moderate (e.g. Michels et al. 2003). Since mostistudid not find a correlation of genetic
differentiation and geographical distances amongufations, other factors than geographic
distances explain local differentiation, e.g. thee ©f the dormant egg bank, the length of the

growing season and the strength of clonal sele¢benMeester et al. 2006).

In a second step we compared the neutral genetikensawith the response to
variation in food quality (RGR) and as reportedfmany species across a broad range of taxa
(Merila and Crnokrak 2001, McKay and Latta 20023y @alues greatly exceededfvalues
for populations ofD. galeata(figure 3). This pattern indicates directional sélen, a pre-
requisite for local adaptation. Differences amonagts of G+ may reflect differences in both
inheritance and selection. For example, a trait steyw Qr > Fstvalues not because it has
been a target of selection but because of co-vamiatf selection on genetically correlated
traits. ForDaphnia it was shown that the trait we used here, songevth rate and its
resulting measurement of susceptibility (RGR),itselss related when food quality changes
(Seidendorf et al. 2007). Thus local adaptationaoation in food quality is most likely in
Daphnia galeatabecause of directional selection. To differentibtween the different
parameters discussed for local adaptation, it cesgary to assess the role of food quality vs.
other parameters such as salinity (Teschner 19®mperature (Mitchell and Lampert 2000),
oxygen concentration (Carvalho 1984), levels oflytimin (Bachiorri et al. 1991), or other

unspecified factors (Declerck et al. 2001).

In summary, our data support local adaptationDingaleata based on a test on
directional selection and@opulation*food qualityinteraction, even though we could not link
it with the current C:P conditions in the lakesedity. These findings highlight the role of
food quality for population differentiation iDaphniabesides the other factors discussed for
local adaptation ilbaphnia We showed that patterning of pairwisgr@etween populations
of D. galeatais most likely attributable to spatially varyinglsction to food quality changes
and/or the direct influence of habitat specific iemmmental effects that come along with

changes in phosphorus availability.
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CHAPTER4

Chapter 4: Rapid identification of ecologically reevant genes irDaphnia: differential

gene expression patterns as a response to variationfood quality

4.1. Introduction

Adaptation requires first that organisms differ finess and second that those fitness
differences are heritable. Understanding how adefitaits evolve requires that we integrate
genetic analyses of phenotypic differences withlyases of phenotypic variation in an
ecological context. Several classical studies o&ptation, e.g. the evolution of beak
morphology in Darwin’s finches, have recently bestended using molecular techniques
which allow the identification of the genetic baotgnd for variation in life-history traits or
behaviour (Luikart et al. 2003, Stearns and Magwzi@3, Abzahnov et al. 2004, Fitzpatrick
et al. 2005). Expression patterns of these funatigenes, so-called candidate genes, were
described for a number of ecologically relevanitardFitzpatrick et al. 2005). Candidate
genes are defined as genes that contribute toeeapment of a particular life-history trait,
phenotype or behaviour. Changes in the expressatierps of these candidate genes provide
a description of the molecular basis of phenotypariation (Fitzpatrick et al. 2005).
Expression of candidate genes which are assocmatbdecological relevant traits (mediated
by natural selection) provide information on thenegc basis of evolutionary changes
(Abzahnov et al. 2004).

The aim of our study was to provide a method tmatbées the identification of the
genetic basis of phenotypic plasticity for ecoladlic relevant traits in the freshwater
crustaceanDaphnia. Although several candidate genes were describedafaumber of
invertebrate species (Liao and Freedman 2002)ttentreshwater cladocer@maphnia pulex
is one of the species with an almost completelyrlesd genome (for more information on

the Daphniagenome project visit_https://dgc.cgb.indiana.ecdpldy/daphnia/introductioor

http://wfleabase.org/), we are not aware of anydwtwhere candidate genes related to
ecologically relevant environmental conditions wetentified inDaphnia.Here we used an
interdisciplinary approach combining life-historyperiments with differential display-PCR
(DD-PCR) analysis (Liang and A.B. 1992, Xiong etl#198). This method is very well suited
to identify genes which show any qualitative difiece among different treatments. The main
advantage of the method is that, in contrast t@rothchniques developed to characterize
candidate genes such as quantitative realtime RERR) and microarray technology, DD-

PCR is a less laborious and time consuming apprd2ohPCR captures approximately 90%
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of the transcriptome (Liang 2002) and provides sega information of differentially
expressed genes. In addition, it is rather costxpensive and can be applied in almost every
laboratory.

Here we tested this approach to one of the mauresss current zooplankton ecology,
that is the importance of food quality as a fadadetermining growth and reproductive
successDaphniaspecies are in general highly variable in its phgoe, e.g. on fish predation
(e.g. formation of helmets, Tollrian 1990, 1993) thdiation (melanization of the carapax,
Rautio and Korhola 2002) or food limitation (addja of filtering screen, Repka 1999h
addition, life-history studies demonstrated thatroically unbalanced food resources, such as
algae grown under phosphate-limited conditions liftited algae"), reduce fitness in
Daphnia (e.g. Sterner et al. 1993, Elser et al. 2001, &oarand Kreutzer 2002). Only a
limited number ofDaphniastudies (e.g. Gorokhova et al. 2002, Pijanowskdkdnc 2004)
combined ecological data with molecular analysesam attempt to provide the genetic
background for differential responses to experimlecwnditions. For example, growth rate in
Daphniais positively correlated with the length and caonitef the intergenic spacer (IGS)
region of the rDNA tandem repeat unit (Elser et2800b, Gorokhova et al. 2002, Weider et
al. 2004). In addition, exposure Daphniato invertebrate and vertebrate kairomones showed
that life-history changes are associated with chang heat-shock proteins (HSP’s) level and
the actin and tubulin cytoskeleton (Pijanowska d&dc 2004, Pauwels et al. 2005).
Moreover, Diener et al. (2004) observed that themee changes in genes expression under
starvation versus feeding conditions. But they dumt identified the genes or proteins
correlated with these changes in expression leVélgs we are not aware of any other studies
which focused on the isolation of candidate gemegérticular ecological relevant genes)
associated with life-history responses caused byir@mmental stress irDaphnia by

differential display.

Here we extended the approach of Diener et al. 4RQ0 identify and address
ecologically relevant genes with regard to variatio food quality. The specific aim of our
study was to show that is possible to identify etéhtially expressed candidate genes in
Daphnia magnas a result of differences in food quality using tombination of ecological
experiments and an fast and effective PCR baséditpee.
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4.2 Material and Procedures

All molecular techniques were based on the pro®bglDiener et al. (2004) and Sambrook et
al. (1989), any modifications are mentioned beldMot experiments showed that 20
juveniles (born within 24h) dD. magnaresulted in a sufficient amount of total RNA (ud,
determined spectrophotometrically at 260/280 nmekength) for reverse transcription and
PCR.

Total RNA extraction

Total RNA was extracted using the Trizol methogyracedure adapted from the guanidine
thiocyanate-phenol-chloroform method for extractioh total RNA based on US-Patent
5.346.994 (Chomczynski and Sacchi 1987, Chomczyh8Ri3). The frozen animals were
immediately transferred using the end of an RNase-pipette tip into a pre-cooled 1.5 mL
microcentrifuge tube containing 500 ul TriReagentascribed by Chomczynski and Sacchi
(1987, 1993). Animals were homogenized using RN#se pistils within 30s. Subsequent
steps were accomplished following the manufactupergocol. Total RNA was re-suspended
in 20 ul of RNase-free water. RNA concentrationsd apurity was determined
spectrophotometrically at 260 and 280 nm. DNA:RN#ias varied between 1.5 and 1.9 and
in addition the yield of RNA isolation was determihusing 1.2% agarose gels. Samples of
extracted RNA were stored at -20°C. In order td fes potential DNA contamination of
RNA, we subjected isolated RNA to two differentatreents: 1.) total RNA (~1 pug) was
mixed with 1 U of RQ1 RNase-free DNase | (PromeggpG Madison, WI, USA) and 1 pl of
10X DNase buffer (400 mM Tris-HCI pH 8.0, 100 mM B1@,, 10 mM Cad(J, total volume
10ul) and incubated at 37°C for 30 min. The reacti@s terminated by adding 1 pl of stop-
solution (20 mM EDTA, pH 8.0) and heating at 659 10 min. 2.) In addition, in a second
step total RNA (1 pg) was mixed with 1 pl of RNgBeomega Corp., Madison, WI, USA)
and 1 ul of 10X buffer (400 mM Tris-HCI pH 8.0, 1660M MgSQ,, 10 mM Cad)) for 30
min at 37°C in a final volume of 10 pl. The so teARNA samples were used for reverse
transcription and PCR amplification. Both samplesal RNA treated with RNAse and total
RNA treated with DNAse) were subjected to reverardcription and PCR.

Reverse Transcription and PCR

Reverse transcription was generated with ReveftAidoloney murine leukemia virus (M-
MuLV, MBI-Fermentas) according to the supplier'otpcol. In contrast to Diener et al.
(2004), we used an oligo(dig)Primer for cDNA synthesis. Total RNA (1 pug in 10 qf
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RNase-free water) and 0.5 pg oligo(gklyvas added up to a final volume of 11 pl with
nuclease-free deionized water. The mix was incubater0°C for 5 min and stored on ice.
Subsequently, 4 ul 5x reverse transcription buf2&0 mM Tris-HCI, pH 8.3, 375 mM KClI,
15 mM MgCh, 50 mM DTT), 2 pl of 10 mM deoxynucleotide triplpbste (ANTP) and 20 U
of ribonuclease inhibitor (MBI-Fermentas) were atidend filled up with nuclease-free
deionized water to a final volume of 19 ul. Thisusion was incubated at 25°C for 5 min and
200 U of RevertAid" M-MuLV Reverse Transcriptase was added. The remctiixture was
incubated at 42°C for 60 min. The reaction was teated by heating at 70°C for 10 min and

cDNA was chilled on ice before DNA amplification.

cDNA of experimental animals were subjected to pwyase chain reaction with all
possible primer combinations (see Table 1). Althotigs is not the typical way a DD-PCR is
performed because mostly the single stranded cDiNamplified with the oligo dT primer
used to create the cDNA initially, and subsequensiyng an arbitrary primer, we followed the
approach of Dieneet al. (2004) because they showed with their approach ttiey can
produce a reasonable amount of fragments. PCRaeadtotal volume of 25 pl) consisted of
1 pl of 1:10 diluted cDNA, 25 mM of each arbitrgggmer, 3 mM MgC}4, 0.2 mM dNTP, 1x
amplification buffer (20 mM Tris-HCI, pH 8.4, 50 mMCI), and 1 UTagPolymerase
(Invitrogen Corp., USA) per reaction (Diener et 2004). DNA was amplified using the
following temperature profiles: 1 cycle at 1 mirfdtC, 5 min at 35°C and 5 min at 72°C and
39 cycles at 94°C for 1 min, 2 min at 50°C and 8 ati 72°C.

Table 1: DNA sequences of primes used for DD-PCityaes oD. magnaas described in Diener et al. (2004)

Primer for DD-PCR analysis Sequence

A2 5- AACTAGAGCTCCTCCTC-3"
A3 5°- AACTAGAGCTCCAGCAG-3
Ad 5°- AACTAGAGCTCTCCTGG-3’
A5 5- AACTAGAGCTCTCCAGC-3’
A6 5- AACTAGAGCTCCCTCCA-3

Visualization and preparation of PCR products
PCR products were separated on 1.2% agarose 1x J&8& (LE Agarose, Biozym).
Electrophoresis was carried out at 120 V for 4-6PICR products were visualized by

subsequent staining with ethidium bromide. Bandsyimg in intensity levels among
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treatments were isolated and transferred to alesteki5 mL microcentrifuge tube.

Subsequently, DNA was extracted from agarose geisguthe NucleoSpin Extract Il Kit

(Machery-Nagel Inc., Easton) following the manugaes instructions; DNA was eluted into
50 pl TE-Buffer. All eluted fragments were re-arfiplil by the corresponding primer-sets in
order to maximize the yield of DNA for the subsegueloning procedure. Total PCR
products were separated on a 1.2% agarose gel BAdvs purified using the NucleoSpin
Extract Il Kit. Although we know that in most cas&D-PCR products are run on
polyacrylamide gels because of higher resolutiowgroof fragments, we decided to use
agarose instead because it allowed us to easyceitiea DNA from the gel in order to clone

these differentially expressed fragments.

