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-‘But I don’t want to go among mad people,’ Alice remarked.
-‘Oh, you can’t help that,” said the Cat: ‘were all mad here. I'm mad. You're mad.’
-‘How do you know I'm mad?’ said Alice.

- ‘You must be,’ said the Cat, ‘or you wouldn’t have come here.’

Alice’s adventures in Wonderland by Lewis Carroll

Wanderer, there is no road; you make your path as you walk

Antonio Machado (1875-1936)
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Introduction

Chapter: 1

General introduction

Ana Vinuela



Chapter 1

From genome to phenome

The genetic architecture of any trait includes the genetic elements and their effects that
contribute to the phenotype and the phenotypic variation (Le Rouzic and Carlborg, 2008).
For a given trait the architecture consists of genes, alleles and their dominance, epistasis, or
pleitropy interactions (Mackay, 2001; Hansen, 2006). But the process that translates a
genotype into a phenotype involves many other levels, from expressed genes through
proteins, metabolites and the many levels of interactions between these components that
lead to the produced phenotype. Because of this, the whole process is usually described as
an intricate web of the many influential factors acting at each level, whose structure defines
the observed phenotype (Bard, 2010). However, on a basic level of organization,
phenotypes and their variation may be explained by variation in gene expression. To better
understand the genetic architecture of any given trait we therefore need to unravel the
genetic architecture of gene expression.

The genetic architecture of gene expression is complex. The elements and the effects that
contribute to the expression of a gene and the variation in gene expression are multiple and
diverse. In other words, gene expression is a phenotypic trait that displays variation. One
advantage of the gene expression phenotypes are associations with their location in the
genome itself (Romanoski ef al., 2010). The number of influential variables affecting gene
expression may be enormous, but the number of interactions and effects is limited. In this
thesis I exploit this advantage, where the architecture of gene expression was explored
considering some of the elements that contribute to gene expression as a phenotype and its

variation.

Gene expression in Caenorhabditis elegans

Since Sydney Brenner introduced Caenorhabditis elegans (Nematoda, Rhabditidae) in
research (Brenner, 1974), this little worm has become a model organism in genetics and
genomics. It is easy, fast and cheap to grow; and it can produce an entire new generation of
hundreds of individuals in less than three days. In addition, laboratory protocols are
standardized all around the world and information is made publicly available online by the

worm community members (www.wormbook.org, www.wormbase.org). An additional
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advantage of C. elegans as a model organism for genomics is the ability of self-fertilization.
Yet, occasionally occurring males allow to sexually cross different strains (Gutteling ef al.,
2007) or even closely related species for more complex genomic studies (Woodruff et al.,
2010). This, together with its small genome has been an advantage for studies in evolution,
cancer, toxicology, and ecology (Saito and Van den Heuvel, 2002; Kammenga et al., 2007;
Leung et al., 2008; Cutter et al., 2009). Furthermore, the full sequence of the C. elegans
genome which became available in 1998 (The C. elegans Sequencing Consortium, 1998)
was a starting point for a prolific work in gene expression. To illustrate this point it is
enough to consider the approx. 400 papers published per year with the keywords C.elegans
and gene expression over the last ten years (www.ncbi.nlm.nih.gov/pubmed). Overall, C.
elegans has become an excellent tool for genomic research and for unraveling the structure

and dynamics of eukaryotes genomes.

Genotype-by-environment interactions

Phenotypic responses to environmental changes are genetically dependent. Therefore, gene
expression responses to modifications in the environment depend on genetic elements and
the way they interact with the environment. The estimation of the genetic and
environmental contribution to a phenotype is a necessary step to understand how a
genotype is translated to a phenotype. However, both factors are not necessarily additive
(Lewontin, 2006). They may interact and produce a differential phenotypic response
between genotypes exposed to identical environments. This phenomenon is known as
genotype-by-environment interaction (GxE).

With the development of high throughput technologies (e.g.: microarrays, proteomics,
metabolomics, etc) many studies have addressed the contribution of the genome, the
environment and their interaction to the resultant phenotype. Gene expression studies have
been particularly useful to quantify the influence of genotypic and environmental factors
(Gibson, 2008). The influence of the environmental factors is often measured as variation in
gene expression in genetically identical individuals exposed to different environments
(Serensen et al., 2005; Cui et al., 2007; Nota et al., 2010); while the influence of the
genotype is measured as variation in gene expression in genetically different individuals in

the same environments (Brem and Kruglyak, 2005; Keurentjes et al., 2007; Capra et al.,
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2008). More complex studies have been able to address GxE interactions in gene
expression by combining limited number of genotypes exposed to different environments
(Li et al., 2006; Smith and Kruglyak, 2008). Yet, we are far from fully understanding the
influence of the environment on gene expression changes (Gibson, 2008; Hodgins-Davis

and Townsend, 2009).

Perturbations affecting gene expression

A common method to study gene expression is by means of perturbation. The responses to
environmental perturbations are usually characterized in expression profiles, networks or
responsive gene pathways. Perturbations help to uncover hidden phenotypic variability and
specific elements (e.g.: allelic variants) involved in the response to different environments.
This technique has been particularly successful with single gene perturbations (Murphy et
al., 2003), where the lack of a gene activity (e.g.: daf-2) is associated to a phenotype
(extended lifespan), and the study of some of the elements involved (a gene pathway)
allowed to partially describe the gene expression pattern responsible for the phenotype.
This approach often attributes a single gene as the ultimate cause of a phenotype, which
ignores the many intermediate levels involved in the generation of the phenotype. Still,
those studies help to establish the relative importance of genetic elements, since the absence
of just one gene can produce extreme phenotypes such as lethality, extended life span or
lack of offspring.

Single gene approaches; however are oversimplifications of nature. Organisms in their
natural environments are confronted by severe and multiple stresses. We can study their
effects on gene expression by employing multiple perturbations instead of one at the time
(Jansen, 2003; Rockman, 2008; Holmstrup ef al., 2010). These perturbations or stressors
may be introduced sequentially or simultaneously. With sequential perturbation the
individual effect of each stressor and the interacting effects of all of them can be
distinguished. With the exposure to simultaneous perturbations, non-obvious connections
between the components influencing the phenotype may be unraveled, since we are
exploring a much larger space of responses and elements (Rockman, 2008).

This thesis explores the transcriptional responses to multiple environmental stressors as a

tool to unravel the genetic architecture of gene expression.
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Environmental stressors with specific molecular targets

Pesticides

Over their lifetime, organisms are often faced with multiple environmental stresses. Soil
related animals such as C. elegans are occasionally exposed to anthropogenic stressor, such
as pesticides and other noxious chemicals. Those chemicals are designed to target a range
of species via specific molecular receptors. One of the most widely employed family of
pesticides in household and pest control are Organophosphorus Pesticides (OP). They were
designed to target the enzyme acetylcholinesterase (AChE) and inhibit its activity. This
inhibition leads to a cholinergic hyper stimulation affecting the nervous system of the pest
organism (Pope, 1999). However, studies in human, rats and worms have shown crucial
differences in the mode of action of different OP at enzymatic level (Slotkin and Seidler,
2007; Slotkin et al., 2008; Lewis et al., 2009). The differences suggest that their secondary
targets may be more relevant for the toxic outcome than expected in previous studies, what
is especially relevant considering how often organisms are exposed to combined toxicants.
Also, it highlights the relevance of studies with mixtures of pesticides because most of the
studies are based in single treatment experiments and little is known about toxicants
interactions. Moreover, the few studies that have investigated combined toxicants
treatments conclude that exposure to mixtures of pesticides induce a specific gene
transcription response in the mixtures compared with the single treatments (Mumtaz et al.,

2002; Hook et al., 2008).

Environmental stressors with unspecific molecular targets

Temperature

Temperature affects almost all biological processes. This is particularly evident in
ectothermic organisms such as C. elegans, which cannot regulate their body temperature.
Changes in temperature do not target a specific molecular receptor but modifies the whole
metabolism (Gillooly et al., 2001). As a consequence, temperature can change the gene

responses to other environmental cues. For instance, temperature modifies the effects to
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environmental toxicants exposure (Leon, 2008; Holmstrup et al, 2010). Increased
temperature elevates the toxic consequences of OP exposure and other toxicants (Osterauer
and Kohler, 2008; De Silva ef al., 2009). This increase in toxicity is usually attributed to an
elevated uptake and accumulation of the toxicants in the organisms, but it does not explain
how such a clear connection between both environmental stressors was not found for
zebrafish exposed to pesticides (Scheil and Kohler, 2009; Holmstrup et al., 2010).
Moreover, temperature also influences C. elegans life history traits as lifespan or offspring,
induces temperature specific proteins and regulates gene expression (Klass, 1977; Madi et
al., 2003; Li et al., 2006; Gutteling et al., 2007). However, some genetically determined
processes have temperature independent responses, which suggest a compensation
mechanism to environmental changes (Kammenga et al., 2007). In other words, the ability
to respond to temperature changes differs between genotypes and it is modulated by GxE

interactions.

Other factors affecting gene expression

Age

Organisms age since they were born and the rate of aging is determined by the ability of an
organism to survive. Aging is not a regulated process, while survival is. Thus, it is
important to distinguish between aging and survival (Lithgow, 2006). How well (or poorly)
survival is regulated determines the rate of aging, and defines the lifespan of an organism.
Survival is a genetically determined process modulated by GxXE interactions, which
influences how an organism ages. Likewise, the genetic basis of plasticity in aging lie in the
gene expression responses to environmental cues (Flatt and Schmidt, 2009). For instance,
Coolon et al. (2009) analyzed transcription profiles of C. elegans in four bacterial growth
media to identify genes that function in environmental interactions. They found a
correlation between differences in selected genes transcription profiles and differences on
survival in different bacterial environments (Coolon et al, 2009). Moreover, gene
expression changes with age (Hill et al., 2000; Jin et al., 2001; McCarroll et al., 2004).

Also, the influence of environmental factors on gene expression differs with age, as many
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stress responses are attenuated with age like heat shock, oxidative stress or responses to
toxicants (Darr and Fridovich, 1995; Olsen et al., 2006; Przybysz et al., 2009). In order to
understand the relationship of the variables affecting gene expression we need to consider
the age of the organism, since the interactions between the different factors are not the same

at different ages.

Genotype

The genotype is a source of multiple and simultaneous perturbations. Genotypic
perturbations can be introduced with genetic crosses to produce a segregating population of
recombinant individuals with different combinations of allelic variants (Jansen, 2003). The
gene expression variation between segregants may be used in the analysis of quantitative
trait loci (QTL) to identify the causal genomic regions of this phenotypic variation in a
method called genetical genomics (Jansen and Nap, 2001). An important advantage of this
method is the possibility to distinguish between local and distant regulation of gene
expression. The QTL for expression differences (eQTLs) identify genomic regions with
regulatory elements influencing the expression of a gene. If the eQTL maps to the physical
position of the gene, it is inferred to be involved in local regulation, also called cis-eQTL. If
the eQTL maps to a different genomic region, it is likely a distant regulator, and called
trans-eQTL. Genetical genomics has been successfully used to describe the genetics of
gene transcription regulation in many model organisms (Brem et al., 2002; Schadt et al.,
2003; Li et al., 2006; Keurentjes et al., 2007). Also, it has provided information about the
nature of gene expression regulation in different environments, tissues and cell types (Li et
al., 2006; Petretto et al., 2006; Gerrits et al., 2009).

In Chapter 4, we used a recombinant inbred line (RIL) population generated from a cross
between the C. elegans canonical strain N2 and the natural isolate CB4856 in a genetical
genomic experiment. The two strains are among the most diverse natural isolates of C.
elegans (Denver et al, 2003; Rockman and Kruglyak, 2009). This diversity is well
documented and included large deletions relative to N2 in chromosome /7, high SNPs
density, divergences in life history traits, gene expression and genotype-by-environment

interactions in complex traits (Wicks et al., 2001; Li et al., 2006; Gutteling et al., 2007,
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Gutteling et al., 2007; Maydan et al., 2007; Capra et al., 2008; Palopoli et al., 2008). The
study of natural variation, especially in gene expression, is an expanding field in C. elegans
and in combination with other gene expression studies it will help to reveal the genetic

architecture of gene expression in C. elegans.

Outline of the thesis

First, in Chapter 2 we describe how a single genotype, the canonical strain N2, responds to
environmental stressors with a specific mode of action (pesticides) by studying their effects
on gene expression. The chapter provides a detailed insight into the transcriptional
responses following exposure to two widely used organophosphorus pesticides,
chlorpyrifos and diazinon. We produced genome-wide transcription profiles of C. elegans
exposed to both pesticides. Furthermore, we studied the effect of interacting pesticides by
exposing nematodes to a mixture of them. Chapter 3 incorporates the study of temperature
as a non-target environmental factor influencing gene expression. Expression profiles from
different temperatures and pesticide exposures are combined to enlighten the complexity of
gene-by-environment interactions.

Second, in Chapter 4 we elaborate on the influence of different genotypes as multiple
perturbations on gene expression using genetical genomics. Simultaneously, we investigate
how the genotype-phenotype relationship progresses with age. Recombinant inbred lines
were employed to explore the dynamics of regulatory loci affecting genome-wide gene
expression. We performed a genetic mapping strategy of gene transcription variation
(eQTL) at three different ages, juvenile, reproductive and old ages. Also, we investigated
the influence of age in gene expression to reveal the presence of genes with a genotype-by-
age effect (5eQTL). Moreover, we explored variation in gene expression with age and its
implication for the aging process. Chapter S addresses questions about transcriptional
consequences of genomic recombination in aging C. elegans. Gene expression profiles of
the recombinant inbred lines parental strains (N2 and CB4856) were generated. Then, we
explored gene expression heritability and transgression as genetic parameters for the
analysis of gene expression divergence in different genotypes. Moreover, we investigated

the effect of age over those parameters.
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In the final Chapter 6, I present a general discussion on the genetic architecture of gene
expression in C. elegans. Also, I discuss the transcriptional responses to perturbation within
the scope of the robustness theory to clarify how the genetic architecture of gene expression

affects the genotype-phenotype map in C. elegans.
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Chapter 2

Abstract

Organophosphorus pesticides (OP) were originally designed to affect the nervous
system by inhibiting the enzyme acetylcholinesterase, an important regulator of the
neurotransmitter acetylcholine. Over the past years evidence is mounting that these
compounds affect many other processes. Little is known, however, about gene
expression responses against OP in the nematode Caenorhabditis elegans. This is
surprising because C. elegans is extensively used as a model species in toxicity studies.
To address this question we performed a microarray study in C. elegans which was
exposed for 72 hrs to two widely used OP, chlorpyrifos and diazinon, and a low dose
mixture of these two compounds. Our analysis revealed transcriptional responses
related to detoxification, stress, innate immunity, and transport and metabolism of
lipids in all treatments. We found that for both compounds as well as in the mixture,
these processes were regulated by different gene transcripts. Our results illustrate
intense and unexpected crosstalk between gene pathways in response to chlorpyrifos

and diazinon in C. elegans.
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Introduction

Organophosphorus pesticides (OP) are widely used to control agricultural and household
pests, and consequently these compounds have been well studied for their impact on gene
function and physiology. Initially, OP were designed to affect the nervous system of pest
organisms by inhibiting acetylcholinesterase (AChE). This leads to a cholinergic hyper
stimulation as a common mode of action (Pope, 1999). However, mounting evidence
suggests that this is not the only process that is being affected. For instance, mice lacking
AChE are hypersensitive to OP toxic effects, indicating that OP inhibit targets other than
AChE (Duysen et al., 2001). In addition, neurotransmitter receptors, proteases and several
other enzymes interact with OP to modify the consequences of AChE inhibition (Pope et
al., 2005). Moreover, many OP alter immune functions in mammals by oxidative damage,
metabolism modifications and stress-related immunosupression (Li, 2007).

Of the hundreds of OP, chlorpyrifos (CPF) and diazinon (DZN) are intensively used as
insecticides and acaricides. CPF is the most thoroughly studied OP and, like DZN and most
OP, is desulfurated by cytochrome P450 enzymes (CYPs). CPF and DZN share
detoxification pathways and molecular targets as they are structurally similar (Poet et al.,
2003). DZN, however, induces a different inhibition ratio of AChE (Slotkin et al., 2008).
Some studies also investigated the response of AChE to a combination of CPF and DZN
(Timchalk et al., 2002; Timchalk et al., 2005). Their results suggest a greater inhibition of
cholinesterase by CPF than by DZN and a greater influence of CPF in the combination.
Likewise, kinetic models of humans and rats exposed to CPF and DZN indicate an
interaction between both compounds at the enzymatic level. In particular, CPF and DZN
seem to compete for common CYPs (Timchalk and Poet, 2008).

Despite our knowledge about OP responses in different organisms, little is known about
genome-wide gene expression responses of OP in the nematode Caenorhabditis elegans.
This is surprising because C. elegans has been well established as a model for
understanding human toxicology, especially for studying neurotoxic compounds like OP
(Cole et al., 2004). The effects of CPF on C. elegans have also been investigated in contrast

to other chemical effects (Ruan et al., 2009). These studies showed that neurotoxic
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compounds affect behaviour and movement in C. elegans. Additionally, gene transcription
changes by CPF were investigated by Roh & Choi (2008) (Roh and Choi, 2008) who found
that CPF regulates stress related genes. Still, a comparative analysis of the genome-wide
transcriptional responses of C. elegans to DZN and CPF has not been conducted.

Here we measured genome wide gene transcription profiles of C. elegans exposed to CPF
and DZN and to a low dose mixture (LDM) of both compounds. Gene Ontology (GO) and
domain enrichment analysis illustrates the complexity with novel and known pathways

associated to OP response.

Results and Discussion

Effects of CPF and DZN on transcript levels in C. elegans

We analyzed global gene transcription profiles of C. elegans treated with CPF or DZN.
These profiles were used to reveal transcriptional responses of each OP. Compared to
control treatment, 551 and 245 genes were significantly regulated in CPF and DZN treated
worms, respectively. Of these genes, 126 were regulated by either compound (Figure 1 and

Table S1).

CPF DZN
62 Figure 1.— Transcriptional response to CPF, DZN and
385 79 combination. Venn diagram showing significantly
regulated genes by CPF (light grey), DZN (dark grey), a
64 combination of both (CPF + DZN, black) and their
40 40 overlap.
89
CPF+DZN
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To gain insight into the biological processes associated with the regulated genes, we
determined which GO annotation terms were over-represented. In both treatments,
significantly enriched GO terms (P-value < 0.01, hypergeometric test) were related with
detoxification (monooxygenase activity), metabolic process, and transport of lipids (Figure
2, Table 1 and Supplementary Table ST2). To add meaningful information to the results
from the GO term enrichment we extended our investigation by using a similar analysis
with protein domains associated to the regulated genes as categories (Figure 3 and
Supplementary Table ST2). The significantly overrepresented groups (P-value < 0.01,
hypergeometric test) also included domains related to detoxification, stress-response, and
transport of fatty acids. In addition, we also found significantly enriched domains

associated with other metabolic pathways and immune response.

Detoxification of CPF and DZN

Enzymes and functional domains associated with detoxification in C. elegans are mainly
cytochrome P450 (CYP) and short-chain dehydrogenase (SDR) in phase / of the xenobiotic
metabolism, and UDP-glucuronosil/transferase (UGT) and glutathione-S-transferase (GST)
in phase /I (Tim H. Lindblom, 2006). Their implication in the detoxification of CPF and
DZN has been well characterized in different organisms (Timchalk ez al., 2002; Poet ef al.,
2004). In our experiment, 19 genes that code for domains related to phase / responded to
the CPF treatment, whereas 14 genes with these domains responded to the DZN treatment.
Of those genes, 10 were shared between CPF and DZN treatment, of which nine were
CYPs. Five of those shared CYPs belong to the cyp-35 subfamily, which has previously
been identified as strongly inducible by a range of xenobiotics in C. elegans (Menzel et al.,
2005). In addition, only one gene (F25D1.5) coding for an SDR domain was regulated in
both treatments.

Also genes coding for proteins with domains involved in phase I/ of detoxification were
affected by CPF (21) and DZN (14). From those genes, 8 were affected by both treatments.
One of these common genes was cdr-1 (F35E8.1), a member of the cadmium responsive
genes family. Two other genes from this family were affected only by CPF, cdr-4
(KOI1D12.11) and cdr-6 (KO1D12.12), and cdr-5 (KO1D12.14) only by DZN. Whereas

cadmium modifies the expression levels of cdr-4 and cdr-1, the level of expression of cdr-5
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and cdr-6 are impervious to this metal’s presence (Dong et al., 2005). Moreover, other
stressors are capable of modulating cdr-4 expression, but until now, cdr-1 transcription has

only been induced by cadmium.
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Figure 2.— Differentially expressed genes within enriched GO terms in CPF, DZN and combination.
Percentage of genes within each GO terms significantly regulated in each treatment: CPF (white), DZN (grey) and
a combination of both (black). Only significantly enriched GO terms for all the treatments are shown (P-value <

0.01 using hypergeometric test). Full list of GO terms can be found in Table S2.

