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Stress biology

Organisms continuously interact with their envir@mty) and many factors in the
environment can be far from what each organismgmegs as optimal. It is well known that
an optimal set of conditions for a certain organsan be considered as adverse by another
even related organism. The diversity of life higtetrategies that inhabit the earth is primarily
the result of this conflict between organisms drartenvironment, which is perceived by the
organism or its cells as “stress” (Lakhotia 200%hese stresses can range from toxic
chemicals generated or present in the environnbemgdiation, drought, osmotic conditions,
or temperature among others factors. It seemsstheds is an inevitable part of the life of all
organisms, which in all situations can affect thiness. Consequently, even the most
primitive organisms have developed means to prdteemselves and respond to adverse
conditions.

The growth of the world’s human population and deelopment of human society have
led to a parallel increase in the deteriorationtte environment. There is an increasing
awareness of environmental problems such as ctneatinge and chemical contamination,
where growing fields of research invest great ¢ffan developing a better understanding of
these processes in order to design more efficisseéssment approaches. Within this thesis,
the main questions address the mechanisms throdgth wactors such as toxicants or
temperature (common situations in the field) canseastress, and the mechanisms of the
responses to such stresses. Furthermore, thesd¢iogsesan be addressed at different
organizational levels from genes, cells, tissuaglividuals, communities to finally
ecosystems. This thesis comprises a study of dfnesgoes from the population level to the

gene level.
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Abiotic stressors

Toxicants

The fact that currently more than 100,000 chemampounds are used worldwide
(Hansenret al. 1999) is a growing concern that has lead to therent need of assessing the
effects that the presence of these compounds hasamystems. The large amount of existing
chemicals has been the driving force of the predamge of fast and reproducible protocols
for toxicity testing that provide risk assessorthvgimple numbers such as LC50s, EC50s and
NOECs. Although the main objective of risk assesserto protect populations, testing
population level effects is too complicated fortina applications and is generally substituted
by short-term testing with few selected speciegddat al. 2004)(see e.g. Rundgren &
Augustsson 1998; Kula & Larink 1998; Van Gestel &dpnekamp 1998). The most common
approach for data analysis in these tests invofiteesg an empirical model to the data
collected at a fixed time point and using this esgron to estimate an EC50 or LC50 (e.g. 48
h for an acute Daphnia test) (Marchini 2002).Thipet of descriptive approaches have
disregarded to a great extent the importance ofitickerlying mechanisms of toxic action and
response. They are therefore limited when it cotogble interpretation and extrapolation of
results and thus may lead to systematic errorssknmanagement decisions (e.g. Laskowski
1995; Alda Alvarezt al. 2006). These considerations are redirecting meaition towards
understanding the underlying mechanisms. Mecharagiproaches for studying stress are not
only interesting from a scientific viewpoint butlialso in time lead to better risk assessment
by providing results that improve the interpretatiof toxicity data and bear more relation
with the protection goal itself (populations, ecstsyns).

Temperature

Over the past 100 years, the global average temyseraas increased by approximately
0.6 °C and is expected to continue rising rapidhpyghtonet al. 2001). Although species
have adapted to climatic changes throughout thedtuéonary history (Harris 1993), the
concern now is the rapid rate of change (Schne#ldRoot 1998) which places many
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organism under temperature induced stress. Thereidence that climate change is already
affecting the behavior and distribution of specasd the composition and structure of
communities and ecosystems (Hughes 2000; McCay;20/altheret al 2002; Stensetbt

al. 2002; Parmesan & Yohe 2003). Furthermore, thisasin is expected to become more
severe as changes in temperature levels predigtéaiebintergovernmental Panel on Climate
Change (IPCC) run as high as 6 °C by 2100 (Hougletoal. 2001). This highlights the
growing importance of understanding the mechanisimesponse to temperature that take
place in an organism. Studies that provide insigiat how organisms sense and respond to a
temperature change are essential and will helpdegt into the future the possible effects of

climate change and to design more efficient assasistools.

Under standing the mechanisms of stress

The framework of this thesis involves studying thechanisms of stressor modes of action
and stress response of organisms. The study afrtlerlying mechanisms that take place in
exposure to a stressor can be performed in a @dizesed manner by studying the fluxes of
energy in an organism, which are related to phggiohl processes and their variation
throughout the whole life cycle. This concept isdxhon the Dynamic Energy Budget (DEB)
theory which describes the functioning of organidmased on a set of rules for metabolic
organization (Kooijman 2000; Kooijman 2001), whesgosure to a stressor is regarded as a
change in energetic parameters. This insight latiéadevelopment of DEBtox (Kooijman &
Bedaux 1996), a suite of models to analyze toxieikperiments in a process-based manner.
In the DEB scheme, food is transformed into fe@ex] part of the energy is assimilated
contributing to the reserves. These resources mteibdted in a fixed fraction between
somatic growth/maintenance and reproductive outmttiration. Within this scheme a
stressor may exert an effect on different energpticameters: decreasing assimilation,
increasing maintenance costs, increasing costyéovth, increasing costs for reproduction or
posing a direct hazard to the embryo (Jageal. 2004). The dissection of the energetic mode
of action of toxic compounds is interesting froracgentific point of view since it provides an
insight into the mechanisms through which a chehigcaxerting toxic effects and how these

are being reflected on the different endpointsrobaganism (survival, reproduction, growth).
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In addition, understanding the details about thelenaf action of toxicants is essential for the
extrapolation to population level effects (Jageral. 2004). In this way, the effects on the
different endpoints are integrated into a singleapeter, the population growth rate, which
provides a more relevant measure of ecological anffan any individual endpoint (Forbes
& Calow 1999). This approach can be used to mdaekffects of different types of stressors.
The population level effects of different temperatucan also be analyzed in this manner,

since temperature has predictable consequencdsbrtieory (Jageet al 2005).

Stress mechanisms and life cycles

Life history is a term given to the pattern of depenent, reproduction, and mortality
exhibited by an organism (Crawley 1986). The dpekife history strategy of an organism is
of great importance in determining its performanoéer different environmental conditions.
Different strategies imply investing energy in diint ways. The patterns of allocation
between the different traits can be understoodiwitie framework of the life history theory.
The central assumption is that organisms adjugt ¢heracteristics in response to different
environments in order to maximize fithness (Sted®@2). Different groups of animals vary in
their physiological allocation of energy dependowytheir life history strategy. The energy
allocation rules can be related to life-historytr@uch as body size and reproductive output,
and can be expressed in terms of energy budgetsijifan 2000). After exposure to a
stressor, the allocation patterns depend on theembdction of the stressor (Van Straalen &
Hoffmann 2000) as well as on the life history stggt of the organism.

For practical reasons, toxicity testing is curngftiased towards the use of asexual species
with relatively short life cycles. Aquatic crustacsDaphnia magnaand Ceriodapnhia spp
are parthenogenetic (Persoone & Janssen 1998 Fadsbmia candidgVan Gestel & Van
Straalen 1994) and other commonly used species asidhe rotiferBrachionus plicatilis
(Carmoneet al. 1995) and the oribatid mitélatynothrus peltife(Van Gestel & Van Straalen
1994). These species are commonly selected wittaitheof producing rapid, reproducible
and cost effective tests. However, this does nodwat for the diversity of life strategies that
we find in ecosystems. In soil micro-arthropod camities only two out of twelve strategies

were found to be asexual (Siepel 1994). The remtodristrategy of an organism is of great
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importance in determining its performance undefed&nt environmental conditions. For
instance, in the case of changing ambient tempestGrieg (Griegt al. 1998) reported that

sexual populations of yeast adapted more rapidlpigher temperatures than did asexual
ones. Also, the significance of sexual reproductiorthe studies of population recovery
following toxic stress (Forbes & Depledge 1992) whothe importance of considering
different reproductive strategies, since significdifferences can be found in the way and
efficiency of their response to stress. These deanations highlight the interest of studying
organisms with different life history strategies onder to construct a more versatile and

unbiased picture of stress mechanisms and resptivadesccur in ecosystems.

The nematode model

Nematodes comprise an excellent model for studgtngss mechanisms and responses in
different life history strategy scenarios. Withihet phylum Nematoda, most free-living
nematodes can be easily reared in the laborataryvwole life-cycle observations present no
difficulties (Kammengaet al 1996). The diversity of life history strategiésit can be found
in nematodes covers a large part of the strateabeiscan be found in the animal kingdom,
including parthenogenetic, hermaphroditic and skyweproducing species. The diversity of
life-spans presents absolute differences betweert ahd long living species ranging from 3
days to more than 12 months, while still easilyedaunder the same small scale conditions.
Within this thesis we use two species of bactemnosonematodes that comprise three

different life history strategies as described felo

Acrobeloides nanus

A. nanus(Cephalobidae) is easily reared on agar with aelbiat lawn ofEscherichia coli
as a food source. It is a parthenogenetic spewesye the ovum develops into a new
individual without fertilization. The reproductiyeeriod lasts about 40 days (at 20° C) during
which they produce a total progeny of 400-500 (Jagel. 2005). The average life span is of

50-60 days, falling into the category of intermégliife span nematodes.
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Caenorhabditis elegans

C. elegans(Rhabditidae) can also be easily reared on agadesewithE. coli. This
nematode is a facultative self-fertilizing hermagtite which can also reproduce sexually in
the presence of males. Males occur at very lowugaqgies in natural populations (Ward &
Carrel 1979), and hermaphroditic reproduction erd¢fore the most common strategy. This
mode of reproduction implies that one individuabguices both male and female gametes to
self-fertilize. InC. elegansthis yields a total progeny of about 300 in aroejpictive period
that lasts 5.5 days (15° C) (Alda Alvaret al. 2005). These nematodes present short life
spans of about 20 days at 15° C.

C. eleganscan also be used for sexual reproduction studdesexually reproducing
population can be selected for by including matethe assays. This will lead to differences
in the life history traits caused by the differdifé history strategy. For instance, it is known
that the number of offspring produced by a sexuafproducing nematode can double that of
a non-mated hermaphrodite (Kimble & Ward 1988).

Within this thesis we use different life historyesarios to perform life cycle studies which
focus on unraveling the stress mechanisms and mespoto different toxicants at the
individual and population level, and subsequentigorporating the additional effect of

different temperatures.

Stress mechanisms and genes. Gene-environment inter actions

At the most fundamental level, the response teekfit environmental conditions will be
generated by individual cells (Schlichting & Smi#®02) and thus by genes. Different
environmental factors can interact with the genetgpd in that way influence some of the
characteristics of the phenotype. These interastame known as genotype by environment
interactions (GxE).

The differences observed in a phenotype can beamgu at the genetic level by gene
expression differences. To this effect, the adeanaf microarray technology for studying
gene expression have been ground breaking, allowheg high-throughput profiling of

multiple genes simultaneously. These genomics agpes are usually used for comparing



8 Chapter 1

two states such as mutant versus wild type, heakhsus diseased, control versus exposed or
different conditions or time points. The statistiand bioinformatical analyses of the
expression profiles of many organisms have beed tseeveal genes that are up or down
regulated in specific situations of interest. Asexample, this approach was used with human
microarrays to discover inflammatory disease-relaenes (Helleet al. 1997). Zinke studied
genes that responded to starvatio®msophila(Zinke et al. 2002). Kimura identified genes
responding to high light-stregkimuraet al. 2003 and Sgrensen studied heat stress response
in Arabidopsis(Sgrensert al.2005). This organism was also used to identify geneolved

in the response to drought, cold and high-salisitgsses (Selat al. 2002). Hamadeh used
rats to reveal gene expression profiles relategikfmsure to different compounds (Hamadeh
et al.2002).

A few years ago, a new concept termed “geneticabgecs” was developed by Jansen
and Nap (Jansen & Nap 2001) which promised to hevabreakthrough in the study of gene
expression. This concept incorporates the poweDwdntitative Trait Loci (QTL) analysis,
which uses the genetic variation in a segregatofufation to map complex traits (Lander &
Botstein 1989), to that of gene expression analysdbis approach, the expression profile of
an organism is treated as the quantitative traiintérest for QTL mapping. Genetical
genomics can therefore provide additional insigitd ithe function and interrelation of gene
products and gene action (Jansen & Nap 2001), lppmg the expression of large numbers
of genes.

Genetical genomics approaches have successfully bsed to dissect transcriptional
regulation in yeast, stem cells, flies and rate(Bet al. 2002; Bystrykhet al. 2005; Chesler
et al 2005; Schadet al. 2003). Hubner (Hubnegt al. 2005) compared expression linkage
patterns between two different tissues and recetiily genetic interactions between
polymorphisms affecting gene expression in yease l#een described (Breet al. 2005).
But so far the influence of an environmental changethe genetic linkage of expression
profiles, i.e. thecis or trans QTL pattern, remains unexplored. Here we use atgsh
genomics approach to study the effects of a tenymerachange on the transcriptional

regulation ofC. elegans
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Outline of thethesis

The first part of this thesis (Chapters 2, 3 anddfresses stress mechanisms and responses
to different toxicants in life cycle studies involg various life history strategie€hapter 2
focuses on studying the dynamics of one of the mostmonly used summary statistics in
risk assessment: the ECx. We study the behavitimia of the ECx for different endpoints
and how it is affected by the characteristics ob whfferent compounds (carbendazim and
pentachlorobenzene) and of two different life mgtstrategies (hermaphroditic and sexually
reproducingC. eleganis We discuss the problems involved in the curtesat of this summary
statistic, and demonstrate that the interpretatibrihe results from toxicity tests can be
improved through process-based modelingChapter 3 we use process-based modeling to
study cadmium stress on two different life histstyategies (hermaphroditic and sexually
reproducingC. elegansand dissect the differences between them. Weyamahe effects on
the different endpoints and integrate these infaufaiion level effectsChapter 4 focuses on
identifying the physiological mode of action of dler different compounds (cadmium,
carbendazim and pentachlorobenzene) and how thiéset population growth rates in
different ways, with a new life history strategyw(fhenogenetié. nanu$, which allows us to
compare with the results on the previously studiiedhistory strategies. In this chapter we
also study the effects of different temperatureshenpopulation growth rates in combination
with increasing concentrations of the toxicants.

The next section of this thesis is dedicated tostiey of temperature as the abiotic stress
factor. Chapter 5 addresses the mechanisms behind the responstemaparature change at
the gene expression level. We use a geneticalngesoapproach for this purpose. The
experiments are performed using a 79 recombindmédhline (RIL) panel derived from@.
elegansN2 x CB4856 cross. Whole genome expression psoéite obtained for each RIL at
two different temperatures (16° C and 24° C). Wanthse QTL mapping to detect expression
linkage patterns across the genome for each tetoper#irst we perform a separate analysis
for each temperature, and then use a combined sasaf the two temperature data sets to
increase the power of the expression linkage aisalyge study the QTL effect in the two
environments to uncover temperature sensitive QQLL&T) which generally have opposite

effects at either temperature, or a strong QTLoeié one temperature but almost no effect in
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the other one. For this purpose we first use a genweide approach and then a two-stage
test strategy to increase the power of QTLXT daiast The function and biological meaning
of the uncovered QTLXT are subsequently discus3edfinalize, Chapter 6 presents a
summary of the principle conclusions, their implicas, and perspectives for future research

on this field.
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Chapter 2

Temporal dynamics of effect concentrations

This chapter has been accepted for publication as:

Alda Alvarez, O.; Jager, T.; Nez Colao, B.; Kammenga, J.E. Temporal dynamicsfete
concentrationsEnvironmental Science & Technolo@p06, 40(7), 2478-2484.
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Abstract

In effect assessment the comparability and appligabf LCx and ECx values, which are
calculated at single points in time during exposuedies on the ability to perform a valid
extrapolation to other time points of interest. Thehavior of LCx in time has been
extensively studied, and the behavior of ECx iretiim expected to follow similar dynamics,
as it is considered that the LCx is just a speaéise of ECxs. However, most models have
focused on validating the dynamics of LCx and hamhything is known about the time
dependence of ECx for other endpoints, or whethigerdomparable to that of LCxs. We have
created four scenarios where we study the dynaaifitese ECx for different endpoints and
how it is affected by the characteristics of twdfedent compounds (carbendazim and
pentachlorobenzene) and of two different life mgtstrategies (hermaphroditic and sexually
reproducing strains dfaenorhabditis elegajsThe observed patterns of behavior in time of
the ECx for body size and for reproduction showemxpected dynamics that deviate
considerably from that of the LCx. It was demortsiiathat the temporal dynamics of ECx
were very different for each particular endpointeTshape of the ECx-time curves depends
on the intrinsic characteristics of the endpoinstidy, as well as on the characteristics of the
compound and life history strategy of the organidthis makes extrapolation in time or
between endpoints difficult and hampers the conipliraof results based on this summary
statistic. The interpretation of the results franxitity tests can be improved through process-

based modeling, as demonstrated on the currensdata
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Introduction

Within the field of effect assessment there is@ngng need for consistent and comparable
summary statistics in order to unify the large esriof approaches that are currently in use.
The most common approach for analyzing toxicityadatolves fitting an empirical model to
the data collected at a fixed time point (e.g. 4®than acute Daphnia test), and using this
regression to estimate an ECx or LCx (e.g. EC5G@CMarchini 2002). These parameters
are time dependent and therefore require the smfeof a specific exposure time for their
calculation. In order to unify the toxicity testingrocess, exposure times have been
standardized rather arbitrarily (OECD 1998) for somnganisms. However, standardization is
only relevant if the time course of effects is $anifor all compounds, and furthermore, in
effect assessment it may be necessary to extrapthlase calculated values to other time
points of interest.

The assumption that ECx and LCx values decreaseimgteasing exposure time is partly
based on the fact that effects depend on intemratentrations (Kooijman 1981; Péey al.
2002) and that it takes time for the compound toep@ite into the organism. The exposure
time during which this decrease is substantial dép@n the characteristics of the compound,
of the organism, and of the type of effect. Foramigms with large body sizes and for
compounds with high octanol-water coefficients feiod is usually long. As an example,
surfactants are generally quick to cause ultiméexes, whereas for other chemicals such as
cadmium or dioxins, the LC50 will continue to deage in time for a considerable part of the
life cycle (Kooijman 1996). Since the temporal dynes of toxic effects are compound
specific, the time course of the summary statiséieds to be considered. The comparison of
an LCx or ECx value for a fixed exposure time betwehemicals that have different
toxicokinetics would be extremely misleading. Henite order for these parameters to be
comparable and informative, the temporal dynantias they present must be considered.