Cloning of differentially expressed cDNA and idenfication of candidate genes

Purified cDNA was cloned using the pGEM-T Easy VecBystem (Promega, Promega
Corp., Madison, WI, USA) following the manufactumg®tocol. We added cDNA (3 ul) to 1
pl of pGEM-T Easy Vector (50 ng) and 2x Rapid T4dtion Buffer (60 mM Tris-HCI, pH
7.8, 20 mM MgC}), 20 mM DTT, 2 mM ATP, 10% PEG). Reactions werertsth by
subjecting 3U of T4 DNA-ligase to the mix for 1 h RT. Subsequently, the vector was
cloned into highly competerischerichia coli(strain XI1-Blue MRF; Stratagene Inc., USA)
by a standard heat-shock protocol. After incubafmml h with SOC medium 100 pl each
transformation culture was plated on LB/ampicilRVG/X-Gal plates for blue-white
screening. Plates were incubated overnight at 37T@o white colonies of each
transformation were isolated and grown in 50 mL MBdium (IDG, corp., USA) containing
100 pg/mL ampicillin. Plasmids were isolated usiimg GFX Micro Plasmid Prep Kit
(Amersham Bioscience) according to manufacturedopod. Purified plasmids were re-
suspended in 100 ul TE-buffer. Sequences of theAcDislerts were obtained by SRD GmbH,
Frankfurt am Main, a sequencing laboratory, usinge tprimer UCP 5'-
GTTTTCCCAGTCACGTTGTA-3" or RCP 5 -GGAAACAGCTATGACCRGATTAC-3.
All sequences were visually verified and editechgsBIOEDIT (Hall 1999) and compared
with previously published sequences using the N@Rabasehttp://www.ncbi.nlm.nih.ggv

In addition, we also compared our sequence onéherge oD. pulex a rather close related

species t®. magna(http://wfleabase.org/blast/
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4.3. Assessment

In order to test our method we conducted a liféeinys experiment with one clone &.
magna which originated from a stock culture at the MPIHn, (M24, originally collected at
GroRRer Ploner See, Germany), and which was subjeitetwo different food quality
conditions. Semi-continuous cultures 8tenedesmus obliquusere established in Z/4
medium (Zehnder and Gorham 1960) with sufficiembgghorus or with limited phosphorus
content in a way similar to Becker and Boersma 80fesulting in algal cells with a molar
carbon to phosphorus (C:P) ratio of 70 - 80 foidA-cells (P) and about 1000 for P-limited
algae (P. Every day, 700 mL (total volume: 1.5 L) of cuktumedium was replaced with
fresh medium: Algae were centrifuged at 2700 x ¢Gimin and diluted in phosphorus-free
medium (“Aachener Daphnien Medium”, AdaM, Kluttget al. 1994) to remove traces of
dissolved P of the algal culture media. Carbon (@Ghtent of algae was established
photometrically using a calibration curve for bathiture conditions. The calibration curve
was established by measuring the extinction oeckifit diluted algae suspensions at 800 nm
using a spectrophotometer (Hitachi, U-2000). Fachedilution, C-content was measured
subsequently by filtration of algae onto precoméds4 mm diameter glass-fiber filters
(Whatman GF/C) and C-content was quantified by é&N&dalyzer (Perkin Elmer). P-content
of algae was measured spectrophotometrically aftgestion with potassium persulfate
(Langner and Hendrix 1982).

All experiments were performed at 18°C with a lightk cycle of 16:8 h. Before
starting the experiments, individuals@f magnawere adjusted to ADaM medium for at least
five generations. Juvenile animals were collectedhfstock cultures and placed into 250 mL
jars filled with ADaM medium and fed 1 mg C'lof P*-algae to guarantee a food supply
above the incipient limiting level (Lampert 19820 Neonates, born within 24 h, were placed
into 250 mL experimental vessels of a flow-througystem. Both algal suspensions (P-
sufficient and P-limited algae) were set to 1 mdy'€and the flow-through rate through the
chambers was set to 55 mL},resulting in a replacement rate of total chami®ume of
about 5 &. Each culture condition was represented by 5cafs: three replicates were used
to determine the somatic growth rate (SGR), twdicafes were subjected to molecular
analyses. Samples for molecular analyses were inmateddfrozen into liquid nitrogen at the
end of the experiment and kept at -80°C until RNaction. For SGR, the initial size of
juveniles was measured using 20 newborns, anditieeadter 4 days of the experimental

animals was measured to the nearest 0.02 mm undeicrascope. Somatic growth rate

76



CHAPTER4

(SGR) was calculated following the formula dM/MdtréMy/My)/t, where M is the average
initial size of a clone and Ms the size of the animals at time t (Sterner Bis®r 2002).
Differences in SGR between treatments were analgakdlating a t-test.

D. magnashowed a significant (P = 0.013) decrease in songabwth rate (SGR) of
about 33% in P-limited conditions compared withnaais raised on a P-sufficient diet (SGR
P* = 0.407 d'+/- 0.053 standard deviation (std. dev.), SGR-P.306 &+/- 0.047 std. dev.,

Figure 1). Several life-history studies have shdhet Daphniaresponds with a decline in
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Figure 1: Results of a life-history study Bf magnaindividualscultured in a flow-through system at two food
quality conditions SGR = average somatic growth raté=Andividuals cultured at P-sufficient conditior®,=
individuals cultured at P-limited conditions, erimars indicate standard deviations.

somatic growth rate and other life-history traiteedo food of lower quality, especially P-
limited food (e.g. Boersma 2000, Becker and Boer20G8). A similar pattern was observed
in our study rearing a clonef D. magnaunder P-limited and P-sufficient conditions. The
significantly reduced SGR @. magnaunder poor food conditions supports the obsermatio
of previous studies indicating the important rofepbosphorus for fitness related traits in
Daphnia DD-PCR amplification of RNA treated with RNAseftie cDNA synthesis failed
to generate any banding profile. The DD-PCR prsfifer the DNAse treatment and for
amplification with untreated extractions showed tih@ isolated RNA was not contaminated
with genomic DNA because both amplification patsewere identical. The same was shown

when cDNA of 24 hours old juveniles was used forARB and DNAse treatment. Thus,
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observed banding patterns represented patternfferiedtial gene expressions since no false-

products were generated.

Animals cultured at limiting P-conditions showedddferential response in RNA
expression compared to RNA expression of P-sufficierganisms. For six primer
combinations we obtained a differential bandingfigo(A2/A4, A2/A6, A3/A4, A3/AS5,
A3/A6 and A4/A5), the other combinations revealeddifferential DD-PCR products (Table
2). For each of these combinations at least orgrfemt was different to the controls, that is it
was possible to obtain more than one differentialgments per primer combination.
Comparing the different banding profiles of all dmmations, we found that some of the
bands were either absent at P-limited conditiongufle 2) or were down- or up-regulated
(Figure 2; Table 2). In total, we were able to iifgr® bands that were up- or down-regulated
which were subsequently used for DNA cloning andusecing. For 5 out of 9 of these

cloned sequences we found homologous sequencesitbipade searches (Table 2). As a

A3 A4 A2 A4

P-1 P2 P+l P+2 P-1 P2 P+ P+2

Figure 2: Example for a differential display PCRfie of D. magnausing the primer combinations (A) A3//
and (B) A2/A4. P-1 and P-2: Two cDNA-ddPCR profileach based on 20 pooled individualsDofmagni
cultured at P-limited conditions,Pand P2: Two cDNA DDPCR profiles each based on 20 pooled indivic
of D. magnacultured at P-sufficient conditions, Arrows indieaup-regulated genes atlifited conditions ¢
(A) and down-regulated genes at P-limited cond#i¢B). Sizes for the internal 100-lgdder are given
basepairs (bp).
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threshold we defined any sequence consilience wiaat 20 bp or more. Four loci which
showed no similarity with previous published seqe=nand one DNA sequence which
showed highest similarity with human mRNA and weoé considered in further analyses.

Table 2: Primer combinations which resulted in efiéihtial DD-PCR profiles obaphnia magnasubjected t
different food qualities. The primer combination2/A3, A4/A6 and A/A6 showed no differential profi
between Pand Pconditions. Amplified product length (basepair; kg loci (gene) with the highest simila
to theDaphniaDNA sequences are provided. Arrows indicate ifegehave been upt) or down-regulated||
at P-limited conditions compared tosBfficient conditions. Function classifies the ftion of these gene
Accession numbers (Acc. No.) for the NCBI databaarid similarity among target and reference sequeac
presented in the two last columns. Identity refidbie similarity ofD. magnasequences with sequences of
NCBI database per sequence given in numbers amgmages. A BLAST of the fragments for the sequs
given for the genome @. pulexrevealed no additional informatioht{p://wfleabase.ory/

Primers _size (bp) Gene Function Acc. No. Identity
A2/A4 900 | A2-Topoisomerase I binding RS Protein, mRNA, Aspergillus fumigatus Cell cycle XM 749616.1 23/24 (95%)
1100 | no analogy with previously published sequences
A2/A6 1200 t mitochondrial glycerol-3-phosphate dehydrogenase (4spergillus ), mRNA (G3P-DH) Enery BX016916.1 41/46 (89%)
A3/A4 450 1t myosin heavy chain genes (D. melanogaster) , alternatively spliced products and Movement X53155.1, and 214/267 (80%)
isoforms of myosin heavy chain genes (D. melanogaster ), 12 Isoforms NM 165181.1 to 2147267 (80%)
NM 165192.1 214/267 (80%)
850 t nicotinamid adenine dinucleotide trans-dehydrogenase (similar to C. familiaris ) (NADH-DH) Energy XM 536481.1 55/65 (84%)
1050 t ATPase (Caenorhabditis elegans ), nRNA Energy NM 058764.2 180/224 (80%)
A3/AS 950 | no analogy with previously published sequences
A3/A6 800 1t no analogy with previously published sequences
A4/AS 900 | no analogy with previously published sequences

Only for the comparisons at NCBI we were able tdawb results on sequence
alignment with previously published genes but motthe search on the genomelnfpulex.
All sequences obtained by the DD-PCR approach releehother mRNA genes (obtained by
NCBI database searches), which confirmed a) thabNé& contamination occurred and b)
that the DD-PCR indeed revealed differential gexgression patterns dd. magna More
specifically, using primer combinations A2/A6 weuf mMRNA of the glycerol-3-phosphate
dehydrogenase gene which was upregulated at Retinsibnditions (G3P-DH). This enzyme
plays an important role in the glycolysis as itngolved in the generation of high-energy
molecules (ATP and NADH). In addition, we identdfieMRNA of the ATPase gene, which
was up-regulated at P-limited conditions (primembmation A3/A4). This type of enzyme is
necessary to provide cell energy in form of ATP abhis needed for nearly any energy
consuming biological pathways in cells. A third yme which is relevant for respiration and
thus is involved to provide cell energy as wellc@tinamid adenine dinucleotide trans-
dehydrogenase, NADH-TDH) was up-regulated at Ptéithconditions. The enzyme NADH-
TDH catalyses the reduction of nicotinamide adexlinecleotide (NAD/NADH).
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In addition to proteins relevant for respiratiolgaastructural genes coding for muscle
proteins (myosin heavy chain) were up-regulateld-amited conditions (primer combination
A3/A4). Together with the protein actin, myosin geates the contractile force responsible
for many aspects of cell locomotion and muscle remtiobn. Also a small protein related to
the A2-Topoisomerase | (RS Protein) has been faonde down-regulated at P-limited
conditions. This type of enzyme affects the topgloDNA, i.e. topoisomerases change the

supercoiling of DNA.

In general, we showed that it is possible with #pproach to gain information on the
molecular background for a specific trait (here $@&R D. magnaon food with different
quality. It allowed us to reveal information on gsrinvolved in a differential response when
food quality differs (qualitative information), butot for any quantitatively interpretation.
Based on the fact that the raw material for thislgtis cDNA, which can easily be obtained in
almost every lab as was shown here, we believedhaimethod is applicable for a huge
number of closely related species Daphnia magnaand for an innumerable number of

guestions.
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4.4. Discussion

Up until now, the molecular mechanisms responditnlechanges in life-histories are largely
unknown, and we have very little knowledge aboatrésponse of daphniids to counteract the
effects of low-quality food. Some reports exist a@ésng an increased uptake of food
particles in order to compensate the lack for phoggs. Plath and Boersma (2001) found that
P-limitation of food increased the beat rate of flieer screens inDaphnia (located on
appendages). They concluded that daphniids cowatserte a lower P-content of their food
by spending more energy on acquiring the limitirgaurce. Other studies indeed described
increased respiration rates of animals at P-limimhditions (Jensen et al. 2001,
Darchambeau et al. 2003). The reported increaséeafance rates with the rise of seston P-
deficiency seems to be an appropriate adaptiveviomlral response to nutrient deficiency. A
prerequisite for this phenotypic response is ame@m®e energy metabolism, especially the
generation of ATP, and will most likely cause ah#gturn-over rate for proteins related to
the movement of filter-screen appendages, such wyssim Our data do support the
observation of Plath and Boersma (2001), becauswel a gene up-regulated at P-limited

conditions necessary for muscle contraction and teeding activity (table 2).