Role of the daf-16 pathway in response to OP

Another gene involved in phase /I of detoxification and shared between treatments was gst-
10 (Y45G12C.2). This gene acts downstream of daf-/6 (R13H8.1), a FOXO class
transcription factor involved in the insulin-like growth factor signalling in C. elegans
(Murphy et al., 2003). Detoxification genes are known to constitute a big group among the
identified up-regulated genes by daf-16 (McElwee et al., 2003; Murphy et al., 2003). Other
genes acting downstream daf-16 have also been associated with toxic stress response. We
found from those groups metallothioneins (mtl) and vitellogenins (vif) to be affected by

CPF or DZN. DZN decreased the transcript levels of m#/-2 (T08GS5.10), while CPF did not
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Table 1.- Major Gene Ontology (GO) terms represented in the different treatments
Common
Demdon Gowms Ot Gomesin Cenesin - sensinal
treatments
Catalytic activity G0:0003824 22 13 12 2
Monooxygenase activity GO0:0004497 13 13 12 6
Lipid transporter activity G0:0005319 5 6 6 5
Binding GO:0005488 32 15 19 4
Iron ion binding GO:0005506 18 13 12 6
Lipid transport GO:0006869 6 6 7 5
Metabolic process GO:0008152 36 23 26 8
Determinatl;gnof adult life GO:0008340 17 10 5 3
Electron carrier activity G0:0009055 19 16 14 6
Oxidoreductase activity G0:0016491 17 7 8 1
anstosing hexowy groups GO0IOTS 13 : - :
Heme binding GO0:0020037 17 13 12 6

Table 1.- A summary of common significant (P-value < 0.01, hypergeometric test) GO terms in each treatments
are shown. The final column show the number of common genes within a GO term in all the three treatments.
Only GO terms significant in all the three treatments are shown. A complete list with all the GO terms and its

correspondent P-values can be found in Supporting Table ST1.

regulate any of the two m¢#/ genes present in C. elegans. Furthermore, vitellogenin genes,
lipid-binding proteins involved in lipid mobilization, were down-regulated in both
treatments. CPF modified the expression of 5 out of 6 members of the vit gene family (vit-1
to vit-3, vit-5, and vit-6) while DZN regulated all 6 vit genes. Furthermore, both OP
regulated collagen genes (34 by CPF, 16 by DZN) and major sperm proteins type genes (33
by CPF, 3 by DZN) acting downstream of daf-16. Many of these have been associated with
stress responses, although their specific connection to these responses remains unresolved
(Roh et al., 2006; Cui et al., 2007). The overlap in genes affected by CPF and/or DZN and
the daf-16 pathway suggest that this pathway is a primary response pathway following

exposure to OP.

19



Chapter 2

OP affect innate immunity genes

The insulin-like signalling pathway regulated by daf-16 is known to induce the immune
response as part of a general stress response (Ewbank, 2006). On the other hand, Lewis et
al. (2009) showed that OP regulate daf-16 in C. elegans as a key modulator of
physiological responses other than stress, including innate immune response (Lewis et al.,
2009). Therefore, it is not surprising to find that /ys-7 (C02A12.4), a gene coding for a well
defined antimicrobial lysozyme, was regulated by both toxicants. This gene is presumed to
promote resistance to infection (O'Rourke et al., 2006). Interestingly, while lys-7 is up-
regulated under both OP treatments and suggests an immune response, spp-1 (T07C4.4)
was down-regulated by CPF, but not by DZN. This saposin is also a well known pathogen
responsive gene. However, suppression of spp-1 during Pseudomonas aeruginosa infection
seems to be under regulation of a different pathway than daf~16 (Evans et al., 2008).
Therefore, other gene pathways may participate in parallel to daf-16 insulin-like pathway to
promote stress and infection responses in C. elegans as a result of OP exposure.

To further investigate an innate immunity response to OP, we compared the regulated
genes in our experiments with genes associated with immune response and stress in C.
elegans. An indication that different genes are involved in stress and infection response was
found by Shapira et al. 2006 (Shapira et al., 2006). The authors compared genes regulated
in response to P. aeruginosa with those affected by cadmium. They reported several
overlapping genes among these two responses, but they concluded that a reaction to
infection is largely distinct from stress response. Based on this, we considered that an
innate immune reaction signature may be distinguishable from OP stress response in C.
elegans. Subsequently, we also compared our set of genes with the same set of cadmium
responsive genes and pathogens responsive genes Shapira et al. used (Table 2). We found
more genes overlapping between the OP affected genes and the cadmium responsive genes.
The similarities between genes modulated by OP and by cadmium suggest the implication
of a common response mechanism of gene expression responses to toxic compounds.
Nevertheless, the larger number of genes affected by OP as well as P. aeruginosa infection
supports the idea of an innate immune response to OP. For example, a CUB-like domain
(also known as DUF141) containing gene (F55G11.2) is induced during infection but

repressed under cadmium exposure. This gene was up-regulated in both OP treatments.
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Another gene (FO08GS5.6) up-regulated in all OP treatments is strongly induced by infection

but not by cadmium.

IPRO01128 IPRO01747 IPRO01846
CPF DZN CPF DZN CPF DZN
3 0 0 0 1 0 0
CPF+DZN CPF+DZN CPF+DZN
IPR0O02213 IPRO03366
CPF DZN CPF DZN
5 0 2 2 | 1
CPF+DZN CPF+DZN

Figure 3.— Differentially expressed genes within enriched domains in CPF, DZN and combination. Major
functional groups represented in all the treatments: CPF (light grey), DZN (dark grey) and a combination of both
(black). The number of genes that show a functional domain are shown in each case, indicating the common
regulated genes. Only functional domains common and significant (P-value < 0.01, hypergeometric test) within
the three treatments are shown. Functional domain categories were extracted from defined proteins domains in
Wormbase release 190 using BioMart.

Domains description: IPR001128 = Cytochrome P450 ; IPR001747 = Lipid transport protein, N-terminal;
IPRO01846 = von Willebrand factor, type D; IPR002213 = UDP-glucuronosyl/UDP-glucosyltransferase;
IPR003366 = CUB-like region.

The same study from Shapira and colleagues identified ELT-2, a GATA transcription
factor, as key regulator for transcriptional responses to infection. ELT-2 together with
SKN-1, also a transcription factor, have been proposed as complementary regulators of spp-
1 during infection (Evans ef al., 2008). Since spp-1 is also regulated by the daf-16 pathway,

genes acting downstream of elt-2 and skn-1 may act in parallel to induce a combined stress-
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immune response to CPF and DZN (Figure 4). In that sense, SKN-1 is known to mediate an
expression response of genes involved in phase II of detoxification. To induce these genes,
SKN-1 is phosphorylated through the PMK-1 p38 mitogen-activated protein kinase
pathway (p38 MAPK) (An et al., 2005). Genes regulated by pmk-1 are essential for
immune and stress responses in C. elegans. These genes code for antimicrobials proteins
with CUB-like domains, C-type lectins domains, ShK domains, and DUF274 domains
(Troemel et al., 2006). Our domain enrichment analysis showed that OP regulated genes
involved in phase /I of detoxification. It also showed an overrepresentation of domains
associated to innate immune response through the pmk-1/skn-1 pathway (Supplementary
Table ST2). Therefore, we compared our data sets with the genes downstream pmk-1
identified by Troemel et al. (Table 2). We found significant overlapping between genes
belonging to this pathway and the genes that were regulated in each treatment (13 genes, P-
value < 0.01) for CPF response, but not for DZN (5 genes, P-value = 0.012). This
strengthens the implication of this pathway in response to CPF and indicates differences in
immunomodulation between CPF and DZN. Those differences have been reported in in
vitro studies with human cells, where CPF showed a stronger effect in cell viability and
some immune parameters (Oostingh ef al., 2009). Altogether, CPF and DZN modified
innate immunity related genes in C. elegans in a different manner and as a part of complex

stress response.

Transcriptional effects of a low dose mixture (LDM)

In the LDM, 233 genes were significantly regulated (Supplementary Table ST1), of which
64 were affected by all, the combination and the both single compound treatments (Figure 1
and Supplementary Table ST1). More genes (89) were affected by the LDM only. The GO
terms enrichment analysis (Figure 2, Table 1 and Supplementary Table ST2) showed a
significant modulation of detoxification pathways, stress response, and transport and
metabolism of lipids, which is highly similar to the single compound treatments. Moreover,
the domain enrichment analysis identified differentially expressed genes that code for CYP,
SDR, GST, UDP, C-type lectin, and CUB-like domains (Figure 3 and Supplementary Table
ST2).
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Table 2. -Pathways involved in OP response.
Pathway — num. CPF DZN CPF + DZN
/mechanism genes
Overlap. P-value Overlap. P-value Overlap. P-value
genes genes genes

DAF-16 541 47 1.679¢-10 36 2.920e-16 29 3.242e-11
ELT-2 255 30 1.779¢-10 18 1.723¢-09 21 3.562¢-12
MDT-15 305 57 1.346¢-28 29 1.319¢-17 29 8.589¢-18
DBL-1/ SMA-9 320 31 1.224e-08 15 7.045e-06 22 2.829¢-11

PMK-1 143 13 0.00019 5 0.01267 5 0.01190
Cd 290 44 9.917e-19 44 8.403e-35 40 2.447¢-30

Table 2. - Pathway/mechanism investigated were: genes downstream daf-16 (DAF-16) (Murphy et al., 2003),
genes regulated by the GATA transcription factor ELT-2 (ELT-2) (Shapira et al., 2006), genes regulated by the
Mediator subunit MDT-15 (MDT-15) (Taubert et al., 2008), genes downstream the transcription factors DBL-1
and SMA-9 (DBL-1/SMA-9) (Liang et al., 2007), genes downstream pmk-1 (PMK-1) (Troemel et al., 2006) and
cadmium responsive genes (Cd) (Cui et al., 2007). Numbers of genes associated with each pathway or mechanism
are shown. Overlapping genes are the number of genes belonging to a pathway that are regulated in each

treatment. P-values were calculated using hypergeometric test.

Regulation of CYPs genes is required for detoxification of OP in the single and combined
treatments. Our findings showed that the OP combination regulated 12 CYPs (IPR001128),
6 of which were also affected by CPF and DZN in single treatments. On the other hand, 2
CYPs were regulated only in the combined treatment. Differences in the regulated CYPs
were expected, because OP seem to compete for binding sites of CYPs (Timchalk and Poet,
2008). Moreover, in vitro analysis of CYPs metabolism of CPF and DZN indicates that
CPF inhibits the metabolism of DZN to IMHP (the inactive pyrimidol derived from DZN),
with no effect of DZN over CPF metabolism. This inhibition seems to promote oxon
synthesis from DZN, and therefore, increases the total levels of oxon in the organism after a
treatment of more than one compound. Moreover, the toxicity of OP is determined by a
balance between bioactivation (production of oxon metabolite) and detoxification
(inactivation of OP and its intermediate oxon) (Poet et al., 2003). Therefore, higher levels
of DZN bioactivation, due to modification of this balance, may be a reason for a greater-

than-additive inhibition of cholinesterase enzymes in mixtures of OP (Moser et al., 2006;
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Figure 4 .— A model for the transcriptional responses to CPF and DZN in C. elegans. Exposure to the
toxicants CPF, DZN or a low dose mixture (LDM) of both organophosphates modulates the expression of genes in
common pathways. The most regulated pathways are shown with the thicker arrows: genes regulated by MDT-15
(MDT-15), genes downstream daf-16 (DAF-16), and genes downstream elt-2 (ELT-2). For details, see Table 2.
Despite these shared regulated pathways, the three treatments regulated different genes to induce common
responses such as stress response, response to ingested material or immune response. Here we show some
regulated genes by chlorpyrifos (CPF), diazinon (DZN) and a low dose mixture (LDM). The different colors
designate shared regulated genes by chlorpyrifos and diazinon (CPF + DZN), by chlorpyrifos and low dose
mixture (CPF + LDM), and by diazinon and low dose mixture (DZN + LDM). An intense crosstalk between gene
pathways in response to the toxicants may be explained by the genes shared between pathways. For example, cdr-
4 was regulated by CPF and LDM but not by DZN. Previous studies showed that its expression is modulated by
ELT-2 and DBL-1, two transcription factors implicated in responses to infection. Exposure to the toxicants
modulated the expression of many genes from those pathways that, acting in parallel, induced the detected

responses.
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Svendsen et al., 2010). At the transcriptional level however, the number of CYPs regulated
by the combined treatment do not suggest a higher bioactivation. Even though the
combined treatment contained a higher concentration of toxicants, a similar number of
genes involved in detoxification was regulated in the combined and the single treatments.
These results were not contradictory to the previous studies, since a direct comparison
between transcriptional and physiological studies is difficult. Nevertheless, our results
indicated that dissimilar genes were involved in the regulation of detoxification of the
different OP treatments and may explain the differences between the LDM and the single
treatments.

Other processes were modulated by all treatments besides detoxification, these include:
stress, fat metabolism and innate immunity. The overlap between the analyzed pathways for
the single treatments and the regulated genes in the combinations was significant (Table 2).
Interestingly, as it is shown in the last column of table 1, the number of common genes
associated to some of these responses was low. For example, the modulation of stress and
innate immune genes was observed for the combined treatment. Genes involved in response
to infections were up-regulated such as F55G11.2, F08G5.6 and genes with the CUB-like
functional domain (Figure 3 and Supplementary Table ST2). This again suggests an innate
immune response to OP. Furthermore, the combined treatment showed up-regulation of
sma-9 (T0O5A10.1), a gene coding for a transcriptional factor involved in body size
regulation. This transcriptional factor modulates a subset of genes in the TGF-8 signaling
pathway which is associated with innate immunity, aging and germ line regulation (Savage-
Dunn, 2005). Of the identified genes in the TGF-8 signaling pathway (Liang et al., 2007),
the combined treatment regulated 22 genes (Table 2). A closer look to the regulated genes
by CPF and DZN showed also the implication of this pathway in their transcriptional
responses. Once more, as in response to the pmk-1 pathway, CPF seems to regulate more
genes implicated in innate immunity, but the LDM did not show a stronger influence.
Likewise, genes downstream daf-16 and elt-2 were regulated in the combined treatment.
Overall, as shown in Figure 4, the ingestion of CPF, DZN or a low dose mixture of both
induced many common responses like stress and innate immunity pathways. The most
regulated pathways included genes modulated by MDT-15 (MDT-15), genes downstream
daf-16 (DAF-16), and genes downstream el/t-2 (ELT-2). The three treatments regulated
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different genes within the same pathways to induce the common responses. The analysis of
the regulated genes showed an intense crosstalk between gene pathways involved in the
toxicants response. This suggested that the structural differences between CPF and DZN
induced the expression of different genes. These differences, however, are not large enough

to induce a specific different response to the exposure of CPF or DZN.

Conclusion

We present the analysis and comparison of whole genome transcription analysis of a model
organism exposed to two toxicants and a combination of both. Our results revealed that,
CPF and DZN induced dissimilar genes, even though they have a similar chemical
structure. The toxicants induced genes related to detoxification, stress, innate immunity and
response to ingested material in single and combined treatments. The differences between
transcript responses in the combined treatment suggest that the effect of a mix of low doses
of CPF and DZN is not a summed effect of the single components. But at the same time,
the similarities in the induced pathways (e.g.: daf-16, elt-2, skn-1/pmk-1, sma-9) indicate

the regulation of similar responses to them.

Materials and Methods

C. elegans culturing

The Bristol N2 strain was cultured on standard nematode growth medium (NGM) with E.
coli OP50 as food source. Nematodes were bleached (0.5 M NaOH, 1% hypochlorite) to
collect eggs which were inoculated in 9 cm dishes for toxicity experiments. After 72 hours,
nematodes were collected in the L3-L4 stage, frozen in liquid nitrogen and kept at -80C

until the RNA extraction procedure.

Toxicant exposures

We analyzed gene expression in response to the toxicants at concentrations below the ECs,
values for different fitness traits as reproduction (CPF: EC50 = 3.5 mg/L (Martin et al.,
2009) DZN: ECsy = 30 mg/L (Svendsen ef al., 2010)) or growth (CPF: ECsy = 14 mg/L
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(Boyd et al.)), Nematodes were exposed to 0.5 mg/L of CPF (Cyren®”/Nufos®, Cheminova
A/S [Lemvig, Denmark]) and 1 mg/l of DZN (Supelco [Bellefonte, Pennsylvania 16823,
USA]). The low dose mixture (LDM) of the two OP contained the sum of both single
concentrations (DZN [1 mg/l] and CPF [0.5 mg/1]).

The experiment started with eggs placed on NGM dishes with the OP-treatments and E.
coli OP50 as food source. After 72 hours, worms from 4 petri dishes were collected as one
sample. A total of 6 replicates per treatment were collected (24 petri dishes), and
immediately frozen in liquid nitrogen until RNA extraction. All OP were dissolved in
acetone and added to 10 ml of NGM poured in each 9 cm petri dish used for the culture.
Nematodes without treatments were grown simultaneously with the same concentrations of

acetone in a control culture.

Microarray experiments

RNA from nematodes was extracted following the Trizol method, and the RNeasy Micro
kit (Qiagen, Valencia, CA, USA) was used to clean up the samples. Labeled cDNA was
produced with the kit Array 900 HS from Genisphere and Superscript II from Invitrogen.
The  60-mers  arrays were  purchased  from  Washington  University
(http://genomeold.wustl.edu) and they were hybridized following the Genisphere Array 900
HS protocol with modifications. Extracts from CPF, DZN and the CPF/DZN combination
exposures were hybridized with the control samples in each array. Six independent
biological replicates were used per treatment to produce six replicate microarrays per

experiment in a dye-swap design.

Microarray Analysis

A Perking & Elmer scanner was used to extract the raw intensities from the microarrays.
Normalization within arrays and normalization between arrays of raw intensities was done
using loess method (Smyth and Speed, 2003) and aquantile method (Yang, 2003),
respectively. Both methods are included in the Limma package (Smyth, 2005) from R
software (www.r-project.org/). The Rank Product package (Hong et al., 2006) was used to
identify the differentially expressed genes between controls and treatment in each
experiment. Briefly, genes were ranked based on up- or downregulation by the treatment in
each experiment. Then, for each gene a combined probability was calculated as a rank
product (RP). The RP values were used to rank the genes based on how likely it was to
observe them by chance at that particular position on the list of differentially expressed
genes. The RP can be interpreted as a P-value. To determine significance levels, the RP

27



Chapter 2

method uses a permutation-based estimation procedure to transform the P-value into an E-
value that addresses the multiple testing problem derived from testing many genes
simultaneously. Genes with a percentage of false-positives (PFP) < 0.05 were considered
differentially expressed between treatments and control in each experiment. This method
has the advantage to identify genes with a response to the toxicants even when the absolute
effect of the response was low. Because we used sub-lethal concentrations of the toxicants,
methods that use thresholds based on absolute fold change would not identify small
changes in gene expression. Moreover, RP has proved to be a robust method for comparing
microarray data from different sources and experiments (Hong and Breitling, 2008).

Gene Ontology (GO) data and functional domain data were extracted from Wormbase
release WB195 using the R package BioMart (Durinck ef al., 2005). GO terms and domains
with less than 4 genes were discarded. Over-represented groups of GO terms and functional
domains were identified using a hypergeometric test, with a threshold of P-value <0.01.
The hypergeometric test compared a group of 396 GO terms, with 16,947 annotated genes,
with the GO terms associated with the significantly regulated genes in each treatment
(551,245 and 233 for CPF, DZN and the LDM). For functional domains analysis, 1003
InterPro and Pfam domain terms were used, with 8682 annotated genes.

The same hypergeometric test was used to determine significant regulation of the different
pathways analyzed. The lists of regulated genes, in this case, were extracted from the
original publications. Group sizes were 541 genes for the daf-16 pathway, 255 for the etl-2
pathway, 305 for the mdt-5 pathway, 320 for the dbl-1 pathway, 143 for the pmk-1
pathway, and 290 genes for Cd responsive genes. Annotated genes were all the unique
genes on the microarray, 18893.

Microarray data have been deposited in Gene Expression Omnibus
(www.ncbi.nlm.nih.gov/geo/), accession number GSE16719.

Supplementary Files

All the supplementary tables and figures are available from the author on
http://www.anavinuela.com/thesis/thesis.html

Supplementary Table ST1. Differentially expressed genes in nematodes treated with CPF
(0.5 mg/1), DZN (1 mg/1), CPF (0.5 mg/l) + DZN (1 mg/l). RankProduct (RP) was used to
identify regulated genes in each of the treatments. Each worksheet contains the output for
RP in one experiment. Sequence names for each regulated gene are in gene.names column.
Gene.index are the microarray index for the original data. RP/sum are the rank product sum
calculated per each gene. FC:(classl/class2) are the expression fold change of class 1
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(treatment) / class 2 (control). pfp: estimated percentage of false positive for each gene.
P.value: estimated P-value for each gene.

Supplementary Table ST2. Significantly enriched Gene Ontology (GO) terms and
functional domains.

GO terms worksheets contain full GO enriched analysis. Genes in GO database are the
number of genes belonging to each GO term. GO number are the GO term. Regulated genes
refer to number of significantly regulated genes in each treatment that belong to a GO term.
P-values were calculated using hypergeometric test, values lower that 0.01 and more than
two genes in a category were considered significant.

