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Chapter 1

Parkinson's disease, α-synuclein, and neurodegeneration

An increasing number of elderly people are affected by neurodegenerative
diseases (NGD) as life expectancy generally increases over time [1]. Parkinson’s
disease (PD), as the second common NGDs after Alzheimer’s disease (AD), is
characterized by the formation of aberrant fibrillar aggregates in nerve cells
of the brain, i.e. the Lewy bodies. These abundant cytoplasmic Lewy body
inclusions consist of α-synuclein protein aggregates [2]. Within aggregates,
α-synuclein is present as a misfolded protein and its oligomers, as well as
fibrils, induce cytotoxicity by disrupting different cellular functions. A series
of studies have pointed out that the α-synuclein misfolding and aggregation
elicits metabolic changes associated with autophagy [3], lipid membrane
binding [4], cellular ionic homeostasis [5], and mitochondrial homeostasis [6].
Many of these processes are closely linked to organelle biogenesis, of which
dynamic decline and even structural/functional deterioration accompany the
aging process. Moreover, genetic evidence also demonstrates that the gene
SNCA (α-synuclein) mutants (A30P, E46K, H50Q, G51D, and A53T) relate
to the onset and progression of PD by genetically interacting with cellular
pathways [7, 8], such as the ubiquitin proteasome system (UPS) [9, 10] and
the autophagy-lysosomal pathway [11, 12]. Furthermore, the progression of
α-synuclein aggregation with advancing age has been identified to cause the
loss of dopaminergic neuron functioning and synaptic abnormalities leading
to mobility impairment (ataxias) and/or cognitive problems (dementias) [13].
In conclusion, α-synuclein plays a central role in the aetiology and progression
of PD.

Research into understanding the molecular pathological mechanisms of
NGDs has rapidly expanded. Besides PD, dementia due to progressive
neurodegeneration has also been investigated by studying AD as well as
Huntington’s disease (HD) [14–16]. Although AD and HD each have their
distinct causal genes and factors, these neurodegenerative dementias share
neuropathological similarities (reviewed in [17], including overlapping
cognitive and behavioural symptoms, protein misfolding and aggregation,
and the associated neuroanatomical and biochemical changes. For example,
next to AD, the pronounced tau pathology has also been described in familial
cases of α-synuclein (SNCA) mutations inducing PD [18]. Interestingly,
α-synuclein has been originally identified as the precursor of the non-Aβ

component of AD amyloid, acting as a presynaptic nerve terminal protein
[19]. Further investigations indicated that the intraneuronal filamentous
inclusions of AD, tau, co-exist with α-synuclein aggregates in PD as well as
other NGDs [20]. Furthermore, α-synuclein aggregates can directly bind to
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tau and also interact with hyperphosphorylated tau, which can contribute to
the polymerization into fibrils [21, 22]. However, the molecular mechanisms
of α-synuclein assembly are complex. Taking α-synuclein phosphorylation
for instance - it involves different associated kinases [23], metal ions [24, 25],
and oxidative modifications [26]. Currently, we have limited understanding
on how natural genetic variation affects the phenotypic traits associated with
neurodegeneration.

Genetic variation affects onset and progression of NGD

Genetic variation strongly contributes to the phenotypic variation observed
in almost all complex traits, including health span [27], the immune system
[28], and many common diseases from NGDs to cancers [29, 30]. In contrast to
essentially monogenic disorders (e.g. cystic fibrosis), most common diseases
arise from the effect of multiple genes, the environment, and the interaction
between the two. These diseases can be classified asmultifactorial disorders, e.g.:
obesity [31, 32], diabetes [33], and chromosomal diseases (e.g. down syndrome).
Genetic variation affects many of these diseases by either multiple variants in
the casual genes or genetic variants in background, robustly conferring risks for
the onset of disorder [34]. Due to abnormal variants, the disease causal gene(s)
may genetically interact with other genes (epistasis) thereby modifying the
susceptibility of developing or worsening a disease. These interacting genes,
in turn, can harbour genetic variation as well, hence resulting in differential
functioning.

Human genetic variation is described as the naturally occurring genetic
differences between individual people. Genetic variants include single
nucleotide variants and structural variations (i.e. small insertion/deletions,
induced copy number variants, and chromosomal rearrangements). Genetic
factors can strongly influence phenotypic traits, by affecting regulatory
elements in different genetic backgrounds. In human disease studies, the causal
relationships between disease associated genetic variant(s) and phenotypic
diversity is a major challenge [35, 36]. An important question in understanding
the mechanisms that give rise to neurodegenerative disorders, is how genetic
variation affects the (cellular-level) pathology and disease formation (reviewed
in [37, 38]). Answering these questions requires detailed molecular insights of
the underlyingmechanisms of NGD formation. Investigation onNGDs in small
families as well as among groups suggests the involvement of differentially
distributed alleles in variable disease associated genes with moderate to severe
effects. How the genetic background interaction generates the phenotypic
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differences in NGDs remains unclear [39]. These insights are difficult to obtain
from humans due to practical and ethical reasons. Therefore, model species
like the nematode worm Caenorhabditis elegans offer a means to gain this insight
at the molecular genetic level.

The nematode C. elegans and its career as a human disease model

Anumber of advantages of the free-living nematodeC. elegans support its career
in the laboratory. It has a relatively short life-cycle which includes embryonic
development, further post-embryonic L1-L4 larval stages, pre-reproductive
and reproductive adulthood while feeding sufficiently on the bacterium
Escherichia coli [40]. Generally, it takes 3.5 days at 20◦C from egg to sexually
mature adult. The major mode of reproduction of C. elegans is self-fertilizing
hermaphroditism (XX) that produces up to 300 progeny per animal, while the
naturally rare males can mate with hermaphrodites, resulting in an increase of
progeny to over 1000 [41, 42]. The fertility of C. elegans allows for abundant
progeny by natural sexual/self-crossings or via experimental manipulation
resulting in selective reproduction. Furthermore, this transparent worm
offers experimental tractability, e.g. fluorescence visualization in live worms.
Comprehensive information on biological aspects has been collected and shared
on WormBook (www.wormbook.org) and WormAtlas (www.wormatlas.org),
including on available tools, protocols (WormMethods). Also genomic
databases are freely-accessible via WormBase (www.wormbase.org). These
major technological advances and its relatively simple biology, in combination
with a relatively small genome (100 Mb) do contribute for studying complex
traits in this versatile model organism.

C. elegans has been instrumental for the development of forward and reverse
genetic screens. It has been used to characterize gene expression, function, and
regulation in the worms biological processes, including processes involved
in many disease mechanisms [43]. For example, by generating transgenic
worms expressing human disease-related genes under the control of a C.
elegans promoter [44, 45]. Furthermore, RNA interference (RNAi) contributes
to silence individual genes or even conduct genome-scale screens leading
to the identification of various genes in pathways of interest and/or their
functions in the nematode genome. More recently, the popular genome editing
CRISPR-based systems have expanded the possibilities even further [46].

Notably, C. elegans was the first multicellular organism to have its genome
sequenced in 1998. Many cellular processes and neuronal signaling pathways
are conserved between C. elegans and humans (Wormbook, [47]), such as
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the insulin/IGF-1 signaling (IIS) pathway and the target-of-rapamycin (TOR)
pathways [48–50]. Biological and genetic evidence revealed these pathways
contribute to the aging phenotype. For example, the insulin signaling (IIS)
pathway is involved in aging as well as age-related diseases by affecting energy
homeostasis through bothmetabolic andmitogenic responses [51]. Mammalian
TOR (mTOR) is implicated in several disorders, including cancer, obesity,
and diabetes [52]. Hence, C. elegans is a suitable model for understanding
the mechanisms of aging, mitochondrial dysfunction, and other complex
metabolism pathways possibly involved in disorders; especially the ones
relating to aging. The benefits of this model organism allow researchers to
track biological and genetic events underlying cancers, characteristic NGDs as
well as other human diseases [53–57]. Identification of the human orthologs
that are involved in biological pathways of C. elegans illustrate the worm’s
value for genetic studies relevant to human biology and disease [58].

Exploring natural genetic variation in C. elegans associated with

disease pathways

Investigating disease-related pathways inC. elegans hasmainly relied on studies
being carried out in a single genetic background, the canonical strain Bristol
N2. This has revealed invaluable insight into the molecular process of a range
of complex traits and disease related phenotypes [59–63]. However, when the
goal is to investigate the underlying variation in disease pathways, multiple
genetic backgrounds serve as a basis to study the effects of genetic diversity on
the phenotypic outcome of a disease-causing mutation.

Wild isolates of C. elegans offer an opportunity to explore natural genetic
variation. C. elegans wild strains are widely distributed across the globe and
display both worldwide and local genetic diversity that can be tapped as a
reservoir of natural genetic variation [64]. More strains that are divergent from
the canonical laboratory strain N2 have been taken along in genetic studies,
especially the Hawaiian strain CB4856 [65, 66]. Additionally, there are wild
isolates from two sites in France: Orsay and Santeuil [67] that have been used to
develop a multi-parental mapping population [68]. Those wild isolates are both
geographically and genetically divergent compared to Bristol N2. Most natural
variation is attributed to founder effects and genetic drift among C. elegans
wild isolates [69]. However, also genetic variation linked to local sites has been
reported [70]. Considering the occurrence of genetic variation, polymorphic
regions are mostly located on the distal ends of the chromosomes and include
single nucleotide polymorphisms (SNPs), insertions, and deletions [69–71].

11



1

Chapter 1

Further investigation of the genetic polymorphisms and phenotypic traits on
divergent wild type strains has revealed the importance of natural variation
in studying genes regulating complex traits. The genetic diversity among
strains has been shown to impact feeding-related behaviour [70], pathogen
resistance [72], longevity [73], stress and behavioural responses [60, 74], and
disease-associated progression [75, 76]. More detailed information, such as
isolation site, genomic, and identified polymorphisms of isolated wild strains
are updated and freely shared on CeNDR (www.elegansvariation.org).