Although not generally used for risk assessmenpgres, the behavior of LCx over time
has been extensively studied for different typescbémicals, and different modeling
approaches have been developed. Several modeBnuaepirical hyperbolic relation were
LCx values can be expressed as a linear modekadhtrerse of time (Mayeat al. 1994; Van
Wijk & Kraaij 1994; Carter & Hubert 1984). Kinetitased models were developed by Chew
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and Hamilton (Chew & Hamilton 1985) and Kooijmano@{jman 1981), this latter one being
subsequently replaced by the DEBtox model (Kooijm&nBedaux 1996). Bonnomet
reviewed these models (Bonnonettal 2002), and proposed a mechanistic model based on
the Dynamic Energy Budget (DEB) theory, modifiedetgress LC50 as a function of time.
Marchini (Marchini 2002) used two different models LC50 versustime to describe the
behavior of narcotic and reactive chemicals, whbseretical bases have been discussed by
Verhaar (Verhaaet al 1999). These models show that the behavior of §€herally follows

a predictable decrease in time. The behavior of ECtime is expected to follow similar
dynamics, as it is considered that the LCx is pspecific case of ECxs. However, most
models focus on survival to validate the dynamick@x and there is hardly any knowledge
on the time dependence of the ECx for other endgoan whether it is comparable to that of
LCxs. Studying the shape of the ECx-time curve iffecent endpoints that are commonly
used in toxicity assays is essential for the imtgiion of toxicity data and can provide a
better understanding of whether this parameter @sigo used in an informative and
comparable way.

For each different endpoint, the shape of the E@e-turve, and therefore the dynamics of
this parameter, will depend both on the charadiesi®f the compound and of the organism
as is the case for LCx. However, the intrinsic eltaristics of the endpoint of study will
undoubtedly determine the dynamics of its ECx. ddrass this issue we have created four
scenarios where we study the behavior of the EQxKHbdy size and reproduction) and LCx
(for survival) in time and how it is affected byetbharacteristics of the compound, and by the
life history strategy of the organism throughowt tlihole life cycle. Two compounds were
selected for having different toxic mechanisms:beadazim (DNA synthesis inhibitor
(Clemons & Sisler 1971)) and pentachlorobenzenecétia (Lydy et al. 1999)). Two strains
of the nematod€aenorhabditis elegarthat present differences in their life historyastigies
were selected. The N2 strain reproduces hermagphualti whereas the CB4856 strain has a
high occurrence of males which allows for the s&acof sexually reproducing individuals.
The same exposure conditions were used in all ¢baagios to minimize differences due to
factors other than those of interest.

Generally, the data points for different endpoimts different time points, are treated as

independent sources of information (by fitting sepa dose-response curves). However, all
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measurements are taken from the same animals,rantieaefore closely linked. To obtain a
more integrated analysis of the toxicity data, welied the DEBtox method (Kooijman &
Bedaux 1996). DEBtox is based on the Dynamic EndBgyiget (DEB) theory which
describes the functioning of individual organismessdd on a set of rules for metabolic
organization (Kooijman 2000; Kooijman 2001). Insthmethod, results for all endpoints can
be fitted simultaneously in time to obtain an imt#gd picture of toxicity, as was

demonstrated earlier for cadmium@n elegangAlda Alvarezet al 2005).

Materialsand M ethods

Chemicals. Carbendazim was purchased from Riedel-de Haenz&e@ermany (99%
pure). A stock solution of 0.3 mg carbendazim/mhia@ol was prepared and stored in the
dark. Nominal concentrations used for the experimeranged from 0.48 to 4 mg
carbendazim/L agar. An ethanol blank was usedesdhtrol.

Pentachlorobenzene was purchased from Aldrichn&tan, Germany (98% pure). A stock
solution of 10 mg pentachlorobenzene/ml ethanol prepared. Nominal concentrations used
for the experiments ranged from 50 to 130 mg pébacbenzene/L agar. An ethanol blank
was used as the control.

Chemical analysis of the available fraction of taxits in the agar was performed (Alterra,
Wageningen University and Research Center) with GlRir carbendazim (Fig.1) and GC for
pentachlorobenzene (Fig.2) after 3, 5 and 7 dayweparation of the dishes to monitor the
available fraction of the toxic compounds (e.g.dmmg of compound to the plastic walls or
matrix of the agar). These measurements were wsetidure that the available fraction of
toxicants increased with increasing nominal cormegioins. In order to minimize the changes
in the available fraction of the compounds throughibe experiments, dishes were used no
longer than 4 days after preparation.

Hermaphroditic C. elegans. The N2 (Bristol) strain ofC. eleganswas obtained from
laboratory cultures of Caenorhabditis Genetics &efiniversity of Minnesota). This strain
was selected for life cycle testing involving hepheoditic reproduction, due to the low

occurrence of males in this strain. These populatizere started with only non-mated
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hermaphrodites and screened regularly to removeoanyrring males. Populations where
maintained at 15°C.

Sexually reproducing C. elegans. The CB4856 (Hawaii) strain of. elegansvas obtained
from laboratory cultures of Caenorhabditis Gene@ester (University of Minnesota). This
strain was selected for the sexual reproductioreexyents due to the greater activity and
occurrence of males. In this case populations wtaded with gravid females that had been
fertilized by males, by means of identifying a clapory plug that remains in the female
genitalia after copulation (Barker 1995; HodgkinD&niach 1997), obtaining in this way a
1:1 ratio of females to males in the offspringthese experiments each female was kept with
one male at all times, and checked for a copulaptug to ensure that sexual reproduction
took place. Populations where maintained at 15°C.

Culturing. All nematodes were reared on NGM agar plates seadtbxdOP50 strain of
Escherichia colias a food source (Brenner 1974; Sulston & Hodd®i88). Stock cultures of

OP50 were stored at -8D and the bacterial cultures were grown in autemalB medium

(10 gr peptone, 10 gr yeast extract, 5 gr NaCWalter) for 16 hours at 3TC and 150 rpm.

All experiments were started with a first synchmation in which gravid adults were
transferred to 6cm Petri dishes and allowed toelggs for a period of 4 hours, after which
they were removed. These eggs were allowed to hatdhdevelop into gravid adults with
which a second synchronization was performed, tiinse on agar containing the
corresponding concentration of toxicant. In thisywee obtained the individuals for study,
which were exposed throughout their whole life sfsince egg stage) to the experimental
treatments. Two separate experiments were castiecbne to record the reproductive output
and survival of the individuals and a second oneolitain the body size measurements
throughout their life span. For carbendazim, sepagaperiments were carried out for each
life history trait in the hermaphrodite scenario.

Reproduction and survival. The newly hatched synchronized nematodes wersféaard
to individual wells (12 well plates from Greiner done) for observation. Each well
contained 2ml of agar with the corresponding cotregion of toxicant. The nematodes were
transferred to a new well daily in order to couné thumber of offspring per individual.
Reproduction was recorded in 7-12 individuals fache concentration and the cumulative
number of offspring per individual was calculatBeath was scored when observing absence
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of pumping and no movement response to touch. $lndata was recorded in 20-40
individuals per treatment to produce survival cgrve

Body size. Newly hatched synchronized individuals were kap6acm Petri dishes with 10
ml of agar containing the different concentratiohgoxicant. A maximum of 15 individuals
were kept on each dish (in the case of the sexe@loduction experiment it was 15
hermaphrodites and 15 males) to avoid overcrowdimdycompetition. Pictures were taken of
8-10 individuals per treatment with a Cool Snap eamat intervals of 6 hours at the
beginning of the growth curve, and longer intertaisards the end.

The pictures were digitalized with the Image Prpiess 4.0.1 software package to obtain
length and area measurements of the nematodes alifferent time points. Volumetric
lengths (cubicoot of body volume) where calculated with thedaling geometric formula of
a cylinder with rounded ends (approximation ofshape of a nematode):

Vol. length = (¢ * . * A2/(1))”

WhereA is the area of the nematode dnslthe maximum length of the nematode.

Modeling. The DEBtox method (Kooijman & Bedaux 1996) was usednalyze the life-
history traits and the effects of the toxicantstbase traits. In this approach, the internal
concentration causes the effects; the first steghan model chain is therefore a one-
compartment toxicokinetic model. The internal corication affects the probability of death,
as well as a parameter of the animal model (eggnthintenance costs or the assimilation of
energy from food). The animal model is based onOiaieamic Energy Budget (DEB) theory
(Kooijman 2001). The DEBtox approach has been adbpt deal with life cycle toxicity
studies (Jageet al 2004), and the specific details of the nematdidecycle (Jageet al.
2005). The performance of this model for nematodas already demonstrated for the effects
of cadmium orC. elegandor the two modes of reproduction (Alda Alvamzal 2005), and
the same approach is followed here to analyze thwasdts for carbendazim and
pentachlorobenzene.

The model was implemented in Matlab® Version 7.@l€ase 14), and model fitting was

based on maximum likelihood estimation. The modsldrovide the toxic mode of action of
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the compound, based on resource allocation, aninaiss for parameters governing
toxicokinetics, toxicity and basic physiology (sd@able 1). Confidence intervals were
generated using profile likelihoods (Meeker & Esmob995).

The model fits can be used to obtain ECx estimagea function of time for body size,
reproduction and survival (LCx) for any value of \We selected a value of 10% for x to
demonstrate the time-dependence of the summaigt&tafor this purpose, a large grid of
time points and concentrations was simulated uiegmodel, and EC10s and LC10s were
interpolated.

Results and Discussion

Chemical analysis. The chemicaknalysis of carbendazim gave similar measurements i
the different time points, showing that the avd#abaction of this compound remained
constant within the tested time range (Fig. 1). Tesults of the pentachlorobenzene
measurements were less satisfactory, showing sanmgion of the available fraction in time
(Fig. 2). However, the measurements confirmed th@ease in available fraction with
increasing nominal concentrations which servespmupose for dose response analysis. In
order to minimize the changes in the availabletioacof the compounds throughout the

experiments, dishes were used no longer than 4aftgrspreparation.

3.5 -

3 4 Nominal
concentrations

2.5 —a—4 mg/L agar
2 | —8— 3.2 mg/L agar
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"

—%— 2.4 mg/L agar

(mg/L)

—m— 1.6 mg/L agar

—o— 0.8 mg/L agar

Actual measured concentration

Time (days)

Figure 1. Chemical analysis of carbendazim in the solubdetion of agar at different time points, showing

actual versus nominal exposure concentrations.
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Figure 2. Chemical analysis of pentachlorobenzene in tHebt® fraction of agar at different time points,

showing actual versus nominal exposure concentr&tio

Modelling life history traits with DEBtox. Model fits were obtained for the life history
data sets, with few differences between the pamrnsmdor the N2 and CB4856 populations
(Table 1). This shows that the basic life-cycledabr of C. elegansas well as its sensitivity
to toxicants, does not strongly differ between ¢hesrains, as was shown in earlier
experiments (Alda Alvareet al. 2005). Note that the model was fitted to the dataall
endpoints, all time points, and two strains togethesulting in a single set of parameter

estimates for each compound.
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Table 1. Parameters used in the model

Carbendazim Pentachlor obenzene
Hermaphrodites Sexual Hermaphrodites Sexual
Animal parameters
Von Bertalanffy growth rate (9 0.418 (0.384-0.441) 0.583 (0.554-0.620)
Length at which ingestion is half of surv 29 (n.e.) surv+repro 32.0 surv+repro 31.6 surv+repro
maximum (L m) repro 31.8 (31.6-32.4) (32.1-32.7) (31.6-31.7) 31.0 (30.9-
grw 32.2 (32.0-32.6)  grw29.5(29.2-  grw 31.2 (31.1- 31.1)
30.0) 31.2) grw 31.3
(31.3-31.4)
Maximum length (um) 147 (146-151) 128 (127-129)
Maximum reproduction rate (eggs/d) 231 (208-266) 1 @&7-287)
Ageing parameters
Maximum total number of eggs 268 (261-278) o (n.e.) 238 (232-243) o (n.e.)
Damage killing rate (&) 7.41 (5.27-10.4)-10 32.5(26.1-40.7) -1d 7.31(6.55-8.12)  22.3 (19.4-
3 10° 25.5) -10°
Damage tolerance on reproduction [-] o (n.e.) 2.22 (1.75-2.51) o (n.e.) 4.09 (3.57-
4.76)
Toxicity parameters
Mode of action Assimilation Costs for growth and costs for eggs
Elimination rate () 0.0259 (0.0221-0.0288) 2.51 (1.39)
NEC for survival (mg/L) 0.0706 (0.0566-0.0865) o (n.e.)
Killing rate (L/mg/d) 1.05 (0.763-1.29) 0 (n.e.)
NEC for effects on growth/repro 0.00353 (0-0.00965) 0.0396 (0-1.96)
(mg/L)
Tolerance concentration (mg/L) 0.712 (0.537-0.915) 2 A5-258)
Decrease of length at first reproduction0.792 (0.405-1.53) 0(n.e) 0.487 (0.262-0.708) n.8.j
due to chemical stress [-]
Decrease of total number of eggs due 1.52 (1.05-1.93) 0 (n.e.) 1(n.e) 0 (n.e.)

to chemical stress [-]
Stress on costs for egg, relative to costs n.a. n.a. 2.27 (1.64-2.74)

for growth [-]

Fixed parameters: initial volumetric length 18.1,,wmlumetric length at puberty for hermaphrodit@s48um,
for sexual reproduction 69.9 um, energy investrmatid 10, time before hatching 9 hours (Alda Alme al
2005). N.e. is not estimated, n.a. is not appleablirv is survival, repro is reproduction, grwgiswth, [-] is

dimensionless. 95% confidence intervals in brackets
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We observed that the exposure to increasing coratents of carbendazim led to a gradual
decrease in reproduction which was visible in bsttains (Fig.3). Growth also showed
similar effects in both N2 and CB4856, with higleencentrations presenting lower growth
curves, and survival was also decreased in respondg@s compound, with lower survival
curves for the sexually reproducing individualsrthar hermaphrodites. The negative effect
of sexual reproduction on survival was reflectedh@ model as a higher damage killing rate
(Table 1). This aging parameter reflects fastenggn the CB4856 strain than in the N2
strain, partly caused by mating costs (Alda Alvageal. 2005). The analysis also revealed
the toxic mode of action based on the changesenggrallocation patterns that take place in
response to the chemical. In the DEB scheme, fedthnsformed into feces, and part of the
energy is assimilated contributing to the reserdmse resources are distributed in a fixed
fraction between somatic growth/maintenance andodegtive output/maturation. Within
this scheme, a chemical may exert a toxic effealifarent energetic parameters: decreasing
assimilation, increasing maintenance costs, inargasosts for growth, increasing costs for
reproduction or posing a direct hazard to the emi§dpageret al 2004; Kooijman & Bedaux
1996). The life history traits were best describgdhe model when a decrease in assimilation
was assumed as the mode of action for carbendaaiplying that either this compound
affects the feeding rate of the organisms direatly,decreases the efficiency with which
energy from food is assimilated.

Exposure to increasing concentrations of pentachkmzene also led to a gradual decrease
in reproduction visible in both strains (Fig. 4)o@th exhibited a decrease which was more
pronounced in the beginning and middle of the ghowdirves, and presented an apparent
recovery towards the end of the life cycle. Surkivewever, did not show any effects in
exposure to pentachlorobenzene in either strdilone of the predicted modes of action
(Kooijman & Bedaux 1996) was sufficient by itselféxplain the toxic effects on growth and
reproduction. The growth pattern clearly suggestests for growth as the mode of action,
because there is a clear effect on the growthbnatteot on the ultimate body size. However,
this mode of action does not explain the largectffen reproduction. We therefore propose
that this compound acts through a combination sfscor growth and for reproduction, with

no toxic effects on survival.
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Figure 3. Data and simultaneous model fits for all endpoaftthe life cycle study witlC. elegansexposed to

carbendazim, for hermaphrodites (left) and sex(rabt). These include survival, cumulative reprditut and

growth. Simultaneous fitting was required because data sets include common parametenscontrol, o

concentrations 0.3, 0.6, 1.2 and 1.8 mg carbendaain2.4 mg carbendazim/L.



23

Temporal dynamics of effect concentrations

14

12

10

12

10

, , ; , , , ; 0,,,,, ,,,; , , , ,
o o o [=) o o o o o o o o o o o o o o o — [oe] © < [gV) o
< I S @ © < « @ » O m @ L © W O W’ S = S o
— — — wn < <t ™ ™ N N i -

(wrl) yBus| Apoq dLBWINIOA sjewsy Jad Buudsyo aanenwNy Buninins uonoel

Time (days)

Time (days)

and growth in exposure to

Figure 4. Data and simultaneous model fits for survival, alative reproduction

for hermaphrodites (left) andias (right). Simultaneous fitting was perfornimtause

pentachlorobenzene

o concentrations 50, 70, 90 and 110 mg

the data sets include common parameters control,

pentachlorobenzene/le 130 mg pentachlorobenzene/L.



24 Chapter 2

These two compounds have essentially differentctemechanisms, producing different
patterns of sensitivity in the life history trait$é C. elegansThe two strains also presented
visible differences in their toxic response to teepounds, as was intended in the design of
the four scenarios. The models for this life higtdata were then used to calculate the EC10
values in time.

Temporal dynamics of EC10. EC10 values were calculated for body size, mycton
and survival (LC10) in exposure to the selectedhebals throughout the life cycle of both
strains (Fig.5). The observed patterns of behawidime of the EC10 for body size and for
reproduction deviated considerably from that of th@10, which showed the expected
decrease in time. The EC10s did not show a prdadet@ecrease in time, but presented their
own particular dynamics which differed to the dymesrof LC10s. This shows that in order to
be able to interpret ECx values for a certain empdt is necessary to study its specific

dynamics for that particular endpoint, as it vadeasiderably from one endpoint to another.

Sexual reproduction Her manhrodite

2.5 Carbendazim

£
...