Functional domains worksheets: Genes with the domain are the number of genes that code
for a specific functional domain. The number of significantly regulated genes in each
treatment that code for a specific functional domain is listed in the regulated genes column.

The functional domains terms were extracted from Wormbase 195 using BioMart.
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Abstract

Gene expression plays an important role in the response to environmental stressors.
The number and type of genes depends on the stressors and their possible
interactions. A common method to study transcriptional responses to stressors is to
analyze expression profiles of model organisms under the influence of single factors.
However, organisms rarely encounter single stress factors. Here, we analyzed gene
expression levels of the model organism Caenorhabditis elegans exposed to two
organophosphorus pesticides (OP) in a single and mixture treatment at two different
temperatures. Furthermore, we investigated the transcriptional effect of the
interactions between those stressors. Our results show that the expression of
detoxification genes may be affected by OP in a concentration-related manner.
Moreover, the transcriptional responses to the combination of OP and high

temperature affect detoxification genes and increased the toxic levels of the pesticides.
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Introduction

Organisms are exposed to changing environmental stresses throughout their life.
Transcriptional profiling with microarrays has been extensively used to identify those genes
differentially expressed in different single stressors and to understand how organisms
respond to them. However, although those transcriptional profiles have provided new
insights in genotype-by-environment interactions; organisms rarely encounter single
stressors. More often they are exposed to multiple environmental factors which effects can
be larger or smaller than the single factors. Understanding the responses to combined
stressors can be especially relevant for risk assessment of chemicals in the environment.
The concentration-response relationships and toxicity levels of many chemicals, including
pesticides, are usually based on single exposure studies and optimal environmental
conditions (Spurgeon et al., 2010). This approach leads to under- or overestimation of risk,
with serious consequences for human health and economy. However, over the last few
decades there have been an increased interest in multiple stressors studies, although their
number is still limited (Holmstrup et al., 2010).

Pesticides are widely used to eliminate pests. Due to his common domestic and agricultural
use, organisms are often exposed to pesticide combinations. Usually, pesticides are
classified by their mode-of-action. For instance, all organophosphorus pesticides (OP)
inhibit acetylcholinsterase (AChE), leading to a cholinergic hyper stimulation (Pope, 1999).
However, the effect of OP exposure includes secondary targets that are different among
members of the group (Pope, 1999; Slotkin et al., 2007; Slotkin and Seidler, 2007; Lewis et
al., 2009). In addition, it has been shown that treatments with other mixtures of pesticides
induce specific gene transcription responses compare to the single treatments (Mumtaz et
al., 2002; Hook et al., 2008). In other words, toxicants with a similar mode-of-action can
induce a different molecular response and their interactions in mixture exposures may
affect the toxic outcome. Examples of interactions between chemicals are numerous in
literature (Spurgeon et al., 2010), but studies of gene transcriptional responses to mixtures
are quite limited. Furthermore, other environmental parameters can also interact with the

toxicants and the organism in single or mixture treatment and modify their toxic outcome.

35



Chapter 3

For example, increased temperature elevates the toxicity of OP such as diazinon in
zebrafish, or chlorpyrifos in earthworms (Osterauer and Koéhler, 2008; De Silva et al.,
2009). But very low temperatures do not show significant interactions with pesticides like
abamectin and carbendazim in earthworms (Bindesbel et al., 2009).

In general, it is assumed that temperature positively correlates with toxicant effects. This
effect has been attributed mainly to increased uptake and increased accumulation of the
toxicant at elevated temperatures (Holmstrup et al., 2010). Nevertheless, some studies
found a decreased toxicity at higher temperatures in aquatic organisms (Scheil and Kdhler,
2009). This indicates that the metabolic disturbance of a toxicant depends on the
temperature. A reason may be that temperature modifies the metabolic rate and therefore
can have a strong effect on the whole organism (Gillooly et al., 2001). Transcriptional
responses to high temperatures have been characterized in many model organisms such as
fruitflies, springtails and worms, among others (Serensen et al., 2005; Lee and Kenyon,
2009; Nota et al., 2010). Moreover, Li et al. (2006) mapped genetic determinants for gene
expression at different temperatures and for gene-environment interactions in C. elegans
(Li et al, 2006). Their results indicated that gene expression regulation differs with
temperature, and therefore it strongly suggests that the interaction between toxicants and
temperature may affect also transcriptional responses.

To investigate possible transcriptional responses to multiple interacting environmental
factors we analyzed genome-wide gene expression profiles using microarrays of the C.
elegans canonical strain N2 in different environments. Nematodes were treated with two
OP, chlorpyrifos (CPF) and diazinon (DZN) in a single and combined treatment at 24°C.
Then, those gene expression data were combined with previously published expression
profiles with identical toxicant treatments at 16°C (Chapter 2). Our analysis focused on the
identification of responsive genes to the different factors under study: CPF, DZN and
temperature. The microarray profiles from the mixture of toxicants allowed us to identify
those genes and biological functions whose expression was affected by interactions

between environmental factors.
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Results & Discussion

To study the effect of different interacting stressors we analyzed gene expression profiles
of C. elegans treated with two widely used OP, chlorpyrifos (CPF) and diazinon (DZN) and
a mixture of them, at two different temperatures, 16°C and 24°C. We used a linear model to
investigate the relationship between toxicants and temperature and the observed gene
expression levels. The model included as variables: CPF, DZN, Temperature (Temp), and
the interactions: CPF*Temp, DZN*Temp, CPF*DZN and CPF*DZN*Temp. Genes with a
—logl0 P-value above the threshold were considered significantly influenced by the
corresponding variable or interaction (Supplementary Table ST1). Table 1 shows the
significant number of genes per variable. It also shows the number of overlapping genes
between them, since the changes in transcript abundance can be influenced by more than
one environmental factor. In summary, we tested 18893 genes from which we found the
largest number of genes to be significantly affected by variables considering the interaction
of the toxicants (CFP*DZN, 15.8%) and the interaction of the toxicants with temperature
(CPF*Temp, 15.5% and DZN*Temp, 11.8%). The temperature as environmental factor,
alone and interacting with other factors, affected 87.2% of the differentially expressed
genes (6623), while the variables including toxicants factors influenced 72.8% of them.
Therefore, the overall influence of temperature seems to be larger than the toxicants as it
affected more genes.

We also investigated the biological functions that were affected. A general description of
the processes affected by each variable may be obtained by Gene Ontology (GO) analysis
of the significant genes as well as by significant enrichment of predicted domain sequences.
The complete results can be viewed in the supplemental material (Supplementary Tables
ST2, and Supplementary Figure SF1 and SF2). The analysis indicated regulation of
monooxygenase activity, lipid transport and metabolic process, among others. Some GO
terms were significantly enriched for only one variable. For example, the GO term
associated to cellular components of the presynaptic active zone was significant for genes
influenced by DZN but not in interaction with any other factor. More terms were affected
only by temperature such as protein folding, dephosphorylation or ATPase activity.

Likewise, the domain enrichment analysis indicated overrepresentation of domains related

37



Chapter 3

with detoxification and metabolic transport. Among domains enriched only by interacting
variables, we identified SMAD-like domains associated with genes influenced by the
interaction of CFP*DZN. This domain is present in the SMAD proteins which are highly
conserved mediators of the TGF-8 signal pathway involved in growth and stress response in
C. elegans (Savage-Dunn, 2005). In summary, low concentration exposure to OP at
different temperatures affected many biological processes known to be involved in toxicant
responses (Chapter 2). However, as a result of interactions among environments specific

biological functions were affected at each treatment.

Table 1.- Significantly expressed genes per environmental variable
CPF DZN Temp CPF* Temp DZN* Temp CPF*DZN CPF*DZN
CPF 1342
DZN 821 1249
Temp 1180 997 1933
CPF*Temp 249 256 319 2933
DZN*Temp 185 174 233 1570 2231
CPF*DZN 252 265 327 1970 1710 2997
CPF*DZN*Temp 733 715 809 182 130 189 1062
Unique | 6 | 96 | 371 | 655 256 574 98

Table 1.- We analyzed the transcriptional effect of three environmental factors: two toxicants, chlorpyrifos and
diazinon, and temperature. Genes which expression level was affected by those three environmental factors were
identified with a linear model that considered also interaction between factors. In this way, we indentified genes
significantly affected (-log P-value > 2) by seven variables: chlorpyrifos (CPF), diazinon (DZN), temperature
(Temp) and any interaction between them (CPF*Temp, DZN*Temp, CPF*DZN*Temp). Numbers of genes per
variable are indicated in bold (diagonal). The number of genes commonly affected by two variables are also

shown. The last row shows the number of genes significantly affected by only one variable in the model.

Influence on detoxification genes

Transcriptional regulation of detoxification genes is required in response to many
environmental changes, including exposure to single and combined OP (Chapter 2).
Moreover, toxicity of OP is determined by a balance between bioactivation and

detoxification (Poet et al., 2003). Bioactivation of CPF and DZN occurs in the initial phase
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of detoxification, when cytochrome P450 enzymes (CYP) and short chain dehydrogenases
(SDR) enzymes transform the toxicants into an oxygenated and highly toxic form called
oxon-OP (Eaton et al., 2008). The process usually follows with the effective detoxification
(hydrolysis) of the oxon intermediates by UDP-glucuronosyl transferases (UGT) and
glutathione-S-transferases (GST) enzymes to a final inactive compound (Figure 1). Direct
dearylation of CPF and DZN to this final compound may also be mediated by CYPs in a
direct detoxification reaction (Poet ez al., 2003). To better understand the differences in
toxicity between highly similar toxicants we focused on detoxification genes and the
analysis of interacting environmental factors affecting them.

We identified a large number of detoxification genes significantly affected by the different
treatments (Figure 1). CPF influenced the expression of a smaller number of genes than
DZN. This suggests that the transcriptional regulation of detoxification genes may be
concentration-related, since the CPF treatment had a lower concentration of the toxicant. It
also strengthens the idea that secondary targets play a more important role in CPF toxicity,
because CPF-oxon bioactivation depended on CYP and SDR and the toxicity level of CPF
and DZN were equivalent despite the concentration differences. On the other hand,
temperature had an important effect as an interacting variable. Variation in temperature
seemed to modify the expression of many genes affected by the toxicants (CPF*Temp and
DZN*Temp interactions). This was in agreement with toxicological studies in other species
showing increased effect of both toxicants with an increase in temperature (Lydy et al.,
1999; Osterauer and Kohler, 2008; De Silva et al., 2009). However, only a small number of
the genes were affected by the simultaneous interacting effect of both toxicants and
temperature, while the interaction between toxicants seemed to have the strongest influence
on detoxification genes. In the particular case of CYP, both CPF and DZN compete for
common enzymes (Timchalk and Poet, 2008) and regulate other common detoxification
genes (Chapter 2). This might explain the elevated number of genes affected by interacting
toxicants. Nevertheless, a group of genes seemed to have specificity in their responses to
either CPF or DZN, with weakly or no influence by temperature.

Next to the main detoxification genes mentioned above, ATP-binding cassette transporters

(ABC) and nuclear receptors (NR) are known to be involved in activation of detoxification
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genes and transport of detoxification products (Tim H. Lindblom, 2006). ABC transporter
genes are implicated in transport of metabolites during detoxification and deletion of some
ABC transporter genes alter nematode sensitivity to many environmental toxicants
(Mahajan-Miklos et al., 1999). C. elegans has 60 ABC transporters (Sheps et al., 2004), of
which 26 were affected by our treatments. One of the ABC genes affected, encode for a P-
glycoprotein related protein 3 (pgp-3). This pgp gene is required for the defense against
Pseudomonas aeruginosa and response to other toxicants (Zhao et al., 2004). It also
belongs to the pgp family of transmembrane proteins involved in ATP transport. Other
members of the family were also found to be affected. For example, pgp-5, pgp-6, pgp-7
and pgp-8 are all located in a four gene cluster on chromosome X as a result of tandem
duplication (Zhao et al., 2004). All of them, except pgp-8, had expression levels affected by
some of the variables tested. Only pgp-7 was significantly influenced by the interaction of
toxicants and temperature. That is, in an exposure of both toxicants, temperature modified
the expression response of pgp-7, but not the other genes in the genomic cluster. A reason
for this different regulation might be in a tissue specific expression pattern of the pgp
genes. pgp-6 and pgp-5 are known to be expressed in the intestine, a main responsive organ
to toxicant exposure, while pgp-8 and pgp-7 are expressed in neurons and male tail rays
(Zhao et al., 2004). Since our experiment included only hermaphrodites and no males, pgp-
7 was most likely expressed in other tissues not yet identified. In summary, the expression

of ABC transporter genes was more influenced by temperature than by toxicants.

Figure 1.- (next page) Effects of organophosphate pesticides (OP) on detoxification genes. Transport of OP
inside the cell activates transcription of nuclear receptor (NR) genes and regulates expression of genes involved in
detoxification. An initial phase of CPF and DZN detoxification starts with cytochrome P450 enzymes (CYP) and
short chain dehydrogenases (SDR) enzymes transforming the toxicants into an oxygenated form called oxon-OP
(oxon). This highly toxic intermediate metabolite is effectively detoxified by hydrolysis mediated by UDP-
glucuronosyl transferases (UGT) and glutathione-S-transferases (GST) enzymes. The final inactive compound of
CPF and DZN are 3,5,6-trichloro-2-pyridinol (TCP) and 2-isopropyl-4-methyl-6-hydroxypyrimidine (IMHP),
respectively. ABC-transporters (ABC) transport metabolites during the detoxification. The graphs show the
number of detoxification genes affected by each variable (Timchalk ez al., 2005; Tim H. Lindblom, 2006).
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The transcriptional induction of CYP and other detoxification genes is mediated by
nuclear receptors (NR). Indeed, it was suggested that NR are an important mechanism in
environmental changes response in C. elegans (Sluder et al., 1999). We investigated the
expression of 274 NR, of which 76 were significantly affected by at least one variable. For
this group of genes, the most relevant variable affecting gene expression was the interaction
between toxicants (CPF*DZN). Like other detoxification genes, this regulation may be a
sign for a concentration-related response, and higher toxicant concentration might have
promoted regulation of more pathways via NR activity. As an example, we highlight three
NR, daf-12, nhr-8 and nhr-48, all members of a conserved subfamily of NR (Gissendanner
et al., 2004). The first one, daf-12 (abnormal DAuer Formation-12) is an essential NR for
dauer arrest, a resistant form of C. elegans under stressful environmental conditions (Hu,
2007). Like many NR (50), its expression level was influenced by the interaction of both
toxicants. On the other hand, nhr-8 and nhr-48 (Nuclear Hormone Receptors) had a
different response to CPF treatment in the interaction with temperature (CFP*Temp).
Besides, nhr-48 was also affected by the interaction between DZN and temperature.
Unfortunately, the specific function of nhr-48 is unknown, but the function of nkir-8 has

already been associated to xenobiotics exposure (Lindblom et al., 2001).

Temperature as variable regulating gene expression

It is widely known that temperature affects gene expression. As shown above, it also
interacts with other environmental factors, like toxicants. To better understand the role of
the temperature on the expression profiles of OP we extracted data from reference samples
analyzed in Chapter 2 to compare them with the reference samples at 24°C. Since both
experiment used identical experimental conditions with only different temperatures, their
comparison could provide information about temperature influence in gene expression. As
a result of the analysis we identified 22.9% (4343) genes to be differentially expressed
between temperatures (-logl0 P-value = 3, 0.0073 FDR, Supplementary Table ST3).
Compared to the genes affected by temperature in the previous analysis, 37.2% (720) genes
overlap between groups. In other words, these genes were strongly influenced by
temperature despite the toxicants treatments. A full GO analysis and domain enrichment

analysis can be found in Supplementary Table ST4. In summary, significant GO terms
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affected by temperature were related with development and growth like epidermis
development, oogenesis, body morphogenesis, lipid transporter activity, monooxygenase
activity and ATP binding, among others. Significantly enriched domains included lipid
transport protein, Serine/Threonin protein kinase, protein kinase, and ABC transporters.
Since time of growth and development in C. elegans is negatively correlated with
temperature, it is not surprising that we found these functions affected by the treatments.
Moreover, the identified GO terms related with detoxification, strengthen the idea that
temperature is an important environmental factor influencing OP induced gene expression
changes.

In previous sections, we highlighted NR as part of the detoxification genes. Nematodes
have a surprisingly large number of genes coding for NR compared to other species (Sluder
et al., 1999). Yet, they do not seem to have a highly specific response to toxicants and
bacteria (Antebi, 2006; Ewbank, 2006). For this reason, it has been suggested that NR play
an important role in diversifying the responses to environmental factors. Here again, we
selected two NR, nhr-8 and daf-12, as examples to describe the complexity of gene-by-
environment interactions. The first example is nhr-8, a xenobiotic responsive gene
(Gissendanner ef al., 2004) with a significant interaction between CPF and the temperature.
It also had a significant temperature effect when we analyzed only the temperature
influence. One of its transcriptional targets is the ABC transporter pgp-3 (Lindblom et al.,
2001). Although direct evidence for this relation is lacking, their similar pattern of
expression suggested it (Tim H. Lindblom, 2006). We also found similarities in response to
xenobiotics, suggesting as Lindblom et al. (2001) that both genes participate together in
some environmental responses, but not in all of them. The spectra of environmental
signaling triggering transcriptional regulation of both genes overlap but they were different.
That is, nhr-8 might not be the only regulator of pgp-3 activity. In this sense, Li et al.
employed a genetical genomics approach to identify polymorphic regulatory elements
affected by temperature (Li et al., 2006). They identified eQTLs at 16°C and 24°C that
describe genotype-by-environment interactions in complex traits. Interestingly, they
indentified a distant eQTL on chromosome / for pgp-3 at 16°C, but not for nhr-8. Since
nhr-8 is located on chromosome /7, this NR cannot be the polymorphic regulatory element

of pgp-3 that Li et al. identified at low temperature. Unfortunately, the genomic region
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associated with this eQTL is too large to speculate about possible regulators of pgp-3. The
second example is daf-12, a NR involved in dauer formation (Antebi, 2006). This gene was
affected by the toxicants interactions, and by CPF and temperature interaction (-logl0 P-
value = 1.44, 0.0355 FDR). It also had a significant temperature influence in the
independent analysis, but in combination of toxicant exposure the temperature influence
was weak. The study from Li ef al. detected an eQTL at 16°C in chromosome /V. Again, it
is difficult to speculate about the gene or genes responsible for daf-12 regulation, but the
accumulated data indicated that previously identified regulatory elements active at 16°C

were modified by the exposure to the toxicants.

Conclusions

We analyzed the transcriptional responses to interacting environmental stressors. Three
factors were considered: the toxicants CPF and DZN, and temperature. We focused our
analysis on detoxification genes because toxicity on OP can be partially explained by
bioactivation of OP to highly toxic oxon forms mediated by detoxification enzymes. Our
results indicated that detoxification genes may be influenced in a concentration-dependent
manner, since more genes were regulated by DZN and by the mixture of toxicants than by
CFP itself. On the other hand, temperature showed a strong effect on transcript abundance
as influenced the expression of many genes, included those involved in detoxification.
Moreover, a larger number of detoxification genes were significantly regulated by the
interactions between temperature and the toxicants than by the OP alone. Indeed, it has
been shown that toxicity of OP increased with temperatures (Osterauer and Kohler, 2008;
De Silva et al., 2009); accordingly, our results suggested that higher toxicity of OP with
temperature might be a consequence of gene-environment interactions on detoxification
genes. Those interactions are probably specific to the particular environmental factors here
studied; because they may change their effect on gene expression under the influence of
different concentrations of toxicants, different pesticides combinations or temperatures.
However, they highlight the significance of transcriptional studies that focus on more
environmental factors and aiming to better understand the full process behind gene-

environment interactions.
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Methods & Materials

C. elegans culturing

The Bristol N2 strain was cultured on standard nematode growth medium (NGM) with E.
coli OP50 as food source. Nematodes were bleached (0.5 M NaOH, 1% hypochlorite) and
eggs were collected and inoculated in (9 cm diameter) dishes with the toxicants. After 40
hours in 24 °C, L3-L4 stage nematodes were collected, frozen in liquid nitrogen and kept at
-80C until the RNA extraction procedure.

Toxicant exposures

We applied concentration of the toxicants below the ECs, values as described in Chapter 2.
Concentrations were 0.5 mg/l of CPF (Cyren®/Nufos®, Cheminova A/S [Lemvig,
Denmark]) and 1.0 mg/l of DZN (Supelco [Bellefonte, Pennsylvania 16823, USA]). The
combination of the two OP contained the exact sum of both single concentrations (DZN
[Img/1] and CPF [0.5 mg/1]).

The experiment started with eggs placed on NGM dishes with the toxicants and E. coli
OP50 as food source. After 72 hours at 24 °C, worms from 4 petri-dishes were collected as
one sample. A total of 6 replicates per treatment were collected (24 petri dishes), and
immediately froze in liquid nitrogen until RNA extraction. All the OP were dissolved in
acetone and added to 10 ml of NGM poured in each 9 cm petri dish used for the culture.
Nematodes without treatments were grown simultaneously with similar concentrations of

acetone in a control culture.