Complex traits are only rarely the result of single genes in humans, but
also in C. elegans. Recombinant inbred lines (RILs) and near isogenic lines
(NILs) have been constructed for capturing natural genetic variation and
facilitating mapping of genomic loci (quantitative trait loci, QTL) associated
with phenotypic traits [77, 78]. Mapping gene expression QTL (eQTL) is used
to detect polymorphic loci underlying variation in gene transcript abundances
[79]. eQTL contribute to the detection of functional genes which are involved
and/or affect transcript levels of many genes and transcriptional pathways
underlying the genotype–phenotype relationship.

Genetic background interacts with α-synuclein expression and

aggregation in humans and worms

The processes of α-synuclein expression and aggregation can be influenced
by transcription factors (TF) and/or genetic background modifiers, which
contribute to phenotypic disease variation. Hence, in addition to the major
causative genes, the individual disease variability in PD emphasizes the role
of the genetic background. It is challenging to detect the relative contribution
of genetic background factors interacting with disease-causing genes and
to identify how those factors modify it in general and specific ways. For
α-synuclein, GATA2 and ZSCAN21 have been identified as its transcription
factors (TFs). Variation in GATA2 in humans has been identified in families that
suffer from haematological, immunological, lymphatic, and/or other different
chronic disorders [80].Although they are extreme examples of GATA-deficiency
related diseases, it suggests that the transcriptional regulation of genes can be
affected by natural genetic variation which is associated with an elevated risk
of developing PD.

For PD, SNCA gene mutants, including allelic mutants or duplicates/triplicates,
cause PD [81], which was identified in the early-onset familial and sporadic PD.
Moreover, many other genes also cause and influence PD progression, such as
LRRK2, MAPT, RAB7L1, etc. [82–85].
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At the moment, relatively little is known about the general mechanisms
underlying this effect of the genetic background on misfolded-protein-related
deficits. Phenotypic consequences can be differently affected by genetic
variation, which is also presented in the α-synuclein pathological progression
(e.g. [86]). It supposes that there are genes interactingwith disease related SNCA
gene and/or this interaction is responsible for disease resistance/susceptibility,
possibly at variable levels. However, the genetic architecture of disease-
associated phenotypic traits is often complex due to the underlying genetic
basis of different backgrounds and their regulatory properties (e.g. [87]).
Like non-coding RNA, its deregulation has also been included as part of
cellular processes response to neurodegeneration [88, 89]. Numerous variant
alleles, genes, and loci are involved in the molecular pathways associated with
α-synuclein-pathology. More complex still, even loci and variants that function
indirect and are not annotated to functions in said pathway. These variants
could be identified by further studying natural variation in different genetic
backgrounds.

To address this issue, investigations based on the polymorphisms between
wild strains and Bristol N2 provides the opportunity to understand the impact
of natural genetic variation on biological and molecular responses to the
α-synuclein protein. Genetic variation in C. elegans offers the opportunity
to identify genetic variants involved in the regulation of complex traits.
For example, natural variation in the nath-10 gene was found to affect the
vulval phenotype when sensitized with different mutations in N2, but not
in wild-type strains (e.g.Australian isolate AB1, [90]). Also, the polymorphic
Ras/MAPK modifier amx-2 was found by measuring vulval index and gene
expression QTL mapping in a C. elegansN2xCB4856 RIL population containing
a gain-of-function let-60 mutation [91, 92].

Scope of this thesis

The goal of this thesis is to understand the role of genetic regulatory variation
in response to α-synuclein. Together, the results provide important insights
into the role of the C. elegans genetic background in α-synuclein pathological
alterations, and highlights the added value of this model organism for human
disease research.

The present thesis addresses the effect of genetic variation on α-synuclein-
associated phenotypic deficits by using a newly constructed model system
of C. elegans. First, I review the role of natural genetic variation involved
in onset and disease progression of NGDs and their related characteristics
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to genetic background variants in Chapter 2. Within this chapter, natural
variation of the model organism C. elegans and genetic analysis of α-synuclein
pathological mechanisms are discussed. On this basis, six different genetic
backgrounds have been used to study phenotypic traits associated with
α-synuclein expression and aggregation in Chapter 3. With the introduction
of α-synuclein into different genetic backgrounds, a series of life-history
traits was measured. Chapter 3 investigates how phenotypic and molecular
characterizations contribute to reveal the existence of core and/or important
genetic diversity in response to α-synuclein expression. Based on these
results, age-dependent accumulation of α-synuclein in the different genetic
backgrounds were then tracked in Chapter 4. The potential influences of its
aggregates on molecular biology, i.e. lipid formation, was studied as well.

To map genetic background loci being affected by α-synuclein expression, a
new panel of RILs was constructed, forming a population with recombination
events between the divergent genotypes N2 and CB4856. The whole genome
except the α-synuclein transgene introgression on chromosome IV was studied
this way (Chapter 5). The RIL panel provides the genetic basis for mapping
eQTL associated with the expression and aggregation of α-synuclein. Chapter
6 discusses the most important findings of this thesis related to the relationship
of natural genetic variants in model organism C. elegans with α-synuclein
associated pathological mechanisms. It highlights the importance of the
contribution and utilization of natural variation in studies of α-synuclein
pathology.
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Abstract

Neurodegenerative diseases (NGDs) such as Alzheimer’s and Parkinson’s are
debilitating and largely untreatable conditions strongly linked to age. The
clinical, neuropathological, and genetic components of NGDs indicate that
neurodegeneration is a complex trait determined by multiple genes and by
the environment. The symptoms of NGDs differ among individuals due their
genetic background and this variation affects the onset and progression of NGD
and NGD-like states. Such genetic variation affects the molecular and cellular
processes underlying NGDs, leading to differential clinical phenotypes. So far
we have a limited understanding of the mechanisms of individual background
variation. Here, we consider how variation between genetic backgrounds of C.
elegans affects the mechanisms of ageing and proteostasis in NGD phenotypes.
Additionally, we discuss advances in C. elegansmethods that can facilitate the
identification of NGD regulators and/or networks.

Key words: neurodegenerative diseases, natural variation, Quantitative
genetics, C. elegans
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Introduction

Neurodegenerative diseases (NGDs) cause disability and premature death,
primarily among older people. These chronic and fatal illnesses include
Alzheimer’s disease (AD), Parkinson’s disease (PD), Huntington’s diseases
(HD), spinocerebellar ataxia, prion diseases (PrD) (i.e. transmissible spongiform
encephalopathies), frontotemporal dementia (FTD) and amyotrophic lateral
sclerosis (ALS) [2]. Most NGDs are age-dependent with their incidence
increasing with advancing age. This makes understanding NGDs increasingly
important given the recent increase in human lifespan seen in many countries.
Many disease causing mutations underlying different NGDs have phenotypic
effects that result from the misfolding of proteins and/or mitochondrial
dysfunctions leading to widespread damage in different parts of the nervous
system (Figure 1). This damage leads to a range of symptoms and the
overlap between symptoms in different NGDs can make it difficult to precisely
diagnose patients. Diagnosis is further complicated by the individual variability
apparent from the onset of disease [3]. For example, PD is characterized by
motor issues, including tremor, slowing of movement, and an unstable gait,
and by cognitive symptoms, but only some patients suffer from cognitive
impairment and develop dementia [4].

The rate of disease progression (i.e., the duration of a given neuropathological
stage) and clinical presentation also vary from one patient to another. Young
onset PD patients, for example, often have a more frequent family history of
PD and a more variable survival rate relative to those without the familial
history [11]. Several studies of the amyloid-β protein aggregates, which cause
AD, also indicate that the existence of distinct shapes in Aβ aggregates, 40
residue Aβ (Aβ40) and 42 residue Aβ fibril structures [12], and identify the
distinct strain-specific traits (defined as ”strainness”) of the forms of AD by the
different conformation of the aggregates [13, 14].

There is however limited knowledge about the mechanisms that determine
individual variation. Individuals that carry the same mutation in the same
disease causing gene may display a range of different clinical symptoms.
For example, assessing 6-year change in verbal memory, processing speed
and executive function in AD identified effects of MS4A4E, CLU, and NME8
in whites and of ZCWPW1 and CDS33 variants in African-Americans. For
MS4A4E and CLU this association was only significant in individuals bearing
at least one APOE ε4 allele (AD risk gene) [15]. Apart from lifestyle and
environment, these individual differences are caused by the unique genetic
background of each person. The genetic background, thus, could be defined as
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Figure 1: Schematic diagram of the pathological mechanisms associated with
neurodegeneration in neurons. Eight main events exist in the cellular biological processes
related to neurodegeneration: 1) The protein misfolding process inhibits ER to Golgi trafficking
and alters ER-associated degradation, inducing the ER stress [5] 2) Damaged lysosomes disrupt
processes that maintains lysosomal homeostasis [6]; 3) Accumulation of misfolded proteins
generates positive feedback exacerbating other effects [7]; 4) Dysfunctional mitochondrial
maintenance directly affects mitochondrial biogenesis and induction of autophagy [8], e.g.
the production of ROS and ATP in the cell; 5) Altered homeostasis generates excessive
influx of calcium, copper and zinc, due to ER and mitochondrial stresses [6]; 6) Plaques and
neurofibrillary tangles, due to Tau phosphorylation and aggregates, reduce neurotransmitter
release, which also 7) weaken synaptic strength [7]; 8) Signalling pathways in the stressed
organelle or the cytoplasm induce the transductions of the signals to the nucleus, which
provoke DNA damage [9, 10].
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the genetic makeup of all alleles that interact with the disease related to the
”disease causing” mutation [16].