The genes related to a differential response ord fqoality differences can be
categorized to different aspects of either a) gnergetabolism or b) the regulation of
(appendage) movement. For example, myosin, theygrmemsuming part of the actin/myosin
muscle complex, was up-regulated at P-limited cioovts, as well as genes necessary for cell
respiration and thus for providing more energy tméigher demands by the behavioural
response due to P-deficiency (Table 2). Furthermezefound a gene which could not be
directly related to a response to P limitation: th2-Topoisomerase binding RS protein,
which is necessary for the replication of the DNidg a cell cycle, was down-regulated at
P-limited conditions. One explanation might be thatP-limited conditions replication and
cell divisions is reduced to allocate energy angeptrecourses for maintenance and food
uptake. Since individuals at both phosphorus treatmdiffered in somatic growth rate, they
most likely will have differed also in other chatetstics such as for example their
developmental stage, number of cells in particalalt cycles, etc. Thus, the differential
response in transcription factors might not be afiyecaused by different P levels but
represent the indirect response resulting in a murob molecular changes. Even though we

are not able to differentiate among these diredhdirect effects of P limitation, our results
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show that variation in P can be the cause for ifferdntial expression of genes producing

proteins found in P dependent biochemical processes

Some information exists that the correlation betwiee expression of a gene and the
amount of translated protein might not be as taghtwe would like (Caderas et al. 2000,
Rockman and Kruglyak 2006). Therefore, differeihfiakpressed genes may not convert into
different protein levels with functional or ecologl implications. Other methods and tools
such as 2D-Page or Western blotting techniques awithplete the picture of understanding

the complex interactions between genes and proteins

Comments and recommendations

We showed that we developed a fast, cheap and a&gshcable method which is not
restricted to studies based on food quality diffess, but for a huge field of ecological
motivated studies interested in the molecular bamkyd of a differential response in
Daphniaor closely related species. Although DD-PCR dodyg detect a specific sub-sample
of all expressed genes (mainly house keeping genes)cell we have identified potential
candidate genes for further studies, using e.gntjaéive PCR or studies on between species
differences.In addition, it would be very interaestito test if the same patterns of differential
gene expression occur if the growth rateDafphniavaried for other reasons, such as lower
temperature, nitrogen limitation or lower food dénghat is to test for a general stress
reaction That is we highly motivate studies apmyather factors known to alter life-history
strategies irDaphniain combination with the method presented here.hfeuniore, with the
use of these candidate genes, further researchattmah populations and among different
taxonomic units (clades, ecotypes and specieshawed to unravel the molecular genetic
architecture of ecological differentiation and alfthe test of hypotheses on local adaptation

and natural selection (Agrawal 2001).
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GENERAL DiscussION

In northern temperate lakes, total phosphorus @Rtentration is regarded as the key factor
of eutrophication (Schindler 1978), and this eletmenlimiting phytoplankton growth and
production in most systems (e.g. see Sommer 1982y Bnd Hassett 1994). Many lakes in
Europe are known to have gone through severe dcaloghanges in the last decades
(eutrophication), mostly induced by anthropogemupact, but many recovered to their
original trophic state due to pollution control f@al 1998) Despite the large fluctuations in
available phosphorus, body C:P ratios of zooplaskiee relatively constant. Different genera
of zooplankton show different phosphorus conteatg. (Hessen and Lyche 1991) which leads
to differences in their requirement for phosphor{chulz and Sterner 1999) and
consequently their susceptibility to changes ingpih@rus availability. This seems to be most
prominent in the genu®aphnig becauseDaphnia shows a higher requirement for
phosphorus relative to other zooplankters explametheir high body P-content (Hessen and
Lyche 1991).

Most studies on food quality differences that deieed the response in life-history
traits were conducted with a limited number of taxaclones only. These studies did not
provide a sufficient amount of data to infer theqass of local adaptation Daphniawith
respect to food quality as a selective factor. @gasntly, | have studied the response to food
quality in twelve differenDaphniaspecies and several clones of different populatidhss
approached allowed me to study local adaptatiomsacill hierarchical levels from the

molecular to the subgenus level.

In this last part of my thesis | develop a more egah view and investigate the
response (measured in life-history traits) to foqdality differences across several
organization levels, i.e. between subgenera, speaierspecific hybrids and different clones.
Based on the results of my thesis and recent sturdithe field of evolutionary ecology | will

give future perspectives with regard to local adaph inDaphnia
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The role of food quality for differentiation in Daphnia subgenera, species and

interspecific hybrids

The differential response of species to food wiffecent qualities is of great importance in
Daphnia not only because it directly affects biologicaloguction, and ultimately the
production of commercially important species susliigh, but also may influence the species
composition and thus the aquatic environment ashalev My findings on the life-history
responses oDaphnia species are to a great extent in concordance tiwibe presented in
previously published studies (e.g. see Urabe ell@97, DeMott 1998) becaudeaphnia
individuals were negatively affected in their liféstory traits if subjected to food with limited
quality. However, nothing was known on the respaoisdifferent subgenera daphniato
food with different quality, and here | was ablestoow that the three different subgendda (
longisping Ctenodaphniaand theD. pulex group) all responded with a decline in their
somatic growth rate at P-limited conditions (chapige). However, no differential interaction
with food quality for the different subgenera wasirid, but the twelvddaphnia species
responded differentially to the different food dties. Moreover, the subgenera showed a
significant differentiation at P-sufficient conditis, but no significant differentiation at food
limited in quality (chapter one). This implies thdifferentiation in Daphnia is more
prominent when food qualities are non-limited. Camipg the susceptibilities of all twelve
Daphniaspecies, | revealed a trade-off between the sorgatiwth rate at optimal conditions
and the susceptibility to food quality changes.haiigh for several cases an association of
species distribution and habitat preferences wdectsl, no explanatory environmental
variable for the species and the subgenera waslf@arapter one). In addition, phylogenetic
analysis revealed no phylogenetic constraint fer ghrameters tested here, thus | conclude
that Daphnia species acquired their ecological differentiatadter their separation into the

different subgenera.

For Daphniait is know that species often co-occur, and thasé sympatric species
form interspecific hybrids, a common phenomenahis genus(Schwenk 1993)Recent
studies have shown that interspecific hybridizai®mn fact fairly common and contributes
significantly to evolutionary changes (Harrison @Q9%rant and Grant 1992, Bullini 1994,
Dowling and Secor 1997, Seehausen 2004). MoredweerDaphnia it is discussed that
hybrids often are superior to their parental spewhen certain environmental conditions are
met (temporal hybrid superiority Model, Spaak amakekktra 1995). This model is supported
by recent field data (DeClerck and De Meester 2088) a number of life-history studies

86



GENERAL DiscuUssION

(Weider and Wolf 1991, Boersma and Vijverberg 1998@94b). Although a number of
factors were described for hybrid maintenance, oh¢he main factor which determines
fitness inDaphnia i.e. food quality (Vanni and Lampert 1992, Stereeal. 1993, Weers and
Gulati 1997, Boersma 2000, Becker and Boersma 2008% not studied so far. Here |
present data on the differences between two clastdyedDaphniaspeciespD. galeataand
D. cucullataand their interspecific hybrid). cucullatax D. galeataon P-sufficient and P-
limited algae (chapter two). Measurements on séuédeahistory traits revealed that the
interspecific hybrids showed highest fitness at li@od quality conditions, relative to the
parental species, whereBs galeatawas superior at P-rich conditions. In addition,tedits
measured showed broad-sense heritabilities th@aw alvolutionary changes to happen. These
results, based on single-clone life-history studiegere confirmed by a multi-clone
experiment and indicate that variation in food @uakepresents an additional factor

explaining hybrid maintenance Paphnia.

In my thesis | present evidences for local adamtato food qualities (chapter three)
and heritability of somatic growth raite Daphnia(chapter two), as well as species and hybrid
specific susceptibilities to variation in food qgityalchapter one and two), which represent the
prerequisites for evolutionary changes. As showrchapters one, two and three, natural
selection on food quality differences causes dffiéial responses of species, interspecific
hybrids and clones, thus | expect that major evahatry changes will happen on periods of
changes in food quality. It was also shown thatriofgbare superior to their parental species
(chapter two) when food quality conditions are |ddybrids often occur in high frequencies
during certain periods of the growing season (W8B7, Weider and Stich 1992), and recent
findings support my prediction since interspecifigbrids occurred in higher frequencies
during periods of massive changes in phosphorudaaidy (Brede et al. 2009). Because
hybridization may lead to gene flow between spedigbridizing populations are capable of a
rapid evolutionary response to perturbed habitdegiation in food quality, mediated by
phosphorus content, seems to represent a majar featising and maintaining interspecific

hybridization and the potential generation of newletionary trajectories.
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Fitness consequences of variation in food qualityt #he clonal level

Evolutionary change requires two prerequisitesstfiindividuals should vary in their
phenotype, and second, these phenotypic differesteasdd at least in part be heritable. When
genetic structure is estimated using neutral markexuable insights can be obtained into the
level to which genetic drift, gene flow, populati@ubdivision and inbreeding influence
patterns of variability within and among populasomNatural selection, however, results in
changes of fitness related (quantitative) traitshsas life-history parameters. A commonly
used method to estimate the relative impacts dt dnd selection on polygenic traits and
consequently to study local adaptation and adaptarétion is the comparison of genetic

differentiation at neutral markers and quantitatiegts.

Here | used this comparative method Baphnia galeatato study local adaptation
with respect to variation in food quality. FDaphnia a suite of environmental factors have
been described for local adaptation e.g. saliniigs¢hner 1995), temperature (Mitchell and
Lampert 2000), oxygen concentration (Carvalho 198)els of pollution (Bachiorri et al.
1991), or other unspecified factors (Declerck e@D1), but a discussion on local adaptation
with respect to the feeding environment has yethean described in detail. To address this
issue, | studied the reaction-norm for a life-higterait on food with different quality and
determined the genetic variation by microsatellt@alysis using six polymorphic loci.
Estimates of population subdivision for moleculggrf and quantitative traits &) were
concordant, with @ generally exceeding the values @f,Fndicating directional selection.
As shown in several chapters of my theddgphnia species show a strong response to
variation in food quality, and the lack of any sfgrant phylogenetic signal indicates that the
main ecological differentiation amompphniaspecies represents a rather young evolutionary

process (chapter one).

Recent studies have documented rates of evolutibneoologically important
phenotypes adapting sufficiently fast that theyen#ive potential to impact the outcome of
ecological interactions, i.e. for evolution in eamgical time-scales (Hairston et al. 2005,
Carroll et al. 2007). It is known thBtaphniaspecies are able to respond microevolutionary to
rapid ecological changes (Hairston et al. 2005, destecker et al. 2007), however, the
response on variation in food quality remained eacl Here | showed that variation in food
quality has a major impact at all hierarchical lsvie Daphnia (all chapters). Moreover, |

showed that Daphnia hybrids are superior to their parental species rwleertain
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environmental conditions are met, and recent egglidata on the evolutionary changes in a
hybrid complex in lake Constance showed that ins Iélsan a century significantly
microevolutionary changes related to phosphorusiroed (Brede et al. 2009). Thaphnia
species represent not only an ideal model organisnstudy the impact of variation in food
quality, but is also a suitable system to revea ¢eneral interaction of ecological and

evolutionary processes.

Candidate genes responsible for adaptation to varieon in food quality

The project leading to chapter four was motivatgdhe idea to reveal the molecular basis of
adaptation to variation in food qualityly aim was to detect and characterize the regulatio
of candidate genes iBPaphnia, combining ecological experiments and differentiedpthy
polymerase chain reaction (DD-PCR). | exposed aectif Daphnia magndo phosphate-rich
and P-limited conditions and measured its somatmnth rate. In addition, cDNA of
experimental animals were subjected to DD-PCR &aghients of up- or down-regulated loci
were sequenced. | detected an up-regulation ofsgending for three different enzymes
relevant to cell respiration and also genes cotbngnuscle proteins which were up-regulated
at P-limited conditions. Thus | provide a technighat enables the identification of the
molecular basis of phenotypic plasticity for ecataedly relevant traits. This was revealed by
the application of life-history experiments in camdtion with genetic analyses.

Although the method provides a fast, cost-efficiand easily applied approach that is
relevant to the whole field of evolutionary ecolp@xperimental results need to be verified
by further genetic techniques like RealTime PCRM&stern-Blot analysis. However, the up-
or down-regulated genes were related to the phogicdl response of individuals to counter-
balance nutrient deficiencies. This is the firgfpsto reveal genes underlying local adaptation
in Daphnia.Further studies using more advanced techniquesasiaticroarrays are bound to

reveal how genomes respond to environmental sareggause ecological differentiation.
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Future perspectives

During the recent past, many European lakes wdiested to severe changes in their trophic
status by the overenrichment of nutrients (maimlggphorus). Consequently, this affected the
food quality of herbivorous zooplankton suchDegphnia Despite many ecological studies on
the key parameter phosphorus, there is only litlormation on the evolutionary
consequences of these environmental changes. Miestshow thabDaphniaspecies, hybrids
and clones are subjected to natural selection mgusical adaptation by variation in food
quality. The impact of food quality differences d&monstrated at the molecular level
(expression of candidate genes), among diffeBayphniapopulations (directional selection)
and between hybrids and parental species, indgcatybrid superiority at limited food quality
conditions. Thus | expect that interspecific hylradion is more common on periods with

changes in food quality.