-

o 5 10 15 20 O 5 10 15 20

1407 Pentachlorobenzene
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Figure 5. EC10 and LC10 for the different endpoints as a foncbf time for carbendazim (top) and
pentachlorobenzene (bottom), for sexuals (left) bednaphrodites (righteeee survival (LC10),=— body
length, ---- cumulative reproduction. Survival istishown for pentachlorobenzene as it does not sedrave a

negative effect on this endpoint.
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The dynamics of the EC10s for the different endisoimas found to be greatly influenced
by the characteristics of the compound, and tesseleextent by the reproductive strategy. If
we first look at the differences caused by the attaristics of the organism we see that in the
carbendazim scenarios the EC10 values for bodypsesented some differences between the
two strains. There was an initial steady decredsehwslowed down in day 2 for the CB4856
strain and in day 3 for the N2 strain. The follogitime points showed different patterns for
both strains, where CB4856 continued to presentedsing values whereas N2 exhibited a
slight increase of the EC10. This difference wagbpbly caused by the fact that growth
curves differed between the two strains. The lergtivhich the ingestion rate was half the
maximum value differed between experiments (sedelAl) and was probably not related to
the mode of reproduction. These results showed difgrent growth patterns affect the
EC10s in unexpected ways, mainly because bodyisia#ecting toxicokinetics (Hendriks &
Heikens 2001; Sijm & Van der Linde 199%jowever, in the pentachlorobenzene scenarios,
the EC10s for body size presented similar trendbdth strains (the half-maximum ingestion
length was similar in both strainshe behavior of the EC10 for reproduction exhibitied
unexpected property of increasing in time, for babmpounds and both modes of
reproduction. This behavior therefore relates tec#g properties of this endpoint. The
increase can be explained by the fact that indalglthat are exposed to the toxic conditions
experience a delay in the reproductive peak witpeet to the control, for these particular
modes of action. Apart from this peculiarity thatinherent to the behavior of the EC10 for
reproduction, the life history strategy lead to sodifferences in the patterns, related to the
characteristics of the reproductive mode in eactecén hermaphrodites, egg production
ceases when the storage of sperm cells is degMtacd & Carrel 1979), leading to a sudden
halt of reproduction around day 7. In contrast,usdély reproducingC. elegansshow a more
gradual decline in egg production, presumably duaging effects (oxidative damage) (Alda
Alvarez et al 2005). These differences in reproduction wertecedd in the behavior of the
EC10. The CB4856 strain showed a gradual increa$eCi10 values which were smoothly
stabilized, in contrast to the N2 strain which preed a gradual increase until day 7, at which
a sudden increase in EC10 occurred, because tiwlcmadividuals had stopped reproducing.
This was followed by a sudden stabilization of theve (at higher values than that of

CB4856) indicating that the individuals exposed ttee toxicants had also stopped
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reproduction. These differences between strain®e wesible both in the carbendazim and
pentachlorobenzene scenarios. Finally, the pattdéonssurvival did not present any
differences between strains in either of the seesawith the predictable smooth decrease in
both strains for carbendazim, and an absence pbnsg in pentachlorobenzene.

The differences caused by the characteristicsettmpound were more pronounced than
those caused by the mode of reproduction. In exposu pentachlorobenzene the most
apparent difference with respect to carbendazinmewlee absence of effect on survival (Fig.
5, EC10 for survival not plotted), clearly relatedthe toxic mechanism of this compound.
The EC10 for body size in exposure to pentachlarabee exhibited a “U” shape as opposed
to the trend described for the carbendazim scemaite initial decrease in this trend
reflected the distancing of the growth curves alyetime points (Fig. 4), where the control
individuals had larger body sizes than those exppdeepentachlorobenzene. At later time
points, the control individuals had completed thgnowth, but not so in the higher
concentrations where growth still continued, shurtg the distance between the growth
curves again, and causing an increase in the EI3i§.growth pattern is very specific for the
mode of action “costs for growth”, where the toxitaffects the growth rate, but not the
ultimate size. Reproduction, however, showed néeifices with the previous compound.
The CB4856 strain presented a smooth increasehan2 strain exhibited the characteristic
sharp step around day 7.

It is apparent that ECx dynamics are, first lof endpoint specific. The dynamics of the
ECx for growth and reproduction are essentialljedént, and clearly show different behavior
to that of LCxs. The shape of the ECx-time curverdfore depends on the intrinsic
characteristics of the endpoint of study and hovesfponds to the toxicant. For a particular
endpoint, the specific toxic mechanism of the cluaiihas the largest influence on the
dynamics of its ECx (especially for growth), whiishalso influenced, but to a lesser extent,
by the life history strategy of the organism. Thessults show that the dynamics of ECx can
be complex and that no simple factor exists foreaegal extrapolation in time or across
endpoints. As long as this extrapolation is notsgas, no single time point or single endpoint
can be said to constitute 'the ECx'. This conclusias severe consequences for the
comparison of the sensitivities of organisms (ewgaen making species-sensitivity

distributions), or for the comparison of the totgadf different chemicals (e.g. in comparative
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risk assessment, and QSAR development). Furtherntoreist be noted that this conclusion
not only holds for the ECx and LCx, but also foe tNOEC (which has even more
disadvantages, (see e.g. Laskowski 1995)).

Clearly, any use of such summary statistic mustefoee be interpreted with caution as it
only gives a very limited indication of sensitivitp a compound. For this reason, other
summary statistics are required that do not sdiften the problems related to the ECx. As an
alternative, the no-effect concentration from DEBtmay be used, which is a time-
independent statistic (Table 1). Furthermore, ttignsic rate of population increase is also
time independent and integrates the time courseeftédcts on all endpoints into an
ecologically relevant parameter (Forbes & Calow)99 his statistic can also be generated
using the DEBtox parameters (Jaggral. 2004; Alda Alvarezet al 2005). The DEBtox
analysis offers a deeper insight into the procekssding to toxic effects and allows for an
identification of the toxic mode of action of thenspound based on resource allocation,
which is especially critical for the population #&veffects at limiting food densities
(Kooijman & Metz 1984).

Given the predominance of ECxs, LCxs and NOECshenucal risk assessment, it is
important to acknowledge the limitations of thesenmary statistics, as they may result in

systematic errors in risk management decisions.
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Abstract

Hermaphroditic and gonochoric reproduction areemally different reproductive
strategies which may lead to diverging populati@sponses to adverse environmental
conditions. Each strategy implies different physgital mechanisms, which affect life
history traits and represent different ways of ohepWith stress. We studied the performance
of hermaphroditic vs. gonochoric strains in the atadeCaenorhabditis elegansxposed to
cadmium stress at the individual and populationellevnder control conditions, the
gonochoric strain started reproduction earlier tth@nhermaphroditic strain at a smaller size.
This was due to an earlier switch from sperm toyt®@roduction triggered by male sperm
availability. Under cadmium stress hermaphroditesred a decrease in the size at onset of
reproduction, presumably as a strategy to mairdgaiigh population growth rate. In contrast
the body size of gonochoric nematodes was nottaflecA process-based model (DEBtox)
was used as a tool for analyzing life history datd calculating population growth rates. The
model fitted the data well using physiologicallyereant parameters such as ageing, survival
or reproduction related parameters. The simultasndibwf all life history traits was used to
obtain populations growth rate estimates. The iffees between the tw. elegansstrains
were reflected at the population level. Lower pagioh growth rates, as calculated by
DEBtox, were found in the gonochoric strain, laygeétermined by the proportion of males
in the offspring. From the overall results we segjghat the differences found between both
populations are due to the reproductive strategyddd control conditions, CB strain (with
gonochoric reproduction) does not favor populatpowth rates in the short term due to
faster ageing and copulation costs on survivaltifeumore, in response to stress this strain
also showed lower performance than the N2 hermalticcstrain, mainly due to a higher

sensitivity of survival to the stressor.
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Introduction

The reproductive strategy of an organism is of gregortance in determining its
performance under different environmental condgidfor instance, Colegrave (Colegraie
al. 2002) investigated whether sexual recombinatiorCiMmamydomonasyenerates more
variation necessary to adapt to changing enviromsneompared to asexual populations.
Fitness of sexually reproducing populations excdettgat of asexual ones, and they
concluded that sex accelerates adaptation to iowdlenvironments. In the case of changing
ambient temperatures, Grieg (Grieg al. 1998) reported that sexual populations of yeast
adapted more rapidly to higher temperatures thdmmasiéxual ones. The significance of sexual
reproduction in the studies of population recovietiowing toxic stress (Forbes & Depledge
1992) shows the importance of considering differeproductive strategies, since significant
differences can be found in the way and efficieokciheir response to stress.

The advantages of sexual reproduction and morefgadly gonochorism (separation of
sexes in different individuals) over asexual repicitbn have been sought primarily in
relation to the production of variable offspringitwmutation clearance and partial escape
from coevolving parasites as the most acceptedapiey theories (Weset al. 1999). These
theories suggest that gonochoric populations capored more efficiently to changes in
environmental conditions since they have higheregenvariance. An increased genetic
variation allows for a larger opportunity to resgdo selection than populations where there
is no genetic exchange, such as those that haxeas® hermaphroditic (both sexes in one
individual) reproduction (Maynard-Smith 1978). Gaehoric populations would therefore
have the long-term advantage of a higher rate aptdion although the short-term benefits
are not so clear.

Gonochoric reproduction is a complicated andlgostly to reproduce in comparison to
asexual or hermaphroditic strategies. Extra castsdx involve finding a mate and inducing
it to cooperate (takes time and energy), competitos mates, possible increase of predation,
and the extra investment of producing males iroffspring among others.

Gonochoric reproduction implies investing energy different ways than in asexual
reproduction. The patterns of allocation betweendifferent traits can be understood within

the framework of life history theory. One of thengiples is that organisms are constrained
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by trade-offs in energy allocation, and thus lifstdry strategies have evolved (Van Straalen
& Hoffmann 2000). Different groups of animals vairy their physiological allocation of
energy depending on their life history strategye Bmergy allocation rules can be related to
life-history traits such as body size and reprodecbutput, and can be expressed in terms of
energy budgets (Kooijman 2000). After exposureotaciants the allocation patterns depend
on the mode of action of the toxicant and the tokiicetics (Van Straalen & Hoffmann 2000).
Yet, the advantages of each of the two reproduatiaeles in their responses to adverse
environmental conditions are unclear.

We studied the responses to stress in two popokatiwat differ in reproductive strategy in
the nematodeCaenorhabditis elegangNematoda, Rhabditidae)C. elegans usually
reproduces hermaphroditically but can switch toagpboric reproduction in the presence of
males. It has an average lifespan of about 15-38 da 15°C, and produces 250-300 eggs
during its lifetime. The hermaphroditic mode of maguction implies that one individual
produces both male and female gametes to selfifertAt the end of the third larval stage of
hermaphrodites, the gametes begin to mature asmsperthe proximal end of the
hermaphroditic gonad (Kimble & Ward 1988), and aguration proceeds the type of gamete
matured in the distal end switches to oocytes. Bsealmost all sperm are matured before
the first oocytes mature, the individual possessesfull complement of sperm when
fertilization starts (Hirsh, Oppenheim & Klass 19Kamble & Ward 1988). There is also a
limit to the number of oocytes that can be produlegdhe hermaphrodite since there are a
fixed number of germ cells available to mature isjgerm and eggs. On maturity, a
hermaphrodite releases a series of self-fertilizgds until sperm is depleted and a few
remaining unfertilized oocytes are laid. After thegg release ceases (Ward & Carrel 1979).
Males are able to fertilize hermaphrodites, anthis case the number of offspring produced
can double that of a non-mated hermaphrodite dubedigher availability of sperm. This
mode of reproduction does not seem to be the priedmmone since males are usually
infrequent, but when gonochoric reproduction doexuo male sperm out-competes
hermaphroditic sperm almost completely. This is thu¢éhe competitive superiority of male
sperm, which is larger and has faster motility ¢Som, Hill & L’Hernault 1999). The higher
reproductive output produced by gonochoric indigiducan be expected to have an effect on

other traits. Previous studies with eleganslready showed that mated hermaphrodites had a
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shorter life span than unmated ones. Althoughwliais initially thought to be an effect of the
larger brood size that they produced, it was foumnbe an effect of copulation. The stress of
copulation reduces hermaphrodite lifespan eithesctly or by increasing susceptibility to
infection by the bacteria used as food. (Gems &dRid.996).

In order to be able to fully understand the undegdyphysiological mechanisms that lead to
the observed effects at the population level, acrij@son of the organism’s response
(survival, growth, reproduction) throughout itelis necessary. The Dynamic Energy Budget
(DEB) theory describes the functioning of indivitloeganisms based on a set of simple rules
for metabolic organization (Kooijman 2000; Kooijma801), where exposure to toxicants is
regarded as a change in energetic parameters.tidusy makes use of the formalism of
Individual-Based Population modeling to make tim lirom individual to population level.
This insight inspired the development of DEBtox (f§man & Bedaux 1996), a suite of
models to analyze toxicity experiments in a prodessed manner. The DEBtox method has
been extended recently to model effects at the lntipo level by means of simultaneously
fitting data from the different life-history trai{dageret al 2004). This approach was used in
this paper to model the effect at the populatiorellef hermaphroditic and gonochor@
elegansindividuals under toxic stress. Cadmium was chas®m known chemical stressor
expected to have effects on the life history traftshis nematode (Urat al 2002; Swairet
al. 2004).

Materialsand M ethods

The N2 strain ofC. eleganavas selected as the most suitable for life cyeséirig involving
hermaphroditic reproduction, due to the low ocauree of males in this strain. These
populations were started with only non-mated hehmaglites and screened regularly to
remove any occurring males. The closely related(CB4856) strain was selected for the
gonochoric reproduction experiments, due to thatgreactivity and occurrence of males in
this strain. In this case populations were staviti gravid hermaphrodites that had been
fertilized by males, by means of identifying a clgpory plug that remains on the
hermaphrodites after copulation (Barker 1995; Had@k Doniach 1997). The ratio of males
to hermaphrodites in the offspring of these grdvedmaphrodites was therefore close to 1:1.
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In these experiments each hermaphrodite was képtone male at all times, and checked for
a copulatory plug to ensure that gonochoric repctdn had taken placdhe N2 and CB
strain of were obtained from tli@aenorhabditigsenetics Center (University of Minnesota).
Cadmium chloride (Cd@) was purchased from Merck, Schuchardt, German9¥epure).
The nominal concentrations used were 0, 2, 6, &rD12 mg CdGIL agar (0, 10.9, 32.7,
43.6, 54.5 and 65.pM). Chemical analysis of the soluble fraction of #gar was performed
with ICP-AES (Centraal Laboratorium, Wageningenvénsity Researchcentrum) after 3, 6,
10, 13 and 19 days of preparation of the dishemaamitor any changes in the available
fraction of CdCJ throughout the experiments (due to binding of coumal to the plastic walls
or matrix of the agar) (Fig.1). Precaution was talkgainst any changes in the cadmium
concentrations by using the dishes no longer thdays after preparation, since a decrease in
cadmium availability was observed after day 6. Te&ationship between nominal and
measured-back concentrations is linear, allowingpu®gfer to the nominal concentrations for
better clarity throughout this study without intrhg with the observed patterns in the

results.
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Figure 1. Chemical analysis of cadmium in soluble fractionagar at different time point#. nominal 2 mg
Cd/L, + nominal 6 mg Cd/LA nominal 8 mg Cd/Le nominal 10 mg Cd/L, x nominal 12 mg Cd/L. Analysis

was performed with ICP-AES. A decrease in the mesasconcentrations is visible after the sixth day .
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All nematodes were reared on NGM agar plates sewdtbdstrain OP50 oEscherichia
coli as a food source (Brenner 1974; Wood 1988). Stottkires of OP50 were stored at -
80°C and the bacterial cultures were grown in autadal/B medium (10 gr peptone, 10 gr
yeast extract, 5 gr NaCl / | water) for 16 hour3@& C and 150 rpm. Populations of these
nematodes were maintained at@5

All experiments were started by synchronizing patiahs. Gravid adults were transferred
to Petri dishes (6 cm diameter) and allowed todggs for a period of 4 hours, after which
they were removed. After hatching the juvenilesevatowed to develop into gravid adults
after which a second synchronization was perforntags time on agar containing the
corresponding concentration of toxicant. In thisywee obtained the individuals for study,
which were exposed throughout their whole life sgsimce egg stage) to the respective
concentrations. Two separate experiments wereechout: one to record the reproductive
output and survival of the individuals and a secamk to obtain the body growth
measurements throughout their life span.

Reproduction and survival. The newly hatched nematodes were transferreddigidual
wells (12 well plates from Greiner Bio-one) for ebgtion. Each well contained 2ml of agar
with the corresponding concentration of Cd(Ihe nematodes were daily transferred to a
new well in order to count the number of offsprper individual. Reproduction was recorded
for 7-12 individuals at each concentration. Surviwas recorded when food pumping rate
had ceased and the nematodes showed no movenamgexitly touching them with a small
needle. Survival data was recorded in 20-40 indizisl per treatment.

Growth. Separate growth experiments were performed for Aphmodites and gonochoric
individuals. In both cases, the newly hatched syorulzed individuals were kept on Petri
dishes (6 cm diameter) with 10ml agar containing different concentrations of toxicant. A
maximum of 15 individuals were kept on each dish {lne case of gonochorism 15
hermaphrodites and 15 males) to avoid competifoctures were taken of 8-10 individuals
per treatment with a Cool Snap camera at interwfa& hours at the beginning of the growth
curve, and longer intervals towards the end.

Additionally another experiment was performed tamee the size at onset of reproduction

in 0, 6, 8 and 10 mg Cd/L for both reproductivetsgies. Six individuals were synchronized
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(within one hour) for each concentration and keptnidividual wells. They were observed
every 3 hours and pictures were taken when thiedfiyg was laid.

The pictures were digitalized with the Image Prpiess 4.0.1 software package to obtain
length and area measurements of the nematodes différent time points.

Modelling. The DEBtox method to analyze the life-history sahd the effects of toxicants
on these traits is described in more detail by Jageal (Jageret al 2004 and Jagest al
2005). These models are based on the Dynamic Erieugget (DEB) theory with some
adaptations. A consequence of the DEB theory tsisbanorphic animals grow according to a
Von Bertalanffy curve as long as the environmentaims constantThe rationale underlying
this specific curve is that food uptake is gengralfoportional to a surface area, whereas
maintenance costs are proportional to body voludmoifman, 2000). However, nematode
growth curves are generally sigmoid when lengtplagted against time (Byerly, Cassada &
Russell 1976), showing a slower initial growth tharedicted by the DEB model. An
explanation for this phenomenon seems to be trasite of the buccal cavity (i.e. the tube-
like mouth cavity, opening up into the esophagugploarynx) limits the feeding rate, and
thereby growth of the larval worms (Knigét al 2002). Modifications of the growth curves
are explained in more detail by Jageral (Jageret al., 2005). These observations are also
supported by the observed low pumping rates of ydwdtched larvae, which gradually
increased until the adult stage was reached. Tosvs that the buccal cavity was indeed
limiting feeding (and therefore growth) in theselyéime points, whereas at a later stage, the
nematodes were able to feed freely and the groutves showed the expected pattern at this
point. (Fig. 2).