Detailed mechanistic studies into background modifiers of NGDs are however
difficult to conduct at the individual level in humans for ethical and technical
reasons. Model organisms such as yeast, insects, worms, fish and rodents
are therefore critical to furthering our understanding of differences between
individual in NGDs. This use is facilitated by the range of methods and
approaches available to construct transgenic models of human diseases in
model species with different genetic backgrounds [17–20]. They are likewise an
important resource for investigating the genetic underpinnings of quantitative
traits, including complex disease phenotypes. Here we review the onset and
progression of NGDs in the context of genetic background and illustrate how
work on the model species Caenorhabditis elegans can illuminate the underlying
mechanisms of individual variation.

NGD phenotypes depend on the genetic background

Individual genetic backgrounds differ from by thousands to millions of genetic
variants, that will range from single nucleotide polymorphisms (SNPs) to,
potentially very large, copy number variants (CNVs) [21, 22]. This genetic
variation is a major determinate of differences in predisposition to disease
[17] where risk-increasing variants are numerous, display intricate patterns of
interaction with each other as well as with non-genetic variables, and unlike
classical Mendelian (”monogenic”) disorders will often exhibit no single mode
of inheritance. Differential phenotypes for most NGDs arise from multiple
genetic variants and their interaction with each other, as well as environmental
factors. Hence, the genetics of these diseases is considered ”complex” based on
the heterogeneity in pathology and the disease polygenicity [23].

Genetic background can affect an important feature shared by different NGDs,
specifically the formation of cerebral deposits of misfolded protein aggregates
(also called prion-like proteins). For example, AD is characterised by the
presence of neurofibrillary tangles and beta amyloid peptide (Aβ) in neural
plaques, which are abnormal accumulations of microtubule-associated protein
tau in a hyperphosphorylated state [24]. Similarly, the accumulation of proteins
with polyglutamine-rich extensions is characteristic of HD and associated
polyglutamine diseases [25], while PD involves the loss of dopaminergic
neurons and the presence of Lewy bodies and Lewy neurites that are the
aggregates of the synaptic protein alpha-synuclein. However, exactly how
genetic variation modifies and affects specific parts of the NGD pathways is
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mostly unclear. We suggest that the genetic variation associated with NGDs
can be grouped into two classes. Firstly, variation present directly in disease
genes. Secondly, variation in regulatory factors that modulate onset and
progression of the NGDs. Critically this distinction separates those variations
that are causative of disease from those that modify the disease, but that on
their own, cannot cause NGD.

In an example of the first such class of variants, multiple rare mutations in
amyloid precursor protein (APP), or in the presenilin-1 and 2 genes (PSEN1
and PSEN2) can cause early onset AD (Figure 3). Similarly, multiple mutations
in LRRK2, a gene associated with PD, are known to be related to the sporadic
late-onset form of the disease. Here, the G2385R andR1628P LRRK2 variants are
validated risk factors for PD inAsian populations, while the G2019S variant has
been identified in different populationsworldwide [26]. Examples of the second
class of variants are those known to act in the IIS/mTOR pathway (Figures 2 and
3). This pathway modulates response to a range of stresses and in the NGDs
has been linked to a range of pathological processes (Figure 1 and Table S1).
For instance, Baleriola et al. (2014) reported moderate eIF2α activation by Aβ

and a greater frequency of ATF4 (the eIF2α effector) transcripts were identified
in axons in the brain of AD patients [27]. ATF4 is also known to activate the
Parkin gene in PD and also to be related to stress pathways [5]. ATF4 therefore
induces transcriptional expression of genes mediated by the UPR, including
genes involved in amino acid metabolism, resistance to oxidative stress, and
the proapoptotic transcription factor CHOP, which are related to diseases
processing [27, 28]. However, rare coding variation in ATF4 has been also
found with pathway impairment in patients with sporadic cervical dystonia
[29]. Additionally, Chaudhry et al. (2015), using gene-based analyses for late
onset AD, revealed associations with the WT1, ZC3H12C, DLGAP2, and GPR1
genes, suggesting a possible role in AD pathogenesis [30].

Genetic variants therefore produce a broad spectrum of biological effects. This
can be seen in analysis of natural variants affecting LOAD, where more than
20 genes involved in a range of processes including metabolism, inflammation,
synaptic activity and intracellular trafficking have been identified [46]. CNVs
are also associated with variation in NGD phenotypes, with, for example, a rare
duplication of the amyloid-β protein precursor linked to early onset AD [47].
Thus, the question how genetic variants affect mechanisms in diseases such
as AD and PD remains challenging. Here, model species like the nematode C.
elegansmight offer a solution and provide more insight into the mechanism
underlying individual variation in NGD disease phenotypes.
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Figure 2: The molecular processes implicated in neurodegeneration in the neurons of a
normal healthy individual (grey) and in AD (red), PD (blue) and HD (yellow) patients.
The schematic neuron is divided into the soma and axonal terminal bouton. For simplicity,
postsynaptic/dendritic events are not included.Misfolded proteins aggregate first into oligomers,
and then into higher-molecular-weight insoluble protofibrils and further aggregates [14, 31, 32].
In AD patients with mutations in APP, PSEN1, PSEN2 or APOE, the JNK pathway is activated,
increasing levels of phospho-JNK in neurons. This mediates the phosphorylation of APP and
FoxO-dependent autophagy [33, 34]. Moreover, the soluble Aβ oligomers activate the mTOR
pathways again promoting autophagy [33]. Further phosphorylation of tau and impaired Aβ

activate the IIS/Akt pathways and affects cognitive function and synaptic plasticity [35]. In PD,
mutations in PINK and Parkin (related to EOPD) or α-synuclein mutations (LOPD) lead to the
inhibition of α-synuclein degradation as well as accumulation of autophagic vacuoles, which
result in neuronal death [36, 37]. Misfolded α-synuclein also interacts with membranes and
mitochondria, causing calcium dysregulation and a reduction of mitochondrial activity. This
results in mtDNA damage as well as impairments to the ubiquitin-proteasome system (UPS) and
mitophagy. The significant pathological aetiology of HD is the enlargement of the polyglutamine
(polyQ) domain within the HTT protein’s N-terminus [38]. MLH1 (MutL homolog 1) and an
SNP within a nuclear factor-κB binding site (Nf-KB) in the HTT promoter play a role in the
altered onset of HD. In comparison with AD and PD, proteasome efficiency is strongly reduced
in HD patients. Meanwhile, the polyQ domain of mutant HTT contributes increased toxicity by
attracting and binding to other cytoplasmic and nuclear structures that contain polyglutamine
(in the review [39]). Additionally, a major loss of brain-derived neurotrophic factor (BDNF)
protein has been shown in HD, may due to the deficits in BDNF delivery and/or loss of BDNF
gene transcription by mutant Htt [40, 41].
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Figure 3: C. elegans cellular pathways, and their crosstalk, relating to aging and the stress
response. Shown (from left to right) are the Insulin/Insulin like growth factor (IIS) signalling
pathway, the mitochondrial signalling pathways, and the mechanistic target of rapamycin
(TOR) pathway. Arrows indicate positive regulatory events and bars indicate inhibitory
interactions. Purple block arrows represent interactions between the different pathways,
whereas dashed purple block arrows indicate possible indirect interactions. The oval
molecules and their corresponding mammalian homologs involved in IIS [42–45] are as below:
AGE-1/PI3K, phospatidylinositol-3-kinase; PDK-1, 3-phosphoinositide-dependent kinase 1
ortholog; SGK-1, a serine/threonine protein kinase that is orthologous to the mammalian
serum- and glucocorticoid-inducible kinases (SGKs); Akt/PKB, the serine/threonine kinase;
DAF-16/FOXO, forkhead box O (FOXO) transcription factor. Mitochondrial dysfunctions
[90-96] are associated with apoptotic/programmed cell death (PCD), aberrant autophagic
regulation, endoplasmic reticulum dysfunction, and intracellular calcium, including: c-Jun
N-terminal kinase (JNK) subgroup of mitogen-activated protein (MAP) kinases; CED-4, CED-9,
and EGL-1 belongs to a conserved genetic pathway to regulate apoptosis during C. elegans
development [34]; PINK-1, a predicted serine/threonine kinase which is similar with human
PINK1, PTEN-induced kinase-1; SKN-1/Nrf, skin in excess transcription factor 1/NF-E2-related
factor; mtROS, mitochondrial reactive oxygen species; ATP, adenosine-5’-triphosphate; HIF-1,
hypoxia-inducible transcription factor 1. Major molecules in TOR pathways include: TSC1/2,
tuberous sclerosis complexes 1 and 2; RHEB, Ras homolog enriched in brain; TOR, target of
rapamycin kinase; GSK3, glycogen synthase kinase ortholog. See text in Box 1 for further details.
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Natural variation associated with complex traits in C. elegans NGD

models

C. elegans is a globally distributed nematode and its natural genetic diversity
is similar to human genetic variation [48]. Studying NGDs in a genetically
tractable model species, such as C. elegans, allows detailed insight into the
molecular pathogenesis. C. elegansmodels of AD, PD, HD and other several
NGDs have been established [49–53]. These models involve the transgenic
expression of human genes under the control of a C. elegans promotor, with the
resulting protein often linked to GFP or YFP. Applying fluorescent proteins
(e.g. YFP) allows tracking of target proteins over time and the visualization
of aggregation in vivo via the observation of the fluorescent foci (e.g. [54]).
Such studies of AD using transgenic C. elegans have been carried out for many
years. More recently, McColl et al. (2012) have generated an improved model
with human DA- Aβ 1-42 under the control of the muscle-specific promoter
unc-54 promotor. In this line, the full-length Aβ1-42 (the predominant Aβ

species in human brain) is expressed in worm body wall muscle cells, and
its oligomerizations and aggregations develop and result in severe. This fully
penetrant, age progressive-paralysis also shows more rapid than that caused
fromAβ3-42 expression [20].