Recent studies showed that adaptation to fast amgngpnditions can happen on
ecological time-scales, and | showed that the mspao food quality changes is not
constrained by the phylogenetic historydphniaspecies. Thus | expeBtaphniato adapt
to fast changes in their habitat characteristind, iawill be interesting to reveal the impact of
food quality differences in this multi-factorialquess of adaptation. My first step to identify
and describe genes responsible for adaptation shimatsit is promising to have a deeper
insight into the molecular basis for microevoluaoy changes. By now, the genomenf

pulexis sequencedhftp://wfleabase.org/ and the development of modern applications like

SNP analyses, microarrays and the application féérdnt gene libraries will allow to study

specific questions according to local adaptationomby in Daphnia.

The need to predict nature’s reaction to globaingea becomes more urgent during
recent years. Man-made changes of global ecolagngly influences almost all habitats
around the globe. Observing the changes as thgyehap natural populations when habitats
alter in their characteristics are necessary to emaddiable predictions about future

populations.
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SUMMARY

SUMMARY

Man-made eutrophication, the ecosystemic respansleet fertilization of water bodies with
nitrogen (N) and phosphorus (P), degrades waterhabdat quality. Intense studies on the
effects of eutrophication culminated in the scigntiasis for banning phosphate detergents (a
major source of P, the most frequent culprit ir@phication of lakes), and the regulation of
nutrient entry by pollution control. However, theotutionary and ecological consequences of
these fast changes in trophic state (eutrophicateligotrophication) remain unclear for
most freshwater species. Within this thesis, lighdhe evolutionary ecology for a prominent
genus in freshwater systems, i.e. for speciesefjgnudaphnia,to changes in food quality
by directly controlling the elemental compositioh agae. Various life history traits in
Daphniaare affected by the elemental composition of sgsteeasured as the carbon (C) to
phosphorus (P) ratio (C:P). Here | studied the ithp&food quality differences (measured as

C:P of algae) for this genus and its ability fazdbadaptation on changes in food quality.

In the first chapter of my thesis | present a history survey of three different
subgenera and 1Raphniaspecies originating from a broad range of habitlaéé differ in
environmental parameters. Species varied in fitrmesgood with different quality, but no
associations between fitness of species and emaental parameters were detected. In
addition, a trade-off between susceptibility todaguality changes and somatic growth rate at
optimal conditions was revealed. In several cabes trade-off explained species distribution
with their preferred habitat types. However, | fduneither explanatory environmental
variables nor phylogenetic constraints for differesin somatic growth rate, indicating that

Daphniaspecies acquired ecological differentiation atftbeir separation into subgenera.

In chapter two | study the effect of food qualitiffefences on abaphnia hybrid
complex, becausdaphnia species and interspecific hybrids have been shtovrbe
ecologically differentiated and often co-occur e tsame lake. Thus | conducted life-history
experiments with clones dDaphnia galeata Daphnia cucullata and their interspecific
hybrids and measured fitness-related traits atdifferent food quality conditions. Hybrids
showed highest fitness values in some traits atftmyd quality conditions, relative to their
parental species, wheregasgaleatawas superior at P-rich conditions. These reshéised on
single-clone life-history studies, were confirmgdaebmulticlone experiment.
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To investigate the pre-requisite for local adaptatii.e. directional selection, |
compared the genetic differentiation at neutralefiermarkers (kr) and at quantitative traits
(Qs7) for populations oD. galeatasampled at different trophic levels (chapter thrdéis
comparative method is a commonly used approachtimate the relative impacts of drift and
selection on polygenic traits. This was done withimd between four lake populations of
Daphnia galeatarepresenting two different types of habitat. Esti@s of population
subdivision for molecular and quantitative traiterev concordant, with § generally
exceeding Ey, indicating directional selection. However, no ngigant differences in

guantitative traits were found between lakes did#nt trophic category.

Finally, to address the impact of food quality éifinces at the molecular level, |
present an approach based on the combination dbgcal experiments and differential
display polymerase chain reaction (DD-PCR) to idendenes potentially responsible for
adaptation (chapter four). To address this issD&IAC of experimental animals was subjected
to DD-PCR and fragments of up- or down-regulatedi lwere sequenced after vectorial
cloning technique. Here | detected an up-regulattbngenes coding for three different
enzymes relevant to cell respiration and also geadmg for muscle proteins which were up-
regulated at P-limited conditions. In conclusionshowed the impact of food quality
differences on various levels iDaphnia, i.e. between subgenera, species, interspecific
hybrids and the molecular level and its consequefarethe evolutionary ecology within this

genus.

94



REFERENCE LIST

Reference list

Abzahnov, A., M. Protas, B. R. Grant, P. R. Graamid C. J. Tabin. 2004. Bmp4 and
morphological variation of beaks in Darwin’s fineh&cienc&051462-1465.

Acharya, K., M. A. D. Kyle, and J. J. Elser. 20®iological stoichiometry ofDaphnia
growth: an ecophysiological test of the growth rétgoothesis. Limnology and
Oceanography9:656-665.

Adamowicz, S. J., J. K. Colbourne, A. Petrusel.JS. Witt, and P. D. N. Hebert. 2008. The
scale of divergence: a phylogenetic appraisal tdraontinental allopatric speciation
in a passively-dispersed freshwater zooplanktorugieNlolecular Phylogenetics and
Evolution:in press.

Agrawal, A. A. 2001. Phenotypic Plasticity in thetdractions and Evolution of Species.
Science294:321-326.

Andersen, T. 1997. Pelagic Nutrient Cycles: henmgoas sources and sink. Springer,
Heidelberg.

Arnold, M. L. 1997. Natural hybridization and evbbin. Oxford University Press, New York,
U.S.A.

Avise, J. C. 2000. Phylogeography-The History anthfation of Species, 1 edition. Harvard
University Press, Cambridge.

Bachiorri, A., V. Rossi, and P. Menozzi. 1991. Bifnces in demographic parameters among
electrophoretic clones @aphnia obtus&Kurz (Crustacea, Cladocera). Hydrobiologia
225.263-268.

Banta, A. M., and L. A. Brown. 1929. Control of sexCladocera. |. Crowding the mothers
as a means of controlling male production. Physjickl Zoology2:80-92.

Becker, C., and M. Boersma. 2003. Resource queffigcts on life histories obDaphnia
Limnology and Oceanograpi#g:700-706.

Behera, N., and V. Nanjundiah. 2004. Phenotypistdy can potentiate rapid evolutionary
change. Journal of Theoretical Biolog6177-184.

Benzie, J. A. H. 2005. Cladocera: The Gemephnia (including Daphniopsis). Kenobi
Productions, Ghent, Belgium.

Bert, T. M., and W. S. Arnold. 1995. An empiricalst of predictions of two competing
models for the maintenance and fate of hybrid zobeth models are supported in a
hard-clam hybrid zone. Evolutiagid.276-289.

Billiones, R., M. Brehm, J. Klee, and K. SchwenkO02. Genetic identification of

Hyalodaphnia species and interspecific hybrids.rdlgmlogia526.43-53.
95



REFERENCE LIS

Blomberg, S. P., T. Garland, and A. R. Ives. 2008sting for phylogenetic signal in
comparative data: Behavioral traits are more lalelution57:717-745.

Boersma, M. 1997. Offspring size and parental §shé Daphnia magna Evolutionary
Ecology11:439-450.

Boersma, M. 2000. The nutritional quality of P-lied algae foDaphnia Limnology and
Oceanograph$5:1157-1161.

Boersma, M., and C. Kreutzer. 2002. Life at theeedy food quality really of minor
importance at low quantities? Ecolog$.2552-2561.

Boersma, M., and J. Vijverberg. 1994a. Possiblécteects onDaphniaresulting from the
green alga &nedesmus obliquuidydrobiologia294:99-103.

Boersma, M., and J. Vijverberg. 1994b. Resourceesson inDaphnia galeataDaphnia
cucullata and their interspecific hybrid - life-history catgiences. Journal of
Plankton Research6:1741-1758.

Boersma, M., and J. Vijverberg. 1994c. Seasonahtians in the condition of tw®aphnia
species and their hybrid in a eutrophic lake - enak for food limitation. Journal of
Plankton Research6:1793-1809.

Boersma, M., and J. Vijverberg. 1995. Synergisffeats of different food species on life-
history traits ofDaphnia galeataHydrobiologia307:109-115.

Bonnin, ., J. M. Prosperi, and I. Olivieri. 1996enetic markers and quantitative genetic
variation inMedicago truncatulgdLeguminosae): a comparative analysis of popufatio
structure. Genetic431795-1805.

Brede, N., C. Sandrock, D. Straile, P. Spaak, mkdaski, B. Streit, and K. Schwenk. 2009.
The impact of man-made ecological changes on thetgearchitecture of Daphnia
species. Proceedings of the National Academy oérfee of the United States of
Americain press

Brede, N., A. Thielsch, C. Sandrock, P. Spaak, Blldf, B. Streit, and K. Schwenk. 2006.
Microsatellite markers for Europe®@aphnia Molecular Ecology Note6:536-539.

Brendelberger, H. 1991. Filter mesh size of cladate predicts retention efficiency for
bacteria. Limnology and Oceanogra36/884-894.

Brendonck, L., and L. De Meester. 2003. Egg banksashwater zooplankton: evolutionary
and ecological archives in the sediment. Hydrolgi@d91:65-84.

Brett, M. T., D. C. Muller-Navarra, and S. K. PagQ00. Empirical analysis of the effect of
phosphorus limitation on algal food quality for dhevater zooplankton. Limnology
and Oceanographb:1564-1575.

96



REFERENCE LIST

Bullini, L. 1994. Origin and evolution of animal biyd species. Trends in Ecology and
Evolution9:422-426.

Caceres, C. E., and A. J. Tessier. 2003. How longst: The ecology of optimal dormancy
and environmental constraint. Ecolog#1189-1198.

Caderas, D., M. Muster, H. Vogler, T. Mandel, J.&.Rose, S. McQueen-Mason, and C.
Kuhlemeier. 2000. Limited correlation between exgmangene expression and
elongation growth rate. Plant Physiola31399-1413.

Carroll, S. P., A. P. Hendry, D. N. Reznick, andW. Fox. 2007. Evolution on ecological
time-scales. Functional Ecolo@y:387-393.

Carvalho, G. R. 1984. Haemoglobin synthesis Daphnia magna StraugCrustacea:
Cladocera): ecological differentiation between hbmuring populations. Freshwater
Biology 14:501-506.

Carvalho, G. R., and R. N. Hughes. 1983. The eftdédiood availability, female culture-
density and photoperiod on ephippia productioDaphnia magnétraus (Crustacea:
Cladocera). Freshwater Biolod:37-46.

Chesson, P. 2000. Mechanisms of maintenance ofiespeliversity. Annual review of
Ecology and Systemati@&i:343-366.

Chomczynski, P. 1993. A reagent for the single-si@pultaneous isolation of RNA, DNA
and proteins from cell and tissue samples. Bioteglas15:532-537.

Chomczynski, P., and N. Sacchi. 1987. Single-stegthod of RNA isolation by acid
guanidinium thiocyanate-phenol-chloroform extractioAnalytical Biochemistry
162156-159.

Colbourne, D., P.D.N. Hebert, and D. Taylor. 19&Xolutionary origins of phenotypic
diversity inDaphnia in: Molecular evolution and adaptive radiatiodseT.J. Givnish
and K.J. Sytsma, pp:163-188.

Colbourne, J. K., and P. D. N. Hebert. 1996. Th&tesyatics of North AmericaBaphnia
(Crustacea: Anomopoda): a molecular phylogenetiqoragech. Philosophical
Transactions of the Royal Society of London SeBeBiological Science851:349-
360.

Correll, D. L. 1998. The role of phosphorus in #grophication of receiving waters: A
review. Journal of Environmental Qualy:261-266.

Cousyn, C., L. De Meester, J. K. Colbourne, L. Bliarck, D. Verschuren, and F. Volckaert.

2001. Rapid, local adaptation of zooplankton betraud changes in predation

97



REFERENCE LIS

pressure in the absence of neutral genetic charyegeedings of the National
Academy of Sciences of the United States of Ame&386256-6260.

Crease, T. J., S. K. Lee, S. L. Yu, K. Spitze, Bhinan, and M. Lynch. 1997. Allozyme and
mMtDNA variation in populations of thBaphnia pulexcomplex from both sides of the
Rocky Mountains. Heredity9:.242-251.