Apart from the deviations due to the details ofvgfoin the nematodes, some changes were
also made to the model describing the effects df agle (senescence). Many aspects of
nematode physiology will change with age, but fe-tiycle toxicity studies, the primary
concerns are the effects on survival and reproducBasically, the model by Van Leeuwen
et al. (Van Leeuwen, Kelpin & Kooijman 2002) wadldwed. This model is based on the
oxidative stress hypothesis: aerobic respiratiaydpces free radicals that cause damage to
cell components. This damage accumulates in tHeleatiing to the aging phenotype. This
approach was successfully applied to life-cyclaistsl with the springtaiFolsomia candida

(Jager 2004). We applied the same model to nematuoitles few modifications. Firstly, the
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maintenance rate was not taken as a free modahpseg but was linked directly to the rate
constant for growth (Kooijman & Bedaux 1996). Ferthold-age effects were not related to
damage density but to the absolute amount of axelalamage in the organism’s body, and

no additional feedback mechanisms were assumed.
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Figure 2. Average pumping rate throughout time in differeah@entrations of cadmiumn. control, x 2 mg
Cd/L, o 8 mg Cd/L. Low pumping rates are observed in newlglined larvae, which gradually increase until the
adult stage is reached supporting observations rhgdénight (Knightet al. 2002) where size of the buccal
cavity limits the feeding rate at early time peirand thereby growth of the larval worms. This letmls

deviations in the expected Von Bertalanffy growtinve of nematodes.

A different mechanism for the old-age effects oproduction was assumed for each
strategy. In hermaphrodites, egg production ceabkes the storage of sperm cells is depleted
(Ward & Carrel 1979), leading to a sudden haltegroduction. In contrast, gonochoristic
elegansshow a more gradual decline in egg productionsywrably due to aging effects
(oxidative damage) on the developing egg.

Finally, the observed toxic effects at the higlmstcentration were less than expected from
the model. In order to accommodate this behavierassumed that the uptake of cadmium is

saturating at higher external concentrations adegrtb Michaelis-Menten kinetics. Similar
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saturation was for example shown for cadmium inatiquoligochaetes (Steen Redeker &
Blust 2004) and in fish (Van Ginneken, Bervoets lds 2001).

The model fits for all traits and both reproductmedes were done simultaneously, which
led to a total of eight data sets. These includ®igal, cumulative reproduction, and two
growth data sets (one of which incorporates old ages) for each strategy (Fig. 3).
Simultaneous fitting was required because the gets include common parameters. It was
assumed that most of the parameters do not difflevden the hermaphroditic and gonochoric
strains, such as the growth parameters and thagmtisensitivity to cadmium. However, the
aging parameters needed to be given different satirice gonochoric reproduction had a
negative effect (copulation damage) on survivalichhwvas accounted for as a higher damage
killing rate, reflecting faster aging in these mduals than in the hermaphrodites. The aging
parameters also differ because of the differenthaeisms that govern the reproduction
patterns at old ages (sperm shortage in hermapbsods. oxidative damage in gonochoric
individuals).

Difficulties were encountered when matching th&dsets in the model fitting procedure
because the experiments for growth were done depafeom the determination of survival
and reproduction. This led to slight variationghe initial part of the growth curve (i.e. the
reproduction data may have resulted from animath i slightly shifted growth pattern,
compared to the body size data). This problem whs&d by determining the body size at the
onset of reproduction independently. In this wdye tength at the start of reproduction
became a fixed parameter.

The model was implemented in Matlab® Version Reléase 14), and model fitting was
based on maximum likelihood estimation. Confidemtervals were generated using profile
likelihoods (Meeker & Escobar 1995). The intrinsate of population increase was calculated
according to the Euler-Lotka equation, as a fumctd exposure concentration (Jagsral
2004). Further, the population effects at limitifpd densities were predicted. This was
possible as food limitation has predictable consaqas in DEB theory (Jaget al. 2005);
although care must be taken, as this calculaticemigxtrapolation beyond the information
provided by the experimental data (e.g. it was mssl that the intrinsic sensitivity to

cadmium is not affected by food level).
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hermaphrodite sexual reproduction

12

volumetric body length (um)

12

cuuiative reproduction
(eggs/ferrele)

fraction sunvival

tirr?se (days)
Figure 3. Data and simultaneous model fits for all endpoaftthe life cycle study wittC. elegansexposed to
cadmium, for both reproductive strategiescontrol, o concentrations 2, 6, 8, and 10 mg Ge/12 mg Cd/L
(highest concentration). These include survivamalative reproduction, and two growth data setsédach
strain. The top graphs show the data points foc@ticentrations until adult stage (day6), whereasbibitom
graphs include the data points for 3 concentratioms the old-age stage (day 10) in order to dakad the
point at which growth stops completely. Simultameditting was required because the data sets declu
common parameters. The effects of cadmium on tlierdift endpoints are visible as concentrationsesse, as

well as differences in reproduction and survivaiieezn the two strategies.
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Results

Good model fits were obtained for the data setsh view differences between the
parameters for N2 and CB populations (Table l)tilzation by males was not affected by
cadmium exposure (t-test;=n7, n= 6, = 7, %= 0.096, 1= 2.205, = 1.842, p>0.05); the
male : hermaphrodite ratio in the F1 of the gonoich@CB) experiments ranged from 0.45-
0.51 in control conditions, 8 mg Cd/L and 12 mglCd/

The decrease in reproduction at increasing cadmewels was clearly visible in both
strains. Both in control conditions and in the Istveoncentration (2 mg Cd/L) CB yielded a
higher reproductive output than N2, and in bothisf the individuals exposed to 2 mg Cd/L
reproduced more than the controls. However, apsoinfthese two cases all other
concentrations showed similar reproduction for tsithins (Fig. 3).

Differences were found in the onset of reproducti@tween the two strains which was
probably governed by the reproductive strategysh2ted reproduction after 100 hours with
an average volumetric length (cubic root of theummd) of 83.4 um, whereas CB started
reproduction earlier at 84 hours with an averagé&umetric length of 69.9 um. The
differences between the size at onset of reproolustiere found to be significant at control
conditions (t-test, 4% 6, n= 6, t= 6.780, p<0.05). At increasing cadmium caiions, size
at onset of reproduction decreased in N2 whereasn@Biduals showed little reduction in
size (Fig. 4). This suggests a difference betwegitdkinetics of cadmium between the two
strains.

Cadmium affected survival with visible differendestween the curves of the two strains.
Lower survival was observed in CB under all comdli. This negative effect on survival was
accounted for in the model as a higher damagegiltate (Table 1). This aging parameter

reflected faster aging in CB individuals than in IN&8ividuals.
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Table 1. Parameters used in the model

N2 strain CB strain
Physiological parameters
Von Bertalanffy growth rate (9 0.488 (0.476-0.520)
Initial length (um) 18.1a
Length at first reproduction (pm) 83.4a 69.9 a

Maximum length (um)

Maximum reproduction rate (eggs/d)
Energy investment ratio (-)

Time before hatching (d)

Length where ingestion is half of
maximum (um)

130 (127-132)
336 (297-370)
10 a
0.375 (9 hours) a

30.0 (29.8-30.4)
(growth 1)

31.1(30.9-31.4)
(growth 1)

29.8 (28.9-30.6)
(growth 2)

29.8 (29.1-30.6)
(growth 2)

31.0 (30.8-31.3) (repro/surv) 30.9 (30.7-31.2)

(repro/surv)

Ageing parameters

Damage killing rate (d)
Damage tolerance on reproduction (-)

Maximum total number of eggs (eggs)

0.0185 (0.0146-0.0229) 0.0268 (0.0207-0.0338)
wa 3.04 (2.67-3.80)

269 (248-288) ©a

Toxicological parameters

Elimination rate ()

Half-saturation conc. (mg/L)

NEC for survival (mg/L)

Killing rate (L/mg/hr)

NEC for effects on assimilation (mg/L)
Tolerance concentration (mg/L)

Decrease in length at first repro due to Cd
stress (-)

0.0138 (0.0125-0.0161)

22.9 (14.5-28.8)

0.559 (0.488-0.619) 0.2652(9-0.311)

1.00 (0.674-1.51) 1.30 (8%91.67)
4.20e-6 (0AEB7)
1.00 (0.751-1.08)

0.931 (0.665-1.24) Oa

a indicates parameter is fixed, not estimated fromdata. Confidence intervals obtained from DEB rhade

brackets.
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The traits were best described by the model vehdacrease in assimilation was assumed
as the mode of action for cadmium, implying thathei cadmium affects the feeding rate of
the organisms directly, or by decreasing the efficy with which energy from food is
assimilated (Kooijman & Bedaux 1996). The last agsiion was difficult to test
experimentally but the first assumption was sumabrby the observation of pharyngeal
pumping rates which were found to be significaridwer at increasing concentrations of
cadmium (Fig. 2). These observations were also rtegpoin earlier studies on feeding
inhibition in C. elegansxposed to sublethal concentrations of cadmiumgda& Candido
1999). Body size as well as reproduction were aeae by cadmium, presumably due to the
effect on assimilation, without any differenceghe physiological parameters of CB and N2

individuals apart from onset of reproduction (Tabje

. * Contro| CB Stl’aln
N2 strain
o 6 mgCd/L
-8 mg Cd/L n
= A 10 mg Cd/L 2
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Figure 4. Size and time of reproduction onset in N2 and Céividuals with increasing concentrations of
cadmium.e control,o 6 mg Cd/L, == 8 mg Cd/L,A 10 mg Cd/L. Differences in the onset of reproducszes
were found to be significant between the two stiate (t-test, p<0.05). With increasing concentraiof
cadmium, N2 individuals gradually decrease theie sit onset of reproduction whereas CB individshiew
little reduction in size. This suggests a diffeenao how cadmium stress was dealt with for onset of
reproduction. N2 starts reproduction later and larger size than CB. This difference in timing@ised by the
larger threshold size for reproduction of N2. Thégiation in threshold size is probably relatedeproductive
strategy, where the populations differ in the tighiof the switch from sperm production to oocytedurction

during maturation.
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Population growth rate was negatively affected &gnsium. Compared to N2, lower values
were recorded for CB individuals in all treatmentBSig. 5). Furthermore, CB individuals
seemed more affected by the cadmium than N2 indal&d In control conditions, CB
presented only a slightly lower population grow#terthan N2, but as the concentration of
cadmium increased this difference grew visibly. liAtiting food levels, the model predicts
that the population growth rate collapses at aageoncentration of toxicant, as individuals
either do not reach the size threshold for reprbdncor do not grow past the food-limited
larval stage. The model also showed the increasiifegts of cadmium for both strains when
food level is reduced as could be seen from theedse in the concentration at which growth
rate collapses.

Population growth rate (d)

! ! I ! I Fu ]

0 2 4 6 8 10 12
Concentration (mg/L)

Figure 5. Modeled intrinsic rate of population increase €arelegansexposed to cadmium at different food
levels (shown as percentage of the maximum ingestite).— N2 strain, - - - CB strain. A decrease in the
modeled population growth rates is observed wittteasing concentrations of cadmium, also showimgeto
values for CB individuals in control conditions well as in all of the cadmium concentrations. Fenthore,
individuals from CB strain seem more affected bg ttadmium stress than individuals from N2 straibh. A
limiting food levels, the model predicts that thepplation growth rate collapses at a certain comagan of
toxicant, as individuals either do not reach thee ghreshold for reproduction or do not grow past food-

limited larval stage. The model also shows thedasing effects of cadmium for both strategies whed level

is reduced.
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Discussion

Onset of reproduction. N2 started reproduction later and at a larger #iae CB (Fig. 4).
The difference in timing is caused by the largeeshold size for reproduction of the N2
individuals. The variations in the threshold size probably related to reproductive strategy,
where the two populations differ in the timing bétswitch from sperm production to oocyte
production during maturation. This switch to oocgtaturation and ovulation is dependent on
several gamete signaling events (McCagerl 1999), in which sperm play an important
role. Their presence is necessary for triggeringyt®o maturation and basal gonadal sheath
activity (Singson 2001). A reduction in sperm proiilon allows an earlier switch and
therefore onset of reproduction can take placesmaler size. Mating probably leads to this
decrease in hermaphroditic sperm production antleeawitch to oocyte production. It
provides an earlier source of mature sperm thattrigger the maturation of oocytes sooner
than in non-mated hermaphrodites, where this doesatur until all sperm have matured.

In contrast to CB, the onset of reproduction in d&urs at a smaller size as cadmium
concentration increases. This may reflect a styatéd\N2 in response to lower growth rates
(and not to the toxicamter s@. It is conceivable that the number of sperm dslisuch that it
maximizes fitness (Cutter 2004). The productiomufre sperm cells does not necessarily
increase the population growth rate because it Isameously delays reproduction. In a
stressed situation (such as Cd exposure), the metas this trade-off may be different, and
less sperm production may maximize fitness. Thesthreshold size in N2 is probably being
reduced by a decrease in sperm production, triggean earlier switch to oocyte production.
CB individuals, however, already start reproducidma small size in control conditions, with
reduced sperm production in comparison to non-mi2dhdividuals, and earlier maturation
of oocytes. In CB individuals, the presence of engperm allows hermaphroditic sperm
production to stop early. This happens both in mntonditions and in the different
concentrations, giving way to similar sizes of mghrction onset. A further reduction in size
might not be possible anymore in order for repréidncio take place.

Reproduction. Cadmium also affected reproduction (Fig. 3). le #tontrol and at the
lowest concentration (2 mg Cd/L) the decline inrogliction is governed by sperm limitation

(sudden halt in reproduction due to lack of spamt)ermaphroditic N2, and aging/oxidative
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damage (gradual decrease of reproduction) in gawactCB. In this case, gonochorism

produces higher lifetime reproductive output thanmtaphroditism although it must be taken
into account that half the offspring will be malegwever, at higher cadmium concentrations
the decline in reproduction is governed by toxicigther than by the aforementioned
mechanisms. Cadmium limits the resources availablbe organisms for egg production and
therefore comparable reproductive outputs in tloeeskmium concentrations (6, 8, 10 and 12
mg Cd/L) can be seen for both strains.

The reproductive output in the lowest concentratiboadmium (2 mg Cd/L) is higher than
that of the control organisms. This apparent horsnescurs for both N2 and CB individuals,
and is only visible in the reproduction data. Hosiaehas been defined as an adaptive
response to low levels of stress that causes apdisn in homeostasis, resulting in improved
fithness or modest overcompensation, for some plogital systems for a finite period
(Calabrese and Baldwin 2001). The model does motrporate this effect but responds to this
data set by slightly increasing the curve for tbetwl response.

Growth, aging, and survival. With increasing concentrations of cadmium, a reidacin
the growth rate was also observed. The aging magglimes that a reduction in growth
implies lower respiration rates and therefore kegslative damage, which could lead to an
increased longevity. This is one possible explamator the effect, which is visible between
day 5 and 10, where the survival curves of the sggondividuals rise above the control (Fig.
3). After these early time points the toxic effeofscadmium could be counteracting any
increase in longevity caused by a reduced respirashowing a decreasing percentage of
survival in time with increasing concentrations.

In all cases, it can be seen that the survivaCBfindividuals is lower than that of N2
individuals due to the difference in the rate ofngg(Table 1). This faster aging (higher
killing rate) is partly caused by mating costs #mel model of oxidative damage accumulation
may not be entirely explanatory in this case. Sualvin gonochoric CB individuals is more
sensitive to cadmium than in N2 (lower No Effectn€entration, higher killing rate in CB)
probably because the mating costs increase thesitséty. They are, however, not more
sensitive to cadmium for growth and reproductiomtigh a decrease in assimilation, which
indicates that effects on assimilation and effectghe hazard rate (for survival) may not be

directly related.
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The significance of gonochoric reproduction in C. elegans. The major differences found
between the two strains were onset of reprodu¢aod how cadmium affects it), ageing, and
sensitivity of survival to cadmium. When all endpsi are considered simultaneously, the
analyses suggest that gonochoric reproduction is $ipecies does not seem to favor
population growth rates in the short term. It manplicated and costly way to reproduce with
copulation costs affecting the survival curves angrogeny composed of 50% of males,
which also lowers the population growth rates. &sfgrmance of the gonochoric strain is
expected to be lower compared to the hermaphragtitaen in the short term, it might not be
surprising that there are lower frequenciesCofelegansmales found in nature than of
hermaphrodites.

For a long time, the evolution and significance s&x has been a major puzzle in
evolutionary biology due to its two-fold costs (Meyd-Smith 1978) and to the challenge of
unraveling the advantages that might outweigh theadyantages of this mode of
reproduction. One of the most widely accepted tlesoknown as the “Red Queen”
hypothesis suggests that continuous developmemteded for an evolutionary system, just in
order to maintain its fitness relative to the sywsat is co-evolving with (Van Valen 1973).
Another theory states that sex could act to engmurthe removal of deleterious genes
(Kondrashov 1988). The fact is that sex is an atrans/ersal phenomenon and few groups of
higher eukaryotes have persisted by asexual reptiodufor a long period of time (Barton &
Charlesworth 1998). However, it can be considefgat gonochorism irC. elegansis
probably not cost-effective under stable conditjonsaking asexual reproduction more
effective in this case. In wild typ€. elegansmales are found at about 0.05% of the
population, but this seems to increase under extreonditions. Heat shocks of 30° C for 6
hours are commonly used in laboratory culturetoeiase the rate of non-disjunction of the
X chromosome in gametogenesis and therefore obtgieater number of males (Sulston &
Hodgkin 1988). A male pool could be providing te@ecies with an emergency mechanism
to confront the occurrence of adverse conditionstifying what seems to be a less efficient
and more costly reproductive strategy otherwise.
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Abstract

Current classifications of compounds accordinthéar modes of action are mostly derived
from the structural characteristics of the compaunthe underlying assumption is that
chemically similar compounds have similar modes action, which is often but not
necessarily the case. A deeper insight into theahchechanisms of toxic action is important
for risk assessment as it contributes to a moresiplogical interpretation of toxicity data.
Here we study the physiological mode of action loké different compounds (cadmium,
carbendazim and pentachlorobenzene) with an expatah data-based approach, using
whole life cycle toxicity data from the nematoflerobeloides nanudVe use a process-based
model, based on the Dynamic Energy Budget theorgiudy the fluxes of energy related to
physiological processes and their variation thraugtthe life cycle. With this approach we
unravel the physiological modes of action basedesource allocation and model the effects
of the different modes of action at the populatievel. The mode of action of carbendazim
was through a decrease in assimilation and an effieat on reactive oxygen species (ROS)
production. Cadmium increased the costs for gromith an extra effect on ROS production,
and pentachlorobenzene decreased assimilation. Migared the results with previous
studies on the nematodeaenorhabditis eleganand found that the modes of action of the
three compounds differed to those found An nanus showing that the life history
characteristics of each organism have a clearanfla on the resulting modes of action. This
highlights the importance of the interactions betwea chemical and the biological
characteristics of the organism in the determimatd resulting physiological modes of

action.
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Introduction

Current methods for classifying chemicals by tmeade of action can generally be either
experimental data-based or structure-based. Expatah data-based methods assess a
chemical’s mode of action by analyzing the datanftoxicity tests, whereas structure-based
approaches classify compounds based on their amadtigroups. A widely used structure-
based classification was developed by Verhaar @&t al. 1999) who assigned chemicals
to one of four classes: narcotics, polar narcotieactive chemicals, and specifically acting
chemicals with receptor-mediated toxicity. Thisssléication is derived from the structural
characteristics of the compounds, with the undegyassumption that chemically similar
compounds have similar modes of action, which terobut not necessarily the case. The
activity of a toxicant in an organism depends ogsptal, chemical and biological factors
among which interactions may also exist, makingdermination of the mechanism of toxic
action a difficult task (Bradbury 1994). The medlamof action may vary depending on the
species, compound and endpoint of study. Conselgushidies that provide a deeper insight
into these mechanisms can become important toolsstoassessment contributing to a better
interpretation of toxicity data.