These transgenic models have all been generated in the N2 strain of C. elegans
and have been widely used in screens for gene function analysis. However,
such analyses in a single background have constrained the analysis and
detection of natural allelic variants associated with complex traits. The most
striking demonstration of this is a comparison of the RNAi phenotypes of
∼1,400 genes between N2 and CB4856 that showed that ∼20% of genes differ
in the severity of phenotypes between just these two genetic backgrounds [55].
Crucially, the natural variation demonstrated in C. elegans is also sufficient to
cause significant changes in signalling pathways both at the gene expression
(transcript and protein abundance) and phenotypic levels [56]. Accordingly,
these could contribute to understanding how allelic variation affects gene
expression, at the level of translation, in the multiple pathways and/or
networks of complex traits involved in development and disease progression.
For comparative investigations on mammalian genetics (including metabolism,
aging, cancer and neurodegeneration diseases), we therefore suggest that
taking the different genetic backgrounds of the worm into consideration could
be valuable. This approach would be likely to clarify proteostasis mechanisms,
and more fully reveal the relationships between genotype and phenotype. For
example, in Drosophila, Chow et al. (2013) showed 114 lines from the sequenced
Drosophila Genetic Reference Panel of wild derived inbred strains exhibit the
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high heterogeneity in survival under ER stress conditions, and showed that 17
of 25 tested candidate genes were active in the putative response to ER stress
[57].

Genetic and phenotypic differences between C. elegans populations have been
identified with many traits shown to be variable between isolates (e.g. [58–63],
for review see [64]). Next to the canonical wild type Bristol N2, the most
extensively characterized C. elegans isolate is the Hawaiian strain CB4856. This
isolate is extensively diverged from N2, with a recent de novo assembly of
the CB4856 genome suggesting that many variations have been maintained
by balancing selection over long evolutionary timescales [65]. Wild C. elegans
populations have also been shown to display significant local adaptation to
their environment at multiple levels from the genotype and transcriptome [60].
Given this genetic and phenotypic variation, it is likely that variable natural
genetic backgrounds of C. eleganswill harbor abundant genetic variation that
will modify the severity of NGD phenotypes. Wider analysis of more recently
isolated wild isolates is also important as recent research has revealed specific
adaptations to laboratory conditions that exist in the canonical wild type Bristol
N2 [66–68].

Studies into genetic background effects on NGDs in C. elegans have focused on
a polyglutamine model. Here, Gidalevitz et al. (2013) looked at the effects of
natural genetic variation on susceptibility to aggregation and to toxicity [69].
This work introgressed a polyQ40 transgene from an N2 background into three
wild genetic backgrounds, including the California-derived isolate DR1350, the
Madeira isolate JU258, and the genetically distant Hawaiian isolate CB4856. A
series ofmarkers of pathology progression, such as onset of toxicity aggregation,
and the differential cell-specific susceptibility to aggregation, showed wide
variation among the new introgression lines and between polyQ40 carrying
RILs derived from DR1350 and N2. This indicates that natural variation in
genetic background can control resistance to misfolded protein aggregations,
and act to bind its associated cellular dysfunctions, which encourages further
dissection on natural genetic variation susceptibility to age-related protein
homeostasis in disease mechanisms.

Li et al. (2004) mapped a large fraction of the C. elegans protein-protein
interaction network. This was extended when the initial version of a human
interactome map came out, adding more than 300 new connections to over
100 disease-associated proteins, including proteins related to NGD [70, 71].
Lejeune et al. (2012) accomplished a large-scale RNA interference screen
in C. elegans strains that express N-terminal huntingtin in touch receptor
neurons [72]. Then, a subset of high-confidence modifier genes in pathways of
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interest in HD were identified by network-based analysis, including metabolic,
neurodevelopmental and pro-survival pathways. These results, and those
of similar large-scale analyses, support the investigation of human disease
pathways using C. elegans as a model (Table S1).

C. elegans offers the opportunity to investigate the genetic backgroundmodifiers
affecting complex disease pathways. For example, comparisons of RAS/MAPK
signaling – a pathway critical in many complex human diseases, including
AD [73] – across two different genetic backgrounds, N2 and CB4856, as well
as their derived recombinant inbred lines (Box 2) identified the polymorphic
monoamine oxidase amx-2 (MAOA) as a negative regulator of RAS/MARK
[74]. It was found that MAOA’s effects on RAS/MAPK signaling are produced
by its effects on the level of the serotoninmetabolite 5 hydroxyindoleacetic acid
(5-HIAA), the first endogenous small molecule identified to act as a systemic
inhibitor of RAS/MAPK signaling [74].

Genetic networks in stress and aging leverage the detection of

NGD modifiers

NGDs are associated with other complex diseases (e.g. cancers). In part, this
is a consequence of the involvement of the cellular systems that deal with
various types of stress. For instance, variation in the genes that regulate the
brain’s molecular response to oxidative stress are associated with differential
neural vulnerability to the damaging effects of amyloid-β [75]. Here, oxidative
phosphorylation takes place within mitochondria, to meet the elevated energy
demands of neurons (Figures 1, 2, and 3). However, this can also accelerate the
accumulated oxidative damage, which could trigger impaired mitochondrial
energy production, upregulate oxidative phosphorylation causing further DNA
damage and significant levels of neuronal apoptosis [76].

A large number of genome wide association studies (GWAS) in humans
have identified pathways modulating the rate of aging and simultaneously
influencing multiple age-related diseases such as NGDs [77, 78]. These GWAS
studies have been invaluable in identifying and characterizing genetic variants
associated with variation in disease phenotypes. For example, Seshadri et al.
(2010) identified 38 SNPs within 10 loci by integrating data from multiple
studies and also identifiedCLU, PICALM, andCR1 as novel genes for late-onset
AD (LOAD) [79]. A similar meta-analysis of GWAS studies of PD identified six
more risk loci associated with the disease [80], whilst a combination of GWAS
and whole-exome sequencing (WES) identified variants in the CEL gene/locus
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associated with PD [81]. Similarly, N’Songo et al. (2017) identified ABCA7
missense variants that play a role in conferring AD risk in African Americans
by performing WES with previously identified AD GWAS loci [82]. According
to their highlighted allelic heterogeneity at this locus, they also suggested the
presence of additional AD-risk variants in MS4A6A, PTK2B, and ZCWPW1.

NGDs are also strongly associated with aging, indicating that there is a
link between protein misfolding and aging. This is very clear when the ILS
(FOXO) pathway, a representative aging-related pathway, is considered. In
C. elegans, this pathway ultimately controls the localization of DAF-16 – a
FOXO transcription factor transcription factor that regulates a large number
of genes involved in abiotic and biotic stress resistance, metabolism, and
longevity – with dephosphorylation of DAF-16 allow it to enter the nucleus
[19]. The phosphorylation of DAF-16 is controlled by the insulin/IGF-1
transmembrane receptor ortholog DAF-2, with reductions in daf-2 activity
resulting in daf-16 dependent increases in lifespan. Loss of function daf-2
mutations also increase lifespan in PD mutants of C. elegans, delaying the
accumulation of small aggregates of alpha-synuclein in the body wall muscle,
and rescuing deficiencies in resistance to different stresses [31]. In humans, the
age of onset of HD has a strong association with the length of polyQ expansion
in the huntingtin protein, but also varies between individuals with the same
repeat length. In laboratory mouse strains, different genetic backgrounds can
induce differential somatic expansion of CAG repeat.

Perspectives: What is the genetic architecture of variation in NGD

responses in C. elegans?

C. elegans quantitative genetics (Box 2) has yielded considerable insights into
understanding complex human disease pathways, but there has been limited
work in extending this to the analysis of NGDs. To this end, powerful and
serviceable datasets relating to causal genetic variants exploration based on
genomic analysis have been collected and can be obtained from WormQTLHD
(Human Disease) www.WormQTL-HD.org [83]. WormQTLHD allows for
systematically investigating phenotypic expression of C. elegans at levels
equivalent to those of human diseases, by catalyzing integration of reported
disease candidate gene associations, gene orthologue data, molecular profiles,
phenotypic variations and QTL results [83, 84]. Thus, this will support relevant
available meta datasets for human-worm studies and database exploration.

Taken together, C. elegans, a powerful model organism, can be used to study
how variation affects the onset and progression of protein misfolding disease
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and how the susceptibility to proteotoxicity performs in genetically diverse but
phenotypically general individuals. This may explain the higher propensity
to aggregation of the mutant disease-related proteins, in order to uncovering
onset and phenotypes of disease patterns [69]. Regardless of the toxicity
and aggregation of misfolded proteins, other factors leading to the variable
complex traits could possibly include multiple additive or allele interactions,
with the consequence of underlying intervention strategies at onset and/or in
progression of disease. In addition, Paaby et al. (2014) revealed cryptic genetic
variations (CGVs) in the gene networks of C. elegans embryogenesis [85]. CGVs
are silent alleles in general and can be only activated to influence phenotype,
when other functional genes is perturbed. The seemingly omnipresent
cryptic-effect loci segregate at intermediate frequencies in the wild. However,
they reveal low developmental pleiotropy. In the specific perturbations, e.g.
changes of the molecular, cellular, or developmental processes that govern
its phenotypic expression in complex metabolic human diseases, CGVs are
required to be revealed [43, 59], for reviews see [86, 87]. Above all, the natural
variation play an important role in neurodegeneration, involving inherently
plastic genetic and molecular pathways, and might allow for description of
complex etiology and implementation in eluding the harmful influences.