Crease, T. J., and M. Lynch. 1991. Ribosomal DNAat@n in Daphnia pulex Molecular
Biology and Evolutior8:620-640.

Darchambeau, F., P. J. Faerovig, and D. O. He&388. How Daphnia copes with excess
carbon in its food. OecologiE36.:336-346.

Darwin, C. 1859. On the origin of species by meainsatural selection or the preservation of
favoured races in the struggle for life.

De Meester, L. 1996. Evolutionary potential and alogenetic differentiation in a
phenotypically plastic trait of a cyclical parthgem, Daphnia magna Evolution
50:1293-1298.

De Meester, L., A. Gomez, B. Okamura, and K. Schwe2002. The Monopolization
Hypothesis and the dispersal-gene flow paradox quaBc organisms. Acta
Oecologica-International Journal of Ecola2121-135.

De Meester, L., J. Vandenberghe, K. Desender, and Bumont. 1994. Genotype-dependent
daytime vertical distribution dbaphnia magnan a shallow pond. Belgian Journal of
Zoology124:3-9.

De Meester, L., J. Vanoverbeke, K. De Gelas, Rel@rtand P. Spaak. 2006. Genetic
structure of cyclic parthenogenetic zooplanktonydations - a conceptual framework.
Archiv fur Hydrobiologiel67:217-244.

Decaestecker, E., S. Gaba, J. A. M. RaeymaekerStdRks, L. Van Kerckhoven, D. Ebert,
and L. De Meester. 2007. Host—parasite 'Red Quégmamics archived in pond
sediment. Naturé50.:870-873.

DeClerck, S., C. Cousyn, and L. De Meester. 200diddnce for local adaptation in
neighbouringDaphnia populations: a laboratory transplant experimemeskwater
Biology 46:187-198.

DeClerck, S., and L. De Meester. 2003. Impact s firedation on coexistirigaphniataxa:

a partial test of the temporal hybrid superiorijypbthesis. Hydrobiologi&00.83-94.

DeMott, W. R. 1986. The role of taste in food setetby freshwater zooplankton. Oecologia
69:334-340.

98



REFERENCE LIST

DeMott, W. R. 1995. The influence of prey hardnes®aphnids selectivity for large prey.
Hydrobiologia307:127-138.

DeMott, W. R. 1998. Utilization of a cyanobacteriand a phosphorus-deficient green alga
as complementary resources by daphniids. Ecol&f3463-2481.

DeMott, W. R. 2003. Implications of element deficior zooplankton growth. Hydrobiologia
491:177-184.

DeMott, W. R., and R. D. Gulati. 1999. Phosphoigstation in Daphnia: Evidence from a
long term study of three hypereutrophic Dutch lakemnology and Oceanography
44:1557-1564.

DeMott, W. R., R. D. Gulati, and K. Siewertsen. 89&ffects of phosphorus-deficient diets
on the carbon and phosphorus balance DEphnia magna Limnology and
Oceanography3:1147-1161.

DeMott, W. R., R. D. Gulati, and E. Van Donk. 20Hffects of dietary phosphorus
deficiency on the abundance, phosphorus balandegrawth ofDaphnia cucullatan
three hypereutrophic Dutch lakes. Limnology and &ographyt6:1871-1880.

DeMott, W. R., and B. J. Pape. 2005. Stoichiomgetrgn ecological context: testing for links
betweerDaphniaP-content, growth rate and habitat preference. [0g@14220-27.

DeMott, W. R., B. J. Pape, and A. J. Tessier. 2(Rdtterns and sources of variation in
Daphniaphosphorus content in nature. Aquatic Ecol38y33-440.

DeMott, W. R., and A. J. Tessier. 2002. Stoichiametonstraints vs. algal defenses: Testing
mechanisms of zooplankton food limitation. Ecol@&$B8426-3433.

Diener, L. C., P. M. Schulte, D. G. Dixon, and B. Kreenberg. 2004. Optimization of
differential display polymerase chain reaction abi@ndicator for the cladoceran
Daphnia magna. Environmental Toxicolab:179-190.

Dowling, T. E., and C. L. Secor. 1997. The rolehgbridization and introgression in the
diversification of animals. Annual review of Ecolognd Systematic38.593-619.
Dufresne, F., and P. D. N. Hebert. 1995. Polyploahd clonal diversity in an arctic

cladoceran. Heredity5:45-53.

Dzialowski, A. R., J. T. Lennon, W. J. O'Brien, awd H. Smith. 2003. Predator-induced
phenotypic plasticity in the exotic cladocef@aphnia lumholtzi Freshwater Biology
48:1593-1602.

Ebert, D. 1993. The trade-off between offspringesénd number iDaphnia magna the
influence of genetic, environmental and matern&at$. Archiv fir Hydrobiologie,
Supplemen®0:453-473.

99



REFERENCE LIS

Edmands, S., and J. S. Harrison. 2003. Moleculdrcarantitative trait variation within and
among populations of the intertidal copepddgriopus californicus Evolution
57.2277-2285.

Elser, J. J. 2006. Biological Stoichiometry: A cheah bridge between ecosystem ecology
and evolutionary biology. American Naturaligi825-35.

Elser, J. J., D. Dobberfuhl, N. A. MacKay, and J.$thampel. 1996. Organism size, life
history, and N:P stoichiometry: towards a unifie@w of cellular and ecosystem
processes. Biosciend®.674—6384.

Elser, J. J., W. F. Fagan, R. F. Denno, D. R. Ddbhbk A. Folarin, A. Huberty, S. Interlandi,
S. S. Kilham, E. McCauley, K. L. Schulz, E. H. Sem, and R. W. Sterner. 2000a.
Nutritional constraints in terrestrial and fresherdbod webs. Naturé08578-580.

Elser, J. J., and R. P. Hassett. 1994. A stoichibmenalysis of the zooplankton-
phytoplankton interaction in marine and freshwat@systems. Natu/0211-213.

Elser, J. J., K. Hayakawa, and J. Urabe. 2001.i&hittimitation reduces food quality for
zooplankton:Daphnia response to seston phosphorus enrichment. Ec@a2@p8-
903.

Elser, J. J., R. W. Sterner, E. Gorokhova, W. FgaRa T. A. Markow, J. B. Cotner, F.
Harrison, S. E. Hobbie, G. M. Odell, and W. L. 00@b. Biological stoichiometry:
from genes to ecosystems. Ecological Let85¢0-550.

Endler, J. A. 1977. Geographic variation, specimtand clines. Princeton University Press,
Princeton.

Endler, J. A. 1986. Natural Selection in the Widinceton University Press, New Jersey.

Excoffier, L., G. Laval, and S. Schneider. 2005le4uin ver. 3.0: An integrated software
package for population genetics data analysis. uEwolary Bioinformatics Online
1:47-50.

Excoffier, L., P. E. Smouse, and J. M. Quattro.29%nalysis of molecular variance inferred
from metric distances among DNA haplotypes: appbcato human mitochondrial
DNA restriction sites. Genetids31:479-491.

Fagan, W. F., E. Siemann, C. Mittler, R. F. DenAoF. Huberty, H. A. Woods, and J. J.
Elser. 2002. Nitrogen in insects: implications toophic complexity and species
diversification. American Naturalid60784-802.

Felsenstein, J. 1985. Phylogenies and the companaiethod. American Naturali$251-15.

100



REFERENCE LIST

Ferris, S. D., R. D. Sage, C. H. Huang, J. T. de|dJ. Ritte, and A. C. Wilson. 1983. Flow
of mitochondrial DNA across a species boundary.c&edings of the National
Academy of Science of the United States of AmeBi@a290-2294.

Fitzpatrick, M. J., Y. Ben-Shahar, H. M. Smid, L. B. Vet, G. E. Robinson, and M. B.
Sokolowski. 2005. Candidate genes for behaviouralogy. Trends in Ecology and
Evolution20:96-104.

FloRRner, D. 2000. Die Haplopoda und Cladocera (Bwosmninidae) Mitteleuropas. Backhuys
Publishers, Leiden.

Floner, D., and K. Kraus. 1986. On the taxonomthefDaphnia hyalina-galeat@omplex
(Crustacea: Cladocera). Hydrobiolodia7:97-115.

Fox, C. W., D. A. Roff, and D. J. Fairbairn, edgo2001. Evolutionary Ecology-concepts and
case studies. Oxford University Press, New York.

Fox, J. A. 2004. New microsatellite primers fDaphnia galeata mendotaéMolecular
Ecology Notegl:544-546.

Frausto da Silva, J. J. R., and R. J. P. Willia@®01. The Biological Chemistry of the
Elements: The Inorganic Chemistry of Life, 2 nditied. Oxford University Press,
Oxford.

Futuyma, D. J. 1999. Evolution, science and societplutionary Biology and the national
research agenda. Office of University Publicatidayw Brunswick.

Garland, T., P. H. Harvey, and A. R. Ives. 1992ZcBdures for the analysis of comparative
data using phylogenetically independent contr&jstematic Biology1:18-32.

Garland, T., R. B. Huey, and A. F. Bennett. 199%yl&eny and coadaptation of thermal
physiology in lizards - A reanalysis. Evolutid6:1969-1975.

Glaubitz, J. C. 2004. CONVERT: A user-friendly prag to reformat diploid genotypic data
for commonly used population genetic software pgeka Molecular Ecology Notes
4:309-310.

Goodman, S. J. 1997 sRcalc: a collection of computer programs for cadtinlg estimates of
genetic differentiation from microsatellite datadadetermining their significance.
Molecular Ecology6:881-885.

Gorokhova, E., T. E. Dowling, L. J. Weider, T. Je@se, and J. J. Elser. 2002. Functional and
ecological significance of rDNA intergenic spacarigtion in a clonal organism under
divergent selection for production rate. Proceesliafjthe Royal Society of London
Series B-Biological Scienc&692373-2379.

101



REFERENCE LIS

Graham, J. H. 1992. Genomic coadaptation and dewedatal stability in hybrid zones. Acta
Zoologica Fennicd91:121-131.

Grant, B. R., and P. R. Grant. 1996. High survadaDarwin's finch hybrids: Effects of beak
morphology and diets. Ecology:500-509.

Grant, P. R., and B. R. Grant. 1992. HybridizatdBird Species. Scien@56.193-197.

Grant, P. R., and B. R. Grant. 1994. Phenotypic gedetic effects of hybridization in
Darwin's finches. Evolutiod8:297-316.

Gulati, R. D., and W. R. DeMott. 1997. The rolefabd quality for zooplankton: remarks on
the state-of-the-art, perspectives and priorift@eshwater Biology8:753-768.

Hairston, N. G., S. P. Ellner, M. A. Geber, T. Ymh and J. A. Fox. 2005. Rapid evolution
and the convergence of ecological and evolutionang. Ecology Letters3:1114-
1127.

Hairston, N. G., C. L. Holtmeier, W. Lampert, L.\Weider, D. M. Post, J. M. Fischer, C. E.
Caceres, J. A. Fox, and U. Gaedke. 2001. Natutattsen for grazer resistance to
toxic cyanobacteria: Evolution of phenotypic plesyf? Evolution55:2203-2214.

Hairston, N. G., Jr., W. Lampert, C. E. Caceresl.GHoltmeier, L. J. Weider, U. Gaedke, J.
M. Fischer, J. A. Fox, and D. M. Post. 1999. Ragilution revealed by dormant
eggs. Naturd01446.

Hall, T. A. 1999. BioEdit: a user-friendly biologicsequence alignment editor and analysis
program for Windows 95/98/NT. Nucleic Acids SymposiSeriesSer. 4195-98.
Harrison, R. G. 1990. Hybrid zones: windows on atiohary process. Oxford Surveys in

Evolutionary Biology7:69-128.

Harvey, P. H., and M. D. Pagel. 1991. The compasammethod in evolutionary biology.
Oxford University Press, Oxford.

Hebert, P. D. N. 1978. The population biology Daphnia (Crustacea, Daphniidae).
Biological Reviews$3:387-426.

Hebert, P. D. N. 1984. Demographic implications g#netic variation in zooplankton
populations. Pages 195-2@7 K. W. V. Loeschcke, editor. Population biology and
evolution. Springer-Verlag, Berlin.

Hebert, P. D. N., and T. Crease. 1983. Clonal ditselin populations ofDaphnia pulex
reproducing by obligate parthenogenesis. Herdit$53-369.

Hebert, P. D. N., and T. L. Finston. 1996. Geneliiferentiation in Daphnia obtusa a
continental perspective. Freshwater Biol@§311-321.

102



REFERENCE LIST

Hebert, P. D. N., S. S. Schwartz, and J. Hrbac@B91Patterns of genotypic diversity in
Czechoslovakiaaphnia Heredity62:207-216.