Here we study the physiological mode of actiontoké different compounds: cadmium
(heavy metal), carbendazim (DNA synthesis inhibi{@lemons & Sisler 1971)) and
pentachlorobenzene (narcotic (Lydy al. 1999)). We take an experimental data-based
approach that uses whole life cycle toxicity datanf different endpoints. The study
illustrates how physiological modes of action carnainalyzed from a mechanistic perspective
based on the chemical’'s effects on the organism&xgy budget. This is done using a
process-based model which studies the fluxes afggneelated to physiological processes,
and their variation throughout the whole life cycléhis model is based on the Dynamic
Energy Budget (DEB) theory, which describes thecfiaming of individual organisms based
on a set of rules for metabolic organization (Kow@p 2000; Kooijman 2001). Exposure to
toxicants is regarded as a change in energetieredess, such as an increase in maintenance
costs or a decrease in assimilation of energy fiamwd. This insight inspired the development
of DEBtox (Kooijman & Bedaux 1996), a suite of mted® analyze toxicity experiments in a

process-based manndrme analysis reveals the physiological mode ofoachased on the
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changes in energy allocation patterns that takeepla response to the chemical. In the DEB
scheme, part of the food is assimilated contrilgutothe reserves, and the rest is transformed
into feces. These resources are distributed in »edfi fraction between somatic
growth/maintenance and reproductive output/matmat\Within this scheme (Fig. 1), a
chemical may exert a toxic effect on different gegic parameters: decreasing assimilation,
increasing maintenance costs, increasing costgfovth, increasing costs for reproduction or
posing a direct hazard to the embryo (Kooijman &&ex 1996). The dissection of the
physiological mode of action of toxic compoundsnieresting from a scientific viewpoint
since it provides an insight into the mechanismeugh which a chemical is exerting toxic
effects, and how these are reflected on the diiteemdpoints (survival, reproduction, and
growth). In addition, understanding the details wbthe mode of action of toxicants is

essential for the extrapolation to population lesfécts.

@ assimilation

® maintenance costs

feces

food >
ﬁassimﬂa tion

somatic maintenance

growth 1-£ maturation/
reproduction
‘ structure maturity
offspring

© growth costs
O reproduction costs

© hazard to embryo

maturity maintenance

Figure 1. DEB scheme and target parameters where a compaunekert its toxic mode of action.
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The DEBtox method has been extended recently to nedfialts at the population level by
means of simultaneously fitting data from the d#fa life-history traits (Jageat al. 2004). In
this way, the effects on the different endpoints mtegrated into a single parameter, the
population growth rate, which provides a more ratevmeasure of ecological impact than
any isolated endpoint (Forbes & Calow 1999). Furtieee, because other factors such as
temperature or food limitation have predictable sgmuences in DEB theory (Jagsr al.
2005), their effects on the population growth ratesombination to increasing concentrations
of toxicant can be modeled.

DEBtox was used in this paper to simultaneously mtigeeffects on survival, growth and
reproduction of three different compounds (cadmipemtachlorobenzene and carbendazim),
in order to elucidate their physiological toxic neodf action, and to reveal how these modes
of action affect the population growth rates in tieenatodeicrobeloides nanus.

Materialsand M ethods

Chemicals. Pentachlorobenzene was purchased from Aldrichinl8ten, Germany (98%
pure). An initial solution of 10 mg pentachlorobeng/ml ethanol was prepared. Nominal
concentrations used for the experiments ranged f0nto 130 mg pentachlorobenzene/L
agar. An ethanol blank was used as the control.

Carbendazim was purchased from Riedel-de Haenz&e€ermany (99% pure). An
initial solution of 300 mg carbendazim/L ethanol vipmspared. Nominal concentrations used
for the experiments ranged from 0.15 to 1.5 mg eadazim/L agar. An ethanol blank was
used as the control.

Cadmium chloride (CdG) was purchased from Merck, Schuchardt, Germany¥9
pure). An initial solution of 1 mg Cd&inl waterwas prepared. Nominal concentrations used
ranged from 2 to 12 mg Cdgll agar.

Acrobeloides nanus. Nematodes were extracted with an Oostenbrink abotri
(Oostenbrink 1960) from soil samples which werdemtéd from an experimental field at
Bovenbuurt, ca. 3 km NNE of Wageningen, The NethedarFrom the obtained water
suspensionAcrobeloides nanumdividuals were classified to the species leval placed on

Petri dishes to start populations. Populations @ineaintained at 20°C.
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Culturing. All nematodes were reared on NGM agar plates seedtdOP50 strain of
Escherichia colias a food source (Brenner 1974; Sulston & Hodd®i88). Stock cultures of
OP50 were stored at -80 and the bacterial cultures were grown in autadakB medium
(10 gr peptone, 10 gr yeast extract, 5 gr Na®@Vater) for 16 hours at 37 and 150 rpm.

All experiments were started with a first syncheation in which gravid adults were
transferred to 6cm Petri dishes and allowed tcelggs for a period of 4-8 hours, after which
they were removed. These eggs were allowed to ratdhdevelop into gravid adults, with
which a second synchronization was performed, ftiiise on agar containing the
corresponding concentration of toxicant. In thisywee obtained the individuals for study,
which were exposed throughout their whole life sggince egg stage) to the experimental
treatments.

In the case of the carbendazim, two experiment® warried out. One was performed as
described above with concentrations from 0.15 7® g carbendazim/L agar. A second one
was carried out where all individuals were allowedhatch in control conditions and then
transferred to their respective concentrationa{ffb3 to 1.5 mg carbendazim/L agar). This is
due to the fact that this compound dramaticallyibité hatching, so experiments performed
since the egg stage can only be carried out witlt kv concentrations of this compound,
giving way to very low sublethal effects. By allowi the individuals to hatch in control
conditions and then transferring to the contamphadeshes, we were able to use higher
concentrations and thus observe larger subletfedtsf

Reproduction and survival. The newly hatched nematodes were transferred toidhdil
wells (12 well plates from Greiner Bio-one) for ebgation. Each well contained 2ml of agar
with the corresponding concentration of toxicante Tlematodes were transferred to a new
well daily in order to count the number of offsgrimper individual. Reproduction was
recorded in 20-40 individuals for each concentratibeath was scored when observing
absence of pharyngeal pumping and no movement mespto touch. Survival data was
recorded in 20-40 individuals per treatment.

Growth. Pictures were taken of 8-10 individuals per treatihwveth a Cool Snap camera at
intervals of 6 hours at the beginning of the growthve, and longer intervals towards the
end. The pictures were digitalized with the Image Express 4.0.1 software package to
obtain length and area measurements of the nensatddie different time points.
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Modeling. The DEBtox method (Kooijman & Bedaux 1996) was usedrtalyze the life-
history traits ofA. nanusand the effects of the three different toxicamidleese traits. In this
approach, the internal concentration causes tlextsffthe first step in the model chain is
therefore a one-compartment toxicokinetic model. Titernal concentration affects the
probability to die, as well as a parameter of thenal model (e.g. the maintenance costs or
the assimilation of energy from food). The animaldelois based on the Dynamic Energy
Budget (DEB) theory (Kooijman 2001). The DEBtox apptohas been adapted to deal with
life cycle toxicity studies (Jagest al. 2004), and the specific details of the nematotie li
cycle (Jageret al. 2004). The performance of this model for nematodes already
demonstrated for the effects of cadmium@nelegangAlda Alvarez 2005), and the same
approach is followed here to analyze the datasets cadmium, carbendazim and
pentachlorobenzene @ nanus

As with sexually reproducing. elegans(Alda Alvarez 2005)A. nanuscan apparently
reduce its size at first reproduction when expdsdadxicants. An extra parameter is included
to describe this behavior, although a more in-depthestigation is needed on the
consequences for resource allocation.

The model was implemented in Matlab® Version 7.0l¢Rse 14), and model fitting was
based on maximum likelihood estimation. The modsl rieveal the toxic mode of action of
the compound, based on resource allocation, anihast for parameters governing
toxicokinetics, toxicity and basic physiology (sd@&ble 1). Confidence intervals were
generated using profile likelihoods (see Meeker &dbsr 1995). The intrinsic rate of
population increase was calculated according toBhker-Lotka equation, as a function of
exposure concentration (see Jagfeal. 2004). This population growth rate is calculatethb
using the model predictions, as well as directynfrthe effects data themselves. For the
latter, survival and reproduction are interpolateda smaller time grid (using piecewise cubic
Hermite interpolation in MatLab) and subsequentiegmated in the Lotka-Euler equation.
Simulations were made for the population growtlesainder different temperatures. These
predictions can be made assuming that temperatigetsaall rate constants according to the
Arrhenius relationship (see Jager et al. 2005), #rat the intrinsic sensitivity of the

organisms is not affected by temperature. Althotighfirst assumption appears to be quite
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reasonable (Jager et al. 2005), the latter assamji more questionable as it seems that

temperature can affect the intrinsic sensitivitgigenset al. 2003).

Results

Model fits were obtained for the different life tusy traits of A. nanusin exposure to
carbendazim (Fig. 2), cadmium (Fig. 3) and pentacilenzene (Fig. 4). Each scenario
represents the toxic effects on survival, repradacénd growth throughout the life span of
the organism.

In the case of carbendazim, the top panel predkatsnodel fits for the first experiment
where the individuals were exposed to the toxicgEinte the egg stage in concentrations
ranging from 0.15 to 0.75 mg carbendazim/L agar.wlds observed that even low
concentrations of this compound severely affectgd batching inA. nanus making it
difficult to obtain enough individuals for the expeent. Therefore, exposure to carbendazim
since the egg stage could only be performed atlmvecentrations giving, as a result, very low
sublethal effects on the observed life historyt¢taiThe model fits showed very small
reductions in survival, reproduction and growth hwiincreasing concentration of the
compound (Fig. 2, top panel). In order to obtairrenasible sublethal effects, the individuals
were hatched in control conditions and then transfeto higher concentrations ranging from
0.3 to 1.5 mg carbendazim/L agar (Fig. 2, bottomepargurvival in this case presented a
small reduction in the lower concentrations, whilken gave way to a sharp decrease in the
three highest exposures. The reproduction curves sheubstantial decrease, especially at
early and intermediate time points, but exhibitsapparent recovery towards the end of the
reproductive period where the exposed individuadgsch a cumulative reproduction
comparable to that observed in control conditidtisally, the growth curves presented a clear
reduction with increasing concentrations which weasntained over the entire duration of the

experiment.
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Figure 2. Data and simultaneous model fits for all endpouftshe life cycle study withA. nanusexposed to
carbendazim. These include growth, cumulative raprtion and survival. The top panel corresponds éditist
experiment, where individuals were hatched in aagdbeim.o control,o concentrations 0.15, 0.3, 0.45 and 0.6
mg carbendazim/lLe 0.75 mg carbendazim/L (highest concentration). Togob panel corresponds to the
second experiment where the individuals were hataiheontrol conditionsa control,o concentrations 0.3, 0.6,
0.9 and 1.2 mg carbendaziméL1.5 mg carbendazim/L (highest concentration).
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In the cadmium scenario (Fig. 3) the survival cered the two lowest concentrations
presented a large reduction with respect to theralrand higher concentrations from this
point on also caused a reduction, although to @talegree. Reproduction presented a similar
gradient of effects to that of survival, with therdest decrease observed in the two lowest
concentrations. The growth curves in this case dsesk gradually with increasing
concentrations of cadmium in the early and interatedtime points, and exhibited an
apparent recovery towards the end which reducedlifferences in maximum size between

the concentrations.

Cadmium

65 ¢ body length (pm) 40, cumulative offspring per female
o

400 ] dﬂ]

g
time (days)
Figure 3. Data and simultaneous model fits for growth, cuatiué reproduction and survival from the life cycle

study withA. nanusexposed to cadmiunm control, o concentrations 2, 6, 8 and 10 mg Ca#/l12 mg Cd/L

(highest concentration).

The last scenario shows the effects of pentachlomdree (Fig. 4), where the survival
curves presented a gradual decrease with increasingentrations. Survival under control
conditions deviated from the expected behaviorwstg somewhat higher values than in the
previous experiments. Reproduction and survivab glsesented a gradual decrease with

increasing concentrations of this compound.



Assessing physiological modes of action 59

65 body length (m) 500

AR RES ! ! ! )
0 10 0 30 40 50 60

Pentachlorobenzene

cumulative offspring per female

time (days)

Figure 4. Data and simultaneous model fits for all endpo{gtewth, cumulative reproduction and survival) of

the life cycle study wittA. nanusexposed to pentachlorobenzenecontrol,o concentrations 20, 40 and 60 mg
PeCB/Le 80 mg PeCB/L (highest concentration).

The model fits show how the

life history traits mesdifferent response patterns to each of

the selected toxicants. The response in each soeisadescribed by the model based on

physiologically relevant parameters (Table 1), assuaing a mode of action that provides
the best fit for the data (Table 2).
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Table 1. Parameters used in the models. 95% likelihooddasnfidence intervals in brackets.

Cadmium PeCB Carbendazim

Experiment 1 Experiment 2

Animal parameters

Von Bertalanffy growth rate (9 0.314 (0.273-0.332) 0.271 (0.235-  0.388 (0.303- 0.421 (0.366-
0.296) 0.412) 0.451)
Initial length (um) 18.5 (n.e.) 18.5 (n.e.) 18.5%(h 22.9 (21.9-
23.4)
Length at which ingestion is half of maximum 22.1 (21.7-22.4) 20.1 (19.3-20.5)  25.2(24.8-25.2) 25.8 (24.4-
(um) 26.6)
Length at start egg production (um) 47.9 (46.8-48.7) 46.4 (44.9-47.5)  47.6 (46.0-48.8) 48.1 (45.7-
49.5)
Maximum length (um) 62.7 (61.8-64.1) 63.3 (62.1195. 72.5(69.6-74.4) 64.6 (63.8-
66.1)
Maximum reproduction rate (eggs/d) 35.2(32.7-37.1) 37.6 (34.4-39.8) 37.4 (35.6-39.1) 56.6 (50.1-
60.9)
Ageing parameters
damage killing rate (1d?) 1.31 (0.859-1.87) 1.54 (1.11-2.17)  1.37 (1.05B1L.7 1.24(0.903-
1.63)
damage tolerance on reproduction [-] 18.0 (15.8%0. 15.9 (12.4-18.9)  13.9 (10.9-17.5) 16.6 (13.5-
19.1)
Toxicity parameters
elimination rate (d) 0.0294 (0.0262-0.0321) 10 (n.e.) 10 (n.e.) 18.)n.
NEC for survival, based on receptor 0.01 (n.e.) 0.01 (n.e.) 0.01 (n.e.) 0.01 (n.e.)

occupation (-)
killing rate based on receptor occupatiof)(d  0.274 (0.0582-0.860)) 0.179 (0.0816- 0.539(0.179-  0.179 (0.0965-

0.645) 0.832) 0.558)
Receptor knock-out rate (£ng L* d*) 10.3 (4.47-62.6) 0.617 (0.161- 10.3(8.11-30.8) 28.3 (8.89-
1.94) 67.3)
NEC for effects on growth/repro (mg'L 3.75 -1 (0-0.00423) 2.43 (0.514- 1.70 -1 (0- 6.04 -1¢ (0-
4.69) 0.0507) 0.00392)
Tolerance concentration (mg'L 1.00 (0.187-1.91) 266 (237-286) 13.7 (12.2-15.8) 5.19 (4.40-
5.87)
Decrease of length at first reproduction due to 0.192 (0.175-0.210) 0.586 (0.418- 3.24 (2.42-3.67) 0.855 (0.389-
chemical stress [-] 0.689) 1.07)
Decrease of oxidative damage due to chemical n.a. n.a. 0.622 (0-1.59) 3.82 (3.24-
stress [-] 4.57)
Increase of oxidative damage related to costs  35.5 (31.7-39.5) n.a. n.a. n.a.

for growth [-]

Parameter estimates, n.a. is not applicable, s\tiestimated, [-] is dimensionless
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Table 2. Predicted physiological mode of action of theestdd compounds oAcrobeloides nanusnd

Caenorhabditis elegans.

Compound Predicted mode of action Predicted mode of action
Acrobeloides nanus Caenorhabditis elegans
Carbendazim Decrease in assimilation and extra Decrease in assimilation

effect on ROS production (slower

aging)

Cadmium Increase in costs for growth and Decrease in assimilation
extra effect on ROS production

(faster aging)

Pentachlor obenzene Decrease in assimilation Increase in costs for growth and
costs for reproduction with no toxic

effects on survival

C. elegangnodes of action are based on previous studies Afara Alvarez (Alda Alvarezt al. 2005; Alda
Alvarezet al. 2006)

For carbendazim and cadmium, a single mode of metias not sufficient to describe the
time course of reproduction in the latter part bé texperiment. The reproduction rate
decreases with time due to ageing, presumably dabigethe detrimental accumulation of
oxidative damage (see Alda Alvaret al. 2005). We therefore attribute the deviating
behavior for these compounds to an interaction thighproduction of reactive oxygen species
(ROS). In the case of carbendazim, the best madelvére obtained when the toxic mode of
action was assumed to be a decrease in assimilége DEB scheme in Fig. 1) with a
decrease in ROS production. For cadmium, the piedlimechanism was an increase in costs
for growth with an increase in ROS production, veae for pentachlorobenzene the fits
revealed a decrease in assimilation as the modetioin of the compound.