Conclusions

Given the molecular conservation in neuronal signalling between C. elegans
and vertebrates, including humans, this nematode is a valuable model species
for studying NGD pathways and the alleles that affect them. Despite progress
in identification of several AD and PD related genes, the effect of natural
alleles underlying protein misfolding in these diseases remains mostly unclear.
Here, we reviewed how natural variation could influence the severity of
disease phenotypes. Experiments that rely solely on induced mutants in Bristol
N2 limit the ability to explore how naturally varying alleles alter signalling
pathways. Thus, further research should go beyond classic mutant screens
on the genetic pathway analysis of complex traits, i.e. phenotypic differences
among individuals, to also consider the allelic interactions in different genetic
backgrounds. Consequently, the predictive nematode models of human
genetic diseases could provide a more complete genetic and molecular
understanding of how genetic variation shapes gene expression and cell
biology for personalized genomic medicine.
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List of abbreviations

AD Alzheimer’s disease
ALS amyotrophic lateral sclerosis
APP amyloid precursor protein
Aβ beta amyloid peptide
BDNF Brain-derived neurotrophic factor
CGVs cryptic genetic variations
CNV copy number variants
EOAD early onset AD
eQTLs expression quantitative trait loci
ER endoplasmic reticulum
FOXO forkhead box O protein
FTD frontotemporal dementia
GWAS genome wide association studies
HD Huntington’s disease
HTT huntingtin
IIS Insulin/Insulin like growth factor
ILs introgression lines
JNK c-Jun N-terminal kinase
LOAD late-onset alzheimer’s disease
LRRK2 leucine-rich repeat kinase 2
MAOA monogeamine oxidase amx-2
MAPK mitogen-activated protein kinases
MLH1 MutL homolog 1
mROS mitochondrial reactive oxygen species
mTOR mechanistic target of rapamycin
mTORC2 mammalian TORC2
NF-kB Nuclear factor kB
NGDs Neurodegenerative diseases
PCD programmed cell death
PD Parkinson’s disease
PESN1/2 presenilin-1/2 gene
polyQ polyglutamine
PrD prion diseases
QTLs quantitative trait locus
QTNs quantitative trait nucleotides
RILs Recombinant inbred lines
ROS reactive oxygen species
S6K subunit S6 kinase
SNP single nucleotide polymorphism
UPR unfolded protein response
UPS ubiquitin/proteasome system
WES whole-exome sequencing
5-HIAA serotoninmetabolite 5 hydroxyindoleacetic acid
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Abstract

Background

Accumulation of protein aggregates are a major hallmark of progressive
neurodegenerative disorders such as Parkinson’s disease and Alzheimer’s
disease. Transgenic Caenorhabditis elegans nematodes expressing the human
synaptic protein α-synuclein in body wall muscle show inclusions of
aggregated protein, which affects similar genetic pathways as in humans.
It is not however known how the effects of α-synuclein expression in
C. elegans differs among genetic backgrounds. Here, we compared gene
expression patterns and investigated the phenotypic consequences of transgenic
α-synuclein expression in five different C. elegans genetic backgrounds.

Results

Transcriptome analysis indicates that α-synuclein expression effects pathways
associated with nutrient storage, lipid transportation and ion exchange and
that effects vary depending on the genetic background. These gene expression
changes predict that a range of phenotypes will be affected by α-synuclein
expression. We confirm this, showing that α-synuclein expression delayed
development, reduced lifespan, increased rate of matricidal hatching, and
slows pharyngeal pumping. Critically, these phenotypic effects depend on the
genetic background and coincide with the core changes in gene expression.

Conclusions

Together, our results show genotype-specific effects and core alterations in both
gene expression and in phenotype in response to α-synuclein expression. We
conclude that the effects of α-synuclein expression are substantially modified
by the genetic background, illustrating that genetic background needs to be
considered in C. elegansmodels of neurodegenerative disease.

Keywords: Natural variation, Gene expression profile, Protein aggregation,
α-synuclein, Genetic background, Caenorhabditis elegans.
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Background

Dementia is a growing global problem affecting large numbers of people. The
most common causes of dementia are associated with neurodegeneration,
such as that resulting fromAlzheimer’s disease (AD) and Parkinson’s disease
(PD) [2–4]. These neurodegenerative dementias share neuroanatomical and
biochemical similarities and result from protein misfolding. A major difficulty
in determining the mechanisms that produce neurodegenerative dementia
is that the underlying cellular-level pathology varies greatly among patients
(reviewed in [5, 6]. These differences in pathology allow for genome-wide
association studies (GWAS) of PD patients, identifying genetic risk-variants and
demonstrate the complex genetic architecture of neurodegenerative dementia
[7–9].

Model organisms, such as the nematode Caenorhabditis elegans, are of great
value for studying neurodegenerative diseases [10–14]. This is due to their
experimental tractability and to the broad and general conservation of genetic
pathways across species. Importantly, C. elegans allows for sophisticated
genome-wide genetic screens, which are much less complex than similar
studies on mammals. In C. elegans, most of these screens have sought to identify
loci that represent potential candidate diagnostic and therapeutic targets, or to
understand the underlying pathological processes. For example, analysis of
transgenic C. elegans expressing the human Aβ peptide – the main component
of the amyloid plaques found in AD – linked toxicity to insulin/insulin-like
growth factor (IGF), dietary restriction and the heat shock response [10, 11, 13,
15–17]. Similarly for PD, analysis of worms expressing α-synuclein identified
associations with ageing and insulin-like signalling [18] and with autophagy
and lysosomal function [19].

Most C. elegans studies are however limited to the canonical Bristol N2 genetic
background, and therefore do not provide insight into how genetic variation
between individuals might affect disease-associated traits. This is a major issue
as it is clear, both specifically in C. elegans (e.g. [20–23] and more generally in
other systems [24–26], that the phenotype of any given mutation, transgene
or allele can vary depending on the genetic background [27]. For C. elegans,
natural genetic variation is known to result in extensive phenotypic variation
(e.g. [28, 29] and see [30, 31] for reviews for older studies) and differentially
affects both the proteome [32, 33] and transcriptome [23, 32, 34–38]. Therefore,
only studying mutational effects in a single genetic background biases our
understanding of disease phenotypes, and represents a missed opportunity to
elucidate disease mechanisms.
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Exemplifying this pattern of a reliance on a single genetic background, only
one study has, to date, looked at protein misfolding disease in multiple
wild isolate genetic backgrounds of C. elegans [39]. Crucially, this showed
that natural genetic variation can uncouple different phenotypic effects of
polyglutamine (polyQ40) expression [39]. This strongly suggests that similar
important variation between genetic backgrounds will be found for other
protein misfolding diseases. Given that for protein misfolding diseases the
nature of the modifying alleles segregating within human populations remain
largely elusive [40], the experimental tractability of C. elegans in combination
with genetic variation makes the species an excellent system in which to
address this issue.

In C. elegans, expression of an α-synuclein and yellow fluorescent protein (YFP)
fusion in the body wall muscle results in an age-dependent accumulation of
inclusions [18]. These inclusions ofα-synuclein form aggregates in agingworms
that are similar to the pathological inclusions seen in humans with PD [18].
This therefore represents an appropriate model of α-synuclein toxicity [41]. To
investigate the effect of genetic background on the consequences of α-synuclein
expression,we have created introgression lines (ILs) containing thisα-synuclein
and YFP transgene in the background of four wild isolates of C. elegans. Our
analyses of these new ILs, and of α-synuclein in an N2 genetic background,
identify both general and genotype-specific changes in gene expression. These
changes predict a range of phenotypic effects that we then experimentally
confirm. Importantly, given the reliance on N2 in C. elegans research, we
show both that some effects are N2-specific and that for other phenotypes the
analysis of other genetic backgrounds uncovers substantial variation not seen
in N2. Our approach therefore evaluates how genetic background conditions
transgene effect(s), and specifically illustrates how the consequences of ectopic
overexpression of α-synuclein depends on genetic background.

Results

Introgression line construction and validation

We introgressed the pkIs2386 transgene [unc-54p::α-synuclein::YFP + unc-119(+)]
from NL5901 [18], which has an N2 genetic background, into the genetically
divergent wild isolates JU1511, JU1926, JU1931, and JU1941 (see [37] for
information on genetic distance between these lines). The pkIs2386 transgene
results in α-synuclein expression in the body wall musculature and the vulval
muscles. After back-crossing and selfing, four new ILs were obtained, SCH1511,
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SCH1926, SCH1931, and SCH1941, with for example, SCH1511 containing the
transgene in a JU1511 background. In combination with N2 and NL5901 as
controls, we were therefore able to investigate the phenotypic and genomic
effects of α-synuclein in five genetic backgrounds (N2, JU1511, JU1926, JU1931,
and JU1941). An additional IL, SCH4856, was subsequently created in which
the transgene has been introgressed into a CB4856 background. SCH4856 was
used to test for the effects of N2 alleles (see below).

We sought to identify the site of the introgression and to determine how much
of the N2 genome surrounding the transgene had also been introgressed into
the wild isolates. PCR-based genotyping located the transgene in chromosome
IV, indicating that the homozygous introgressions in the new ILs spanned
between 4.2 and 13.2Mb of chromosome IV (Table S1). By using the set of genetic
markers from [37], we identified significantly differential expressed genes on
chromosome IV of the α-synuclein lines, and also identified an additional
introgression on chromosomeV in SCH1931 (Figure S1). PCR-based genotyping
together with the transcriptomic analysis indicated a consistent genomic
location for the α-synuclein transgene in each of the genetic backgrounds, but
did not allow detection of the precise introgression boundaries.

Transcriptome effects of the α-synuclein introgression depend on the

genetic background.

The effects of α-synuclein expression on gene expression was measured in five
different genetic backgrounds, with three biological replicates per genotype
(see Additional file 1 and ArrayExpress accession E-MTAB-6960 for details).
Analysis of genome-wide transcriptional changes in the α-synuclein expressing
worms indicated that there were differences in developmental rate between
the ILs. Variation between ILs in developmental rate was also observed during
IL construction. We therefore estimated the age of the samples by their gene
expression profile (as in [42] and [43]) and used principal component analysis
(PCA) on genome-wide expression levels to investigate differences between
isolates and the effects of α-synuclein. This analysis revealed separation
between the wild isolates and their corresponding transgenic ILs (Figure 1A).
Although genotypes were more scattered on these first two PCA axes, this
indicated that developmental delay and reduced lifespan were associated with
the introgressed α-synuclein transgene (Figure 1A). A large part of the global
gene expression differences are therefore explained by slower development
in the α-synuclein lines. Hence, many of the genes identified as responding
to α-synuclein in the different backgrounds were likely to be associated with
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their differential age. Using a threshold of -log10(p) >3.4 (FDR <0.05) we found
3521 genes affected by Age, 1509 affected by Genotype, 646 by α-synuclein
and 428 by an interaction between Genotype and α-synuclein (Figure 1B, Table
S2). Genes affected by α-synuclein or the interaction between α-synuclein
and age were most often also affected by genotype. The overlap among these
four factors yielded 78 genes highly specific for α-synuclein relative to both
Age and Genotype (Table S2). This showed that both genotype-specific and
universal (genotype independent) changes in gene expression were induced
by α-synuclein expression, i.e. we identified a core set of genes of which
the expression was altered in all genetic backgrounds and others that were
genotype-specific. Strikingly, many genes were not expressed and/or regulated
in the same way in wild isolate genetic backgrounds compared with N2.
These data therefore indicate that the transcriptome effects of the α-synuclein
introgression depend on the genetic background.