Hebert, P. D. N., and D. J. Taylor. 1997. The fataf cladoceran genetics: methodologies
and targets. Hydrobiologiz60:295-299.

Hendrixson, H. A., R. W. Sterner, and A. D. Kay.020 Elemental stoichiometry of
freshwater fishes in relation to phylogeny, allormeand ecology. Journal of Fish
Biology 70:121-140.

Hessen, D. O., B. A. Faafeng, and T. Andersen. 1B@placement of herbivore zooplankton
species along gradients of ecosystem productivity &ish predation pressure.
Canadian Journal of Fisheries and Aquatic Scief2g83-742s.

Hessen, D. O., P. J. Faerovig, and T. Andersen2.20i@ht, nutrients, and P: C ratios in
algae: Grazer performance related to food qualitg guantity. Ecology83:1886-
1898.

Hessen, D. O., and A. Lyche. 1991. Inter- and sptegific variations in zooplankton element
composition. Archiv fur Hydrobiologi#21:343-353.

Hewitt, G. M. 1988. Hybrid zones - natural labor@se for evolutionary studies. Trends in
Ecology and EvolutioR:158-167.

Hobaek, A., and P. Larsson. 1990. Sex determinatiddaphnia magnaEcology71:2255-
2268.

Holm, S. 1979. A simple sequentially rejective rplé test procedure. Scandinavian Journal
of Statistic$:65-70.

Jang, M. H., K. Ha, G. J. Joo, and N. Takamura320@xin production of cyanobacteria is
increased by exposure to zooplankton. Freshwatdo@y 48:1540-1550.

Jensen, K. H., P. Larsson, and G. HOgstedt. 20@1lediing food search iDaphniain the
field. Limnology and Oceanography:1013-1020.

Jeppesen, E., J. Peder Jensen, M. Sgndergaard, aadridsen. 1997. Top-down control in
freshwater lakes: the role of nutrient state, suiges macrophytes and water depth.
Hydrobiologia:151-164.

Kay, A. D., I. W. Ashton, E. Gorokhova, A. J. Kedth A. Liess, and E. Litchman. 2005.
Toward a stoichiometric framework for evolutiondiplogy. Oikos1096-17.

Kleiven, O. T., P. Larsson, and A. Hobaek. 1992.uaéxeproduction irDaphnia magna
requires three stimuli. Oikdb:197-206.

Kluttgen, B., U. Dulmer, M. Engels, and H. T. Ratt894. ADaM, an artificial freshwater for
the culture of zooplankton. Water Resea28iv43-746.

103



REFERENCE LIS

Koch, A. M., G. Kuhn, P. Fontanillas, L. Fumagalli,Goudet, and I. R. Sanders. 2004. High
genetic variability and low local diversity in a gadation of arbuscular mycorrhizal
fungi. Proceedings of the National Academy of Sceef the United States of
Americal012369-2374.

Korpelainen, H. 1984. Genic differentiation &faphnia magnapopulations. Hereditas
101:209-216.

Kreeger, D. A., C. E. Goulden, S. S. Kilham, SL§nan, S. Datta, and S. J. Interlandi. 1997.
Seasonal changes in the biochemistry of lake seBteshwater Biolog$8:539-554.

Kuittinen, H., A. Mattila, and O. Savolainen. 1993enetic variation at marker loci and in
guantitative traits in natural populationsArBbidopsis thalianaHeredity79:144-152.

Lampert, W. 1982. Further studies on the inhibiteffigct of the toxic blue greedicrocystis
aeruginosaon the filtering rate of zooplankton. Archiv fly#fobiologie95:207-220.

Lampert, W. 1987. Feeding and nutritiorDaphnia Pages 143-192 R. H. Peters and R. de
Bernardi, editors. Memorie dell'lstituto Italianoldrobiologia, Pallanza.

Lampert, W., and H. Brendelberger. 1996. Strategieghenotypic low-food adaptation in
Daphnia - filter screens, mesh sizes, and appendage laes. rLimnology and
Oceanography1:216-223.

Lampert, W., W. Fleckner, H. Rai, and B. E. Tayt®86. Phytoplankton control by grazing
zooplankton: a study on the clear water phase. blagy and Oceanograp8i:478-
490.

Lampert, W., and I. Trubetskova. 1996. Juvenilewghorate as a measure of fitness in
Daphnia Functional Ecology0:631-635.

Lande, R. 1992. Neutral theory of quantitative geneariance in an island model with local
extinction and colonization. Evolutiat6:381-389.

Lande, R., and S. J. Arnold. 1983. The measuremkstlection on correlated characters.
Evolution37:1210-1226.

Langner, C. L., and P. F. Hendrix. 1982. Evaluatodna persulfate digestion method for
particulate nitrogen and phosphorus. Water Resd#dd51-1454.

Leibold, M., and A. J. Tessier. 1991. Contrastiragtgrns of body size fddaphnia species
that segregate by habitat. Oecolog@E342-348.

Liang, P. 2002. A decade of differential displayotBchniques33:338-346.

Liang, P., and P. A.B. 1992. Differential displafyemkaryotic messenger RNA by means of
the polymerase chain reaction. ScieBb&967-971.

104



REFERENCE LIST

Liao, V. H.-C., and J. H. Freedman. 2002. Differ@ndisplay analysis of gene expression in
invertebrates. Cellular and Molecular Life Scien84256-1263.

Luikart, G., P. R. England, D. Tallmon, S. Jordand P. Taberlet. 2003. The power and
promise of population genomics: from genotypingyémome typing. Nature Reviews
Genetics4:981-994.

Luttikhuizen, P. C., J. Drent, W. van Delden, andPiersma. 2003. Spatially structured
genetic variation in a broadcast spawning bivalygantitative vs. molecular traits.
Journal of Evolutionary Biolog$6:260-272.

Lynch, M., M. Pfrender, K. Spitze, N. Lehman, Jcké, D. Allen, L. Latta, M. Ottene, F.
Bogue, and J. Colbourne. 1999. The quantitativeraolécular genetic architecture of
a subdivided species. Evolutié8:100-110.

Lynch, M., and B. Walsh. 1998. Genetics and anslydi quantitative traits. Sinauer,
Sunderland.

MacArthur, R. H. 1964. Environmental factors affiegtbird species diversity. American
Naturalist98:387-397.

Maddison, W. P., and D. R. Maddison. 2006. Mesqguitenodular system for evolutionary

analysisin. http://mesquiteproject.org

Mayr, E. 1963. Animal Species and Evolution. BelkriRress of Harvard University Press,
Cambridge, Massachusetts.

McKay, J. K., and R. G. Latta. 2002. Adaptive p@piain divergence: markers, QTL and
traits. Trends in Ecology & Evolutioh7:285.

Merila, J., and P. Crnokrak. 2001. Comparison ofege differentiation at marker loci and
guantitative traits. Journal of Evolutionary Biolo4:892-903.

Michels, E., E. Audenaert, R. Ortells, and L. Dedster. 2003. Population genetic structure
of three pond-inhabiting Daphnia species on a reicgcale (Flanders, Belgium).
Freshwater Biology8:1825-1839.

Midford, P. E., T. Garland Jr., and W. P. Maddis2@05. PDAP Package of Mesquite.

http://mesquiteproject.org

Mitchell, S. E., and W. Lampert. 2000. Temperata@aptation in a geographically
widespread zooplankteDaphnia magnaJournal of Evolutionary Biology3:371-
382.

Moore, W. S. 1977. An evaluation of narrow hybridnes in vertebrates. The Quarterly
Review in Biology52:263-277.

105



REFERENCE LIS

Morgan, K. K., J. Hicks, K. Spitze, L. Latta, M. Bfrender, C. S. Weaver, M. Ottone, and M.
Lynch. 2001. Patterns of genetic architecture ft@-History traits and molecular
markers in a subdivided species. Evoluti&rl 753-1761.

Mort, M. A. 1991. Bridging the Gap Between Ecolagyd Genetics: The Case of Freshwater
Zooplankton. Trends in Ecology and Evoluti@A1-45.

Muller-Navarra, D. 1995a. Evidence that a highlysatarated fatty acid limitPaphnia
growth in nature. Archiv fur HydrobiologiE32297-307.

Muller-Navarra, D., and W. Lampert. 1996. Seasqadterns of food limitation ilbaphnia
galeata Separating food quantity and food quality effeci®urnal of Plankton
Researcii81137-1157.

Mdller-Navarra, D. C. 1995b. Biochemical versus enai limitation inDaphnia Limnology
and Oceanograph0:1209-1214.

Nizan, S., C. Dimentman, and M. Shilo. 1986. Actdric effects of the cyanobacterium
Microcystis aeruginas on Daphnia magnalLimnology and OceanograplB1.497-
502.

Palsson, S. 2000. Microsatellite variatiorDaphnia pulexfrom both sides of the Baltic Sea.
Molecular Ecology®:1075-1088.

Parejko, K., and S. I. Dodson. 1991. The evolutiprecology of an antipredator reaction
norm -Daphnia pulexandChaoborus americanug&volution45:1665-1674.

Pauwels, K., R. Stoks, and L. De Meester. 2005.ifgowvith predator stress: interclonal
differences in induction of heat-shock proteinstle water fleaDaphnia magna
Journal of Evolutionary Biolog$8:867-872.

Petrusek, A., A. Hobaek, J. P. Nilssen, M. Skage(dtny, N. Brede, and K. Schwenk. 2008.
A taxonomic reappraisal of the EuropeBaphnia longispinacomplex (Crustacea,
Cladocera, Anomopoda). Zoologica Scripi#@s07-519.

Pfrender, M. E., K. Spitze, and N. Lehman. 2000.ltMacus genetic evidence for rapid
ecologically based speciationDaphnia Molecular Ecology:1717-1735.

Pianka, E. R. 1976. Natural selection of optimagroeuctive tactics. American Zoologist
16:775-784.

Pijanowska, J. 1991. Seasonal Changes in Morphaddddaphnia cucullataSARS. Archiv
fur Hydrobiologie121(1)79-86.

Pijanowska, J., and M. Kloc. 200@aphniaresponse to predation threat involves hear-shock
proteins and the actin and tubulin cytoskeletomeses38:81-86.

106



REFERENCE LIST

Pijanowska, J., L. J. Weider, and W. Lampert. 192@dator-mediated genotypic shifts in a
prey population - experimental evidence. Oecol@§id0-42.

Plath, K., and M. Boersma. 2001. Mineral limitatiaf zooplankton: Stoichiometric
constraints and optimal foraging. Ecolagg:1260-1269.

Podolsky, R. H., and T. P. Holtsford. 1995. Popaitatstructure of morphological traits in
Clarkia dudleyandl. Comparison of Fst between allozymes and moqghcdl traits.
Geneticsl40733-744.

Purvis, A. 1995. A composite estimate of primatglpgeny. Philosophical Transactions of
the Royal Society of London Series B-Biologicaleédwies348405-421.

Rautio, M., and A. Korhola. 2002. UV-induced pigrtegion in subarcticDaphnia
Limnology and Oceanograply:295-299.

Reinikainen, M., M. Ketola, and M. Walls. 1994. &dts of the concentrations of toxic
Microcystis aeruginosand an alternative food on the survival @aphnia pulex
Limnology and Oceanograptd@.424-432.

Repka, S. 1996. Inter- and intraspecific differenge Daphnia life histories in response to
two food sources: the green al§aenedesmuand the filamentous cyanobacterium
Oscillatoria. Journal of Plankton Researt&1213-1223.

Repka, S. 1997. Effects of food type on the ligtdny ofDaphniaclones from lakes differing
in trophic state. l.Daphnia galeatafeeding on Scenedesmusnd Oscillatoria.
Freshwater Biolog8.675-683.

Repka, S. 1998. Effects of food type on the litgtdny ofDaphniaclones from lakes differing
in trophic state. Il.Daphnia cucullatafeeding on mixed diets. Freshwater Biology
38:685-692.

Repka, S., A. Veen, and J. Vijverberg. 1999a. Molpdical adaptations in filtering screens
of Daphnia galeatato food quantity and food quality. Journal of Fmm Research
21:971-989.

Repka, S., S. Vesela, A. Weber, and K. Schwenk9li9®lasticity in filtering screens of
Daphnia cucullata x galeataybrids and parental species at two food conceotis
Oecologial20:485-491.

Repka, S. H. 1999. The effects of food quantity foudl quality on Daphnia: morphology of
feeding structures and life history. Ph.D. Univeist Amsterdam, Amsterdam.
Rieseberg, L. H. 1997. Hybrid origins of plant dpsc Annual review of Ecology and

Systematic28:359-389.

107



REFERENCE LIS

Rockman, M. V., and L. Kruglyak. 2006. Geneticgtafbal gene expression. Nature Reviews
Geneticsl1:862-872.