Microarrays

RNA from nematodes was extracted following the Trizol method, and the RNeasy Micro
kit (Quiagen, Valencia, CA, USA) was used to clean up the samples. Labeled cDNA was
produced with the kit Array 900 HS from Genisphere and Superscript II from Invitrogen.
The 60-mers arrays were purchased by Washington University
(http://genomeold.wustl.edu) and they were hybridized following the Genisphere Array 900
HS protocol with modifications. Extracts from CPF, DZN and the CPF/DZN combination
exposures were hybridized with the control samples in each array. Six independent
biological replicates were used per treatment to produce six replicate microarrays per
experiment in a dye-swap design.

45



Chapter 3

Microarray data  have been  deposited in  Gene Expression Omnibus
(www.ncbi.nlm.nih.gov/geo/), accession number GSE24257. Expression profiles of C.
elegans exposure at 16°C were downloaded from GEO (GSE16719).

Microarray Analysis

A Perking & Elmer scanner was used to extract the raw intensities from the microarrays.
The R software was used for preprocessing and normalization (www.r-project.org/) using
Limma package (Smyth, 2005). The Loess method (Smyth and Speed, 2003) was used for
normalization within arrays and normalization between arrays was done using aquantile
method (Yang, 2003), both of them are included in the Limma package for R.

To identify the differentially expressed genes for each treatment we used a linear model
(gene expression = CPF (effect) * DZN (effect) * Temperature (effect) + error). Therefore,
we were able to estimate the influence of each factor on the measured variation in gene
expression as well as the effect of any possible interaction between them. For threshold
determination we used a permutation approach. For each of the 23,232 permutations used
we randomly picked a transcript, which could only be picked once. We combined all the
expression values of this transcript and randomly distributed them over the replicates (and
experimental conditions) and used for the analysis. In this way we obtained a threshold for
each of the explanatory variables. We used a —log10 P-value 2 as common threshold, which
resembles to the following FDR per variable: 0.0096 for CPF, 0.0098 for DZN, 0.0098 for
Temp, 0.0098 for CPF*Temp, 0.0098 for DZN*Temp, 0.0102 for CPF*DZN, 0.0099 for
CPF*DZN*Temp.

Differentially expressed genes between temperatures were identified using single channel
data from all the microarrays profiles. A total of 18 biological replicates per temperature
were combined. We used a linear model (gene expression = Temperature (effect) + error) to
identify differentially expressed genes. Level of significance was determined by
permutation, as describe above. The genome-wide threshold was set to —log10 P-value = 2,
which resembles to a FDR of 0.0108.

Detoxification genes

We identified genes involved in detoxification based on protein domains. For each category
of enzymes or proteins referred in the text (CYP, SDR, UDP, GST, ABC) we selected
functional domains related to their function in INTERPRO (www.ebi.ac.uk/interpro/).
Information of functional domains in C. elegans genes was downloaded from Wormbase
(www.wormbase.org) release WB195. In this way, we assumed a gene with a domain,
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predicted or confirmed, related to detoxification is a candidate gene to be involved in the
OP metabolism.

Domain IDs were: CYP (PF00067, IPR001128, IPR002397, IPR002401, IPR002402,
IPR002403); SDR (PF00106, IPR002198); UDP (PF00201, IPR002213); GST
(IPR0O10987, IPR004045, IPR004046, PF02798, IPR005442, IPR003082, PF00043); ABC
(IPR003439, IPR0O11527, PF00005, IPR010509, PF06472).

Nuclear Receptors were selected from literature (Antebi, 2006).

Enrichment analysis

Gene Ontology (GO) data and functional domain data were extracted from Wormbase
release WB195. GO terms and domains with less than 4 genes were discarded. Over-
represented groups of GO terms and domains were identified using a hypergeometric test
(P-value < 0.01). In this way we analyzed 396 unique GO terms and 1003 unique
INTERPRO id numbers, form 16,947 and 8682 annotated genes, respectively.

Supplemental material

All the supplementary tables and figures are available from the author on
http://www.anavinuela.com/thesis/thesis.html

Supplementary Table ST1: Significantly affected genes by each of the analyzed variables.
Each worksheet contains the list of affected genes by each factor: chlorpyrifos (CPF),
diazinon (DZN), temperature (Temp); and the interactions of them: CPF*Temp,
DZN*Temp, CPF*DZN, CPF*DZN*Temp.

Supplementary Table ST2: List of enriched Gene Ontology (GO) terms and functional
domain in the affected genes. Data were extracted from Wormbase release WB195. GO
terms worksheets: Genes in GO database are the number of genes belonging to each GO
term. GO number are the GO term. Regulated genes refer to number of significantly
regulated genes in each treatment that belong to a GO term.

Functional domains worksheets: Genes with the domain are the number of genes that code
for a specific functional domain. The number of significantly regulated genes in each
treatment that code for a specific functional domain is listed in the regulated genes column.

Supplementary Table ST3: Significantly affected genes by temperature.
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Supplementary Table ST4: List of enriched GO terms and functional domains in the
genes affected by temperature.
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Abstract

Gene expression becomes more variable with age and it is widely assumed that this is
due to a decrease in expression regulation. But currently there is no understanding
how gene expression regulatory patterns progress with age. Here we explored
genome-wide gene expression variation and regulatory loci (eQTL) in a population of
developing and aging Caenorhabditis elegans recombinant inbred worms. We found
almost 900 genes with an eQTL of which almost half were found to have a genotype-
by-age effect (5,,6QTL). The total number of eQTL decreased with age whereas the
variation in expression increased. In developing worms, the number of genes with
increased expression variation (1282) was similar to the ones with decreased
expression variation (1328). In aging worms the number of genes with increased
variation (1772) was nearly 5 times higher than the number of genes with a decreased
expression variation (373). The number of cis-acting eQTL in juveniles decreased by
almost 50% in old worms whereas the number of #rans-acting loci decreased by ~27%,
indicating that cis-regulation becomes relatively less frequent than trans-regulation in
aging worms. Of the 373 genes with decreased expression level variation in aging
worms, ~39% had an eQTL compared to ~14% in developing worms. ,,,eQTL were
found for ~21% of these genes in aging worms compared to only ~6% in developing
worms. We highlight three examples of linkages: in young worms (pgp-6), in old
worms (daf-16) and throughout life (/ips-16). Our findings demonstrate that eQTL
patterns are strongly affected by age and suggest that gene network integrity declines

with age.
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Introduction

The expression level of most genes changes with age in all species studied so far. Some
genes are expressed during development whereas others are expressed during or after the
reproductive period (Hill et al., 2000; Lund et al., 2002; Ramoni et al., 2002; Geigl et al.,
2004; Zhan et al., 2007). For example, McCarroll et al. (2004) studied the temporal
dynamics of gene expression throughout the life-cycle in C. elegans and D. melanogaster
(McCarroll et al., 2004). They reported that genes involved in mitochondrial metabolism,
DNA repair, catabolism, peptidolysis and cellular transport are expressed during adulthood,
whereas other transcriptional signatures were observed during larval development,
embryogenesis and gametogenesis.

But next to the expression level, the variation in gene expression also changes with age.
For instance Somel et al. (2006) reported that gene expression becomes heterogeneous with
age in humans and rats. The age-correlated heterogeneity of gene expression had a minor
effect on individual genes, but was widespread throughout the transcriptome (Somel et al.,
2006). These, and other studies, have led to the assumption that regulation of gene
expression decreases with age leading to more variation in gene expression (Lu ef al., 2004;
McCarroll et al., 2004). But currently there is no understanding how genome-wide gene
expression regulatory patterns progress with age.

Genetic mapping of gene expression regulatory loci (eQTL) provides a means to address
this problem (Jansen and Nap, 2001; Rockman and Kruglyak, 2006). eQTL can be cis- or
trans-acting, reflecting local and distant regulation of gene expression respectively. They
have been thoroughly studied in humans, yeast, plants, rats, mice and worms (Brem et al.,
2002; Schadt et al., 2003; Li et al., 2006; Petretto et al., 2006; Keurentjes et al., 2007;
Farber et al., 2009). But, as far as we are aware of, all eQTL studies only focused on one
time point or age group whereas most complex traits and diseases such as cancer are age-
related. Surprisingly, we have no understanding of the dynamics of eQTL throughout the
life of an organism, although it is long known that gene expression itself is strongly
affected by age.

Here we present the first genome-wide study of heritable gene expression regulation as a

function of age using a set of 36 single nucleotide polymorphisms (SNP)-genotyped
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recombinant inbred lines (RILs) (Supplemental Table ST1) derived from C. elegans
wildtypes N2 and CB4856 (Li et al., 2006). The CB4856 x N2 RIL population displays
large genetic and phenotypic differences for a wide range of traits such as reproduction,
growth (Gutteling et al., 2007; Kammenga et al., 2007), gene expression (Li et al., 2006)
and copulatory plug formation (Palopoli ef al., 2008), to name a few. We used microarrays
to measured genome-wide gene expression from the RILs reared at 24°C at three different
ages: young worms, tl: age was 40 hrs; reproductive worms, t2: age was 96 hrs, and old
worms, t3: age was 214 hrs. In this way we obtained per gene 108 observations perturbed
by age and genotype. First we investigated whether genome-wide gene expression was
affected by age across all recombinant genotypes. Then we asked if age-specific gene
expression can be attributed to regulatory loci (eQTL) and whether eQTL patterns change

during aging.

Results

Variation in gene expression level increases in aging worms

First, we assessed the influence of age on gene expression levels across all RILs. We found
that more than 14,000 gene transcript levels, ~75% of all genes, were affected by age (P-
value < 0.0001). This proportion is congruent with findings by Jiang et al. (2001) who
reported ~69% of all genes being dynamic in the larval stages of wildtype N2 worms. Yet,
we demonstrate that dynamic patterns of gene expression proceed at older ages for many
different genotypes. We could identify 8 different dynamic expression patterns, each
containing ~1200 or more genes (See Figure 1 and Table 1, and Supplementary Table ST2).
Most genes (2688) were found in the pattern in which expression increases during
reproduction and was significantly higher during the reproductive and senescent stage
compared to juveniles. Together these results confirm that age is a most influential factor
affecting gene transcript levels in C. elegans.

Gene ontology (GO) analysis of the 8 expression patterns are significantly enriched with
different GO terms (Supplemental Table ST3). Patterns B, F and H are enriched for genes

involved in embryonic development. These patterns have in common that they all have
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genes of which the expression goes up after the juvenile stage. The expression of the genes
in these patterns remains high or even goes up after reproduction. This suggests that these
genes might have different functions later in life, or that their expression is no longer
suppressed, i.e. less regulated in old worms compared to young worms. However, this
assumes the existence of a mechanism for suppression. An alternative explanation is that
these genes are not suppressed, but induced during reproduction and there is no efficient

way to turn off the induction.

Figure 1.- Pie graph of age affected genes. The
pie graph show the number of genes with an age
dependent expression (P-value < 0.0001; FDR see

methods and materials)

Table 1.- Number of genes with an age dependent expression.
Group Direction in Direction of Number of Percentage of
developing worms  expression in aging genes total
worms

A Down Down 1188 6.30
B - Up 1217 6.46
C Down Up 1394 7.40
D Up Down 1454 7.72
E - Down 1534 8.14
F Up Up 1651 8.76
G Down - 2580 13.68
H Up - 3101 16.46
I - - 4720 25.05

Table 1.- Number of genes with an age dependent expression. Categories were determined according to direction

of change in gene expression: increased expression (up), decreased expression (down) or no change (-).
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Patterns C and D are enriched for genes involved in metabolic and catabolic processes,
respectively; E for dephosphorylation, I for transport, and G for locomotion. Moreover, we
compared our list of genes in these expression patterns to a list of innate immunity genes
described by Capra et al. (2008). They investigated gene expression in worms during
development until young reproductive stage in the two parental wildtypes, N2 and CB4856,
and reported that differentially expressed genes were enriched with genes involved in
innate immune responses (Capra ef al., 2008). A significant enrichment of innate immuntiy
genes in patterns C, D and I was found (P-value < 0.0001). Those patterns have in common
that they represent genes with lower expression in old worms than in reproductive ones.

Second, we investigated which genes had increased or decreased variation in expression
levels during aging. This was done for both the differences between young and
reproductive worms (called developing worms) and between the reproductive and old
worms (called aging worms). In developing worms the transcript level variation of a similar
number of genes increased and decreased (1282 and 1328, respectively). However, after
reproduction, in aging worms the number of genes with an increased variation was almost 5
times larger than the group with decreased variation (1772 and 373, respectively). GO term
analysis revealed that this group of genes are mainly related with protein kinase activity
while genes with decreased variation showed enrichment of monooxygenase activity and

transferase activity (Supplemental Table ST4).

Regulatory loci of gene expression depend on age

To investigate if regulatory loci affecting gene expression also depended on age, we first
mapped eQTL for each of the three age classes separately. In Figure 2 the upper panels
show the peak position of the eQTL (x-axis) against the genomic position of genes having
an eQTL (y-axis) at each age group. Overall, the number of eQTL decreased with age; we
detected 978, 864, 577 eQTL in young, reproductive and old worms, respectively. The
lower panels of Figure 2 show the frequency of eQTL per marker for each age. A
distinction was made between cis- and trans-acting loci to show that both types of heritable
regulation are very dynamic throughout the life of C. elegans. We detected 685, 642 and
373 cis- and 293, 222 and 204 trans-acting for the young, reproductive and old worms,
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respectively. At all age-groups a major part of the cis-eQTLs were caused by genes deleted
from the CB4856 genome (Maydan et al., 2007), ~24%, ~30% and ~31% for the young,
reproductive and old worms, respectively. To analyze the cis- and trans-eQTL frequency at
the three age-groups we left out the CB4856 deleted genes, because of their high
probability to generate a cis-eQTL. In this case, the number of cis-acting eQTL decreased
in old worms with ~50% (compared to juveniles) whereas the number of trans-acting loci
decreased with ~27%. This indicates that cis-regulation becomes relatively less frequent

than frans-regulation in aging worms.

A two-time-point model identifies genotype-by-age interaction eQTL
Previously we found that post-reproductive lifespan varied strongly among N2 x CB4856
recombinant lines with some lines living almost twice as long than others (Doroszuk et al.,
2009). We found similar differences in lifespan among the RILs used in this study (Figure
3).

N

(9]
Do m RILs
=S| N2
S _ || = cB4sss
c v
@©
Q.
0 o |
:8 —
0 v
E Figure 3.- Rils lifespan.. Average
G}_'J o~ lifespan in days of the wildtypes N2 x
< = CB4856 and the derived RILs grown at

24°C. Bars are SD.
e
0 10 20 30

This variation in lifespan across the RILs, ranged from a minimum of approx. ~13 days to
a maximum of ~20 days. The average lifespan for some of the RILs transgressed beyond
the mean value of either parental strain (N2: ~16 days; CB4856: ~13 days). This is often

observed for many phenotypic traits in recombinants derived from genetically divergent
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parental strains (Kammenga et al., 2007). The differences among RILs means that, after
reproduction, the physiological age differs between the RILs and that sampling mRNA at
an older post-reproductive age, the third time point t3, would implicitly result in different
physiological stages being sampled. Therefore we analyzed gene expression in relation to
relative age, which we defined for each RIL as the age at the time of mRNA extraction
divided by the average lifespan of that RIL. In this way the age-physiological differences
among the RILs were taken into account when comparing the gene expression profiles.

In order to find the causal loci for heritable differences in transcript levels and possible
interactions between age and genotype, we applied a two-time-point model. In this model
we used three factors, i) relative age, ii) genotype (marker) and iii) the interaction between
i) and ii), to explain the differences in gene expression between RILs and age-groups. With
this mapping procedure we found almost 900 genes that had an eQTL or 4,eQTL in
developing and/or aging worms (P-value < 0.0001; Figure 4) Almost half of these genes
with heritable transcript differences were found to have a genotype-by-age effect (396 at P-
value < 0.0001; Table 2) allocated to a specific marker, which we coined genotype-by-age
expression-QTL (g,eQTL). One specific hotspot (trans-band) for 4,eQTL was found on
chromosome [V for aging worms and a trans-band for eQTL on chromosome / was

detected in developing worms (Figure 4).

Table 2.- Number of eQTLs
Developing worms Aging worms Overlap
eQTL 460 362 83
xa€QTL 267 175 46
Overlap 134 108

Table 2.- Type of eQTL (P-value < 0.0001 = -log10 P-value > 4) at different ages calculated with the two-time
point model. Significant linkage to either marker (eQTL) or the genotype-by-age interaction (g.eQTL) is indicated

as well as the overlap between groups. In total we identified 893 unique genes with at least one significant feature.

Increased gene expression variation in old worms co-occurs with a lack of

regulatory loci
Increased variation of gene expression during aging is often assumed to be the result of

decreased gene expression regulation (Lu et al., 2004; McCarroll ef al., 2004). We found
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Figure 4 .- eQTLs location. Gene position (y-axis) plotted against the marker (x-axis) of the peak of the
expression-Quantitative Trait Locus (eQTL) (P-value < 0.0001) of genotype-by-age eQTL (4x,¢QTL) for that gene

(4A: developing worms, 4B: aging worms). The size of the triangle is relative to the positive effect of the allele, in

red for N2 effect, in blue for CB4856 effect. Chromosomes are separated by the thin grey lines, chromosome 7 is

located at the left/bottom side of the panels and chromosome X at the right/top of the panels. Developing; eQTL

(left upper panel) shows the significant (independent from age) marker (eQTLs) for the developing worms (the

juvenile and reproductive worms in one model). Aging; eQTL (right upper panel) shows the significant

(independent from age) marker (eQTLs) for the aging worms (the reproductive and old worms in one model).

Developing; ..eQTL (left lower panel) shows the significant genotype (marker) by age effects (o,¢QTL) for the

developing worms (the juvenile and reproductive worms in one model). Aging; ,,eQTL (right lower panel)

shows the significant genotype (marker) by age effects (;.eQTL) for the aging worms (the reproductive and old

worms in one model). Two distinct trans-bands (hotspots) can be observed in the developing; eQTL and in the

aging; ,,,eQTL showing that hotspots can be found for genotype independent eQTL as well as genotype-by-age

interaction ,,eQTLs.
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that genes with decreased expression level variation had a much higher percentage of eQTL
(i.e. regulatory loci) and ,,,eQTL in aging worms compared to developing worms (39.1%
and 13.5%, respectively for eQTLs and 20.6% and 6.4%, respectively for ,,eQTLs). We
found hardly any eQTLs or 4,eQTL in the group of genes that had increased expression
level variation in aging worms (Table 3; Supplemental Figure SF2). Although we found a
small but significant group that showed less transcript variation and increased heritable
regulation at old age (Supplemental Table ST5 and Supplemental Figure SF2), these results
show that a large group of genes are more variably expressed at old-age and had a lack of

eQTL which indicates a reduction of heritable regulation.

Table 3.- Relation between transcript variation and number of eQTLs at different ages
Developing worms Aging worms
Total Genes with Genes with Total Genes with v(:Jri?llle:
genes an eQTL a,,eQTL  genes an eQTL 2aQTL
Total 460 267 362 175
o 0
Genes with 1 (0.08 f’) 102 0(0.00 f)
. P-value = 1 P-value=1 21 (1.18%)
an increase (7.96%)
. . 1282  (under-rep 1772 (under-rep P-value ~
in transcript P-value <
variation P-value < 310! P-value < 0.10
3*%107™) 3%107%
%Z‘éii::f}na 179 (13.5%) 85 (6.40%) 146 (39.1%) 77 (20.6%)
. 1328 P-value < P-value < 373 P-value < P-value <
transeript 810" 1%10% 7%10"% 5%10°
variation

Table 3.- Genes with a significantly changing transcript level variance in developing and/or aging worms. The
number of genes having an eQTL or an ,,,¢QTL are indicated per group (number as well as the percentage of the
total genes with an increased or decreased of variation). Also the significance of the over- (or under)
representation of (gxa) eQTLs in those groups. The total number of eQTL and ,,,eQTL can be found in the row

indicated with Total (also in Table 2)
Examples of genes having a 4.,eQTL

We show three examples of genes which have characteristic heritable expression patterns

(Figure 5). These examples show 1) differential gene expression in young worms, ii)
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differential gene expression in old worms and iii) differential gene expression throughout
the worm’s life.

Example i) was found for pgp-6 for which we detected a frans-acting ,,eQTL at
chromosome ¥ in developing worms. The 4,¢QTL disappeared in the aging worms. The
CB4856 allele had a much lower expression in young worms. In reproductive worms the
expression of the CB4856 allele was strongly up-regulated and climbed to “N2”-levels.
After reproduction, in old worms, the expression of both alleles decreased. A smaller, yet
significant eQTL was also detected on chromosome /7 in aging worms. Example ii) was
found for the forkhead family transcription factor encoding gene daf-16 which had an
x€QTL on chromosome /V in aging worms. Example iii) was found for /ips-16: this cis-
acting ,,eQTL was found at all age-groups although the difference between N2 and
CB4856 was largest by the end of the reproductive phase. Both alleles showed a similar
pattern but the CB4856 allele of this gene had a much higher expression throughout the
worm’s life. The ,,eQTL in this case is caused by a much steeper increase in developing

worms and a steeper decrease in aging worms of the CB4856 allele expression.