Figure 1: Gene expression varies with genetic background in C. elegans ILs constitutively
expressing α-synuclein. A) Principal component analysis on gene expression differences, with
genotypes represented by shape and α-synuclein (aS) expressing ILs indicated with a black
point. Estimated age difference is shown by the colour gradient. Here, developmental age was
determined based on the expression levels of class I age responsive genes from [42], which show
a linear increase in expression during development between 46 and 54 hours. This indicated
a maximum developmental difference of a 2.5 hours between genotypes. B) Venn diagram of
differentially expressed genes that are specific to aS, Genotype,Age and aS x Genotype including
both induced and repressed genes.

Gene expression enrichment analysis

Gene ontology analysis (GO) of differentially expressed genes revealed
the molecular, cellular, and biological processes affected by development,
α-synuclein and genetic background (Table 1, with full results in Table S2).
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Genes that change expression in response to genetic background were enriched
for genes involved in the innate immune response and oxidation-reduction
process (Table S2) as was previously found by [37]. Widespread changes
in genes related to muscle function were observed (Table 1), an expected
response given the changes in cellular environment induced by expression of
α-synuclein in the body wall muscle. This analysis also identified changes in
genes involved in pharyngeal pumping (Table 1).

As expected there were also changes in various pathways associated with
cellular stress responses (Table 1), and protein homeostasis (Table S2). Taking
the effect of both α-synuclein and age into consideration, genes associated with
metabolic processes, transporters of ions and lipids, and kinase activities for
ATP were enriched (Table S2).

Phenotypic effects of α-synuclein expression vary among genetic

backgrounds

Expression of α-synuclein slows development in some genetic backgrounds

Gene expression analysis indicated thatα-synuclein lineswere developmentally
delayed. To test this directly, we scored development time, i.e. the time to the
first appearance of eggs. Analysis of these data indicated that development
was affected by α-synuclein (aS, p <2e-8), genetic background (Genotype, p
<2e-8) and the interaction between α-synuclein and genetic background (aS
x Genotype, p <0.0002). In most α-synuclein expressing lines development
was delayed compared to the corresponding wild isolate (Figure 2A), with
SCH1941 and SCH1926 showing significantly longer larval development time
periods than the corresponding wild type controls (p <1e-6, and p <0.008 for
SCH1941 and SCH1926, respectively) (Figure 2A).

As found in the phenotypic assay, the transcriptomic samples of theα-synuclein
lines were estimated to be younger than the corresponding wild isolate and so
showed delayed development (Figure 2B, ANOVAmodel Estimated_Age ∼
aS*Genotype; aS p <6e-5), which was independent of the genetic background
(Genotype, p = 0.72) and of the interaction between α-synuclein and genetic
background (aS x Genotype, p = 0.84). Comparing theWT and α-synuclein lines
for each individual line showed that SCH1931 and JU1931 again displayed
the smallest developmental difference as found in the phenotypic assay.
Overall, we therefore conclude that the α-synuclein introgression had a
genotype-specific impact, differentially decreasing the developmental rate in
each genetic background.
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Figure 2: Development time varies with genetic background in C. elegans ILs constitutively
expressing α-synuclein. A) Boxplot of development measured by time until first egg-laying
showing developmental delay of α-synuclein expressing lines and variation between genotypes
(ANOVA: aS effect p <2e-8; Genotype p <2e-8; aS x Genotype Interaction p <0.0002; Tuckey HSD:
N2 p = 0.96; JU1511 p = 0.88; JU1926 p <0.008; JU1931 p = 0.98; JU1941 p <1e-6, with significant
differences between genotypes indicated by the stars). B) Scatterplot of the relation between
estimated age at transcriptomics sampling and the development time. Estimated age difference
was determined based on the expression levels of class I age responsive genes from [42], which
show a linear increase in expression during development between 46 and 54 hours. The points
represent the mean and the lines indicate the standard error.

Expression of α-synuclein decreases pharyngeal pumping rate in some genetic

backgrounds

Given the observation of differential expression of genes with a function in
pharyngeal pumping (Table 1), we measured pharyngeal pumping rate in all
lines 48 and 72 hours after recovery from L1 arrest (Figure 3). No significant
differences were seen at 48 hours, but 72 hours after recovery from L1 arrest
pharyngeal pumping was affected by α-synuclein (aS, p <3e-16), by the genetic
background (Genotype, p <3e-10) and by the interaction of α-synuclein with
genetic background (aS x Genotype, p <0.004; Figure 3B). At this point, the
pharyngeal pumping rate at 72 hours in the α-synuclein expressing lines had
slowed down compared to their corresponding wild isolate (Figure 3B; N2 p
= 0.93; JU1511 p <5e-4; JU1926 p <2e-5; JU1931 p = 0.54; JU1941 p <1e-8). These
data therefore indicated that the presence of an α-synuclein introgression
had a noticeable genotype-specific impact on pharyngeal pumping rate. As
pumping rate primarily reflects pharyngeal muscle activity, a tissue in which
the α-synuclein transgene is not expressed, these changes reflect an indirect
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systemic effect of α-synuclein expression.

Figure 3: Muscle function varies with genetic background in C. elegans ILs constitutively
expressing α-synuclein. Boxplots of the number of pharyngeal pumps over a 30s period in
worms at A) 48 and B) 72 hours after recovery from L1 arrest. Black dots represent outliers
(two times interquartile range). Analysis shows no significant effects at 48 hours. At 72 hours
however, pharyngeal pumping is affected by α-synuclein expression, by the genetic background
and by the interaction of α-synuclein expression with the genetic background (ANOVA: aS, p
<3e-16, Genotype, p <3e-10, aS x Genotype, p <0.004; Tucky HSD: N2 p = 0.93; JU1511 p <5e-4;
JU1926 p <2e-5; JU1931 p = 0.54; JU1941 p <1e-8). C) Boxplots of the activity rates of worms in
liquid, with analysis indicating that locomotion pumping is affected by α-synuclein expression,
by the genetic background and by the interaction of α-synuclein expression with the genetic
background (ANOVA: aS p <1.953e-12, Genotype p <4.4e-13, aS x Genotype p = 0.0040; Tukey
HSD: N2 p = 1.00; JU1511 p = 2.4e-6; JU1926 p = 0.0016; JU1931 p = 1.3e-3; JU1941 p = 0.51).
Significant differences between genotypes are indicated by stars.

Expression of α-synuclein decreases movement in some genetic backgrounds

Given the site of α-synuclein expression and the detection of changes in
the expression of genes involved in muscle structure and function (Table
1) we tested for differences between lines in movement. Here, we assayed
movement of worms in liquid (Figure 3C). These data indicate that N2 and
NL5901 show similar movement rates and that the α-synuclein expressing
lines expression show reduced activity in comparison to their corresponding
wild isolate. These data therefore indicate that the presence of an α-synuclein
introgression produces a genotype-specific impact, likely a direct consequence
of α-synuclein expression in the body wall muscles.
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Table 1: The top-20 enriched GO-terms with 5 or more genes with an α-synuclein effect.

GO_ID Description All
genes

α-synuclein
Genes

Type p-Value Adjusted
p

GO:0005576 extracellular region 329 54 CC 3.99E-06 8.29E-04
GO:0030246 carbohydrate binding 288 48 MF 8.12E-06 1.13E-03
GO:0005861 troponin complex 8 5 CC 1.21E-05 1.26E-03
GO:0055120 striated muscle dense body 93 21 CC 1.77E-05 1.48E-03
GO:0045087 innate immune response 300 47 BP 5.16E-05 3.06E-03
GO:0010332 response to gamma

radiation
10 5 BP 7.77E-05 3.59E-03

GO:0006869 lipid transport 26 8 BP 2.74E-04 1.12E-02
GO:0098869 cellular oxidant

detoxification
52 12 BP 5.12E-04 1.29E-02

GO:0030017 sarcomere 22 7 CC 4.10E-04 1.29E-02
GO:0006936 muscle contraction 17 6 BP 3.93E-04 1.29E-02
GO:0016810 hydrolase activity, acting

on carbon-nitrogen (but not
peptide) bonds

13 5 MF 5.02E-04 1.29E-02

GO:0071949 FAD binding 18 6 MF 5.94E-04 1.37E-02
GO:0008652 cellular amino acid

biosynthetic process
20 6 BP 1.23E-03 2.57E-02

GO:0043050 pharyngeal pumping 16 5 BP 1.85E-03 2.96E-02
GO:0016787 hydrolase activity 818 96 MF 2.24E-03 3.45E-02
GO:0016311 dephosphorylation 63 12 BP 3.36E-03 3.49E-02
GO:0030170 pyridoxal phosphate

binding
48 10 MF 2.88E-03 3.49E-02

GO:0031430 M band 28 7 CC 2.46E-03 3.49E-02
GO:0003993 acid phosphatase activity 28 7 MF 2.46E-03 3.49E-02
GO:0099132 ATP hydrolysis coupled

cation transmembrane
transport

23 6 BP 3.08E-03 3.49E-02

CC: cellular component; MF: molecular function; BP: biological process.