Ronquist, F., and J. P. Huelsenbeck. 2003. MrB8y&ayesian phylogenetic inference under
mixed models. Bioinformatics 19:1572-15Y21572-1574.

Rosenzweig, M. L. 1991. Habitat Selection and Pafparh Interactions: The Search for
Mechanism. American Naturali$87:5-28.

Sambrook, J., E. F. Fritsch, and T. Maniatis. 1986lecular cloning: A laboratory manual,
second edition edition. Cold Spring Harbor Labonateress, NY.

Satterthwaite, F. E. 1946. An approximate distigiutof estimates of variance components.
Biometrics Bulletin2:110-114.

Scheffer, M. 2001. Ecology of shallow lakes. Kluwarademic Publishers, Dordrecht.

Schindler, D. W. 1978. Factors regulating phytoktan production and standing world’s
freshwaters. Limnology and Oceanogra23y478-486.

Schluter, D. 1996. Ecological speciation in postglafishes. Philosophical Transactions of
the Royal Society of London Series B-Biologicaleé®wes351:807-814.

Schulz, K. L., and R. W. Sterner. 1999. Phytoplankthosphorus limitation and food quality
for Bosmina Limnology and Oceanographly:1549-1556.

Schwenk, K. 1993. Interspecific hybridization Daphnia Distinction and origin of hybrid
matrilines. Molecular Biology and Evolutidr©:1289-1302.

Schwenk, K. 1997. Evolutionary Genetics of Daphsecies complexes-Hybridsim in
Syntopy, Niuwersluis.

Schwenk, K., M. Bijl, and S. B. J. Menken. 2001 pExmental interspecific hybridization in
Daphnia Hydrobiologia44267-73.

Schwenk, K., P. Junttila, M. Rautio, B. Bastians&nKnapp, O. Dove, R. Billiones, and B.
Streit. 2004. Ecological, morphological, and genetiifferentiation of Daphnia
(Hyalodaphnia from the Finnish and Russian subarctic. Limnolognd
Oceanography9:532-539.

Schwenk, K., D. Posada, and P. D. N. Herbert. 2008lecular systematics of European
Hyalodaphnia: the role of contemporary hybridizatio ancient species. Proceedings
of the Royal Society of London, Series B: BiologiSaience267.1833-1842.

Schwenk, K., A. Sand, M. Boersma, M. Brehm, E. Ma@e Offerhaus, and P. Spaak. 1998.
Genetic markers, genealogies and biogeographierpattin the cladocera. Aquatic
Ecology32:37-51.

108



REFERENCE LIST

Schwenk, K., and P. Spaak. 1995. Evolutionary arudogical consequences of interspecific
hybridization in cladocerans. Experienfi&465-481.

Scribner, K. T., K. S. Page, and M. L. Bartron. @0Blybridization in freshwater fishes: a
review of case studies and cytonuclear methodsiadbdical inference. Reviews in
Fish Biology and FisherieB):293-323.

Seehausen, O. 2004. Hybridization and adaptiveatiadi Trends in Ecology and Evolution
19:198-207.

Seidendorf, B., M. Boersma, and K. Schwenk. 200/alddionary stoichiometry: The role of
food quality for clonal differentiation and hybridaintenance in ®aphnia species
complex. Limnology and Oceanograph®385—-394.

Sidak, Z. 1967. Rectangular Confidence Regionstii@ Means of Multivariate Normal
Distributions. Journal of the American Statistiéalsociation62:626-633.

Slatkin, M. 1995. A measure of population subdosisibased on microsatellite allele
frequencies. Genetids39437-462.

Sokal, R. R., and D. E. Wartenburg. 1983. A testpitial autocorrelation analysis using an
isolation-by-distance model. Genetil35219-237.

Sommer, U. 1992. Phosphorus-limitddaphnia - Intraspecific facilitation instead of
competition. Limnology and Oceanogra3ig966-973.

Spaak, P., and J. R. Hoekstra. 1995. Life-Hist@wyation and the coexistence oDaphnia
hybrid with its parental species. Ecologfy553-564.

Spaak, P., and B. Keller. 2004. No evidence fomptda micro-evolution to a decrease in
phosphorus-loading of a Daphnia population inhagitia pre-alpine lake.
Hydrobiologia526:15-21.

Spitze, K. 1993. Population structureDaphnia obtusaquantitative genetic and allozymic
variation. Genetic435367-374.

StatSoft. 2005. STATISTICA fir Windows). www.statsoft.com

Stearns, S. C. 1992. The evolution of life hiswri@®xford University Press, New York.

Stearns, S. C., and P. Magwene. 2003. The Naturalia World of Genomics. American
Naturalist161:171-180.

Sterner, R. W. 199®aphniagrowth on varying quality c5cenedesmusMineral limitation
of zooplankton. Ecology4:2351-2360.

Sterner, R. W., and J. J. Elser. 2002. EcologitaicBiometry: the biology of elements from

molecules to the biosphere. Princeton UniversigsBrPrinceton.

109



REFERENCE LIS

Sterner, R. W., D. D. Hagemeier, and W. L. SmithO3. Phytoplankton nutrient limitation
and food quality foDaphnia Limnology and Oceanograpl3g.857-871.

Sterner, R. W., and D. O. Hessen. 1994. Algal antriimitation and the nutrition of aquatic
herbivores. Annual Review in Ecolo@¥:1-29.

Sterner, R. W., and K. L. Schulz. 1998. Zooplankborrition: recent progress and a reality
check. Aquatic Ecolog$2:261-279.

Sterner, R. W., and M. S. Schwalbach. 2001. Ditdgration of food quality by Daphnia:
Luxury consumption by a freshwater planktonic hesbeé. Limnology and
Oceanography6:410-416.

Sundbom, M., and T. Vrede. 1997. Effects of fattydand phosphorus content of food on the
growth, survival and reproduction Baphnia Freshwater Biolog$38.665-674.

Symonds, V. V., and A. M. Lloyd. 2004. A simple am&xpensive method for producing
fluorescently labelled size standard. Molecularl&gyp Notes4:768-771.

Taylor, D. J., and P. D. N. Hebert. 1994. Genesiseasment of species boundaries in the
North AmericanDaphnia longispinacomplex (Crustacea, Daphniidae). Zoological
Journal of the Linnean Societyl0:27-40.

Teschner, M. 1995. Effects of salinity on the lifsstory and fitness oDaphnia magna
variability within and between populations. Hydroloigia307:33-41.

Tessier, A. J., and M. A. Leibold. 1997. Habita¢ @sd ecological specialization within lake
Daphniapopulations. Oecologih09561-570.

Tessier, A. J.,, M. A. Leibold, and J. Tsao. 2000.fuhdamental trade-off in resource
exploitation byDaphniaand consequences to plankton communities. Ec@ap26-
841.

Tessier, A. J., and P. Woodruff. 2002a. Cryptiplic cascade along a gradient of lake size.
Ecology83:1263-1270.

Tessier, A. J., and P. Woodruff. 2002b. Tradinghef ability to exploit rich versus poor food
quality. Ecology Letters:685-692.

Thielsch, A., N. Brede, A. Petrusek, L. De Meestard K. Schwenk. 2009. Contribution of
cyclic parthenogenesis and colonization historpabulations to population structure
in Daphnia Molecular Ecology.

Tollrian, R. 1990. Predator-induced helmet formmaiioDaphnia cucullata(Sars). Archiv fur
Hydrobiologie119191-196.

110



REFERENCE LIST

Tollrian, R. 1993. Neckteeth formation Daphnia pulexas an example of continuous
phenotypic plasticity - morphological effects @haoboruskairomone concentration
and their quantification. Journal of Plankton Resea5:1309-1318.

Turgeon, J., A. Estoup, and L. Bernatchez. 199@ctep flock in the North American Great
Lakes: Molecular ecology of Lake Nipigo€iscoes (Teleostei: Coregonidae:
Coregonus). Evolutiof3:1857-1871.

Urabe, J., J. Clasen, and R. W. Sterner. 1997.gPlboss limitation ofDaphniagrowth: Is it
real? Limnology and Oceanograph1436-1443.

Urabe, J., and R. W. Sterner. 2001. Contrastinecesfof different types of resource depletion
on life-history traits irDaphnia Functional Ecology5:165-174.

Urban, M. C., M. A. Leibold, P. Amarasekare, L. Dester, R. Gomulkiewicz, M. E.
Hochberg, C. A. Klausmeier, N. Loeuille, C. deMazaurt, J. Norberg, J. H. Pantel,
S. Y. Strauss, M. Vellend, and M. J. Wade. 2008e Hvolutionary ecology of
metacommunities. Trends in Ecology & Evolut@$311-317.

Van Donk, E., M. Lurling, D. O. Hessen, and G. Mokhorst. 1997. Altered cell wall
morphology in nutrient deficient phytoplankton atslimpact on grazers. Limnology
and Oceanograph2:357-364.

Vanni, M. J., and W. Lampert. 1992. Food qualitieets on life history traits and fitness in
the generalist herbivol@aphnia Oecologied2:48-57.

Vanoverbeke, J., and L. De Meester. 1997. Amongiational genetic differentiation in the
cyclical parthenogerbaphnia magna(Crustacea, Anomopoda) and its relation to
geographic distance and clonal diversity. Hydratoyed 360:135-142.

Vrede, T., D. R. Dobberfuhl, S. A. L. M. Kooijmaand J. J. Elser. 2004. Fundamental
connections among Organism C:N:P stoichiometry,roraolecular composition, and
growth. Ecology85:1217-1229.

Vrede, T., J. Persson, and G. Aronsen. 2002. Ttheemmce of food quality (P: C ratio) on
RNA: DNA ratio and somatic growth rate Baphnia Limnology and Oceanography
47.487-494.

Weers, P. M. M., and R. D. Gulati. 1997. Growth amgdroduction of Daphnia galeata in
response to changes in fatty acids, phosphorus, ninogen in Chlamydomonas
reinhardtii. Limnology and Oceanograpdy:1584-1589.

Weider, L. J. 1993. Niche breadth and life histeayiation in a hybridDaphnia complex.
Ecology74:935-943.

111



REFERENCE LIS

Weider, L. J., K. L. G., M. Kyle, and J. J. EIs2004. Associations among ribosomal (r)DNA
intergenic spacer length, growth rate, and C:Ndrkcstometry in the genuBaphnia
Limnology and Oceanograpl#@:1417-1423.

Weider, L. J., and A. Hobaek. 1997. Postglacigbelisal, glacial refugia, and clonal structure
in russian/siberian populations of the ardaphnia pulexcomplex. Heredity:363-
372.

Weider, L. J., W. Makino, K. Acharya, K. L. Glend, Kyle, J. Urabe, and J. J. Elser. 2005.
Genotype x environment interactions, stoichiomefiniod quality effects, and clonal
coexistence iaphnia pulexOecologial43537-547.

Weider, L. J., and H. B. Stich. 1992. Spatial amhpgoral heterogeneity @aphniain lake
constance - intraspecific and interspecific comgmars. Limnology and Oceanography
37:1327-1334.

Weider, L. J., and H. G. Wolf. 1991. Life-historgnation in a hybrid species complex of
Daphnia OecologiaB7:506-513.

Weir, B. S., and C. C. Cockerham. 1984. Estimakirgjatistics for the analysis of population
structure. Evolutior38:1358-1370.

Weltje, L. 2003. Integrating evolutionary genetassd ecotoxicology: On the correspondence
between reaction norms and concentration-respousgees Ecotoxicologyl2:523-
528.

Whitlock, M. C. 1999. Neutral additive genetic \@arce in a metapopulation. Genetics
researcty4:215-221.

Williams, R. J. P. 1997. The natural selection lbé tchemical elements. Cellular and
molecular life scienc3:816-829.

Wolf, H. G. 1987. Interspecific hybridization betwveDaphnia hyalina, D. galeata, and D.
cucullataand seasonal abundances of these species andhybanls. Hydrobiologia
145213-217.

Woodruff, D. S. 1989. Genetic anomalies associaii#ia cerion hybrid zones - the origin and
maintenance of new electromorphic variants callgaribymes. Biological Journal of
the Linnean Societ$6:281-294.

Xiong, L. Z., G. P. Yang, C. G. Xu, Q. F. Zhangdaw. A. S. Maroof. 1998. Relationships of
differential gene expression in leaves with hetisraad heterozygosity in a rice diallel
cross. Molecular Breedingy129-136.

Yang, R. C., F. C. Yeh, and A. Yanchuk. 1996. A panson of isozyme and quantitative
genetic variation ifPinus contortassp.latifolia by Fst. Genetics1421045-1052.

112



REFERENCE LIST

Zaret, T. M. 1980. Predation and freshwater comtresiiYale University Press, New Haven
& London.

Zehnder, A., and P. R. Gorham. 1960. Factors inflirgy the growth ofMicrocystis
aeruginosaKutz Emend Elenkin. Canadian Journal of Microbigyl®:645-648.