Discussion

We showed that variation in genome-wide gene expression increases in aging worms. This
agrees with findings by Bahar et al. (2006) who reported increased cell-to-cell variation in
gene expression in aging mouse heart (Bahar et al, 2006). Somel et al. (2006) used a
number of microarray gene expression tissue data sets from humans and rats, and found
that gene expression becomes more variable with advancing age. Recently, a meta-analysis
of age-related gene expression profiles with microarrays including 27 datasets from mice,
rats and humans revealed evidence of up-regulation of gene transcription repression and
negative regulation of transcription suggesting that transcriptional activity decreases with
age (de Magalhaes et al., 2009). Southworth et al. (2009) used a co-expression network
approach to detect age-dependent differences in mice based on AGEMAP, a large DNA
microarray study of gene expression as a function of age (Southworth et al., 2009). They
reported a decrease in gene co-expression in old mice and identified potential

transcriptional mechanisms as a possible cause underlying the correlation decline.
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We provide for the first time insight into the regulatory loci of gene expression as a
function of age and show that the number of eQTL decreases with age in C. elegans. As an
extension of the three single age-group models we used a two-time-point model in which
we tested if a time and/or marker (genotype) and/or an interaction between the two is
present. If an eQTL is present at both time points, a significant marker effect will be found.
If the eQTL is only present at one time point we will find a significant marker-by-time
(GxA) interaction effect. In fact this approach increases the detection power in respect to
eQTL appearing or disappearing at the different ages. Therefore we could work with a very
strict significance threshold (P-value < 0.0001; FDR=0.006). Furthermore, the same
conclusion could be drawn when we repeated our analysis at P-value < 0.001. This will not
guarantee that eQTLs at all age groups are detected for every individual gene but our
general conclusions will not depend on the thresholds used.

When juveniles were compared to old worms, the decline in number of cis-acting eQTL
was stronger than the decline of trans-acting loci. Previous studies have shown that cis-
acting linkages are less prone to variation induced by different environments (Li et al.,
2006) and tissues (Petretto et al., 2006). We demonstrate that the proportion of cis-acting
linkages is not stable during aging but decreases. Apparently aging influences the efficacy
of cis-regulatory sites for controlling local gene expression. If we assume that the trans-
acting loci influence gene expression levels via protein intermediates, as suggested by
Smith and Kruglyak (2008), than these protein regulators become relatively more
influential during aging (Smith and Kruglyak, 2008). In contrast to cis-regulation, trans-
acting intermediates can affect the expression of many genes, thus allowing a coordinated
gene expression response. Our results show that, although variation in genes expression
increases at old ages and the number of eQTL decreases, there is a substantial contribution
of trans-acting loci at old ages. This suggests that studies focusing on regulatory patterns
underlying complex traits at older ages, such as progressive diseases, should focus on
trans-acting loci late in life rather than cis-acting.

The trans-band for eQTL in developing worms could be due to segregation distortion
which results in unequal marker distribution at this locus on chromosome 7 (Li et al., 2006).
This distortion is caused by a partial genome incompatibility as described in Seidel et al.,

2008. However, if this was a false positive caused by population structure it would also be
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present in aging worms, were it was absent. Although one needs to be cautious with the
conclusions about this locus, an important/influential polymorphic regulator in developing
worms could be located at this genomic region on chromosome /. The trans-band for
x€QTL in aging worms on chromosome /" shows the genomic position of a polymorphic
regulator that becomes more influential as the worms age. Li et al. (2006) found a
temperature dependent #rans-band on chromosome V' when they mapped eQTLs at two
different temperatures, 16°C and 24°C. The worms grown at 24°C are physiologically older
than those grown at 16°C, although their gene expression profiles were measured at the
same stage. A re-examination by scoring the frequency of eQTLs per marker in this
experiment revealed a second trans-band at the top of chromosome /V in 24°C grown
worms, but not in the 16°C grown worms. This frans-band co-locates with our 4,eQTL
trans-band in aging worms. This suggests that specifically physiological age dependent
gene expression is affected by a polymorphic gene on the top of chromosome IV.
Together, our results show that the increase in transcript variation in aging worms is due to
a lack of large-effect regulatory loci. Alternatively, this increased expressionvariation could
also be the result of an increase of small-effect eQTL. To get an indication for multiple
small effect regulators we investigated if the number of genes with two eQTLs would be
larger in aging worms. This was not the case (Supplemental Table ST6) and suggests that a
lack of heritable regulation instead of more regulators is causal to the larger variation in a
gene expression levels at older age.

The results allow us to infer the genetic architecture of heritable gene regulation with age.
We highlighted three genes, pgp-6, daf-16 and lips-16, each displaying different differential
expression patterns during development and aging. Figure 5 illustrates that pgp-6 is under
the control of different factors at different ages. We detected a major eQTL on chromosome
V in developing worms. We also detected a small but significant eQTL at chromosome // in
aging worms. This indicates that the expression of a gene can be regulated by different
regulators depending on the age of a worm. In C. elegans, pgp-6, an ATP-binding cassette
(ABC) transporter is expressed in the larval and adult intestine and adult amphids in N2
(Zhao et al., 2004). ABC transporters are one of the largest protein families in almost all
species. They bind ATP and use its energy for transporting various molecules across

membranes of organelles, such as the endoplasmic reticulum, peroxisomes, and
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mitochondria (Dean and Allikmets, 1995). Mutation of ABC transporters can result in
various diseases in humans or in hyper-sensitivity to drugs. Moreover, pgp-genes have been
shown to be involved in multi-drug resistance (Mahajan-Miklos ef al., 1999) and resistance
against Pseudomonas aeruginosa (Kurz et al., 2007). In our experiment the expression
level of pgp-6 is much higher in N2 compared to CB4856 in young worms and decreases in
older worms. Our results imply to study the regulatory control of pgp-6 conferring
differential resistance between N2 and CB4856 in young worms and its trans-eQTL on
chromosome V.

In contrast to pgp-6, expression of daf-16 is differentially controlled in old worms and not
in younger ones. Its ,,6QTL maps to the top of chromosome /¥, were a trans-regulatory
band for 4,,eQTL was found in aging worms. daf-16 controls the insulin/IGF-1 signaling
pathway underlying lifespan determination in C. elegans. This pathway operates during
adulthood affecting lifespan and not during the juvenile period (Dillin et al, 2002).
Nevertheless, daf~16 cannot be the causal gene for this trans-regulatory band in aging
worms since it is not physically located at the genomic position of the trans-regulatory
band. Still, it is intriguing to think that a polymorphic regulator operating through the daf-
16 pathway must be present at this locus.

The third example was provided for /ips-16, encoding a tri-acylglycerol lipase. Lipases
break down lipids and possible mobilization of stored tri-acylglycerides. Our results show
that in both wildtypes N2 and CB4856, /ips-16 is more expressed in reproductive worms
compared to juveniles and old worms. But, CB4856 displays a higher /ips-16 expression
throughout its life than N2. This suggests that lipid catabolism mediated by /ips-16 is more
intense in CB4856 than in N2.

Although it is tempting to search the detected eQTL for candidate regulators of these three
transcripts, the current study was not designed for this purpose, but this would be a likely
next step. The primary goal was to explore the landscape of regulatory loci during aging
rather than pinpointing potential causal genes. Future mapping studies, using N2 x CB4856
introgression lines (Doroszuk et al., 2009) and complementation studies (Kammenga et al.,
2007) would be most suitable for finding the causal polymorphic genes at the regulatory

loci.
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In our two-point-model we corrected for physiological differences among the RILs during
aging because we assumed different physiological states associated with post/reproductive
ages. This raises the question as to whether the explanatory variable here is age in a
continuous sense or physiological state in a categorical sense. As pointed out by Collins et
al. (2008) it is important to make a distinction between age-related changes that represent
development and growth and age-related changes that represent senescence. A criteria they
put forward is the life-cycle stage during which the change occurs. But development and
senescence are arbitrary definitions of two periods within the same continuous process,
namely aging. The lack of heritable regulation later in life is an age-related change, since
we can associate this process to old worms. The physiological age is related with genotype-
by-environment interactions, and the absolute age (in days) is an arbitrary measurement, as
it is time. We measured gene expression in juveniles, late reproductive and post-
reproductive old worms. Clearly these are defined stages, each with their own physiology.
Correcting for these physiological differences allows for a more precise measurement
related to age rather than stage. Yet, there is no clear moment during the life-cycle that
clearly separates development from aging, indeed it seems very likely that developmental
changes and aging changes occur simultaneously (Collins et al., 2008).

Our results show that the heritable regulation of genome-wide gene expression decreases
with age. What could be the reason why the regulation is no longer genetically determined
in old worms for most genes but is stronger for a small group of genes? One explanation
might be found in our GO analysis which revealed that monooxygenase activity was highly
significant within the group of genes that displayed decreased variation in old worms. This
points at increased regulation of stress pathways. Regulation of the functions of
monooxygenase enzymes and their catalytic reactions has important significance for cell
homeostasis. Halaschek-Wiener et al. (2005) identified longevity-associated genes in a
long-lived C. elegans daf-2 (insulin/IGF receptor) mutant using serial analysis of gene
expression and reported that expression of metabolism-associated genes diminished and
stress response genes increased during aging (Halaschek-Wiener ef al., 2005).

Our work provides new insights into the regulatory control of gene expression as a
function of age. So far, only a few mapping studies of regulatory loci of gene expression

have focused on the dynamics of eQTL. For example, our study of the environmental
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influence on eQTL distribution (Li et al., 2006) and the studies of Schadt ez al. (2008) and
Gerrits et al. (2009) who focus on the spatial distribution of eQTL among different tissues
and cell types (Schadt et al., 2008; Gerrits et al., 2009). With this study, we have shown
that age influences the distribution of eQTLs and that the temporal dynamics of regulatory
loci are heritable and can become more prominent at older ages. We believe our results
have important implications for the identification of loci that are linked to complex

progressive and geriatric disease phenotypes.

Methods & Materials

C. elegans culturing

A set of 36 recombinant inbred lines (RILs) derived from a cross between wildtypes N2
and CB4856 (Li et al., 2006) was used to generate genetical genomics data (Supplemental
Table ST1). The RILs were cultured on standard nematode growth medium (NGM) with E.
coli OP50 as food source and a constant temperature of 24°C. Populations were started with
non-mated hermaphrodites and screened regularly to remove any occurring males.
Reproductive nematodes from all RILs were bleached (0.5 M NaOH, 1% hypochlorite) in
order to collect age synchronized eggs (Emmons ef al., 1979) which were inoculated (t0) in
24 dishes per RIL. After 40 hours (t1) nematodes from 6 dishes were collected in late L4
stage, frozen in liquid nitrogen and stored at -80°C until RNA extraction. The remaining 18
dishes were kept in culture until hour 41 when the nematodes were transferred to fresh
NGM dishes (with E. coli OP50) treated with 0.05-0.01 mg/ml of FUDR
(fluorodeoxyuridine) in order to avoid hatching of the eggs. FUDR is widely used in C.
elegans and does not affect lifespan (Wu et al., 2009). 30 hours after that the nematodes
with FUDR were transferred to fresh dishes (without FUDR) to prevent starvation and
remove the FUDR. After 23 hours, 96 hours of total culture time (t2), nematodes from 6
dishes were collected and frozen in liquid nitrogen prior to RNA extraction. The remaining
12 dishes were kept at constant temperature until 214 hours of culture (t3), when they were
harvested and frozen in liquid nitrogen. All the dishes were visually inspected before the
harvest. Any population with infection, more than one generation (reproduction) or starving
nematodes (lacking bacteria) were discarded.
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Life-span assays in the RILs

The RILs were grown at 24°C on NGM plates containing E. coli (OP50) as a food source.
Eggs from the RILs were placed on NGM plates containing E. coli (OP50) as a food
source. After hatching, L4 worms were transferred and kept on fresh plates with FUDR
[0.05-0.01 mg/ml] for their whole life. We measured the lifespan of 30 - 80 individual
worms per RIL from the time the eggs were placed in the NGM dishes (Supplemental
Table ST1). Worms were scored every day and those that crawled off the dishes or
displayed bagging were censored. Worms were considered dead when they failed to
respond to a gentle prodding. Average lifespan per RIL was calculated and used for further

analysis.

Microarray experiments

RNA from nematodes was extracted following the Trizol method, followed by the RNeasy
Micro kit (Qiagen, Valencia, CA, USA) to clean up the samples. Labeled cDNA was
produced with an Array 900 HS kit from Genisphere and Superscript II from Invitrogen.
The Nucleospin kit (Bioké, Leiden, NL) was used to clean the cDNA samples in order to
reduce unspecific binding to the arrays. The 60-mers arrays were obtained from
Washington University. Microarrays were hybridized following the Genisphere Array 900
HS protocol. The differential hybridization due to SNP differences is low in these 60-mers
arrays (Li et al., 20006).

We aimed to hybridize samples following the distant pair design proposed by Fu and
Jansen (2006). (Supplemental Table ST1) A total of 54 microarrays were hybridized, 18
microarrays per time point. All microarray data have been deposited in Gene Expression
Omnibus (GEO), microarray data with the common accession number GSE17071.
Microarray normalization
A Perking & Elmer scanner was used to extract the raw intensities. The R software was
used for preprocessing and normalization (www.r-project.org) using the Limma package
(Smyth, 2005). The Loess method (Smyth and Speed, 2003) was used for normalization
within arrays and normalization between arrays was done using the quantile method, both
methods are included in the Limma package.

Gene Ontology analysis
Gene Ontology (GO) data were extracted using BioMart (Durinck et al., 2005) and the C.
elegans annotation package, both packages for the R programming environment. GO terms
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with less than 4 genes in GO database were discarded from the analysis. Over-represented
groups of GO terms were identified using a hyper-geometric test, with a threshold of P-
value < 0.01. Therefore, the hypergeometric test uses a group size of 396 GO terms, with
16,947 annotated genes. Over-represented GO terms in all the expression patterns for age
affected genes (Supplemental Figure SF1) are accessible in Supplemental Table ST3. The
hyper-geometric test was also used to determine significant over-representation of innate
immunity genes in genes modulated by age. The list of genes was extracted from the
original paper (Capra et al., 2008). To identify biological functions associated to genes with
increased or decreased variation in gene expression four groups of genes were investigated:
genes with increased variance in developing worms, genes with increased variance in aging
worms, genes with decreased variance in developing worms and genes with decreased

variance in aging worms. GO terms were considered significant with a P-value < 0.01.

Assigning cis- or trans-acting regulation to eQTLs
We assigned trans-acting to any eQTL of which the peak was found at least 5 markers from

the position of the gene the eQTL was calculated for. The rest was assigned cis-acting.

eQTL determination for daf-16

A closer inspection of daf-16 was needed because it is represented with 7 different probes
on the micro-array (Washington University; Array ID 3998, 5934, 7870, 8690, 9806, 17494
and 20336). To (re-)determine the quality of the probes we blasted them against the C.
elegans genome. Two groups were found, three probes (3998, 7870 and 17494) were
perfectly aligned to genomic clone R13H8 and the four other to FS5A3. The four probes
that aligned to genomic clone F55A3 showed possible cross-hybridization and were
discarded from eQTL mapping. Furthermore one of the probes (17494) had a mean log2
intensity P-value < 7.5 and was also discarded. The two remaining probes (3998 and 7870)
showed a similar eQTL profile and had a co-locating eQTL on chr /V. This eQTL had in
both cases a —log10 P-value significance of > 4. For clarity we took the mean log2 intensity
of these two probes per RIL as a measure for daf-16 expression and subsequently calculated
the eQTL profile as shown in Figure 3.

Threshold determination

We used a permutation approach to determine the thresholds for the different mapping
strategies (as in Li ef al. 2006). For each of the used models for eQTL mapping we used
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23,000 permutations. For each permutation we randomly picked a spot, each spot could
only be picked once. The gene expression and relative lifespan values were than randomly
distributed over the RILs (and time points) and used for mapping. In this way we obtained a
threshold for each of the explaining factors. For the single time-points we used a false
discovery rate (FDR) of 0.01 to adjust for multiple testing (Li et al., 2006). The genome-
wide threshold for this FDR is —log10 P-valuep of 3.8 for each of the three time-points. For
the combined models (t1 to t2 and t2 to t3) we used a genome-wide threshold of —log10 P-
value of 4, which resembles an FDR of 0.006, 0.001 and 0.006 for marker, age and the
interaction between marker and age respectively.

To determine the threshold for the single gene examples we used 1000 permutations as in
the genome-wide threshold. The difference is that we use the gene under study in all of the

permutations. The P-values for the gene specific thresholds were determined at FDR 0.05.

Genome wide eQTL mapping

Prior to eQTL mapping we made sure that the absolute correlation of all marker and the
dyes was less than 0.35. Furthermore the absolute correlation between markers on different
chromosomes was less than 0.55 for all markers. Also, before calculating the eQTL profiles
the outliers (> mean +2*SD or < mean -2*SD) per spot per stage were removed, to prevent
the signals from dust etc.

First, we used a linear model to calculate the linkage of each marker with the measured
expression levels for each of the time points separately (to make Figure 1). We used the
log2 single channel normalized intensities as a measure for gene expression. We did not use
the ratios because they can be notoriously problematic when it comes to inflation of
variance. The model used for each of the three age-groups was: gene expression = marker
(effect) + error. In this way we obtained the genome-wide eQTL profiles for all genes for
the three age-groups.

Secondly, to quantify the heritable differences in gene expression that are age dependent
we extended our linear model by analyzing two age-groups at once and including the
relative age of the RILs as an explanatory factor. The model used for both combinations, t1
(=juvenile) and t2 (=reproductive), and t2 and t3 (=old worms) was: gene expression =
marker (effect) + relative age + interaction (marker*relative age) + error. The age-groups t1
and t2 in one model are revered to as developing worms. The age-groups t2 and t3 in one
model are revered to as aging worms. The significance and effect of each marker, relative

age (time) and for the interaction between the two was obtained for all genes on the array.
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Determination of temporal expression patterns

The significance (P-value < 0.0001; see threshold determination) of the relative age (time)
was used to determine if a gene was differentially expressed between the three age (time)
groups. The effect of this factor explaining gene expression differences was used to
determine if the expression went up or down during the two age/time periods (t1-t2 and t2-
t3). So, we could assign each gene affected by age to one of the 8 possible classes (see

Figure 1).

Determination of variance differences

We determined for all genes if a difference in variance exists between the juvenile and
reproducing worms and between reproducing an old worms. A two-sided F-test was used to
determine the significance of the difference in variance. As a threshold we used a P-value <
0.0001. Genes that had a significant difference in transcript variance where then assigned to
increasing or decreasing in developing and aging worms. Over (or possible under-)
representation of genes with an eQTL in the different significantly increased or decreased
transcript level variance groups was determined by a hyper-geometric test. As example, the
group of 1289 genes with significantly increased variance in developing worms contained
113 genes with an 4,,eQTL. We asked what is the likelihood to find this by chance when
the total number of genes (18893) contains 280 genes with a 4,,eQTL.

To investigate if a possible relation between mean expression and an increase or decrease
in variance influenced our results we used three methods. First we calculated the correlation
(Pearson) between the variance and mean expression level. For all three stages these were
low but positive (0.30, 0.32, and 0.40 resp.). So a possible increase in variation of the low
expressed genes by normalization is very unlikely to have influenced our results. Secondly
when we divide the expression levels per stage by the mean expression level per stage we
found an even larger difference between genes with increased variance (3403) and
decreased variance (641), both at P-value < 0.0001, which is confirming and strengthening
our initial result. Thirdly, when we use a permutation approach we only found small
difference between genes that have an increased or decreased variance when comparing
stage 2 and 3 (979 and 743). In this permutation approach we made two random groups per
gene from the expression levels of stage 2 and 3. Then we calculated the variances, means
and P-values. Again this result shows that there is a large difference between the number of
genes that have and increased variance and those that have a decreased variance when stage

2 and 3 are compared.
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Supplemental material
All the supplementary tables and figures are available from the author on
http://www.anavinuela.com/thesis/thesis.html

Supplementary Figure SF1: Plot bar with the average lifespan in days of the wildtypes N2
x CB4856 and the derived RILs grown at 24°C.

Supplementary Figure SF2: Relation between an in- or de-crease in variance during
development and aging. On the y-axis the —log 10 P value of the most significant marker is
shown. On the x-axis the log2 of the variance of gene expression in juvenile worm divided
by the variance in reproducing worms for developing worms and the log2 of the variance of
gene expression in reproducing worms divided by the variance in old worms is shown. A
negative number (on the x-axis) means an increase in variation and a positive number a
decrease. The red line indicates the eQTL threshold (-logl0 P-value >= 4; P-value <=
0.0001). Type of eQTL (marker (eQTL) or genotype-by-age (ox.€QTL) are indicated above
the panels. The blue marked dots indicate the genes that had a significantly different
variance (-log10 P-value >= 4; P-value <= 0.0001). The difference between developing and
aging worms is most visible in the relatively small number of genes with a ,,,eQTL and
increase in variation in aging worms and those with a ,,,6QTL and an increase in variation
in developing worms.