The life history data for each of the three compeuwds used to calculate the effects on
the population growth rates for the different togancentrations (Fig. 5). The different shapes

of the population growth rate curves for each commgbreflect how each mode of action
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impacts the population growth rate in a differemywThe DEBtox model also predicts the
effect of different temperatures (a common situaiio the field) on the population growth
rates for the different concentrations of toxicafise modeled temperatures (25°C, 20°C and
15°C) give way to a visible reduction in the popiaia growth rates as temperature decreases,
which in combination with the increasing concentrag of toxicants lead to different patterns
of effects.

07t 07F~

06k Cadmium  os} ~. Pentachlorobenzene

population growth rate (1/d)

0

0 02 04 06 08 1 12 0 02 04 06 08 1 12

concentration (mg/L agar)

Figure 5. Modeled intrinsic rate of population increase f&r nanusexposed to the three compounds.
Carbendazim 1 corresponds to the experiment whedeiduals were hatched in carbendazim, whereas
Carbendazim 2 corresponds to individuals hatchecbintrol conditionse population growth rates calculated
directly from the life history data (at 20° C). Lseepresent the DEBtox fits for the test temperaf®@€, solid
line), and predictions for other temperatures @56p and 15° C bottom broken line).
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Discussion

M odes of action.

CARBENDAZIM. Two data sets were obtained for the carbendazimriemeets (Fig. 2):
one for individuals that actually hatched on cadzeaim, and one for those that were hatched
on uncontaminated agar, and subsequently trandféoreontaminated medium. These two
data sets were fitted separately because theychliffer in several parameters (see Table 1).

Most interestingly, the worms hatched under unaomated conditions turned out to be
more sensitive (a lower tolerance concentratioah tthe ones that successfully hatched under
carbendazim exposure. At the three highest coratmts, the individuals even fail to grow
and hardly reproduced (these concentrations wdrsdoded in the fit). It is unclear whether
this difference results from the experimental pdare (i.e. hatching with or without
toxicant), or whether these differences in sengtigsimply result from inter-experimental
variation. Additionally, no difference in sensitiviwas observed for mortality in the two
experiments.

For this compound, it turned out to be complicateddentify an adequate mode of action.
Both a decrease in assimilation as well as an aserén maintenance costs can be used to fit
the data. We chose effects on assimilation sinte yielded a slightly better fit, although
further in-depth experimental work would be neetedettle this matter. This mode of action
provides a good fit to the growth data, as welthas initial part of the reproduction curve.
However, at later time steps, a peculiar patterobserved in the second data set where
animals exposed to carbendazim seem to age slbaereixpected. In the third concentration,
ageing is almost completely stopped (Fig. 2 botgamel) as judged from the straight line for
the cumulative reproduction, even though exposoreghte chemical causes mortality. A
decrease in ageing related to a decrease in glisvetkpected (see Jagetral. 2004), but this
effect on ageing is larger than predicted. We imaeted this behavior by assuming that
stress on assimilation is linked to a decreaseQ Rroduction.

The relation between ROS production and aging has lextensively studied since the
development of the Free Radical/Oxidative Stressojhef Aging (Harmand 1956) where
aerobic respiration produces free radicals thasea@amage to cell components. This damage
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accumulates in the cell, leading to the aging phgre In the case of carbendazim, the mode
of action indicates a decrease in ROS producti@hthas a slower aging pattern. Although
this explanation for the effects on aging that wesesve with carbendazim remains
speculative, it offers handles for further expermaé testing to unravel the mechanisms at the
molecular level.

CADMIUM. Figure 3 shows that the model provides a goodofithe data. The growth
pattern clearly reflects the mode of action “cdstsgrowth”, presenting slower growth in
increasing concentrations, but reaching a simitzal foody size as that of the controls. The
rationale behind this mode of action is that thengound increases the energetic costs for
making new tissue. This slows down the rate of gnowut not the ultimate size, which is
reached when all of the assimilated resources sed tor maintenance (neither assimilation
nor maintenance costs per unit of body size idedlto the costs for growth). The apparent
recovery of the body size in Figure 3 is therefemaply a consequence of this mode of
action, and is not related to a reversal of toyicit

The effect of cadmium on body size has immediateenassions for reproduction,
reflected as a delay in the start of reproductiathh wcreasing concentrations (although this
effect is partly counteracted by a decrease irsie of first reproduction). Reproduction also
starts at a slower rate since body size determaggsproduction. Nevertheless, this is not
sufficient to explain the observed pattern of eggdpction in time. It appears that in the
cadmium-exposed individuals, the rate of reproduncslows down in time more rapidly than
expected. An adequate description of this pattamhle provided by assuming that cadmium
stress additionally increases the ROS productitata@ to growth leading to a faster aging
pattern. Previous studies suggest that cadmiuntniezd causes lipid peroxidation (Manea
al. 1994) with consequential production of ROS (Zh@atal. 1990). Alternatively, it can
replace iron from cellular binding sites to incredise free iron level and lead to iron-induced
oxidations (Fenton-type reaction) (Wardeskaal. 1986), or increase ROS by reducing the
cellular antioxidative capacity (Hussaket al. 1987). Indeed, an increase in hydrogen
peroxide, superoxide anion, and hydroxyl radicétisraadmium exposure has been reported
in several studies (Hassoun & Stohs 1996; O'BrieGafacinski 1998; Oyat al. 1986).

PENTACHLOROBENZENE.Figure 4 shows that the model provides good fitsthe
growth data, but reproduction seems to be morabkiin the exposed individuals (although



Assessing physiological modes of action 65

these deviations occur when most of the animalsg laéready died). Survival data show a less
satisfactory fit with a control pattern that is yelifferent from that observed in the other two
compounds, however, the reason for these deviat@nains unclear.

The mode of action “assimilation” shows that expesiar pentachlorobenzene apparently
decreases the energy intake into the organism [whiso holds for carbendazim as
previously mentioned). This can be achieved eithgrdbcreasing the feeding rate, or
decreasing the efficiency with which the food isiaslated into the reserves (Kooijman &
Bedaux 1996). The last assumption is difficult tst ter, but previous experiments with the
nematode Caenorhabditis eleganseported feeding inhibition in exposure to subdéth
concentrations of cadmium (Jones & Candido 1999)chvigave way to a decrease in
assimilation when modeled with DEBtox (Alda Alvaret al. 2005), supporting the first
assumption as a possible explanation. This modectafrais characterised by a decreased
growth rate and a lower ultimate body size. Asestagarlier, growth stops when all of the
assimilated energy is used for maintenance. A laagsimilation rate thus restricts the body
size that can be achieved.

Population level effects. The intrinsic rate of population increase integralestime course
of effects on all endpoints into an ecologicallyevant parameter (Forbes & Calow 1999),
which bears a direct relation with the protectiopalg of environmental risk assessment
(populations, ecosystems). Toxic compounds will exieeir effect at different levels, but
essentially we are interested in how these effects reflected on the populations. The
dissection of the mode of action of different commpds allows for the extrapolation into
population level effects. Depending on the phygaal mode of action of the compound, the
effects on the population growth rates differ (F&. At this level, the effects of ROS
production, and its interaction with the toxicamye little relevance, since the early offspring
contribute most to the population growth rate.

In the case of cadmium, an increase in the costgrawth as concentration increases leads
to a gradual decrease of the population growthwdtieh seems to slow down in the higher
concentrations. On the other hand, the decreaassimilation caused by pentachlorobenzene
and carbendazim (experiment 2) leads to a fasteredse of the population growth rates
which tends to become more severe in the higheceasdrations. In the first carbendazim

experiment, where the individuals were hatchedxposure to the toxicant, there seems to be
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a less sensitive response to the compound tharmobisgrved in the second experiment. A
possible explanation is that either hatching inbeadazim selects the less sensitive
individuals, or causes a change in the energy robsab pathways.

When temperature effects are incorporated intsitmellations, a substantial decrease in the
population growth rates as temperature decreasasilde in the four scenarios. However,
the interactions between temperature and toxigffgrdn each case. In the case of cadmium,
the differences between the population growth rategach temperature are maintained
throughout the concentrations of toxicant. Howevewith pentachlorobenzene and
carbendazim the effects of temperature are smaitérincreasing concentrations, as can be
observed from the proximity of the curves (this nwst clearly visible in the second
carbendazim experiment). Such simulations aretefest since different temperature regimes
that can be found in field conditions can sevewdhgct the way populations respond to a
toxic stress.

Interactions with life history characteristics. Previous studies using DEBtox have been
carried out on another nematode spedigenorhabditis elegansvhich has a different life
history strategy than that éfcrobeloides nanu#\. nanuss a parthenogenetic species, where
the ovum develops into a new individual withouttifeaation. The reproductive period lasts
about 40 days (at 20° C) during which they prodadetal progeny of 400-500 (Jagtral.
2005). The average life span is of 50-60 days,niglinto the category of intermediate life
span nematodes. On the other habdeleganss a facultative self-fertilizing hermaphrodite
which can also reproduce sexually in the preserfcenales. Males occur at very low
frequencies in natural populations (Ward & Carr@r9), and hermaphroditic reproduction is
therefore the most common. This mode of reprodudtigplies that one individual produces
both male and female gametes to self-fertilizeClrelegansthis yields a total progeny of
about 300 in a reproductive period that lasts &$sd(15° C) (Alda Alvarezt al 2005).
These nematodes present short life spans of abaldayZ0at 15° C.

In C. elegans cadmium was reported to act through a decreasgssimilation (Alda
Alvarez et al 2005) as was the case for carbendazim, and péotabenzene presented a
combination of costs for growth and costs for rejpigion, with no toxic effects on survival
(Alda Alvarezet al. 2006) (Table 2). These modes of action are therefifferent to those
that we find inA. nanus except for the case of carbendazim which actatyit a decrease in
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assimilation in both species (although showing amtta effect on ROS production .
nanug. This indicates that the life history charactérstof each organism have a clear
influence on a chemical’s physiological mode of@tt This has important consequences for
structure-based classifications of chemical modesation which do not consider these
interactions. As an example, pentachlorobenzengereerally classified as a narcotic but
appears to exert its toxic effecten energy allocation through different mechanisms
depending on the life history strategy of the orglam We have shown that different
physiological modes of action impact populationvgiorates in different ways. It is therefore
of great importance to understand the details efntiechanisms through which a compound
exerts toxicity, as this will allow for more acctegredictions of the population level effects
of different compounds and will therefore provideimportant tool for risk assessment. Risk
assessment approaches that rely on a strict chlectasa perspective for the analysis of toxic
stressors could benefit from evolving towards therporation of methodologies which are

more consistent with actual resulting mechanismactbn.

Acknowledgments

This research was supported by the Netherlands Tegwndé-oundation STW, applied
science division of NWO and the technology prograrhthe Ministry of Economic Affairs
(WEB.5509).



68

Chapter 4




Environmental changes induce gene network plasticity 69

Chapter 5

Genetical genomics reveals gene network plasticity

induced by environmental changeginelegans

This chapter is in preparation for submission as:

Li, Y.; Alda Alvarez, O.; Gutteling, E.W.; Fu, J.; IReen, J.A.G.; Prins, P.; Breitling, R.;
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Abstract

Recent genetical genomics studies have succesgfutlyided intimate views on gene
regulatory networks (Brenet al 2002; Schadet al 2003; Strangeet al. 2005). Gene
expression variations between genetically differedlividuals were mapped to the causal
regulatory regions (termed expression quantitatiaat loci or eQTL). Detecting these
heritable variations in gene expression is impartaacause they are the raw material for
evolution (Whitehead & Crawford 2006). Although @owmental change is one of the most
important drivers of evolution, the manifestatioh global gene regulatory networks in
changing environments is still unknown. Here wevshioat a temperature change from 16°C
to 24°C strongly affects the gene regulatory nekworC. elegansNo less than 59% of 308
transregulated genes showed a significant eQTL-by-enwirent interaction. A prominent
“trans-band” of co-regulated cell signaling genppeared at 24°C. Only 8% of an estimated
188 cis-regulated genes showed interaction with the enwient, indicating that these are
less relevant for the plastic change of the netwogology. Our results suggest extensive
gene regulatory network plasticity in responsenei®nmental impacts, which is central for
ecological adaptation and reveal traces of evatugiast. This exquisite sensitivity of gene
regulation in changing environments is key to ustirding the evolution of complex

phenotypes, including maladaptive traits like ktgte-dependent disease susceptibility.
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Introduction

Expression QTLs (eQTLs) are polymorphic loci causingtdlgle differences in mRNA
concentration and represent the raw material orchvlvolutionary forces act. These eQTLs
therefore represent the qualitative and quanteatigriations in the regulatory network —
traces of evolution past (Whitehead & Crawford 2006elective advantages of a certain
MRNA level will lead to enrichment of one of therfts of a gene (alleles) at the polymorphic
regulatory locus underlying the expression diffeeenThus a polymorphism that is observed
between separate populations may itself be thdtrefwa previous selection episode that
favored one or the other allele. It has been shihahintraspecific evolution of variations in
transcript abundance is generally dominated bynsdestabilizing selection (Denvet al
2005), which conserves or maintains a well-adafiteeéss balance among the alleles that
exist in a given population. The adaptive valuerof aQTL allele should show its favorable
effects selectively in certain environments withdigrupting the existing adaptation to other
conditions. This “genotype-by-environment” interactiof the eQTL is the prerequisite for
adaptive evolution in a fluctuating environment (lresv2004) Recent studies have shown
that over half of the regulatory connections in eng expression network are unique for
conditions such as cell cycle, sporulation, DNA dgm and stress response (Luscomthe.
2004). We hypothesize that eQTLs will also vary amengironmental conditions leading to
quantitatively and qualitatively modified gene netis, termed hergene network plasticity
C. elegandlives under environmental conditions that varystically on a broad range of
temporal and spatial scales. It is therefore padity suited for a genetical genomics
examination of major hypotheses resulting from tdea of gene regulatory network
plasticity.

We used a set of 80 recombinant inbred (RI) linesegated from a cross of N2 and
CB4856 (=HA8), representing two genetic and ecalaigéxtremes of. elegansThe former
is a solitary worm, isolated from mushroom compasBristol (average daily temperature
range 6~14C, strongly seasonal), the latter shows gregamtusaping behavior and was first
collected in a pineapple field in Hawaii (daily tpemature range 20~28, tropical) (Denver
et al. 2003). Their genetic distance amounts to aboutpmiygmorphism per 873 base pairs
(Wicks et al 2001). We have exposed the recombinant inbreghst(RI) strains to 16°C and
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24°C, temperatures which are known to strongly caffghenotypic characteristics such as
body size, life span and reproduction (Guttelgical 2006). Gene expression patterns were
assessed by oligonucleotide microarray hybridiraf®enisphere) using a distant pair design
(Fu & Jansen 2006). The genetic architecture of8BeRI strains and the description of a
dense single nucleotide polymorphism (SNP) maphbsafound in the work from Gutteling
(Gutteling, 2004).

Schematic examples of eQTL, temperature and eQTL4bypédeature interaction effect are
shown in Figure la-c, respectively. We used a ti@p-procedure to detect eQTL. Firstly we
applied a separate eQTL analysis for the expressita at either temperature (Methods).
With a genome-wide significance threshold of 4.2&r(esponding to an effectiyevalue of
0.001) there are 186 transcripts with significaQTe effect at 16C and 279 at 2€
respectively from separate analysis (42 of these @mmon for both temperatures),
suggesting eQTLs vary significantly between environtaleconditions. Secondly, using the
eQTL positions from the separate analyses, we peéran sensitive search in a joint

statistical analysis of data from both temperat@ses Materials and Methods for details).

N2 ____._:_,.;jé-’ . :_,;,

CB4856 | ~
16°C  24°C 16°C 24°C  16°C 24°C

Figure 1. lllustration of temperature, eQTL and eQTL-by-tempena interaction effects. Genotype (N2 and
CB4856 and temperature (16 and 24C) are two factors that might induce differentiajpeession for
transcripts. The colors of the animals corresptinthe different gene expression levels. A Trapsonith
differential expression induced by temperature. Taascript is over-expressed at°@4independent of the
genotype. B Transcript with strong eQTL effect. Atthtemperatures worms with N2 genotype at a lodus o
interest show higher expression. C Transcript widfT ke-by-temperature interaction effect. At°TH transcripts
show low expression in both genotypes. AfQ4only one allele (e.g. N2, as shown here) shovesr@ang
induction of gene expression. If this up-regulatismestricted to a specific tissue (the lower wprihwill be
diluted in the total body when average of expresssomeasured (the upper worm). Other possiblepettof

eQTL-by-temperature interaction can easily be camckbased on this example.
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We found 308 transcripts showing a significant sreQTL effect (effectivgp<0.001), and
182 of these (59%) showed a significant eQTL-by-terafure interaction (or eQTL*T) effect
(Figure 2), indicating that a drastic change iniemment leads to a major rearrangement of
the regulatory network.

cis-gene trans-gnes genes with unknown positions

Figure 2. Venn diagram of joint analysis result. The figuiedicate the number of transcripts detected with
significant cis- and trans-eQTL or interaction effge<0.001 with FDR of 0.08 after multiple testiogrrection.)
in a full ANOVA model (see Materials and Methods fletails).