Expression of α-synuclein decreases lifespan in some genetic backgrounds

Given the age-related changes in pharyngeal pumping rate and enrichment
of genes associated with aging and stress response pathways in response to
α-synuclein expression, we hypothesised that the introgressed α-synuclein
transgene could affect longevity. Therefore, we measured lifespan in all lines.
Comparison of N2 and NL5901 (α-synuclein in an N2 background) showed
that lifespan was not affected by α-synuclein expression in the N2 genetic
background (Figure 4; N2 log-rank p = 0.14, mean age p = 0.99). However, in
the other genetic backgrounds, lines containing the α-synuclein introgression
displayed significantly accelerated death (Figure 4A) and a shortened lifespan
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(Figure 4B), a global effect of α-synuclein expression on animal physiology
and function. These data also indicated that the α-synuclein introgression in
the wild isolate genetic backgrounds resulted in increased rates of maternal
hatching (bagging) (Table S3, Figure 5). Given that the α-synuclein transgene
is expressed in the vulval muscles this result mirrors the direct effect of
α-synuclein expression on muscle function seen for thrashing (Figure 3C).
These observations indicate that α-synuclein expression lowers lifespan in
some genotypes, but not others.

Figure 4: C. elegans ILs constitutively expressing α-synuclein exhibit significantly shorter
lifespan. A) Survival curves for wild-type (WT) and transgenic nematodes expressing
α-synuclein (aS) at 20◦C (log-rank test (‘survival’ package, R): N2 p = 0.14; JU1511 p <0.003;
JU1926 p <4*1e-7; JU1931 p = 0.79 (first 20 days p <0.0004); JU1941 p <7e-5, with significant
differences between genotypes indicated by stars). B)Box-plot of the lifespan for WT and aS
lines. Black dots denote outliers (two times interquartile range), with analysis indicating that
lifespan is affected by α-synuclein expression, by the genetic background and by the interaction
of α-synuclein expression with the genetic background (ANOVA: aS p <3e-5; Genotype p «1e-16;
aS x Genotype p <0.0002; Tucky HSD: N2 p = 0.99; JU1511 p <0.008; JU1926 p <0.0004; JU1931 p
= 0.71; JU1941 p <1e-5, with significant differences between genotypes indicated by stars). C)
Relationship between lifespan and development time. The points represent the mean and the
lines indicate the standard error.
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Figure 5: Phenotypic effects of α-synuclein expression across different genetic backgrounds.
Shown are differences between wild type and α-synuclein expressing lines in bagging (%
difference in matricidal hatching), in development (difference in hours from L1 arrest to first
egg lay), in lifespan (difference in mean lifespan in days), in pumping rate (difference in number
of pumps recorded over a 30s period) and in trashing (activity counts in liquid recorded over a
30m period).

Genetic background affects the outcome of α-synuclein expression

Comparison of phenotypic effects across the genetic backgrounds tested
suggests that the phenotypes associated with the α-synuclein transgene
introgression vary between genotypes in a consistent manner (Figure 5).
Multiple phenotypes were affected by α-synuclein in the JU1511, JU1926,
and JU1941 background, whereas they were less affected in the JU1931 and
N2 backgrounds. This suggests a shared genetic component across many
of the phenotypes we have observed, but does also indicate that there is
genotype-specific variation, e.g. no pair of lines shows the same pattern of
phenotypic effects (Figure 5). These data also indicate that there are both local
effects – e.g. bagging and trashing, where effects can be directly attributed to
expression of α-synuclein in the muscles – and global effects on the whole
animal.

As alleles fromdifferentC. elegans backgrounds can produce a range of synthetic
deleterious effects resulting in full or partially genomic incompatibilities
between their genomes [44, 45], we sought to test if the N2 region alone
replicated the phenotypes we observed here. We therefore introgressed the
pkIs2386 transgene into a CB4856 genetic background, generating the SCH4856
line and undertook comparisons of this line with CB4856 and CBN93, a line
with an introgression of the N2 genome spanning the 3.3-12.8Mbp region
on chromosome IV in an CB4856 background (Table S1). This control was
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undertaken as deleterious interactions between alleles from N2 and those
from CB4856 are well characterized [44, 45]. Comparisons of pumping rate
and of development time between these lines indicated that the expression of
α-synuclein in SCH4856 produced effects not seen in CBN93 (Figure 6) and
that these effects mirror those seen in the other genetic backgrounds. This
provides strong support for the view that the phenotypic effects we observe
were a consequence of α-synuclein expression and not the introgression of the
N2 region.

Figure 6: Phenotypic effects observed in a CB4856 genetic background depend on
α-synuclein expression rather than N2 alleles. Here, comparisons are made between N2 (N2
WT and AS) and CB4856 (CB4856 and IL AS) genetic backgrounds with and without the
α-synuclein introgression and with CBN93 (IL WT), a line with an introgression of the N2
genome spanning the 3.3-12.8Mbp region on chromosome IV in an CB4856 background.A)A
box-plot of the average pumping rate in 30s of worms 48 and 72 hours after recovery after L1
arrest, and B)Time from recovery of L1 arrest to first egg lay. The black dots represent outliers
(outside two times the interquartile range). Letter codes denote lines that differ significantly (p
<0.05).

Discussion

We have introgressed a transgene that results in the expression of α-synuclein
in the body wall and vulval muscles into different genetic backgrounds of C.
elegans. Analysis of these newly created α-synuclein ILs indicates that genetic
background effects both the response of the animals to α-synuclein expression
at the level of gene expression and in terms of the phenotypic consequences.
Further, this can be seen at both a local and global level, with effects seen in
traits associated with muscles in which α-synuclein is expressed (bagging and
thrashing) and traits that represent a global, whole organism, effects (pumping,
development rate and lifespan). Our gene expression analysis identifies a range
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of changes associated with α-synuclein expression. Many of these – particularly
those involved in muscle function and in various stress responses – matched
expectations given the site of expression and the known effects of α-synuclein
aggregation on cellular function. We also identify changes in lipid metabolism
(Tables 1 and S2), an important result given that this has been previously linked
to α-synuclein pathology in a yeast model [46] and that there is evidence of
a direct association between α-synuclein and lipid droplets [47]. Changes in
lipid levels of C. elegans expressing α-synuclein in the muscles have previously
been observed [48], our results therefore provide a set of candidate genes to
investigate how α-synuclein expression may mediate lipid metabolism. We
also show that such effects can be expected to vary across C. elegans genetic
backgrounds.

On a phenotypic level we found that, in comparison to the corresponding wild
isolates, the α-synuclein expressing lines: developed more slowly; suffered
an increased rate of decline in pharyngeal pumping; exhibited a shorter
lifespan; and died frommatricidal hatching of eggs at an increased rate. Similar
phenotypic effects are observed in other C. elegansmodels of protein misfolding
disease. For example, transgenic worms expressing polyQ proteins and Aβ

both show a significantly shortened lifespan [39, 49]. A reduced lifespan could
therefore be a general toxicity phenotype, providing an indirect measure of
organismal dysfunction caused by misfolded protein aggregations in the body
wall.

Many of the phenotypic changes we see are either only found in wild isolate
genetic backgrounds or are more pronounced in these backgrounds (Figure
5). This demonstrates that there is variation between isolates that appears
to differently affect local and global consequences of α-synuclein expression.
Previously, only a single C. elegans study has directly investigated the effect of
genetic background in the context of protein misfolding disease. That study
found complex variation in polyglutamine (polyQ40) aggregation and toxicity
in three wild isolate backgrounds and in a panel of 21 recombinant inbred
lines (RILs) [39]. The RIL analysis also showed that the various effects of
polyQ40 expression could be uncoupled [39]. In this study, we also show some
evidence that natural genetic variation in C. elegans can uncouple different
effects of α-synuclein expression (Figure 5), suggesting that this may be a
general pattern.

A caveat with this interpretation is however that a range of incompatibilities
between alleles from different C. elegans genomes have been identified [44, 45]
and that the region surrounding the site of the α-synuclein transgene contains
a number of mapped quantitative trait loci affecting various life history traits.
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For example, ILs with introgressed regions of chromosome IV from CB4856
in an N2 genetic background have identified QTLs affecting lifespan and
pumping rate that partially overlap our introgression [50]. Similarly, a complex
interaction between alleles from the N2 and CB4856 genomes has been found
on chromosome IV [45]. However, little is known about the frequency of such
synthetic deleterious effects between other genotypes of C. elegans. Proteomic
analysis of age-dependent changes in protein solubility by [51] also indicates
that the genes encoding proteins that become insolublewith age are enriched for
modifiers of lifespan. Additionally, a heat-stress specific QTL for recovery [52]
as well as an eQTL-hotspot have been identified on the left arm of chromosome
IV (IV: 1.0–2.5Mb) [38], while a QTL formaternal hatching rate is at the position
of the introgression (chromosome IV ∼6M) [53]. That such effects might alter
disease-related processes complicates the interpretation of both our results here
and the previous work of Gidalevitz et al. (2013) [39]. To experimentally address
this caveat, we introgressed the α-synuclein transgene into a CB4856 genetic
background and undertook comparisons with a line that contains a comparable
region of the N2 genome, but no transgene, in a CB4856 background. These
comparisons indicated that the N2 introgression alone does not recapitulate
the phenotypic effects seen in the α-synuclein expressing line (Figure 6). As
these comparisons again show that the expression of α-synuclein in a CB4856
genetic background results in different and more severe effects than those seen
in an N2 background, this strongly supports the view that genetic background
needs to be considered more generally when C. elegans is used as a disease
model. A move to the use of more defined modifications in a range of genetic
backgrounds that limited the introduction of other alleles – perhaps via the use
of CRISPR to introduce the relevant transgenes – would therefore be ideal. It
would also be of interest to determine the extent to which genotype-specific
were observed in other models, for example where α-synuclein is expressed in
neurons [46]. As there is extensive variation between isolates of C. elegans in
lifespan and in various stress responses and in lifespan, and that variation has
now been identified for two protein misfolding diseases such a development
would facilitate the systematic analysis of the role of natural variation in such
diseases.
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Methods

C. elegans maintenance and growth conditions

Worms were maintained at 20◦C on nematode growth medium (NGM) plates
seeded with Escherichia coli OP50 [54] and all assays were undertaken at 20◦C.
Assays were initiated using eggs isolated from gravid adults treated with
sodium hypochlorite and NaOH [55]. For the microarray analysis of gene
expression and for the pharyngeal pumping assays, these synchronized eggs
were allowed to hatch on NGM plates seeded with E. coli overnight at 20◦C,
i.e. these worms were not arrested at the L1 stage. After 48 hours, worms in all
strains had reached the L4 stage. For the lifespan, development, and thrashing
activity assays, the synchronized eggs were hatched on NGM plates without
E.coli, in order to obtain synchronized L1 larvae. When they reach L4 stage,
these assay were then measured or setup will all lines.