Supplementary Table ST1: Recombinant inbred lines used for the arrays (including what
label was used) for each age-group (juvenile, (late) reproductive and senescent) and their
average lifespan at 24°C. Lifespan of N2 and CB4856 was (16.3 £ SE 0.6) (n=70), (13.1
SE 0.4) (n=36), respectively.

Supplementary Table ST2: List of genes in each pattern of expression described in figure
1 and table 1.

Supplementary Table ST3: List of significant GO terms in each pattern of expression
described in figure 1 and table 1.

Supplementary Table ST4: List of significant GO terms in genes with a significant
increased or decreased in transcript variance.

Supplemental Table ST5: Genes with a ,,eQTL in aging worms (not included are the
genes that are deleted in CB4856 compared to N2).
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Supplemental Table ST7: Number of genes with two eQTLs at three different thresholds
for both developing and aging worms.
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Abstract

Gene expression variation is a heritable trait in segregating populations. This allows
for genetic mapping of genomic regions associated with variation in gene expression,
called expression quantitative trait loci (eQTLs). Mapping of eQTLs is a powerful tool
to characterize the loci underlying complex disease traits. However, heritability of any
phenotypic trait is not necessarily constant with age. The variances determining
heritability become a function of age since different genetic and environmental effects
can influence the traits measured. We recently reported that age influences the
distribution of eQTLs and that the temporal dynamics of regulatory loci are heritable
and can become more prominent at older ages in the nematode Caenorhabditis
elegans (Vinuela et al., 2010). Now, we investigate how heritability of gene expression
changes with age and how those changes may affect the detection of eQTL in aging C.
elegans. We found that the average broad sense heritability of gene expression did not
change with age. But, the average heritability in developing and aging worms was
determined by different genes. Also, we identified a stronger imbalance between
highly heritable genes and eQTLs in aging than in developing worms, indicating that
heritability is a poorer predictor of eQTL detection at older ages. We propose that
gene expression regulation becomes more polygenic in aging worms. As a result,
heritability values of gene expression change with age, and our ability to detect
eQTLs, decreased. We believe that our study has important implications for the
analysis of complex diseases and the problem of the missing heritability in complex

traits.
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Introduction

Variation in gene expression, or transcript abundance, is an important contribution to
phenotypic diversity observed within and between populations. It is closely associated with
many complex traits, including a great number of common human diseases, and provides
the basis for evolutionary change (Wray et al., 2003). Many studies have shown that
individual variation in gene expression is heritable in segregating populations, i.e. it is
genetically determined (Brem et al., 2005). But evidence is emerging that heritability is a
poor predictor of eQTL detection, although detailed studies are sparse. A low heritability
means that most of the phenotypic variation among individuals in a population may be due
to environmental factors. A high heritability means that most of the observed variation can
be attributed to variation in the individual genotypes. This allows for genetic mapping of
genomic regions associated with variation in gene expression, called expression
quantitative trait loci (eQTLs) (Flint et al., 2005). Mapping of eQTLs is a powerful tool to
characterize the loci underlying complex disease traits. It can be used as the link between
genetic markers of disease which are identified in genome-wide association studies and the
transcript abundance of one or more genes. For instance, eQTL were found to be associated
with the risk of lung cancer (Li et al., 2010). The strategy has been successfully applied to
several other complex diseases such as celiac disease (Hunt er al, 2008) and asthma
(Moffatt et al., 2007). Moreover, eQTLs were detected affecting levels of gene expression
in cis or in trans, thus providing means to identify potential underlying genetic pathways.

However, the relationship between heritability and the mapping of eQTL is not well
understood. Petretto et al. (2006) applied genome-wide expression profiling and eQTL
mapping to investigate the regulation of gene expression in different tissues within rat
recombinant inbred lines (Petretto et al., 2006). It appeared that the proportion of heritable
expression traits was similar across tissues; yet, heritability itself was not a good predictor
for detection of an eQTL. The efficiency to map eQTL depended to a large extent on the P-
value thresholds at which eQTLs were mapped. Additionally, their results illustrate that
heritability is an unreliable parameter for predicting putative trans-eQTLs.

We recently reported that age influences the distribution of eQTLs and that the temporal

dynamics of regulatory loci are heritable and can become more prominent at older ages in
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the nematode worm C. elegans (Vifiuela et al., 2010). Here, we investigate for the first time
how heritability changes with age and to which extent this affected the detection of eQTL
in C. elegans. Understanding how heritability changes with age is not only important for
eQTL mapping. Age-specific heritability determines also how populations respond to
natural selection and has only rarely been studied, so far only for life-history traits in cattle
(Albuquerque and Meyer, 2005), fruitflies (Snoke and Promislow, 2003) and in natural
populations (Charmantier et al., 2006).

We used microarrays to measure genome-wide gene expression in two of the most
genetically divergent wildtypes Bristol N2 and Hawaii CB4856 at three different ages:
young worms, tl, age was 40 h; for reproductive worms, t2, age was 96 h; and for old
worms, t3, age was 214 h. We investigated how heritability of gene expression changes

with age and how these correlated with mapped eQTL (Viiiuela ef al., 2010).

Results

Age and genotype effects on gene expression in N2 and CB4856.

First, we studied the effect of the parental genotypes on gene expression levels in the three
age groups separately, juveniles, reproductive and old worms. We identified 11.3 % (2151),
9.8 % (1868) and 14.1 % (2679) genes significantly affected by the genotype for each age
group, respectively (Supplementary Table ST1). Yet, the average lifespan differed between
both strains, 16 d. for N2 and 13 d. for CB4856 (Vifiuela ef al., 2010). Age at maturity on
the other hand, did not differ (Gutteling et al., 2007). In other words, physiological age
differed between wild types at the time of RNA harvest. To correct for this discrepancy, we
treated age differences with a two-time-model for developing worms (juveniles and
reproductive worms) and for aging worms (reproductive and old worms) (Vifiuela et al.,
2010) (Supplementary Table ST2). Three factors were considered: relative age, genotype
(marker) and their interaction. In this way we found 50.1% (11653) and 40.7% (9458) of all
transcripts to have a significant age effect in developing and aging worms, respectively. We

also found transcript effects linked to genotype (15.3% (2899) and 10.5% (1999) for
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developing and aging worms, respectively) and genotype-by-age effect (20.5% (3888) and
15.2% (2886)).

A Gene Ontology (GO) enrichment analysis of the regulated genes (Supplementary Table
ST3) showed genotypic differences in regulation of calcium transport, and structure
molecules as collagen or extracellular matrix in developing worms. For aging worms, we
found genotypic differences in regulation of response to oxidative stress, and glycoprotein
catabolic process. The genotype-by-age interaction affects signaling pathways mediated by
cell surface receptors, metabolic processes for nitrogen, glutamine, glyoxylate, isocitrate or
malate in developing worms. And in aging worms, regulated processes included cell

division, and lipid storage.

Complexity of genetic variation in gene expression

We investigated the overlap between differentially expressed genes for N2 and CB4856 and
the genes for which an eQTL was mapped (Viduela et al., 2010). We identified three
possible relevant gene categories (Figure 1): A) Genes differentially expressed between the
parental lines that also had an eQTL. B) Genes differentially expressed between the
parental lines without an eQTL. C) Genes not differentially expressed between the parental
lines but with an eQTL.

Category A genes (Figure 1A) included those with a different level of expression between
the parental lines and statistical evidence for genomic linkage in the recombinant
genotypes. This was the expected behavior of polymorphic traits that segregate in the RILs.
It involved strong regulatory elements influencing gene expression which activity was
detectable after the recombination events. We found 496 and 266 genes in this category for
genotypic effect in developing and aging worms, respectively. Genes with a genotype-by-
age effect were 342 and 288 genes, for developing and aging worms (Supplementary Table
1 and Supplementary Figures SF3 to SF6). A Gene Ontology (GO) enrichment analysis
(Supplementary Figure SF1 and Supplementary Table ST4) showed ATPase activity,
calcium transport, and protein kinase actitivy as strongly regulated processes in developing
worm with genotype effect. Genotype-by-age regulated genes in developing worms
involved ATPase activity, but also lipid storage and lipid glycosilation, oxidoreductase

activity and regulation of locomotion. In aging worms we found enrichment for response to
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oxidative stress, metal ion binding and hydrolase for genotypic effect. Genes with a
genotype-by-age effect were related to oxidative stress responses, but also to metabolism of

glutamine and glycoproteins, and ATP-binding.
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Figure 1.- Interpretation of gene expression differences in segregating populations. Three different features
could be identified when comparing mapping data from RILs and expression level differences between parental
strains. A.- Genes with a statistical evidence for genomic linkage (eQTL) and different levels of transcript
abundance between the parental lines. The regulatory elements (green and orange triangles) may have different
effects (red or blue) over the phenotype (gene expression). Reshuffling the different regulatory elements in the
RILs induced phenotypes in the population within the range of the parental strains (from red to blue). B.- Genes
with no statistical evidence for genomic linkage (eQTL) and different level of expression between the parental
lines. The regulatory elements may have similar and/or opposite small effects. Their recombination induces
intermediate phenotypes in the RILs. None of the single effects of any of the multiple regulators was large enough
to be indentified. Different mapping strategies or complementary experimental data may be able to identify
multiple regulatory elements affecting the expression levels. C.- Genes with statistical evidence for genomic
linkage (eQTL) and with similar levels of transcript abundance between the parental strains. The genomic
recombination may had induce extreme phenotypes when compare to the parental lines. The expression level of

some of those genes may show signs of transgressive segregation.

In category B (Figure 1B), we identified 2535 genes for developing, and 1803 genes for
aging worms that were different between the parental lines but with no statistical evidence
for genomic linkage associated to genotypic effect (Table 1). For genotype-by-age
interaction 3650 (developing) and 2741 (aging) genes were identified. The differences
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between the parental were mainly genetic, but we failed to detect the corresponding eQTLs
or ,,eQTL. Failure in linkage detection in heritable traits may be explained by many loci
with small effects, none of which is strong enough to be detected. Thus, those genes were

likely to have a polygenic control of their transcript abundance.

Table 1.- Number of overlapping genes between parental and segregants analysis
Developing Aging
genotype age*genotype genotype age*genotype
Genes with a significant eQTLs 1401 935 867 844
Differentially expressed the 2899 3888 1999 2886
parents
Detected eQTL & differentially 496 342 266 288
expressed in the parents
NO detected eQTL &
differentially expressed in the 2535 3650 1803 2741
parents
Detected eQTL & NO
differentially expressed in the 1041 691 673 688
parents

Table 1.- Number of genes overlapping between differentially expressed genes in the parental strains and genes
for which an eQTL was mapped. First two rows show the number of genes with an eQTL in the RILs and
differentially expressed in the parental strains with genotype and age-by-genotype effects. The next threes rows
shows the number of genes within the three categories considered: Category A) Genes with at least an eQTL and
differentially expressed between the parents. Category B) Genes without an eQTL but differentially expressed in
the parents; and Category C) Genes with an eQTL but no differentially expressed in the parents. Thresholds for
eQTL detection —log10 P-value > 3, and —log10 P-value > 2 for parental analysis.

Category C (Figure 1C), contained genes with at least an eQTL but no differences in
expression between the parental strains. In total we found 1041 (developing) and 673
(aging) genes with an eQTL; and 691 (developing) and 688 (aging) genes with an ,,eQTL
in this group (Table 1). Contrary to genes in category B, we identified a genomic linkage
that was not observed in the parental strains. This may be the result of new epistatic
interactions in the segregants or complementary additive effects of the new allelic
combinations (Rieseberg et al., 1999; Brachi et al., 2010). Both possibilities involved
multiple loci regulation, and suggested transgression of gene expression due to higher or

lower transcript abundance in the segregants than in either parent.
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Patterns of gene expression showed signs of transgressive segregation

Transgressive segregation in the RILs implies that the allelic combination produced higher
or lower expression values than in either parent. To detect transgression, we compared
expression values of parents and segregant strains in juvenile, reproductive and old worms.
8205 (43.4 %), 9109 (48.2 %) and 8484 (44.9 %) genes which expression levels
transgressed were identified. Moreover, we investigated whether changes in gene
expression over time could also transgress with respect to the parental lines. Genes with
expression levels outside or inside the parental ranges in two time-points were considered.
In this way, we identified 1032 genes (5.4 %) with significant transgression of expression
changes in developing worms, and 1122 genes (5.9 %) in aging worms. The results
indicated that transgressive segregation of gene expression was widespread and similar in
number of genes at different ages in C. elegans. Moreover, patterns of expression

transgressed in the segregants, suggesting multiple regulators controlling those patterns.

Heritability of gene expression changes with age

We investigated how heritability (H?) of gene expression changes with age and how this
correlated with mapped eQTL. The heritability is the fraction of variation in gene
expression that can be attributed to genotypic differences in the segregants. Therefore,
highly heritable genes may be more likely to have a detectable eQTL and highly heritable
genes without eQTL may suggest complex and non detectable regulation in gene
expression.

The heritability of each transcript was estimated as in Keurentjes, et al. (2007) from the
pooled within line variance of the parents. As expected, we observed that the relative
number of genes for which an eQTL can be found increases with a higher H?, for both the
developing worms. However, for old and for aging worms (reproductive to old worms) the
relative number of eQTLs hardly increased with an increasing H* (Figure 2 and
Supplementary Figure SF6). Furthermore, we identified highly heritable patterns of gene
expression for developing worms (9924 genes with H> > 0.69) and for aging worms (7338
genes with H*> 0.77) (See methods and materials for threshold determination). A GO term

analysis of those genes (Supplementary Tables STS and ST6) indicated that in developing
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worms unique highly heritable functions were calcium-transporting ATPase activity,
carboxylestarase actitivy, and dendrite development among others. Some of the highly
heritable functions identified only in aging worms were gluconeogenesis, calcium channel
activity, cholesterol binding or protein kinase activities.

Developing worms
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Figure 2.- Heritability and eQTL. Heritability of gene expression in developing and aging worms was plotted. y-
axis (left side) shows the frequency of transcripts within a range of heritability values. x-axis percentage of
heritability per gene. The lines indicate (y-axis, right side) the number of genes with an eQTL (solid line) and

number of genes with an ,,,eQTL (dashed line) within the range of heritability.

Figure 3 shows the overlap between highly heritable genes (H> > 0.69 and H* > 0.77),
number of eQTLs and transgressive genes in developing and aging worms. As expected
from the comparison between segregants linkage and differentially expressed genes in the
parental lines (Table 1 and Figure 3), there was a large group of highly heritable genes
without detectable eQTLs, at both age groups (79% and 78.8%, respectively). The analysis

also showed that high heritability was not a good predictor for genomic linkage, since

85



Chapter 5

33.7% (620) and 47.6% (632) genes with eQTLs in developing and aging worms did not
fall into the high heritability groups of genes (see also Figure 2). Moreover, it suggested

Developing worms Aging worms
High Heritability High Heritability
Transgressive Transgressive
7845 836 |7 5787 858|194
1129( 114 | 3 628 |65| 5
617 627
8270 10729
Genes Genes

Figure 3.- Overlapping features analyzed in developing and aging worms. From almost nineteen thousand
analyzed genes (black square), we identified highly heritable genes (red square), genes with at least one detectable
genomic linkage (eQTL, orange square) and genes which expression values transgressed from the parental values

(Transgressive, green square).

that age influenced the relationship between heritability and the ability to detect genomic
linkage. This age influence was also observed in the comparison of transgressive genes and
heritable genes. In developing worms 7.2% (82) genes which expression values
transgressed with respect to the parents did not have high heritability values, as compared
to 17.7% (199) genes in aging worms. Still, genes with signs of transgressive segregation
tended to have higher heritability values (Supplementary Figure SF7). Altogether, we
conclude that filtering highly heritable genes for eQTLs analysis will result in a decrease in
linkage detection close to 50% in aging worms. However, the approximately 80% of genes
with highly heritable values without genomic linkage at both age groups suggested lack of
eQTL detection.
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Figure 4.- eQTLs vs. heritability. Percentage of eQTLs (x-axis) detected in transcripts ordered by heritability
values (x-axis). Grey area indicates the percentage of genomic linkage (markers) detected considering the effect of
only one marker. Red area shows the increment in number of genomic linkage (markers) detected when two or
more markers effect were allowed in the model. The total percentage of genomic linkage (markers) detected at
each age group with one or more markers linkages are the sum of both colored areas (black and grey) and marked

in the x-axis.

The number of polymorphic regulators increased with age

Failure to detect eQTLs may be explained by multiple regulatory elements which effect can
not be detected using the current analysis. Moreover, the differences in number of genes
with eQTLs, signs of transgression and high heritability between developing and aging
worms, also suggested that the power of detection of genetic linkage was affected by the
differences in gene expression regulation induced by age. To test this hypothesis we applied
a forward and backward marker selection approach in the linear model previously used.
The procedure identified per gene the linear model that better explained the variation in
expression considering more than one marker effects and paired interactions between
markers. This strategy allowed identifying genes that were likely to have more than one
polymorphic regulatory element affecting their expression values at different ages. A
summary of the results is shown in Figure 4, where the number of transcripts was ordered
by heritability values (x-axis) and the total percentage of detected eQTL per transcript

groups was plotted (y-axis). In developing worms, we found that the number of transcripts
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with an eQTL due to the effect of one marker (grey area) increased when two or more
markers were fitted into the model (black area). This increment was bigger in transcripts
with higher heritability values as the red area is larger at the right side of the graph. On the
other hand, the increase on eQTLs detected with two or more markers in the model was
larger in aging worms (bigger black area). This suggests again that heritable regulation of
gene expression patterns becomes more complex in aging worms due to involvement of

multiple loci.

Discussion

Heritability provides a measurement of the phenotypic variation that can be attributed to
genotypic variation and is an indicator of the relative importance of genes and environment
in traits variation (Visscher et al., 2008). The power to detect gene variants that affect gene
expression (¢QTL) depends to a large extent on heritability. The average heritability of
gene expression in developing worms was 0.64. This is comparable to average heritability
values found in RIL populations of yeast (Brem et al., 2005; Zou et al., 2009) and
Arabidopsis (Keurentjes et al., 2007). In developing worms we found that the fraction of
genes with an eQTL increased with heritability. This is according to theory and was also
reported for Arabidopsis seedlings. Yet, Petretto et al. (2006) showed that heritability alone
was not a reliable predictor of whether an eQTL can be detected. They observed that
heritability used as a filter reduces the ability to discover eQTLs with small effects.
Heritability of any phenotypic trait might not be constant with age. Traits measured during
an individual’s lifetime can have different genetic and environmental effects influencing it,
so that the variances determining heritability become a function of age. We found an
average heritability of 0.67 for aging worms which was not significantly different from
heritability in developing worms. But we found that the heritability in developing and aging
worms was determined by different genes having different GO terms. We estimated
heritability considering changes on gene expression and we accounted for variance in gene
expression over two age points. This method leads to an overestimation of the genetic

variance. However, our approach provides a valid source to compare the relative genetic
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and environmental influence on patterns of gene expression at different ages. Recently, we
showed that the number of detected heritable gene expression changes declined with age in
worms (Vifiuela et al., 2010). Linkage analysis indicated that the decline in eQTL number
in older worms was stronger in cis-acting linkages than in frans-acting. In line with those
results, the data presented here indicated that gene expression regulation became more
polygenic in aging worms, suggesting that multiple intermediates involved in distant
regulation became relatively more influential with age. Likewise, changes in gene
regulatory mechanisms may have an effect on our ability to detect eQTLs. In that sense, it
is known that the efficiency to map eQTLs depends to a large extent on the P-value
thresholds at which eQTLs are mapped. This is especially relevant in trans-eQTLs, because
they exhibit smaller genetic effects (Petretto et al., 2006). Their smaller effect has been
related to the number of protein intermediates (Smith and Kruglyak, 2008). The genetic
variance effect may be diluted in a larger number of intermediates, and therefore it would
have been more difficult to map. Moreover, trans-regulation is more likely to have
intermediate regulators with opposing effects on transcripts levels. Such opposite effects
can cancel each other, limiting our ability to detect genetic linkage at different older ages
(Brem et al., 2005; Smith and Kruglyak, 2008). It is possible; therefore, that failure to
detect eQTL in old worms was linked to a change in the proportion of cis and trans
regulation, with a relative increase in the latest that are more difficult linkages to detect.
Furthermore, previous studies have shown that cis-acting linkages are more consistent
across environmental conditions (Li et al., 2006; Petretto et al., 2006; Smith and Kruglyak,
2008). Accordingly, the relative influence of the environment on gene expression might be
increased in old worms, affecting our ability to detect genetic linkage.

The comparison of genomic linkage between segregants and parental strains supports a
model for polygenic gene expression regulation in aging worms. We identified a similar
number of transgressed gene expression values at both age groups. Transgressive
segregation is attributed to epistatic interactions between alleles or to opposites additive
effect of segregating alleles (Rieseberg ef al., 1999). Therefore, the high heritability values
in transgressive genes that we observed were expected. However, the number of
transgressed genes for which we were able to identify genomic linkage was lower in aging

worms, indicating a more complex polygenic regulation at these ages. Moreover, we were
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able to identify three categories of genes: (A) genes with genomic linkage in parents and
segregants, (B) genes with genomic linkage in the parents, but not in the segregants, and
(C) genes with genomic linkage in the segregants but not in the parents. The overall number
of genes in those categories decreased with age for all three gene categories (Table 1). This
suggested an equal decrease in power detection for expression genomic linkages in parents
and segregants. It also indicates that our ability to detect eQTLs was affected by changes in
the gene expression regulation with age.