That the temperature shift is indeed as drastic xpeated is confirmed by the major
differential gene expression observed betweenwbadémperatures (Figure 3a). We note that
compared to the temperature-induced differentigiression, the difference of expression
level between two genotypes is usually relativatyald (Figure 3b). Correspondingly, the
interaction effect between genotype and temperasuaéso relatively small. This justifies the

use of our powerful two-stage statistical analgsidined above (Figure 3c).
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Figure 3. a: Volcano plot for all transcripts where p-valuewifcoxon test is plotted against logged ratio of
intensity at both temperaturds.c: Volcano plots for QTL and Interaction effect. TR&L (b) and interaction
(b) effects for each gene are plotted on the x axes—log10P values for QTL and interaction from faddel
are plotted on the y axes. The vertical dasheds lcmrespond to 2-fold change in expression. Gavits
interaction effect that are considered both stasily significant and biologically large are loedtin region I.
Genes with statistically significant but small eQ&tfect are in region Il. The horizontal dotted lirpresents
the significance thresholds for QTL (b) or interacf) effect.b: The green dotted line corresponds to threshold
of 4.5 for single-locus QTL search, while blue linelicates threshold of 4.41 for two-loci QTL searchthe
black horizontal line represents the genomewidestiold (4.56) for interaction. The green dotteck lin
corresponds to threshold of 2.98 for single-locdd.¥J search, while blue line indicates threshold d8&for
two-loci QTL*T search.
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The most prominent case of genotype-by-environmateraction in our dataset is that a
group of 66 genes map to the same genomic regidammf them have strong eQTLs only at
24°C (Figure 4). Such a temperature-specific “transebg TB) seems extremely unlikely,
both statistically [§«0.001, hypergeometric test) and biologically, lseait has been
demonstrated recently that natural selection gégesbminates most mutations in loci that
affect many downstream gene expression levels (&ertval. 2005). In order to test that the
TB is not an artifact we applied a permutation {ese Materials and Methods). The results
show that the TB does have a strong and significgmetic componentp0.0001). In
addition to three miRNA genes in this region (ced-48, cel-mir-241 and cel-mir-257),
potential master regulators for the transband gemeslisted in Appendix A. Additional
analysis of the partial correlation coefficientegdViaterials and Methods) shows that the TB
genes are only partly controlled by the master leggu at thecis position. This suggests that
these genes are involved in the same pathway amdoied by a number of shared upstream
factors. In fact, the TB genes form a conspicuoo®fical unit according to a gene ontology
analysis (Maeret al. 2005), with enrichments in signal transductipr=(0.03 after multiple
testing correction) and cell communicatign< 0.04, after multiple testing correction). The
expression patterns of TB genes are also significantrelated in a new independent data set
(Kim et al. 2001) (Kimbig) as compared with randomly selectgenes (one-way
Kolmogorov-Smirnov testp«0.001). It is particularly interesting to see thtta group of 66
TB members contains one gene for an FMRFamide-telaeropeptideflp-9) and four for
G-protein coupled receptors (C17H11.1, C48C5.1, BB2#, K10C8.2), all of them
uncharacterized (Fisher's exact tgst; 0.02). Expression variations of neuropeptidethef
FMRFamide-related grouplg-1 (Nelsonet al 1998);flp-18 and 21 (Rogerset al 2003)) as
well as single amino acid mutations of their G-pnotcoupled receptor (Denvet al 2003)
(npr-1) underlie important ecological and behavioral eféinces among@. elegansstrains
described so far. It is therefore tempting to sfseuthat the TB regulator occurred in two
different alleles in the pedigree of the two paatpiopulations (N2 and CB4856) because it

controls an adaptive phenotypic difference in respao particular thermal conditions.
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Figure 4. a: Comparisons of eQTL and transcript positions fansgenes with significant eQTL and
interaction effect. The grey dotted horizontal lireparate the genome into different chromosomé&rans
acting transcripts with significant eQTL effect hyint analysis;*: transacting transcripts with significant
eQTL*T effect by joint analysis. Among the transtsipvith significant eQTL effect at both temperaturas,
majority (72%) iscis-acting (not included in the plot), while most béttranscripts (85%) with interaction effect
aretrans-acting. A horizontal trans-band was observed &6Mb (chromosom¥) by joint analysis.

b: Comparison of eQTL effect for transcripts at two tengures; open circles indicatés-acting transcripts;
grey * and blacke circles are used for genes with significant eQTId avith significant eQTL*T effect,
respectively, butransgenesn the 77.56Mb transband are colored blue.

In addition to thetrans-acting eQTLs, which are the primary focus of thesprg paper,
previous studies have also reported numectdacting eQTLs. However, as shown in Figure
2, in our data there is a surprisingly high projortof cis-acting genes that show a negative
eQTL effect p =1e-9, Fisher’s exact test). One likely explanat®the confounding effect of
SNPs on array hybridizationUnder the assumption that trums-regulated genes with
positive- and negative-eQTL effect should occur inagroportions, we estimate that there
are about 226 false positives among theacting genes. (40Zisregulated genes minus
twice the number of 88is-regulated genes with positive eQTL effect) Followidgghes et
al. (Hugheset al 2001), we estimate that, on average, a singlenath or indel in the 10

nucleotides most 5’ in our 60mer probes would teisua significant detectable hybridization
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difference (around 40% decreased signal). The parstmains, N2 (for which the arrays were
designed) and CB4856, differ in their genome secqeiamp to one per 873 bp of aligned
sequence. Thus we estimate the number of geneson#hinfluential SNP is 238, which
corresponds closely to the 226 false positivesnegéd above. This indicates tlwag effects
are not only less relevant for the gene networlstfily (topology of the gene regulatory
network), but also very prone to hybridization fadts.

The global gene network plasticity detected in tresent study is even more striking when
we consider that our approach is likely to undemesie the extent of genotype and
environmental effects. This underestimation is dughe fact that these effects have been
diluted by measuring the average abundance of drigts from all cells ofC. elegans
(Figurelc); it is hard to detectlarge eQTL or eQTL-by-environment effect if these effects
actually are cell type specific. We noticed a sgipgly low proportion of regulatory
connections seem to respond differentially to thegomenvironmental change in the two
genotypes. To check that this is not due to oungémt threshold, which might lead to false
negatives, we estimated the detection power ofanten for various QTL effect sizes using
simulation (see Materials and Methods). We dete889d of interactions if the QTL effect is
larger than 1 and has opposite signs at the twq@eestures, which corresponds to the
interaction effect of 2 (Materials and Methods).isTBuggests that our detection power is
more than sufficient.

Our results demonstrate that the topology and tumah gene networks is exquisitely
sensitive to environmental conditions. To furthedstecological adaptation and reveal traces
of the evolution paste, future studies will havetaske this gene network plasticity into
account across different cell types, a wider raofgenvironmental perturbations and a larger
range of ecotypes.

Materialsand M ethods

Culturing. All nematodes were reared on NGM agar plates seadidn OP50 strain of
Escherichia colias food source. Stock cultures of OP50 were stare80C and the bacterial

cultures were grown in autoclaved LB medium (1@egptone, 10 gr yeast extract, 5 gr NaCl /
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L water) for 16 hours at 3 and 150 rpm. Populations were started with omlg-mated
hermaphrodites and screened regularly to removeetiyrring males.

Synchronization. Experiments were carried out with nematodes belanginthe L3 life
stage. In order to determine the entry into thagstat 16° C and 24° C, the size of the gonads
and vulva were monitored. At 72 hours of age, nedes kept at 16° C were at the L3 stage,
whereas 40 hours of age determined this life stad@° C. Populations of each of the RILs
were bleached (0.5 M NaOH, 1% hypochlorite) in orgecollect synchronized eggs, which
were then inoculated into fresh dishes. 4 replicksbes of synchronized eggs for each RIL
were kept in each of the two temperatures until l&& weached. The nematodes were then
collected and frozen in liquid nitrogen.

Probe construction and hybridization. The parental N2 and CB4856 strains differ in their
genome sequence up to one per 873 bp of alignatkseq (Wickset al. 2001). Kochet al
reported that 85% of the SNPs were found in nonrgpd®NA (Koch et al 2000). In an
attempt to minimize hybridization difference based SNPs, 60mer oligonucleotide
microarrays were used in this study. The frozen nedeasamples were ground and RNA was
extracted using the Trizol method, and cleaned ith ®Neasy Micro kit (Qiagen). RNA
concentration and quality was measured with NanopDcDNA was obtained using Array
900 HS kit (Genisphere) and Superscript Il (Inga). The cDNA samples were hybridized
to 60-mere oligo arrays (Washington University) ngsithe Array 900 HS protocol
(Genisphere).

Pairwise design. We adopted a novel distant pair design for ther@aicay experiments,
which was proposed specially for genetic studieg@me expression (Fu & Jansen 2006). In
this design, 80 RILs are hybridized directly in 40ags.

Data Analysis. The expression data of two temperatures were firalyaed separately by
the following ANOVA model (Fu & Jansen 2006):

Yi =u+Q; +e

where yis the gene’s log ratio at th#h microarray;u is the mean; Qs -B, 0, B, for arrays
comparingA/B, A/A or B/B, and B/A, respectively; is the effect of differential allele
expression betweeA andB at a regulatory locus (or nearby marker) undedystlettersA

and B correspond to N2 and CB4856, respectively; ant the residual error (see (Fu &
Jansen 2006) for details).
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Then expression data of two temperatures are cowhliogether and analyzed by a full
ANOVA model including T and eQTL*T effects:

Yij =n+Q; +T; +(QT); +¢

where Yy is the gene’s log ratio at tlith microarray i(= 1,...n) andjth temperature; Tis the
temperature effect fojth temperature; (Q%)is the interaction effect between titb eQTL
genotype andth temperature, ang is the residual error. To increase the power céatetg
interaction, we not only did a genome-wide linkagelysis, but also reduced the multiple
testing issue by focusing on those three markeitipos that show a maximum QTL in either
the full model or one of the two single temperaton@dels. Interaction was assessed at these
three positions using appropriately relaxed sigaifice thresholds determined by simulation
(SI Methods). The same strategy was applied forctiatesignificant eQTL effect.

Determination of genome-wide significance thresholds. To calculate the genome-wide
threshold for separate analysis, we performeddhewing five steps. (1) We simulated trait
data by randomly sampling from a standard normsairidution (with zero mean and unit
variance) for 1000 times under the null-hypothedisio QTL. We did this for 16°C and
24°C. (2) We carried out a single marker analysisafl 1000 runs mimicking 16°C, and then
for the 1000 run mimicking 24°C. (3) At each markee obtained the corresponding —l©g
p. (4) We took the maximum over all markers, andestahis value. (5) These values were
ordered from low to high over all 1000 runs andrti®0(1-a) percentile was the estimated
critical value (genome-wide threshold).

For the joint analysis the threshold can be obthinea similar way. After simulating the
trait data under the null hypothesis of no QTL foottemperatures, the joint analysis was
applied to the combined data of 16°C and 24°C. Tthengenome-wide threshold for QTL
and interaction was obtained at significamalue of 0.001. With the same simulated data, we
calculated the —log p of interaction effect aSL position orTL positions and stored these
values respectively. At the significance level @i@L, the thresholds for single locus and two-
locus analysis can be obtained. The same strategam@ied for QTL effect.

In our analysis, we set the genome-wid® be 0.001 at 16°C, 24°C, as well as in the joint
analysis. This implies that — with 20,490 transeriptwe expect only 0.001 x 20,48®0.5

false positives. The threshold of 4.25 was obtaif@d the separate analyses at both
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temperatures. For the joint analysis, the genonaewhreshold for QTL and is 4.50 and
single-locus threshold is 4.41. For interactioreeff the genomewide threshold is 4.56 while
the single-locus threshold and two-locus thresho#d2.98 and 3.88 respectively.

Two-stage search for interaction To increase the power of detecting interaction,noe
only did a genomewide linkage analysis, but alsduced the multiple testing issue by
focusing on those three marker positions that saonaximum QTL in either the full model
or one of the two single temperature models. At strengest QTL genome positidsL
(single locus), the corresponding QTL*T effect for leatranscript was judged to be
significant or not. As we expect the interactiom éme gene happens at the positions with
QTL at either T, we focus on the strongest QTL(obtaibgdseparate analysis) genome
positions for each transcript at 16° C and 24° Gictv namedTL(two loci, one locus per
temperature). At thelL, we judged the QTL*T effect obtained by joint anadysre
significant or not. The threshold were obtaingdsimulation (SI Methods). A gene is
claimed to have significant interaction effecttipasses the threshold at one of three positions
(SLandTL). The same strategy was applied for detecting fsognit QTL effect.

Co-expression of transband genes in Kimbig data set. The experiments in the Kimbig
data set compare RNA between mutant and wild-tyqaens or between worms grown under
different conditions. The data set consists of esgom of 19738 genes in 553 experiments.
56 out of 66 of our transband (TB) genes are fountheé Kimbig dataset. We calculated all
pairwise Pearson correlation coefficients amongere genes. Then we randomly chose the
same number genes from Kimbig dataset 10,000 tiama$ calculated the correlation
coefficients of each pair of them. The resultingtrlbution is compared with that among the
original TB genes by a one-way Kolmogorov-Smirnast.{p value « 109

Permutation test for the transband. We used the real gene expressions of transband gene
(i.e. the structure of correlation is kept unchahgéut reassigned different genomes to the
different TB randomly to disturb the associationwesn trait and genotype. From 10,000
permutations, the maximum genome-wide number of QFle&ich permutation is stored and
99.9 percentile corresponding to 6 was obtained. rékalts show that the TB does have a
strong and significant genetic compongntq.0001).

Cis-factor test for transband. Pearson correlation coefficients (zero order) wiargt

calculated for the trait data of transband gene4dC. Then first order partial correlation
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coefficients conditioning on the genotype of thansband position (marker @7 were

calculated according to the following formula:

Iy “Txzlyz

[, =
Wi Ja-rz)a-rg)

where §y, I, and 1, are thePearson correlation coefficient of gene expresbietween x

and y, x and z, and y and z, respectively. We satedl random trait data for the same number
of genes in TB and calculated corresponding zerdiestcbrder correlation coefficients.

Power of detection for interaction by full model Compared with the total number of
transcripts, only about 0.8% of 23,000 genes hadetectable interaction effect, i.e. a
surprisingly low proportion of regulatory connectsoseem to respond differentially to the
major environmental change in the two genotypes.chieck that this is not due to our
stringent threshold, which might lead to false niega, we estimated the detection power of
interaction for various QTL effect sizes using siniola. We simulated the expression data
for 1000 genes with QTL effect size of B but oppositgn at two temperatures. Then the
strategy of searching for interaction effect useceal data was applied for the simulated data.
The detected proportion of genes with significateraction effect indicates the power of our
two-stage search method. With varying B betweem@ & with interval 0.25, power of
detection for interaction can be estimated. Wealete98% of interactions if the QTL effect
is larger than 1 and has opposite signs at thetémgperatures, which corresponds to the
interaction effect of 2 (SI methods). This suggekts our detection power is more than
sufficient.

Master regulator for transband searching There are 66 genes with significant interaction
effect at 77.56 Mb (chromosome V). It is likely thas acis-acting master regulator at the
transband. We first averaged the interaction msfibr the transband genes and then took 1.5
drop-off to obtain genome region (75.91~79.33Mb}earching region. There are totally 819
potential candidates with physical location in tl@gion in our dataset. We divided them into
different groups according to their QTL and interactieffect and their annotation (see
Appendix A). The top candidates might be thigacting genes with significant interaction
effect, e.g. Y75B12B.3 ands-acting genes with significant QTL effect, e.g. ndrd&nd nhr-

116 involved in transcription factor activity.



82 Chapter 5

Acknowledgements We thank G. De Haan for stimulating discussionsmbli@de strains
were provided by the Caenorhabditis Genetics CerBnnesota, US. This work was
supported by the Netherlands Organisation for SifiefResearch (to JAGR,YL, EWG) and
by STW (to OAA)



Environmental changes induce gene network plasticity

83

Appendix A

gene WITH annotat

gene WITHOUT annotation

genes WITH cis_QTL at

transband Num=18 F36D3.2 Num=25 CA47ES8.8
F09C6.9 WO6A7.5
C29F3.6 TO9F5.11
TO6E6.3 C29F3.7
W08G11.4 T26H5.4
FO8E10.3 K06B4.3
F11A5.12 Y6E2A.8
F21H7.4 T06C12.10
K06B4.4 F35E8.11
F26D2.10 F44G3.10
T10H4.11 F21H7.1
Y102A5B.3 T13F3.6
TO9F5.9 F57E7.1
Y102A5C.17 Y102A5C.1
Y102A5C.16 Y102A5C.3
T27C5.7 ZK218.4
F57A10.2 ZK218.8
R12G8.2 T19C9.8
FA7H4.9
F47H4.10
F47HA4.2
Y20C6A.1
C38D9.9
Y6G8.2
F59A1.8
gene with cis-Interaction
effect at transband / Y75B12B.3
gene with both cis-QTL and
cis-Interaction effect at
transband / TO9F5.10

gene without statistically
significant QTL or
Interaction effect at
transband

Num=451 Y49A3A.5
F56A12.1
F56A12.2
C15H11.1
C15H11.2
C15H11.3
C15H11.6

Num=323 Y49A3A.3
Y49A3A.4
F23B12.9
F23B12.3
F23B12.4
FO8H9.2
FO8H9.3
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C15H11.5
C15H11.4
C15H11.7
C15H11.8
C15H11.9
F23B12.1
F23B12.5
F23B12.6
F23B12.7
F23B12.8
FO8H9.1
FO8H9.6
FO8H9.5
FO8H9.7
FO8H9.8
C53A5.2
C53A5.1
C53A5.3
C53A5.4
C53A5.5
C53A5.6
C53A5.9
C53A5.11
Y40H4A.2
R11H6.1
R11H6.2
R11H6.3
R11H6.5
F43D2.1
C54G10.2
C54G10.3
C54G10.4a
C54G10.4b
CA47ES8.3
C47E8.5
CA7E8.4
C47ES8.7
RO8A2.3
RO8A2.2
Y50E8A.2
Y50E8A.4a
Y50E8A.4b
Y50E8A.5
Y50E8A.6
Y50E8A.7
YS50E8A.16
C48G7.3

FO8H9.4
R02D5.7
R02D5.3
R02D5.4
R02D5.1
R02D5.6
C53A5.13
C53A5.8
C53A5.10
R11H6.4
F43D2.4
F43D2.3
F43D2.2
C54G10.1
C47ES8.1
CATES8.6
RO8A2.5
RO8A2.4
RO8A2.1
Y50E8A.1
YS50EB8A.3
Y50E8A.8
Y50E8A.15
Y50E8A.14
Y50E8A.9
Y50E8A.10
Y50E8A.11
Y50E8A.12
C48G7.1
WO6A7.2
WO6A7.4
72C412.4
ZC412.3
ZC412.5
ZC412.6
ZC412.9
H12D21.2
H12D21.5
H12D21.6
H12D21.10
H12D21.9
W09D12.2
FO02D8.1
F02D8.2
F02D8.3
TO1C3.1
T01C3.2
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C48G7.2
WO6A7.3a
WO6A7.3b
WO6A7.3c