113






GERMAN SUMMARY

ZUSAMMENFASSUNG

Wahrend der letzten Jahrzehnte waren viele SeeBunopa starken anthropogenen und
Okologischen Veranderungen ausgesetzt, wobei dibriBgung von Medikamenten-
Ruckstanden und Chemikalien, die EinschleppungNewobiota und die Eutrophierung dieser
Habitate einen besonders gravierenden Einflussdatén natirliches Gleichgewicht hatte.
Durch grof3e Anstrengungen im Umweltschutz, wie . Errichtung von Klaranlagen,
wurde in den letzen Jahren versucht, vor allenEdigophierung der Gewasser riickgangig zu
machen, um diese Habitate wieder in einen natumama urspriinglichen 6kologischen
Status  zurlckzufuhren. Diese schwankenden Umwaeitgedgen stellen eine
Herausforderungen fir die meisten Siul3wasserorganistar. In dieser Dissertation wurden
die Auswirkungen, die sich durch eine VeranderuagFltterqualitat (Phosphorlimitierung)

auf verschiedene Organisationsebenen der Gattupggrieergeben, untersucht.

Die meisten Daphnien besitzen einen zyklisch  padbenetischen
Reproduktionszyklus, d.h. asexuelle und sexuellgréthiktion wechseln sich ab. Die
sexuelle Reproduktion, aus der Dauereier (Ephippibarvorgehen, wird durch eine
Verschlechterung der Lebensbedingungen induzierkdsnmt es meist im Anschluss an die
Klarwasserstadien der Seen zur sexuellen Repramtukiis wurde aber auch eine Induktion
durch andere Stimuli, wie hohen Pradatorendruckr abttastische Verénderungen in der
Habitatstruktur (z.B. Trockenheit 0.4.) beobach®thrend der sexuellen Reproduktion ist
aulBerdem die Bildung von interspezifischen Hybridedglich, ein haufig beobachtetes
Phanomen dieser Gattung. Unter optimalen Lebenspedgen, wie sie meist im Frihjahr
und Sommer herrschen, vermehren sich Daphnienledmaptséachlich asexuell, d.h. Uber die
grofdte Zeit des Jahres werden genetisch identitutigiduen gebildet. Dies erlaubt in
Verbindung mit einer kurzen Reproduktionszeit dialierungen klonaler Linien im Labor,

welche verschiedensten experimentellen Bedinguagsegesetzt werden kdnnen.

Im Gegensatz zu Copepoden und manchen Rotatomeh Zaphnien nicht in der
Lage, Futterpartikel wie Algen aufgrund der Futtexitat zu diskriminieren. Fir sie als
unselektive Filtrierer ist deshalb die Qualitat dexflgbaren und des aufgenommenen
Sestons identisch. Die Futterqualitat hangt dabEitmur von der Partikelform und -gréfi3e,
sondern auch von der mineralischen und biochemiséhesammensetzung des filtrierten

Sestons ab. Die Nahrstofflimitierung von Algensgteng an deren Umweltbedingungen und
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die verfugbaren Ressourcen gekoppelt, d.h. Algemn&d, je nach Habitat, grol3e
Schwankungen in ihrem Kohlenstoff(C):Phosphor(PyRéénis (C:P) aufweisen. Im
Gegensatz dazu sind die einzelnen Arten des Zokfolas in Bezug auf ihre Kohlenstoff-,
Stickstoff- und Phosphorverhaltnisse homdostatisgin. sie zeigen nur sehr geringe
Schwankungen und Toleranzen in ihren stéichionattes Verhaltnissen. Daher ist die

Futterqualitat von Algen fir Daphnien von grof3ed&atung.

Obwonhl bereits Arbeiten tber die Auswirkungen vetinitierten Futterquellen auf
Daphnia existieren, ist wenig Uber das Potential zur lokalknpassung an schnelle
Veranderung im Phosphathaushalt vieler Seen undAdswirkung auf die verschiedenen
hierarchischen Stufen (d.h. zwischen und inneriaibchiedener Subgenera, zwischen Arten,
zwischen Klonen und interspezifischen Hybriden) arek. Um die 0Okologischen und
evolutionaren Prozesse, die sich durch die schveiénderung des Trophiegrades der letzen
Jahrzehnte ereigneten, besser verstehen zu komneden fur diese Arbeit verschiedene
Arten und interspezifische Hybride aus drei Subgeneler Gattung Daphnia als
Untersuchungsobjekt ausgewéahlt. An diesen wurdeEddtuss schwankender Futterqualitat
(C:P ratio von Futteralgen) auf die somatische \Wachsrate, verschiederige-history

Parameter und die Genexpression gezeigt.

Kapitel eins dieser Arbeit beschaftigt sich mit saiedenen life-history
Experimenten, in denen die Auswirkungen untersdicieer Futterqualitaten auf die
somatische Wachstumsrate untersucht wurden. Dieatssthe Wachstumsrate kann als
Indikator fur die allgemeine Fitness der Individuangesehen werden. Daher lassen sich
durch gemessene Unterschiede Ruckschlisse auf iies$ der Arten und Klone bei
verschiedenen Futterqualitdtsbedingungen ziehen. dém Experimenten wurde eine
Durchflussapparatur verwendet, in der Individuerdltwerschiedener Daphnien Arten aus
drei unterschiedlichen Subgenera P-limitierten odécht-P-limitierten Futterqualitaten
ausgesetzt waren. Fir die verschiedenen Arten &oeinttrade-off nachgewiesen werden,
d.h. die Wachstumsrate unter optimalen Futterbenliggn war durch die Empfindlichkeit
gegenuber Schwankungen in der Futterqualitat bedingeinigen Fallen erlaubte dies, die
Verbreitung der Arten auf ihre spezifischen Haleitaihd deren Umweltparameter zu erklaren.
Die Ergebnisse derlife-history-Experimente wurden aufRerdem mit phylogenetischen
Methoden untersucht, um eine mogliche Assoziatiomisghen der Reaktion auf

Futterqualitatsunterschiede und artspezifischenitbtgimerkmalen nachzuweisen. Es konnte
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jedoch kein Zusammenhang zwischen der Wachstumsnateer Empfindlichkeit gegentber
Qualitatsschwankungen des Futters mit den Ubegmiferkmalen abgeleitet werden. Da
weder eine erklarende Variable, noch eine phyloggsiee Einschrankung nachgewiesen
werden konnte, sondern nur eine artbedingte Emigfliceit gegeniber Schwankungen in
der Futterqualitat, scheint eine 6kologische Déferierung der Arten nach der Aufteilung in

die Subgenera stattgefunden zu haben.

Um den Einfluss unterschiedlicher Futterqualitdaerm die life-history-Parameter der
in der Natur haufig auftretenden interspezifischéybride in Daphnia zu untersuchen,
wurden weitere Experimente mit den hybridisierendeten, D. galeata D. cucullata,und
deren interspezifischen Hybrid. galeata x D. cucullatadurchgefuhrt (Kapitel zwei). Eine
Okologische Differenzierung zwischen Elternartenl imterspezifischen Hybriden wurde fur
Daphnia bereits beschrieben, jedoch war der Einfluss votteFqualitatsschwankungen fur
diesen Hybridkomplex, wie er sympatrisch in vieleaen vorkommt, unbekannt. Es zeigte
sich, dass Klone vonD. galeata in den meisten Parametern unter optimalen
Futterbedingungen Uberlegen waren, unter Mangeilgedgen jedoch Klone des
interspezifischen Hybrid®. galeata x D. cucullataeine hdéhere Fitness aufwiesen. Dieses
Ergebnis, das auf Einzelversuchen basierte, wundehdein Multiklon-Experiment erhartet.
Hierzu wurden alle Klone der Einzelexperimente mnus@n in einer Durchflussapparatur
gehaltert und mittels genetische Methoden dieiveldiaufigkeit der Hybride nach mehreren
Generationen bei unterschiedlichen Futterqualitdtestimmt. Hier zeigte sich, dass unter
limitierten Nahrstoffbedingungen eine erh6hte Fesquder interspezifischen Hybride auftrat,
was als Indiz fur eine hohere Fitness von Hybridgegenuber ihren Elternarten gewertet

werden kann.

Um zu Uberprifen ob es, wie in Kapitel eins und izarggedeutet, zu einer lokalen
Anpassung an unterschiedliche Futterqualitaten kemrkann, war es notwendig, die
Vorraussetzungen fur einen solchen Prozess zu iilbenp Fir die Untersuchungen in
Kapitel drei wurden daher vi€b. galeataPopulationen in unterschiedlich eutrophierten Seen
gesammelt (néhstoffreich/ néahrstoffarm). Fur velssdéne Klone aus den unterschiedlichen
Seen wurde sowohl die somatische Wachstumsrate antel Futterqualitatsbedingungen
bestimmt, als auch deren Empfindlichkeit gegeniBelnwankungen in der Futterqualitat
ermittelt. Diese Ergebnisse wurden mit der genleéiscDifferenzierung, basierend auf sechs

unterschiedlichen Mikrosatteliten, verglichen. Bei@arameter, die quantitative und die
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molekulare Differenzierung waren miteinander vaggibar. Jedoch war die Differenzierung
basierend auf quantitativen Merkmalen in jedem é&ch grol3er als die Differenzierung
basierend auf neutralen genetischen Markern. DaDiiferenzierung in den Selektion
unterliegenden Merkmalen gréRer war als die Difiererung gemessen mit neutralen
genetischen Markern, kann dies als Nachweis fliclgete Selektion und somit als
Vorraussetzung zur lokalen Anpassung an untersithedFutterqualitaten gedeutet werden.
Jedoch konnte keine Differenzierung basierend aahtitativen Merkmalen alleine, d.h. der
Empfindlichkeit gegentber Schwankungen im C:P-Vienigider Futteralgen, zwischen den
Populationen aus unterschiedlichen Kategorien genarden. Daher scheint eine Anpassung
an unterschiedliche Futterqualitaten nicht alleurcth Unterschiede im C:P-Verhaltnis der
Algen erklart werden zu konnen. Vielmehr musstechadie komplexen Verdnderungen im
Seston wie Artenzusammensetzung und morphologisnpassungen bertcksichtigt werden,

die mit einem veranderten Nahrstoffeintrag einhleege

Obwohl die phéanotypische Reaktionen auf verschieddfutterqualitaten gut
untersucht sind, wissen wir noch wenig Uber die ekalaren Grundlagen, die diese
Unterschiede hervorrufen. In Kapitel 4 dieser Arbeurde durch eine Kombination von
Okologischenl{fe-history) und molekularbiologischen Experimenten (DD-PCRgesinfache
Methode entwickelt, um Gene aus Daphnien zu isaliedie bei Gabe unterschiedlicher
Futterqualitditen einer differentiellen Expressionntenliegen. Diese Gene bilden
moglicherweise die molekulare Grundlage fur eine p@ssung an unterschiedliche
Futterqualitdten. Unter P-limitierten Bedingungesgre sich eine verstarkte Expression von
Genen, die fur die Zellatmung zustandig sind, wiehavon Genen, die im Metabolismus von
Muskelproteinen eine Rolle spielen. Eine erhohtel&ydrequenz der Filterbeine wurde bei
Daphnien unter limitierten Futterbedingungen berit anderen Arbeiten beobachtet, und
auch eine erhohte Zellatmung ist unter limitiert®&®dingungen plausibel, um den
Mangelerscheinungen entgegenzuwirken. Die Ergebressioglichen damit einen Einblick
in die molekulare Prozesse, die bei der Anpassungurgerschiedliche Futterqualitaten

ablaufen.

Zusammenfassend lasst sich sagen, dass sich Unéelscin der Futterqualitat
(gemessen als C:P) signifikant auf die verschiedé&hégenera, auf die verschiedenen Arten,
Klone und Hybriden, als auch auf molekularer Ebesmgswirken. Trotz der teils

unterschiedlichen Reaktionen in fitnessrelevantemafetern, zeigten alle untersuchten
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Individuen unter limitierten Bedingungen eine vemgerte Wachstumsrate und somit eine
geringere Fitness unter Mangelbedingungen. Hybmidesn in ihrer Fitness ihren Elternarten
bei limitierten Futterqualitaten Uberlegen. Es kenaul3erdem gerichtete Selektion durch
Schwankungen in der Futterqualitdt nachgewieserdewver Weiterhin zeigten sich keine
phylogenetischen Einschrankungen der Arten in deRaaktion auf unterschiedliche

Futterqualitdten. Damit scheint eine Adaptatiorhhicur in evolutionéren, sondern auch in
Okologisch kurzen Zeitrdumen mdglich zu sein. WeilclEinfluss die Futterqualitat im

Vergleich zu anderen Parametern hat, die ebenfaksle Anpassung von Daphnien

beeinflussen (z.B. Temperatur, FralRdruck), bleibweiteren Studien zu Gberprifen.
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