Organisms are genetically programmed to survive. Longevity is determined by processes
that maintain somatic tissues functioning, and it is limited by the energy consumed in the
process. The aging process depends largely on the accumulation of molecular damage
(Kirkwood, 1977; Kirkwood, 2002). Longevity programs therefore, include damage repair,
toxicant excretion and metabolism to minimize age accumulation damage and cover energy
requirements (Kuningas et al., 2008). Detoxification and toxicant excretion genes have
been identified among molecular mechanism involved in longevity of C. elegans (McElwee
et al., 2004; Gems and McElwee, 2005). Previously, we identified detoxification genes as
regulated in aging worms by our linkage analysis (Vifuela ef al., 2010). Here, we also
identified in the group of genes with gene expression genomic linkage in parental and
segregant strains (Category A) enrichment for oxidative stress response and some
metabolic pathways in aging worms. Moreover, in the heritability analysis we observed the
expression of genes involved in gluconeogenesis and other metabolic processes as highly
heritable only in aging worms compared to developing worms. This suggested genetic
determination in longevity associated processes. Together, our results support a model of
longevity where expression levels of genes involved in damage repair and energy
distribution are strongly regulated at old ages. However, heritability and genomic linkages
are genetic parameters influenced by population structure and environmental factors. Our
analysis was limited by the variation expressed in the RIL population at certain ages
(juveniles, (late) reproductive and old) and in laboratory (stable) conditions. Therefore, the
genetic variation necessary to detect the genomic linkage in longevity genes was revealed
in aging worms.

In conclusion, heritability of gene expression changes with age. The genome wide broad

sense heritability was similar for both age groups; but at the single gene level, the
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expression variance that we can attribute to genetic variance changes with age. A reason for
that may be changes in gene expression regulation. A scenario where regulation became
more polygenic in aging worms explains the decrease in eQTLs. Likewise, it explains the
imbalance between highly heritable genes and eQTLs in aging worms; as well as the

smaller genetic linkages identified in transgressive genes.

Methods & Materials

C. elegans culturing

C. elegans nematodes strains N2 and CB4856 were cultured on standard nematode growth
medium (NGM) with E. coli OP50 as food source and a constant temperature of 24°C.
Populations were started with non-mated hermaphrodites and screened regularly to remove
any occurring males. Reproductive nematodes from both wildtypes were bleached (0.5 M
NaOH, 1% hypochlorite) in order to collect age synchronized eggs (Emmons et al., 1979)
which were inoculated (t0) in 9cm petri dishes. After 40 hours (t1) nematodes in late L4
stage from 6 dishes were collected as one sample, frozen in liquid nitrogen and stored at -
80°C until RNA extraction. The remaining 18 dishes were kept in culture until hour 41
when the nematodes were transferred to fresh NGM dishes (with E. coli OP50) treated with
0.05-0.01 mg/ml of FUDR (fluorodeoxyuridine) in order to avoid hatching of the eggs.
After 30 hours the nematodes with FUDR were transferred to fresh dishes (without FUDR)
to prevent starvation and remove the FUDR. After 23 hours, 96 hours of total culture time
(t2), nematodes from 6 dishes were collected and frozen in liquid nitrogen prior to RNA
extraction. The remaining 12 dishes were kept at constant temperature until 214 hours of
culture (t3), when they were harvested and frozen in liquid nitrogen. All the dishes were
visually inspected before harvest. Any population with infection, more than one generation

(reproduction) or starving nematodes (lacking bacteria) were discarded.

Microarray experiments

RNA from nematodes was extracted following the Trizol method, followed by the RNeasy
Micro kit (Qiagen, Valencia, CA, USA) to clean up the samples. Labeled cDNA was
produced with an Array 900 HS kit from Genisphere and Superscript II from Invitrogen.
The Nucleospin kit (Bioké, Leiden, NL) was used to clean the cDNA samples in order to
reduce unspecific binding to the arrays. The two colors 60-mers arrays were obtained from

Washington University.
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N2 versus CB4856 samples were hybridized to each array, with 6 replicates of t1, t2 and t3
in a dye swap design. The microarrays were hybridized following the Genisphere Array
900 HS protocol. The differential hybridization due to SNP differences between N2 and
CB4856 is low in these 60-mers arrays (Li et al., 2006). All microarray data have been
deposited in Gene Expression Omnibus (GEO) with the common accession number
GSE22887.

Microarray normalization

A Perking & Elmer scanner was used to extract raw intensities. The R software was use for
preprocessing and normalization (www.r-project.org) using the Limma package (Smyth,
2005). The Loess method (Smyth and Speed, 2003) was used for normalization within
arrays and normalization between arrays was done using the quantile method (Yang, 2003),
both methods are included in the Limma package. The expression data from N2 and
CB4856 were normalized together with the segregant expression data (GEO accession
number GSE17071).

Outliers were removed prior normalization. From RILs data, outliers were considered
values lower or higher than two times standard deviation of the mean, per spot per stage.
Outliers from N2 and CB4856 arrays were identified using a linear model. Expression
values of juveniles and reproductive worms in one model, and reproductive and old worms
in other were treated together in linear models. The models fit expression values according
to the genotype (N2 or CB4856) in two time points (t1-t2, and t2-t3) and remove values
outside the 0.995 confidence interval, one spot at the time, recursively. No more than 6
values were allowed to be removed. Values from reproductive worms were considered

outliers if they were removed from any of the two linear models.

Statistical analysis of the parental lines

Differential expression between genotypes (N2 and CB4856) and age was determined as in
Vifiuela & Snoek et al. (2010). In short, using the log2 single channel normalized
intensities and a linear model (gene expression = marker (effect) + error), we calculated
how well the genotype could explain the variation in measured expression levels for each
gene for each of the time points separately. To quantify the heritable differences in gene
expression that are age dependent we extended our linear model by analyzing two age-
groups at once and including the relative age of N2 and CB4856 at the time of harvest as an
explanatory factor. Relative ages were calculated as time of harvest (1.7 d., 3.91 d, and 8.91
d.) divided by average life span of N2 (16.35 d.) and CB4856 (13.07 d.). The model (gene
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expression = marker (effect) + relative age + interaction (marker*relative age) + error) was
used on the age-groups t1 and t2 (developing worms), and the age-groups t2 and t3 (aging
worms). The significance and effect of each genotype, relative age and for the interaction
between the two was obtained for all genes on the array.

We used a permutation approach to determine the thresholds for the differentially expressed
genes (as in (Li et al., 2006) and (Viiuela ef al., 2010)). The expression intensities per spot
were randomly distributed over the replicates (and time points). Each spot was only picked
once, from a total of 23232 permutations. In this way we obtained a threshold for each of
the explanatory factors. For the single time-points we used a genome-wide threshold of
—logl10 P-value = 2, which resembles a false discovery rate (FDR) of 0.0129, 0.0118 and
0.0136 for each of the three time-points, respectively. For the combined models (t1 to t2
and t2 to t3) we used a genome-wide threshold of —log10 P-value of 2, which resembles an
FDR of 0.0111, 0.0108 and 0.0113 for genotype, age and the interaction age-genotype for
the developing worms and FDR of 0.0108, 0.0103 and 0.0105 for genotype, age and age-

genotype for the aging worms.

Gene Ontology analysis

Gene Ontology (GO) data and functional domain data were extracted from Wormbase
release WB210. GO terms with less than 2 genes were discarded. Over-represented groups
of GO terms and domains were identified using a hypergeometric test (P-value < 0.01). In

this way we analyzed 2109 unique GO terms form 18,312 annotated genes, respectively.

Comparative analysis between parents and segregant lines

We normalized the parental strains and segregant data sets together (see Microarray
normalization). eQTLs were re-mapped using the same linear model as in Viiuela &
Snoek, et al. and in the parental strains analysis (Vifiuela et al., 2010). Thereby, we first
obtained genome-wide eQTL profiles for all genes for the three age-groups. Secondly,
eQTL profiles for all the genes in developing and aging worms were obtained, with relative
age, genotype and the age-genotype interaction as explanatory factors. We compared the
number of genes with at least one significant eQTL (see below for significant levels) with
the genes significantly different between the parents. Than, we compared and quantified the
number of regulated and non-regulated genes between the RILs and the parents. For
determining the thresholds we used a permutation approach as described above. Therefore,
we calculated P-values from permuted data for eQTL mapping and for genotypic effect in
the parents at the three time points and in the two age-group combined models. The
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probabilities to find genes that were significantly different between the parental genotypes
and also have an eQTL by chance were determined. This approach allowed us to relax the
threshold for the linkage mapping from —log10 P-value 3.8 in the original paper (Vifiuela et
al., 2010). For simplicity, we decided to use a level of significance of —logl10 P-value = 3
for eQTL mapping and a —log10 P-value = 2 for the parents analysis for all time points and
models. Those thresholds resembled the following joined-FDR for the three time-points:
0.0129, 0.0118 and 0.0136, respectively. The joined-FDR in the combined models for
genotype, age and the interaction in developing worms were 0.0111, 0.0108 and 0.0113. In
aging worms the FDR were 0.0108, 0.0103 and 0.0105 respectively.

Multiple regulatory elements analysis

To investigate if genes without an identified eQTL in the single marker model could have
one or more eQTL we use a forward & backward marker selection approach in the linear
model described in the previous section. We only did this for the models including relative
age effects. To make this procedure possible we selected four markers per chromosome,
obtaining a total of 24 markers. All these 24 markers, including paired interactions, relative
age and the interaction between marker and relative age were in the starting model. The
Bayesian Information Criterion (BIC) was used as a selection method to identify the best
model explaining the origin of the variation per gene expression. We allowed 2000 steps
and no more than 6 explanatory variables to identify the best model. From each model the
number of markers explaining the variation in gene expression was determined and used in

further analysis.

Transgressive segregation

Transgression to higher or lower expression, or to both extremes were defined for those
genes with at least n=6 transcripts out of the 2 times standard deviation of the mean
expression of the higher or the lower parent. The FDR and the limit for the number of
transcripts (n=6) were computed as (Keurentjes et al., 2007). In the three time point
analysis, a threshold of 6 transcripts resembles to a FDR of 0.049, 0.046 and 0.045. Results
were averaged over 100 permutations.

To identify transgressive alleles over time we first counted those genes with at least 6
transcripts (n = 6) out of the 2 times standard deviation of the mean of the higher or the
lower parent in both t1 and t2 for developing worms, and in both t2 and t3 for aging worms.
The FDR for this analysis were: 0.0099 and 0.0028. Results were averaged over 100

permutations.
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Heritability

We calculated the heritability of each transcript as H’= (VriL - Vp) / Vi (Keurentjes et al.,
2007), where Vgy was the variance among the segregants and Vp was the pooled within
line variance of the parents. We used the same approach to estimate the heritability of gene
expression over time; that is, the patterns of gene expression changes. For each transcript
we calculated the variance among the segregants as the variance due to genotypic effect
over time (developing and aging worms); and for the parents variance over time. In this
way the effect of the interaction between relative age and genotype on the variance was
excluded. In the single time-point models 35.23%, 30.57% and 25.46% transcripts had a
negative heritability. The two age-group models had 4.54% and 4.47% transcripts with
negative heritability in developing and aging worms, respectively.

To identify highly heritable genes we used a permutation test, as in the previous analysis.
Transcript values were randomized prior to calculating permutated heritable values per
transcript for developing and for aging worms. From the permutated values we identified
the higher heritability value that allow less than 1% false positive (FDR = 0.01), H> > 0.69
for developing worms, H”> > 0.77 for aging worms. Results were averaged from 100

permutations per gene.

Supplementary files
All the supplementary tables and figures are available from the author on
http://www.anavinuela.com/thesis/thesis.html

Supplementary Table ST1: List of differentially expressed genes between N2 and
CB4856 in juvenile (t1), reproductive (t2) and old worms (t3). Genes with a —log10 P-value
> 2 in a linear model (gene expression = marker (effect) + error) were considered
significant. Array ID = identification number for microarray spot. CDS name = coding
sequence name. Gene name = public gene name. P-value = -logl0 P-value for the
significant test.

Supplementary Table ST2: List of differentially expressed genes between N2 and
CB4856 in developing (t1 vs. t2) and aging worms (t2 vs. t3). Genes with a —logl0 P-value
> 2 in a linear model (gene expression = marker(effect) + relative age + interaction
(marker*relative age) + error) were considered significant. Array ID = identification
number for microarray spot. CDS name = coding sequence name. Gene name = public gene
name. P-value = -logl0 P-value for the significant test. Worksheets = Developing (marker)
or genes differentially regulated by genotype in developing worms; Developing (marker-
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age) for genes differentially regulated by genotype*age interaction in developing worms;
Aging (marker) for genes differentially regulated by genotype in aging worms; Aging
(marker-age) for genes differentially regulated by genotype*age interaction in aging
worms.

Supplementary Table ST3: Significantly enriched Gene Ontology (GO) terms and
functional domains. GO terms worksheets contain full GO enriched analysis for
differentially expressed genes between parental strains in developing and aging worms,
genotype effect and genotype*age interacting effect. GO terms are the GO id numbers.
Total genes are the total number of genes in C. elegans assigned to each GO term. Number
of genes are the number of regulated genes by genotype or genotype*age in each GO term.
P-values were calculated using hypergeometric test, values lower that 0.01 and more than
two genes in a category were considered significant. The hypergeometric test compared a
group of 2779 GO terms, with 18,312 annotated genes. Gene annotation with GO terms
were extracted from Wormbase release WB210.

Supplementary Table ST4: Table with GO enrichment analysis of overlapping genes
between differentially expressed genes in the parental strains with at least an eQTL in
developing and aging worms.

Supplementary Table ST5: Table with GO enrichment analysis of highly heritable genes
in developing and aging worms.

Supplementary Table ST6: Table summary with Go terms enrichment analysis summary
for highly heritable genes in developing and aging worms. First table shows GO terms
significantly enriched in both groups of genes with a P-value < 0.01. Second table shows
GO terms significantly enriched (P-value < 0.01) in developing worms genes but not in
aging worms. Third table showed GO terms significantly enriched (P-value < 0.01) in aging
worms genes but not in developing worms

Supplementary Figure SF1: Highly significant GO terms overrepresented in genes
differentially expressed between parental strains and with at least a significant eQTL. Only
GO terms with at least one P-value < 0.01 (-log10 P-value = 2) are shown. Full list of GO
terms at 0.05 significance can be found in Supplementary Table ST3.

Supplementary Figure SF2: Number of overlapping genes between differentially

expressed genes in the parental strains and with at least an eQTL at different thresholds in
developing worms with genotype effect. Bottom bar graphs show number of genes with at
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least an eQTL at different thresholds (from —log10 P-value =1 to —logl0 P-value = 7). Left
bar graphs show number of differentially expressed genes between parental strains at
different thresholds. The number of overlapping genes is showed in the centered graph.
The dark square indicates the number of overlapping genes at the joined-FDR (-logl10 P-
value =3 for eQTL analysis, —logl0 P-value = 2 for parental strains analysis). A
hypergeometric test was used to determine significance of the overlapping genes. The color
legends for the significance are showed at the Right graphs.

Supplementary Figure SF3: Number of overlapping genes between differentially
expressed genes in the parental strains and with at least an eQTL at different thresholds in
developing worms with genotype*age interacting effect. See Supplementary Figure SF1
legend for details.

Supplementary Figure SF4: Number of overlapping genes between differentially
expressed genes in the parental strains and with at least an eQTL at different thresholds in
old worms with genotype effect. See Supplementary Figure SF1 legend for details.

Supplementary Figure SF5: Number of overlapping genes between differentially
expressed genes in the parental strains and with at least an eQTL at different thresholds in
old worms with genotype*age interacting effect. See Supplementary Figure SF1 legend for
details.

Supplementary Figure SF6: Heritability and eQTL. Heritability of gene expression at
juveniles (t1), reproductive (t2) and old (t3) worms was plotted. y-axis (left side) shows
frequency of transcripts within a range of heritability. x-axis percentage of heritability per
gene. The red line indicates (y-axis, right side) number of genes with an eQTL within the
range of heritability.

Supplementary Figure SF7: Transgressive segregation, heritability and eQTLs. Upper
graphs shows values for developing worms, lower graphs for aging worms.Left graphs
(upper and lower) show the number of segregants which expression values transgress from
the higher or lower parent value (y-axis) versus their heritability values (x-axis). Middle and
right graphs plots the number of genes with eQTLs (trans-acting middle, cis-acting right)
detected, their heritability values and their transgressive segregants. We detected more
transgressive segregation in genes with frans-acting regulation and in developing worms
than in aging worms and cis-acting eQTLs. Red line indicates the threshold for significant
transgressive segregation.
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Chapter 6

The main objective of my thesis was to study the genetic architecture of gene expression in
C. elegans by means of perturbation. By exposing the worm to pesticides, different
temperatures and their combinations, we perturbed C. elegans. An additional perturbation
consisted of ageing experiments in recombinant inbred lines, where different alleles are
sources of perturbations. We followed the reasoning that changes in gene expression may
lead to differential phenotypes revealing elements of the genetic architecture of gene
expression. However, we found that multiple and diverse changes in gene expression,
which were induced by perturbations, resulted in relatively small phenotypic changes. In
other words, we observed that the worm appeared to be a robust biological system in its
final output, despite induced changes at the gene expression level. This robustness seems to
be a property of many biological systems. It allows them to maintain their functions despite
perturbations and to produce relatively invariant phenotypes (Kitano, 2004). Phenotypic
robustness has been observed at many levels of biological organization and phenotypes
including development, protein folding or physiological homeostasis, but the actual
mechanism behind it is not well understood (de Visser et al., 2002; Masel and Siegal,
2009). Because perturbation experiments are the main experimental approach to study
robustness, our results are relevant to discuss the implications of robustness theory in the

genetic architecture of gene expression in C. elegans.

Phenotypic robustness may be observed in different forms depending on the type of
perturbations and the phenotype itself. Since the main parameters that define a phenotype
are genotype and environment, it is common to distinguish between environmental and
genetic robustness. De Visser ef al. (2002) describe environmental robustness as any kind
of biological mechanism that reduces phenotypic sensitivity to non-heritable perturbations.
Genetic robustness, on the other hand, refers to the biological elements that confer
insensitivity to heritable variation. As a result, mechanisms behind robustness allow the
accumulation of cryptic genetic variation (de Visser et al, 2002). This variation is
considered hidden since it is not observable in the form of phenotypic changes. However,
cryptic variation may be revealed by means of a perturbation, environmental or genetic,
strong enough to break down the robust system. As a consequence, new and possibly

advantageous phenotypic variation may become apparent. For this reason, cryptic variation
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is considered the raw material for evolution (Masel and Trotter, 2010). Yet, the specific
molecular mechanisms behind the phenotypic robustness and the accumulation of hidden

variation are not well understood.

Definitions of environmental robustness usually distinguish between external and internal
perturbations (de Visser ef al., 2002). Examples of robustness to external environmental
perturbations like temperature and toxicants are investigated in Chapter 2 and 3. There, we
first analyzed the transcriptional responses to the pesticides chlorpyrifos (CPF) and
diazinon (DZN). The main conclusion was that relatively similar environmental stressors
can induce the expression of different genes. Still, the different genes produce similar toxic
responses and survival rate (Chapter 2, Figure 4). If we consider a lack of toxicant
environment as the norm, the exposure to pesticides regulated additional genes and
pathways to maintain the robust survival phenotype. But it is unfeasible for an organism to
have an additional response, pathway or group of genes for each environmental factor to
which it becomes exposed during its lifetime. As an alternative, redundant genes or
alternative metabolic pathways allow to maintain the phenotype despite the environmental
perturbations. Moreover, the different environmental variables may differentially affect the
system. Chapter 3 described the effects of multiple environmental factors on genome wide
gene expression. There, environmental perturbations like pesticides and temperature were
combined. We observed a differential influence in gene expression by the studied factors,
suggesting a different reaction of the system in response to perturbations. The
transcriptional reactions were buffered by the system that maintains the robust phenotype

despite the external interacting environmental insults.

Phenotypic robustness requires behavioral and molecular mechanisms to maintain a stable
phenotype. Assuming a simplified situation in which an organism cannot change its
behavior and avoid the source of external environmental perturbation; the molecular
mechanism becomes essential to buffer responses and maintain the phenotype. The
biological switches involved in environmental and genetic robustness have been called
capacitors for their ability to reveal cryptic variation and capacitate adaptation to

perturbations (de Visser ef al., 2002; Masel and Siegal, 2009). It has been suggested that
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the ability to connect to a large number of genes and to function on mRNA production are
common characteristics of phenotypic capacitors (Levy and Siegal, 2008; Masel and
Siegal, 2009). Those genes may act as genetic buffers due to their capability to interact with
many genes in many different pathways (Lehner et al., 2006). In this regard, we describe
also in Chapter 3 the effect of multiple environmental factors on nuclear receptors (NRs).
We were interested in their transcriptional response because NRs seem to play an important
role in the diversifying responses to environmental perturbations. Indeed, the large number
of genes coding for NRs in C. elegans compared to other species has been suggested as a
sophisticated mechanism to ensure growth and reproduction in its natural environment
(Sluder et al., 1999). Therefore, their regulatory activity of responses to environmental
insults suggested that NRs may act to buffer environmental perturbations in C. elegans.
Moreover, functional redundancy has been proposed as a molecular mechanism for
buffering. Redundancy results in robustness against mutations, environmental changes or
internal noise in situations where part of the system compensates totally or partially the loss
of another (Wagner, 2005; Wang and Zhang, 2009). The relatively high number of NRs in
the C. elegans genome supports the idea that some NRs may contribute to environmental
robustness, acting as molecular switches of transcriptional responses with redundant

functions.