ZC412.1

Z2C412.2
H12D21.4
H12D21.7
H12D21.8
Ww09D12.1

C30G7.1

F02D8.4

TO1C3.3

T01C3.4

TO1C3.6

TO01C3.7

T01C3.10

F14H8.1

F14H8.6

C25D7.1

C25D7.2

C25D7.3

C25D7.6

C25D7.7
C01G10.12
C01G10.10

C01G10.9

C01G10.7

C01G10.1
C01G10.14

TO01G5.7

T01G5.6

T01G5.1

T01G5.2

T01G5.3

KO8F9.1

KO8F9.3

TO9F5.1

TO9F5.5

TO9F5.7

TO9F5.3

TO9F5.8

Y75B12B.2
Y75B12B.4
Y75B12B.5
Y75B12B.6
Y75B12B.7

TO1C3.5
TO1C3.8
T01C3.9
F14H8.2
F14H8.5
F14H8.4
C25D7.4
C25D7.5
C25D7.9
C25D7.8
C25D7.10

C01G10.11a
C01G10.11b

C01G10.8
C01G10.6
C01G10.5
C01G10.4
C01G10.3
C01G10.2
C01G10.13
T01G5.4
KO8F9.2
KO08F9.4
TO9F5.2
Y75B12B.1
MO01B2.4
MO01B2.3
MO01B2.8
MO01B2.10
T10H4.4
T26H8.3
ZK1037.3
ZK1037.6
C29F3.3
RO8H2.8
TO6E6.11
TO6EG6.10
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A fundamental understanding of stress mechanisroenal to developing new rationales
for dealing with environmental problems. Althoughuech effort has been put into assessing
the effects of the presence of different abiotresgtors in our ecosystems, there is still a need
for a better understanding of the underlying meddmas of stress and stress response. In the
past years, studies on toxic stress have been ipiedotly focused on simplistic and
descriptive models, driven by the need of produdasy and inexpensive laboratory tests for
the evaluation of large numbers of compounds. Thst mommon approach for the analysis
of these tests involves producing descriptive patans such as EC50s and LC50s; a
methodology that has disregarded to a great exttentinderlying mechanisms. In addition,
these parameters are associated to certain liongatand simplifications. The study of the
temporal dynamics of the ECx for different endpoii@bapter 2) reveals that the behavior in
time of this parameter is endpoint specific as waslinfluenced by the characteristics of the
compound and organism of study. Surprisingly, #mgoral dynamics of this widely used
toxicity descriptor have hardly been touched upoprevious studies in spite of the relevance
that this has for its applicability. Our observagosuggest that any use of such summary
statistic must be interpreted with caution as ityogives a very limited indication of
sensitivity to a compound and the comparabilitywsstn values obtained for different
endpoints and time points is hampered. These stilielaes us to conclude that the correct
interpretation and comparability of toxicity datawld greatly benefit from the incorporation
of ECx or LCxversustime curves, or alternatively focusing on paramgetkat do not suffer
from these problems (i.e. NEC, population growtleyat

Another issue that was already brought up by St&tlrk et al. 2004) is the general
assumption that values generated for one specarebedirectly comparable to those of other
species. This is however not the case, even to xkentethat they might not even be
comparablewithin one species if it adopts a different life hist@tyategy. The life history
strategy of an organism plays an important roledatermining its performance under different
environmental conditions. Each strategy impliesedéht physiological mechanisms, which
affect life history traits and represent differamays of dealing with stress. This is clearly
visible in C. eleganswhich can switch from hermaphroditic to sexugrogluction in the
presence of males (Chapter 3). This change in repto@ strategy affects the way these

organisms respond to a toxic stress (in this cadenwm stress). We observed that the size at
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onset of reproduction in response to increasingsstbehaved differently depending on the
mode of reproduction, and overall, sexually repoadg individuals appeared to be more
sensitive to cadmium than hermaphrodites, mainlyabse the mating costs increased their
sensitivity. The different responses of the two history strategies were clearly reflected at
the population level where sexually reproducingvrtbals yielded lower populations growth
rates than that of hermaphrodites. The differencete life history strategies of organisms
even within one species can therefore lead to demgrse responses. This must be taken into
account, as toxicity parameters generated for icp&ar life history scenario might not hold
for another. Life history details are therefore imtpot parameters to be considered and
incorporated into toxicity testing in order to abta complete picture of the stress processes
that occur in ecosystems.

These observations are meant to bring awareneke tadt that there is a need to improve
or consider alternative methodologies for the eafadun of toxic stressors. As management
issues are becoming more complex, attention is shifting to the use of, first of all,
ecologically relevant parameters that bear moratio#l to the protection goals (populations
and ecosystems); and secondly, offer a deeperinsitp the mechanisms that govern stress.
In order to address these issues, in this thesisisgea process-based model, based on the
Dynamic Energy Budget (DEB) theory, to study the désiof energy related to physiological
processes and their variation throughout the wihigeycle. The model gives insight into the
physiological modes of action of toxic stressorsdohon resource allocation, and models the
effects of these different modes of action at tbputation level (Chapter 4). This type of
mechanistic approaches allow for a more detailes$edition of the mechanisms through
which a stressor exerts its effects and the presefisat take place in such a situation,
consequently allowing for a more robust and comparassessment of effects together with
valid extrapolations from single species to popafatevels. We find that the physiological
mode of action of a toxic stressor varies dependimghe species of study, highlighting the
importance of the interactions between the compa@unatithe life history characteristics of the
organism. Such interactions are not considered ument classifications of compounds
according to their modes of action, which rely nhaion the structural characteristics of the
toxicants for their classification. Although mecksic approaches such as those used

throughout this thesis generate larger amountstaf that require more complex analysis, we
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believe that they will greatly increase our undamding of the processes of stress, helping to
improve the strategy and design of laboratory testsrder to achieve a scientifically based

assessment of effects.

Zooming in to the most fundamental level, stress banunderstood in terms of the
processes that take place at the genetic leveh M@ development of microarray technology,
our knowledge of gene expression and the procebaesffect it is growing rapidly. Genes
whose expression is affected by different enviromi@leconditions such as heat, salinity,
drought or cold have been identified. However, ueliag the interactions between the
environment and the genetic control of gene expessomprises a challenge that has only
just started to be explored. The combination of gexression profiling and QTL analysis,
known as “genetical genomics” (Jansen & Nap 208g&js the ground for addressing this
issue. Our study ofC. eleganstranscriptional regulation maps (transcriptomes)tveo
different temperatures reveals that there are thdigféerences in the genetic control of gene
expression even with a temperature shift of onlC§Chapter 5). Many of these interactions
are missed with genome-wide testing and requireemmowerful approaches for their
detection, such as the proposed two-stage teshwhieals that these interactions are clearly
widespread. 28% of the detected expression QTL wargérature sensitive. This newly
observed phenomenon ofxpression linkage plasticitys in accordance with the definition
of phenotypic plasticity i.e. the range of phenetypvhich can be produced by a genotype
when exposed to different environments (Pigluc@3)0As an example, Paterson (Paterson
et al. 1991) already observed that only 14% of the QTL atetkin tomato where present in
all the environments whereas 52% where detectednly one environmentDrosophila
melanogaste(Vieira et al. 2000) andArabidopsis thaliangStratton 1998; Rauét al 2002;
Loudet et al. 2003) also showed different QTL for complex traitsresponse to varying
environmental conditions. These observations are sigported by the QTL studies of
Gutteling on the life history traits of. elegansat two different temperatures (Gutteling
2004). It should therefore not be so striking thatfind expression linkage plasticity as well,
as it is a representation of the same phenomeniat lilne level of transcriptional regulation.
However, apart from highlighting the importance ggne-environment interactions in the

determination of complex traits, the acknowledgeiméat environmental conditions can
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influence transcriptional regulation to such aneektis in itself somewhat disconcerting.
Different expression QTL can be found depending oa #nvironmental conditions
suggesting that a considerable percentage of Q&&eare only relevant for those particular
conditions. This might have important implicationstiie studies of transcriptional regulation
of genes underlying complex traits. Disease relatails where temperature (i.e. fever) or
other characteristic environmental factors can @asnajor role are generally studied in a
single environment. Although the ideal situationudbbe to visualize the transcriptomes in a
range of plausible environments, this is most eftimes inconceivable due to the amount of
work that it implies. The task of unraveling candedgenes for phenotypes or pathways of
interest can be more complex in the light of thasiation in QTL patterns. However, we
should not forget that a high percentage (72%hefdetected QTL seem to be robust against
temperature changes (at least within the considexede), suggesting that although part of
the transcriptome (mostlyrans QTL) seems to be flexible, another part could actaas
“backbone” (highly represented bgis QTL) that shows consistency in the different
environments.

Also intriguing is the appearance at 24° C of titaes band in chromosome V, suggesting
the presence of a temperature sensitive reguléons which modulates the expression of a
large number of genes. Gene ontology studies dfettrans+egulated transcripts revealed
that neuron related genes were overrepresentedazechpo the notrans band transcripts.
This could suggest an increased activity in neuropathways that could relate to
environmental detection, but further studies wob&l necessary to unravel the biological
function of thistrans band. Additionally, RNAi experiments could be penfed for cis
candidate genes in that location in order to tryrtoover the master regulator of the band.

As previously mentioned, future experiments in savmore temperatures could provide a
visualization of the variation in QTL patterns irspense to a larger gradient, giving more
insight into the changes that are taking plac&énttanscriptome.

Although microarray technology itself, as well & tstatistical and bioinformatical tools
for its analysis have developed immensely in th& f@Ew years and are becoming more and
more robust, currently much of the work is stilhsalered to benefit from the validation with

guantitative RT-PCR. In this case, the use of ERPserved to visualize the different
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expression of genes selected from each of the @LUXT scenarios, and in this way
validate for the first time genetical genomics daith this technique.

Within this thesis, this study presents the firenhfemation of a matter that has been
lingering for many years; do environmental cuegdfigenetic linkage of gene expression?
Undoubtedly, these results provide a wealth ofrmfation that opens many doors for future

research on this field which has only just stattelde explored.
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Summary

The increasing presence of abiotic stress factoecasystems over the past few decades
has become an issue of major concern. The growirggemess of the detrimental effects that
processes such as climatic change or chemical roaméion can have on ecosystems and the
species that inhabit them has been the drivingefofcresearch that focus on environmental
risk assessment approaches. These approaches anebaffed on naive and descriptive
models, disregarding to a great extent the undeglynechanisms of stress response. In this
thesis | have addressed the need for a fundamentirstanding of the stress response
mechanisms in order to develop new rationalesisérassessment procedures.. | focus on the
mechanisms underlying the effect of different abistress factors such as those imposed by
toxic compounds and temperature changes on vasjpeges of nematodes. Nematodes are a
relevant study object to this respect because &y an important role in biological soil
processes and they can easily be studied underatabyp conditions. The study cross cuts
through a range of different organizational levélem the level of populations which holds
the greatest relation to the protection goal it&elbopulation or ecosystem), to the most basic
level of gene expression where the initial stresponse takes place.

Whole life cycle toxicity tests were performed uginvarious toxic compounds with
nematodes having different life history strategfesnechanistic model based on the Dynamic
Energy Budget (DEB) theory was used to analyze tha&. da Chapter 2, the data from two
strains ofCaenorhabditis elegansith different reproductive strategi¢sermaphroditic and
sexual),n exposure to pentachlorobenzene and carbendazre,used for the analysis of the
temporal dynamics of a widely used summary statistieffect assessment; the H@/here x
Is a time unit). The analysis revealed that the Wiehan time of this parameter depended on
the life cycle trait and the characteristics of doenpound thus hampering the comparability
between different traits, compounds and time poirfikis suggests that the correct
interpretation and comparability of toxicity dat@ngrated with current ECx approaches
would greatly benefit from the incorporation of E@t LCx versustime curves, or
alternatively focusing on parameters that do ndfesurom these problems (i.e. NEC,
population growth rate which are time invariant).Ghapter 3 | focused on the differences in

the response of diverging life history strategeea toxic stressor (in this case cadmium), and
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investigated how these differences are reflectetthatievel of population growth rate. The
results show that certain traits respond diffesemtl stress depending on the life history
strategy (hermaphroditic or sexually reproduchgelegans Overall, sexually reproducing
individuals appeared to be more sensitive to cadmiban hermaphrodites. The different
responses of the two life history strategies wézarty reflected at the population level where
sexually reproducing individuals yielded lower ptgtions growth rates than that of
hermaphrodites. The differences in the life histsimategies of organisms even within one
species can therefore lead to very diverse respoisglying that toxicity parameters
generated for a particular life history scenarigiminot hold for another. In order to gain
further insight into the mechanisms of these tostiess scenarios, in Chapter 4 another
nematode species¢robeloides nanysvas used to dissect the physiological mode abact
of the three previously mentioned compounds, anthedel their effects at the population
level. The resulting physiological modes of actidntttese compounds were compared to
those observed i€@. elegansand it appeared that the modes differed in evasg @?? which
case??. This indicates that the life history charastics in each case had a clear influence on
the resulting physiological mode of action of tlempounds and consequently lead to very
different effects on the population growth ratetasSifications of compounds according to
their mode of action, currently based mainly orirtbkemical structure, should also consider
that interactions with the life history charactgds of the organism may lead to different
mechanisms of toxic action.

In Chapter 5 | studied the effects of temperatwgethe abiotic stress factor at the gene
expression level. We used a 79?7?80 recombinargdriime (RIL) panel derived from @.
elegansN2 x CB4856 cross to extract RNA from each RIL gnoat 16° and 24°C and
subsequently hybridized it to whole genome mic@gsr(approximately 22,000 transcripts).
We then used QTL mapping to detect expression linkadterns across the genome for each
temperature. Using different analysis approachepafste and combined analysis of the
temperatures) we found that 28% of the detectedeszpn QTL were temperature sensitive
and comprised mainly biyans QTL. These QTLXT interactions were in many cases below
detection level in genome wide analyses. These teepuésent the first validation of the

phenomenon of éxpression linkage plasticityin response to different environmental
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conditions, showing that the control of gene exgimas is sensitive to environmental cues

such as temperature changes.
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Samenvatting

Gedurende de afgelopen decennia is de zorg ovarvtied van abiotische stressfactoren
op ecosystemen sterk toegenomen. Dit heeft gadeidlen sterke toename van het onderzoek
dat zich richt op de ecologische risicoevaluatien kdimaatverandering en chemische
contaminanten. Het overgrote deel van dit onderaeekvenwel beschrijvend van aard en
geeft geen inzicht in de onderliggende biologiscteezhanismen van de stress respons. In dit
proefschrift geef ik aan waarom het van groot bglemom deze mechanismen te kennen
teneinde een gefundeerde onderbouwing te geven w@uwe instrumenten voor de
ecologische risicoanalyse van chemische contangnamin omgevingstemperatuur. Het
onderzoek richt zich op de stress respons in vileatie soorten nematoden. Dit zijn kleine
wormpjes die in grote aantallen in de bodem voomromn hier een belengrijke rol spelen in
het decompositieproces. De gekozen bacterie-etemel@atodensoorten zijn goed te
bestuderen onder laboratoriumomstandigheden enutigrmate geschikt om effecten te
bestuderen op het niveau van genexpressie tot gibgul

Eerst heb ik de effecten op de populatiegroeisiglbestudeerd van diverse relevante
toxische stoffen op nematoden met verschillendenseycli. Hierbij is gebruik gemaakt van
een mechanistisch model op basis van Dynamischegien@udgetten (DEB). In hoofdstuk 2
worden de dynamische effecten beschreven van gdatabenzeen en carbendazim op twee
stammen vanCaenorhabditis eleganseder met een verschillende levenscyclus (sexueel
reproducerend en hermafroditisch). Uit de resuitéleek dat de wijdverbreide en algemeen
geaccepteerde maat voor toxisch effect (de ECxisdd® concentratie van een stof die leidt
tot x procent effect) een sterke, en onverwachémpbrele dynamiek vertoont. Deze
dynamiek was afhankelijk van de toxicant, het tigpenscyclus en de eigenschap waarvoor
het effect gemeten is. Geconcludeerd kan worderdeldCx waarden tussen verschillende
soorten niet zonder meer met elkaar kunnen woreegeleken. Geadviseerd wordt om in de
toekomst de risicobeoordeling te baseren op dedfifchnkelijheid van de ECx waarden of op
tijdsonafhankelijke parameters. In hoofdstuk 3 beser ik de effecten van cadmium op de
populatiegroeisnelheid van dezelfde twee stammenieruld bleek dat de
populatiegroeisnelheid van sexueel reproducerema@nsen gevoeliger was dan die van
hermafroditische stammen. Vervolgens zijn de effieatan de voorgaande stoffen bestudeerd
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op de populatiegroeisnelheid vaarobeloides nanudDe belangrijkste conclusie was dat de
effecten van de verschillende stoffen op de pomgeteisnelheid afhankelijk is van de
onderliggende fysiologische relaties tussen dechdliende onderdelen van de levencyclus
(reproductie, groei, ontwikkeling en levensduur).

Naast toxische stoffen kunnen organismen sterkrdevo beinvioed door de
omgevingstemperatuur. In hoofdstuk 5 is de inviead temperatuur op de genexpressie van
C. elegans bestudeerd. Hierbij is gebruik gemaakt een splitsende populatie (80
nakomelingen in de vorm van homozygote inteelthjneafkomstig van een kruising van de
ouderlijnen N2 x CB4856. Elke nakomelingslijn is diigesteld aan 16°C en 24°C waarna
vervolgens het geisoleerde RNA gehybridizeerd i$ bekende transcripts (ca. 20.000 in
totaal) op een microarray. Vervolgens is er eennfadive Trait Loci (QTL) analyse
uitgevoerd op de transcripts om de regulerende QTdr etk transcript te identificeren bij
elke temperatuur. De temperatuurverandering blegkgeote invioed te hebben op het gen
regulatie netwerk in C. elegans. Bijna 60% van tHes-gereguleerde genen vertoonden een
significant “QTL-by-temperature” effect. Bij 24°C wk een significante trans-band van 66
cell signaling genen gevonden. Slechts 8% van 188gereguleerde vertoonden een
significante interactie met temperatuur. Deze teseh laten zien dat het gen regulatie
netwerk sterk afhankelijk is van de omgevingsteraper hetgeen van groot belang is voor

de genetische adaptatie aan fluctuerende tempesatastandigheden.
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