Internal environmental perturbation can not be avoided. If protein concentrations are
relevant for regulating age specific processes; stochasticity of gene expression and
fluctuations in gene product concentration can be a source of perturbation (Masel and
Siegal, 2009). Developmental phenotypes are probably the most well studied processes and
clear examples of robustness. In C. elegans for instance, vulva development and the final
cell fate output pattern is highly stable. The worm uses cellular and pathway redundancy to
maintain the phenotypic stability despite differences in environmental conditions. Likewise,
mutational and environmental perturbations have revealed genetic variation in gene
pathways involved in development, and have suggested underlying cryptic variation and
robustness (Braendle ef al., 2007). But, during development the organisms age as well. The
molecular mechanisms that have established robustness in developmental phenotypes may

be broken down later in life revealing senescent phenotypes. Age, in that case, may be
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considered an additional environmental capacitor that reveals cryptic variation changing the
internal environment. Because aging is not a regulated process as compared to survival
(Lithgow, 2006), phenotypes linked to aging may be considered an outcome of the
breakdown of robustness. Consequently, cryptic variation with neutral effects in young
robust organisms became non-neutral in old organisms as they are revealed by age. In
conclusion, robustness to internal environmental perturbations in young organisms and
during development has been well studied. However, the relation between robustness and
aging is not evident. It seems clear though, that survival depends on how robust the
biological system is to internal and external perturbations. And likewise, that age is an

internal source of perturbation which affects robustness and determines life span.

Our results on heritable gene expression regulation with age revealed different levels of
robustness as a consequence of genetic perturbations during aging. An organism is alive as
long as the survival phenotype is robust against perturbations. In that sense, variation in life
span among the RILs (Chapter 4, Figure 3) suggests different sensitivities to perturbations.
Since all segregants were maintained in optimal growing conditions, short-living RILs
imply low levels of robustness and high sensitivity to perturbations. On the other hand,
long-living RILs manifested robustness to perturbation resulting in a longer lifespan. At the
gene transcription level, differences in robustness may be explained as differences in gene
regulatory network structure (Gjuvsland et al., 2007). Network properties like feedbacks,
connectivity, modularity or redundancy have been associated with robustness in the
biological system (Albert et al., 2000; Kitano, 2004; Venkatesh et al., 2004; Ma et al.,
2006). Moreover, robustness can also be shown in response to heritable genetic
perturbations. These include not only mutations, but also recombinations and patterns of
epistatic interactions produced by new allelic combinations (de Visser et al., 2002;
Schlichting, 2008; Masel and Siegal, 2009). In that sense, we observed changes in the gene
regulatory network of C. elegans with age in our eQTL study. Such a difference has been
also reported in mice, where changes in coexpression network connectivity have been
associated to aging (Southworth et al, 2009). Thus, network structure and robustness
differences might explain life span variation in the RILs. We attributed those differences in

robustness to less strong regulatory elements active in aged organism. Initially, the number
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of detected heritable patterns of gene expression was reported to decrease with age (Chapter
4). We suggested that gene expression regulation might as well decrease as a consequence
of aging. However, eQTL detection is quite limited to detection of strong regulatory
elements and prone to false positives (Carlborg et al; Breitling et al., 2008). For this
reason, we considered it likely a decrease in the power of eQTL detection as a result of
changes in the gene regulatory network structure in old worms. We investigated this
possibility in Chapter 5 where differentially expressed genes between the parental strains
indicated the existence of undetected regulation differences (Chapter 5, Table 1). Moreover,
the imbalance between highly heritable genes and eQTLs in old worms suggested a
decrease in linkage detection (Chapter 5, Figure 2). And finally, the alternative mapping
strategy promotes a hypothesis in which multiple regulatory elements with small and
additive effect regulate gene expression in old worms; as opposed to the more common
strong single regulations active in young worms (Chapter 5, Figure 4). Altogether, our
results support the idea that gene expression regulation changes in response to internal
environmental perturbations induced by age. Likewise, it is suggested that different allelic
combinations introduced genetic perturbations that modified the robustness capacity among
the RILs. Therefore, the capacity to maintain a robust phenotype despite internal and

external perturbations was different and leads to different life span values.

Longevity might be a phenotypic consequence of robustness. For this reason, longevity
models may provide an explanation of the molecular mechanism underlying robustness
differences among the RILs. The so-called /ongevity genes are associated to damage repair
and energy distribution functions. Life span is limited by the available energy invested into
repairing the molecular damage accumulated with age (Kirkwood, 2002). In Chapter 5, we
detected gene expression variation among parental and segregants in longevity genes. This
phenotypic variation was observed in old worms because cryptic genetic variation was
revealed at that age. Whether cryptic variation is a consequence of or a cause for
evolutionary adaptation is not clear, and this has been a matter of intense discussion over
the past years (Gibson and Wagner, 2000; de Visser et al., 2002; Braendle et al., 2007,
Manolio et al., 2009; Masel and Trotter, 2010). Likewise, the molecular mechanisms

underlying robustness are not well understood and hotly debated. For some authors,
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robustness to environmental and genetic perturbations requires different mechanisms
(Masel and Siegal, 2009), while others have indentified coupling functions in genes
involved in genetic, environmental and stochastic robustness (Lehner, 2010). In both cases,
robustness provides the potential to survive severe environmental and genetic perturbations
in the form of cryptic genetic variation. Within this perspective, longevity genes emerge as
relevant molecular mechanism underlying robustness. And it suggests that the evolutionary

forces acting on robustness might be as well decisive on the evolution of aging.

Finally, it is important to stress that our study was limited to the gene transcription level.
The genotype-phenotype map involves many other levels that make it difficult to connect
gene expression to a complex phenotype such as life span. Indeed, it has already been
shown for plants that many genetic effects detected in eQTLs may not be linked to
physiological or life history phenotypes. In other words, the variation in gene expression
does not always propagate to phenotypic variation (Fu et al., 2009). This is a consequence

of phenotypic buffering; and therefore, of robustness.

Conclusions and final remarks

C. elegans has developed multiple mechanisms to survive under the influence of highly
variable environments. The genotype-phenotype map has proved to be robust to
environmental changes in order to maintain development, reproduction and other
physiological functions. In this thesis, I showed how the transcriptional system is highly
sensitive to external and internal perturbations. Still, the variation observed in gene
transcripts not always translates to phenotypic variation, probably due to buffering
mechanisms. In some cases however, the buffering mechanisms may fail and the robustness
breaks. Then, phenotypic variation is observed and genetic cryptic variation is revealed.
The molecular mechanisms underlying robustness are not well understood; but it seems
likely that robustness provides the potential to survive severe environmental and genetic
perturbations in the form of cryptic genetic variation. Such variation may be reveal under
perturbation as new molecular and physiological phenotypes. Future work might focus on
other levels of biological organization to better explain robustness, since gene transcription

is only one step within the long genotype-phenotype path.
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Most organisms are exposed to a continuously changing environment throughout their life.
For instance the ambient temperature is usually not constant and many species are exposed
to a diverse range of anthropogenic stressors like toxic compounds. Moreover, individuals
are prone to genetic changes due to mutation and allelic recombinations. All these factors
might affect particular phenotypes, while others remain unchanged. This thesis provides
insight into how phenotypic traits are affected by external stress factors and allelic
recombinations in the nematode Caenorhabditis elegans (Nematoda; Rhabditidae).
Because phenotypes and their variation may be explained by variation in gene expression,
this thesis explored the architecture of gene expression and some of the elements that
contribute to gene expression.

Chapters 2 and 3 focus on environmental stressors with i) a specific target (two
organophosphorus pesticides) and ii) a non-target mode of action (temperature) to study
their influence on gene expression. A single genotype, the canonical wild type strain Bristol
(N2) was used to study the effect of interacting pesticides by exposing nematodes to a
toxicant mixture at two different temperatures Analysis revealed common transcriptional
responses related to detoxification, stress, innate immunity, and transport of lipids to all
treatments. It was found that for both pesticides these similar processes were regulated by
different gene transcripts in single and combined treatments. These results also showed that
the effect of a mix of low doses of pesticides is not a summed effect of the single
components. Moreover, increased temperature elevates the toxic consequences to the
pesticides exposures. This toxicity gain is attributed to an elevated uptake and accumulation
of the toxicants in the organisms. These results support the idea that the observed higher
toxicity of pesticides with temperature might be a consequence of gene-environment
interactions affecting detoxification genes. Together, the first part of this thesis illustrates
the intense crosstalk between gene pathways in response to interacting environmental
stressors in C. elegans.

The second part of the thesis elaborates on the influence of different genotypes as multiple
perturbations on gene expression. How the genotype-phenotype relationship progresses

with age was investigated using a quantitative genetics approach (genetical genomics). We
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performed a genetic mapping strategy of gene transcription variation (expression-QTL,
eQTL) to explore the dynamics of regulatory loci affecting genome-wide gene expression
at three different ages. We used a recombinant inbred line (RIL) population generated from
a cross between the C. elegans strain N2 and the wild type CB4856 in Chapter 4. Also, we
investigated the influence of age to reveal a genotype-by-age effect (5x,¢QTL) on gene
expression. The total number of detected eQTL decreased with age whereas the variation in
expression increased. In developing worms, the number of genes with increased expression
variation (1282) was similar to the ones with decreased expression variation (1328). In
aging worms the number of genes with increased variation (1772) was nearly 5 times
higher than the number of genes with a decreased expression variation (373). Furthermore,
the number of cis-acting eQTL in juveniles decreased by almost 50% in old worms whereas
the number of frans-acting loci decreased by ~27%, indicating that cis-regulation becomes
relatively less frequent than trans-regulation in aging worms. Our findings demonstrate that
eQTL patterns are strongly affected by age and suggest that gene network integrity declines
with age. To better understand the changes in the gene network with age, gene expression
profiles of N2 and CB4856 were generated for Chapter 5. We explored gene expression
heritability and transgression as genetic parameters for the analysis of gene expression
divergence in different genotypes. The average broad sense heritability was similar in
developing and aging worms; but the gene expression variance that can be attributed to
genetic variance in each gene changes with age. It can be proposed that regulation became
more polygenic in aging worms. These changes explain the decrease in detected eQTLs.
Likewise, it explains the imbalance between highly heritable genes and eQTLs in aging
worms.

Chapter 6 discusses the main conclusion of this thesis in the context of the robustness
theory. Robustness in biological systems provides the potential to survive severe
environmental and genetic perturbations in the form of cryptic genetic variation. The
variation we observed in gene transcripts due to external and internal perturbations not
always translated to physiological phenotypic variation. In some cases however, the
mechanisms underlying phenotypic robustness failed and phenotypic variation was
observed. Such genetic cryptic variation was revealed as new molecular and physiological

phenotypes.
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De meeste organismen worden gedurende hun hele leven blootgesteld aan
milieuomstandigheden die continu veranderen. De omgevingstemperatuur is bv. vaak niet
constant en vele soorten worden blootgesteld aan diverse anthropogene stressfactoren zoals
toxische stoffen. Tevens zijn individuen onderhevig aan genetische veranderingen zoals
mutaties en nieuwe allelische recombinaties in het genoom. Dit alles kan tot gevolg hebben
dat bepaalde fenotypische kenmerken veranderen terwijl anderen ongewijzigd blijven. Dit
proefschrift geeft inzicht hoe fenotypische eigenschappen veranderen onder invloed van
externe stressfactoren en allelische recombinaties in de nematode Caenorhabditis elegans
(Nematoda; Rhabditidac). Omdat fenotypes voor een groot deel bepaald worden door
variatie in gen expressie is de invloed op de architectuur van gen expressie bestudeerd.

In hoofdstuk 2 en 3 wordt de invloed van twee verschillende externe stressfactoren
bestudeerd op de genoomwijde gen expressic. De eerste factor heeft effect op een
specifieke target-receptor (twee verschillende organofosfor pesticiden) en de tweede factor
heeft een aspecifiek effect (temperatuur). Bestudeerd is de invloed van de pesticiden en de
temperatuur op gen expressie in één enkel genotype, genaamd Bristol N2. Gevonden werd
dat blootstelling aan beide pesticiden leidde tot vergelijkbare gen expressie patronen. Deze
waren gerelateerd aan detoxificatie, stress response, “innate” immuniteit en lipiden
transport. Voor beide pesticiden werden deze processen evenwel gereguleerd door
verschillende genen. De resultaten laten ook zien dat het effect van een zgn. lage-
concentratie mix van beide stoffen niet gelijk is aan de som van de enkele stoffen. Ook
bleck dat een hogere temperatuur gepaard ging met een toename van de toxiciteit, wat
vermoedelijk het gevolg was van een toename van opname en accumulatie van de
toxicanten. Deze resultaten suggereren dat de hogere toxiciteit bij een toename van de
temperatuur een gevolg is van gen-omgevings interacties van genen betrokken bij
detoxificatie. Dit eerste deel van het proefschrift laat de intensieve interactie zien tussen
gen “pathways” en milieuomstandigheden in C. elegans

In het tweede deel van dit proefschrift komt de invloed van verschillende genotypes op de

gen expressie aan de orde. Hierbij wordt ingegaan op de genotype-fenotype relatie als
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functie van de leeftijd met behulp van een kwantitatieve genetische benadering (genetical
genomics). Genetische kartering van gen expressie (detectie van expressie-QTL) werd
gebruikt voor het bestuderen van de dynamiek van gen expressie regulatie in jonge en oude
wormen. Hiervoor is gebruik gemaakt van een recombinante inteelt populatie gebaseerd op
een kruising tussen de C. elegans isolaten Bristol N2 en CB4856 (Hoofdstuk 4). Het totale
aantal gedetecteerde eQTL nam af met de leeftijd terwijl de variatie in gen expressie
toenam. Het aantal genen met toegenomen expressie variatie in jonge wormen (1282) was
ongeveer gelijk aan het aantal met afgenomen expressie variatie niveaus (1328). In oudere
wormen was het aantal genen met toegenomen variatie (1772) bijna 5 keer hoger dan het
aantal met afgenomen variatie (373). Het aantal cis-located eQTL in jonge wormen nam
met 50% af in oude wormen terwijl het aantal trans-located eQTL afnam met 27%. Dit laat
zien dat cis regulatie relatief minder vaak voorkomt in oudere wormen. De resultaten
suggereren dat de integriteit van gen netwerken sterk afneemt met de leeftijd. Om meer
inzicht te krijgen in de netwerk veranderingen, zijn de gen expressie profielen van de wilde
isolaten Bristol N2 en CB4856 bestudeerd (Hoofdstuk 5). Hierin wordt de erfelijkheid en
de transgressie als genetische parameters voor de analyse van gen expressie verschillen
tussen de isolaten bestudeerd. De gemiddelde “broad sense heritability” was gelijk in
jongen en oude wormen maar de variatie in gen expressie die kan worden toegeschreven
aan genetische variatie in elk gen verandert met de leeftijd. De resultaten suggereren dat de
regulatiec meer polygeen wordt in oudere wormen. Dit verklaart de afname van het aantal
gedetecteerde eQTL en de onevenredige verdeling tussen genen met hoge overerfbaarheid
en het aantal eQTL in oudere wormen.

Hoofstuk 6 bediscussieert de resultaten van dit proefschrift in het licht van de zgn.
“robustness theory”. Robuustheid in biologische systemen is de basis voor het vermogen
om te overleven onder verschillende milieuomstandigheden en genetische veranderingen in
de vorm van cryptische variatie speelt hierin een belangrijke rol. De variatie in gen
expressie door interne en externe verstoringen leidden niet in elk geval tot fenotypische
veranderingen. In sommige gevallen faalde de robuustheid en werd fenotypische
verandering waargenomen. Deze cryptische variatie werd zowel op moleculair als

fysiologisch niveau waargenomen.
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Casi todas las formas de vida estan continuamente expuestas a cambios ambientales. Por
ejemplo, la temperatura ambiental no suele ser constante, o se exponen a un amplio rango
de sustancias toxicas, o sufren cambios genéticos debido a mutaciones o recombinaciones
alélicas. Todos estos factores pueden afectar a ciertos fenotipos, mientras que otros
permanecen invariables. Esta tesis doctoral proporciona una vision de como los fenotipos
se pueden ver afectadas por factores de estrés externos e internos en el nematodo
Caenorhabditis elegans (Nematoda; Rhabditidae). Para ello, se centra en la exploracion de
la arquitectura de la expresion genética y algunos de los elementos que contribuyen a ella,
debido a que en muchas ocasiones los fenotipos y sus variaciones se pueden explicar en
base a la variacion en expresion genética.

Los capitulos 2 y 3 se centran en aquellas perturbaciones que: a) afectan a dianas
moleculares concretas (pesticidas organofosfatos) y b) afectan a dianas no especificas
(temperatura), para estudiar su influencia sobre la expresion genética. Para ello, la linea
estandar de laboratorio N2 se uso6 en la generacion de perfiles de transcripcion del genoma
completo de C. elegans expuesto a diferentes pesticidas y temperaturas. Los resultados
describen respuestas comunes a distintos pesticidas y relacionadas con detoxificacion,
estrés, inmunidad innata y transporte de lipidos, pero regulados por genes diferentes.
Igualmente se estudiaron las diferencias y similitudes entre las respuestas a los tratamientos
individuales de varios pesticidas y la mezcla de ellos. Los resultados muestran que el efecto
de una mezcla de pesticidas no es la suma exacta de los efectos de los tratamientos
individuales a nivel de transcripcion génica. Ademds, muestran como una elevada
temperatura puede aumentar las consecuencias toxicas de la exposicion a toxicos. Los
resultados apoyan la idea de que la ganancia en toxicidad con la temperatura se relaciona
con interacciones gen-ambiente durante la expresion de genes de detoxificacion.

Los capitulos 4 y 5 analizan la influencia de las diferencias genotipicas como multiples
perturbaciones de la expresion genética. Usando técnicas de genética cuantitativa
(genomica genética) y una estrategia de mapeo de la variacion de la expresion genética
(expresion-QTL, eQTL) exploramos la dindmica de su regulacion a tres diferentes edades.

En el capitulo 4 se us6 una poblacion de lineas recombinantes (RIL) generadas a partir de
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los cruces entre N2 y la linea CB4856. Los resultados revelaron la existencia de locus cuya
influencia sobre expresion genética es dependiente del genotipo y de la edad (5.eQTL). El
numero total de eQTLs detectados disminuy6 con la edad, mientras que la variacion en
expresion genética aumentd. Ademas, la cantidad de eQTLs con actividad en cis (local) en
nematodos juveniles disminuy6 casi un 50% en los envejecidos, mientras que el nimero de
locus con actividad reguladora en trans (distante) disminuy6 en un ~27% indicando, que la
regulacion en cis resulta relativamente menos frecuente en nematodos envejecidos.
Nuestros resultados demuestran que los patrones heredables de expresion genética (eQTL)
estan fuertemente afectados por la edad y sugieren, que la integridad de la red de
conexiones genéticas disminuye con la edad. Para entender mejor estos cambios,
generamos para el capitulo 5 perfiles de expresion genética de las lineas parentales de la
poblacion recombinante (N2 y CB4856). Comparando dichos perfiles, exploramos la
heredabilidad y la transgresion de la expresion genética asi como el efecto de la edad en
ellos. La media de heredabilidad de la expresion genética en sentido amplio para todo el
genoma fue similar en nematodos en desarrollo y en envejecimiento, pero a nivel de genes
la variacion de la expresion genética que puede ser atribuida a variacion genética cambid
con la edad. Es por ello que se considera que la regulacion de la expresion genética se
modifica, volviéndose mas poligénica y por tanto compleja en nematodos envejecidos, 1o
que explicaria la reduccion en el numero de eQTLs detectados. Simultaneamente, estos
cambios explican el desequilibrio entre el nimero de genes con valores de expresion
altamente heredable y el nimero de eQTLs en nematodos envejecidos, asi como el menor
numero de eQTLs atribuidos a genes cuya expresion transgrede la media de los padres.

El capitulo 6, discute las principales conclusiones de esta tesis en el contexto de la teoria de
la robustez. La robustez en los sistemas bioldgicos proporciona el potencial para sobrevivir
a condiciones ambientales severas y a perturbaciones genéticas. La variacion observada en
la expresion genética no siempre es traducida a variacion fenotipica, porque se acumula en
forma de variacion genética criptica. En algunos casos, los mecanismos de robustez
fenotipica fallan y se puede observar la variacion fenotipica oculta. Esa variacion criptica se
muestra como nuevos fenotipos moleculares y fisiologicos que pueden ser, en ciertos

ambientes, ventajosos.
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