C. elegans lines

The C. elegans wild types JU1511, JU1926, JU1931, JU1941, CB4856 (Hawaii),
canonical strain N2 (Bristol), and the transgenic strain NL5901, which contains
the pkIs2386 transgene [unc-54p::α-synuclein::YFP + unc-119(+)], were obtained
from the Caenorhabditis Genetics Center. To introgress the α-synuclein::YFP
transgene into thewild backgrounds, NL5901 hermaphroditeswerematedwith
wild type males, then five to ten F1 fluorescent males were mated with wild
type hermaphrodites. Fluorescent males were then isolated in the F2 progeny
of this cross and used to backcross to the relevant wild type. This backcrossing
to the wild type background was repeated until generation F7 was reached. At
this point, worms were allowed to self-fertilise to obtain homozygotes lines
and then cryopreserved. This crossing design was used to produce the strains
SCH1511, SCH1926, SCH1931, SCH1941, and SCH4856, with for example,
SCH1511 containing the transgene in a JU1511 background.

Five genetic backgrounds –N2, JU1511, JU1926, JU1931, and JU1941 –were used
to investigate the phenotypic and genomic effects of α-synuclein expression.
SCH4856 was used in separate assays to test the effect of N2 alleles surrounding
the transgene integration site. Here, comparisons were made to the CBN093
strain which contains a comparable region of the N2 genome introgressed
into CB4856, but no transgene. CBN093 was constructed by back-crossing
WN071 [56] with CB4856. The strain was back-crossed followed by segregation
for 11 generations until a single homozygous region on chromosome IV was
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obtained. Thereafter, the strain was inbred for 11 generations and the genotype
confirmed by sequencing (SRP154243; https://www.ncbi.nlm.nih.gov/sra) using
the approach [57, 58].

IL genotyping

PCR-based genotyping: DNA was isolated from the lysates of 5 individual
adults from each line, and then was used for genotyping PCRs. Genotyping
primers utilized insertions/deletions between the CB4856 and N2 genomes,
with 41 primer pairs covering the genome used (see Table S1 for details of
primers and marker locations) [57]. PCR was carried out with the GoTaq DNA
polymerase kit (Promega) according to the manufacturer’s recommendations.
The sizes of amplified products were assessed by electrophoresis in 1.5%
agarose gels stained with Ethidium Bromide. This allowed the size of the
introgressions to be determined, with these regions shown in Table S1.

Hybridization markers:Marker genes found by DNA hybridizations in [37] were
used to find the genomic position of the α-synuclein introgression in each
genetic background. We tested which genomic region was missing markers
for the wildtype background, this region then must be from the NL5901
background.

Sample preparations and RNA microarray analysis

mRNA microarrays: In total three independent replicates of the four JU strains
and their corresponding transgenic ILs, as well as N2 and NL5901, were
analysed. Worms were assayed at 48 hours from egg isolation (see details
above) and all strains were at the L4 stage. Worms were therefore the same
chronological age, and at the same larval stage, but this design would allow
the detection of effects of genetic background, α-synuclein expression and
the interaction of these effects on development. At this point worms were
generated by hatching alkaline hypochlorite-purified eggs and then harvested
by centrifugation, washed with M9 buffer, frozen in liquid N2, and stored
at −80 ◦C until use. The Maxwell®16 Tissue LEV Total RNA Purification Kit
was used for mRNA isolation, following the manufacturer’s protocol with a
modified lysis step. In addition to the lysis buffer, proteinase K was added
and the sample was incubated at 65◦C while shaking at 1000 rpm for 10
minutes. Thereafter the standard protocol was followed. PolyA RNA was
used to generated Cy3 and Cy5-labeled cRNA samples, which were then
hybridized to 4X44K slides V2 (Agilent) C. elegans whole genome GeneChips,
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processed, and scanned (full microarray data in ArrayExpress with accession
E-MTAB-6960). RNA microarray statistical analysis and data processing were
performed using the Limma package for the R software environment (htt
ps://www.bioconductor.org/packages/release/bioc/html/limma.html). To
find the genes affected by α-synuclein, genotype and age, these terms were
used as explanatory factors in a linear model (gene expression ∼ age + aS *
genotype). Significance thresholds were determined by permutations of all
spots on the array. In the permutations, the RNA hybridization intensities were
randomly distributed over the genotypes and batches. Therefore, the p-value
that gave a min ratio of false positives/true positives of 0.05 (= -log10(p) >3.4)
was set for convenience, i.e. an FDR at 0.0186 for α-synuclein effect, 0.0249 for
genotype effect and 0.073 for the interaction betweenα-synuclein and genotype.

Enrichment: Enrichments were done on genes groups divined by their
significance from the linear model a -log10(p) >2 was used, then a hyper
geometric test in R was used to test each GO term for enrichment.

PCA: To partition the variation in gene expression a PCA was done on the
transcription profiles (the log2 ratios with the mean) of all samples. The first
two axis were used for visualisation.

Age estimation:Age estimation of the worms sampled for transcriptomics was
done by comparing the class I age responsive genes from [42], as done by [42,
43, 59]. These genes show a linear increase during development between 46
and 54 hours and can therefore be used to estimate the relative differences
in development between samples/populations by their transcriptomes. The
α-synuclein expressing SCH lines developed more slowly than the JU lines
and none of the lines had started moulting at 48 hours, so there were no adults
on the plates.

Phenotypic assays

Lifespan: Nematodes were cultured on OP50 bacteria without fluorouracil
deoxyribose (FUdR) from synchronised L1 juveniles until young adults. When
setting up the experiment, in total 100 worms per strain were randomly
selected from the population and transferred onto 10 plates (i.e. each plate
contains 10 worms). Then, they were transferred away from their progeny
every day during the vigorous reproductive period and every other day during
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the reduced reproductive period. From the young adult stage, worms were
examined for signs of life daily. Individuals that were not moving or twitching
after gentle stimulation, followed by vigorous stimulation, or that did not
exhibit pharyngeal pumping for 30 seconds, were considered dead. Individual
worms that had died from internal hatching of progeny (bagging), or that had
crawled off the plates, were censored from lifespan result but were used for
maternal hatching analysis. Two biological replicates were done for lifespan
assay. Data analysis was performed in R using the ‘survival’ package. The
rates of bagging from these assays were also compared to determine if this
was affected by α-synuclein expression.

Development time: Synchronised L1 juveniles were obtained by allowing eggs
to hatch in M9 buffer after three washes in M9 after hypochlorite treatment.
Arrested L1s were then transferred to NGM plates, which fed with E. coli OP50
and were incubated at 20◦C. Tracking observations and inspections were done
at regular time intervals. Development time was defined as the period between
worm inoculation and the moment at which the first appearance of eggs and
the period until the reproductions reach peak level. Three biological replicates
were done for this assay.

Pharyngeal pumping: To avoid the effect of short term starvation after inoculation
on pharyngeal pumping rate, synchronized eggs, isolated as described above,
were allowed to hatch on NGM plates with E.coli (t=0 hours). Individual
worms were then isolated and observed at the L4 stage (t=48 hours, day 2) and
as young adults (t=72 hours, day 3). The number of contractions in the terminal
bulb of pharynx was counted for 30s (n = 19 per genotype) for the L4s, and for
60s for 3 day-old worms (n = 30 per genotype). Three biological replicates were
done for this assay.

Thrashing: Synchronized starved L1 juveniles were inoculated on NGM plates
with E.coli at 20◦C. When N2 worms were observed to have reached the L4
stage, worms were transferred into the wells of a 96-well-plate, where each well
contained 50µl of M9 buffer [55]. Three biological replicates were undertaken,
with 10 worms per well for 3-5 wells per genotype in each of the replicates.
Activity was then measured in an 30 minute period using a WMicroTracker
(PhylumTech). Here, worm movements in the wells are detected as they
interfere with an array of micro beams of infrared light and the number of
interference events is counted – hence a higher score represents more activity.
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Statistical analysis: Phenotypic differences between the lines were tested using
an ANOVA (model: phenotype∼ aS * GB) to test for overall effects and Tukey
HSD to test for lines specific differences. Survival curveswere tested by log-rank
test from the ”survival” package in R.
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Abstract

The α-synuclein protein encoded by the human SNCA gene is associated
with Parkinson’s disease (PD) pathogenesis. The oligomeric complexes of
α-synuclein that accumulate with advancing age mediate disruption of cellular
homeostasis, resulting in neuronal death. Polymorphic regulatory elements
harboured in variable genetic backgrounds can differently affect this complex
pathologic mechanism. We study six genetically diverse backgrounds of C.
elegans containing a human α-synuclein transgene. Previoulsy, gene expression
analysis revealed that the expression of α-synuclein differentially affects
genome-wide transcription due to genotypic variation. Here, we focus on
α-synuclein gene expression and protein accumulation levels, in worms with
six different genetic backgrounds. Quantitative polymerase chain reaction
(qPCR) indicated similar expression levels of the α-synuclein transgene among
these backgrounds. Significantly different α-synuclein accumulation levels
were observed and measured by fluorescent microscopy and by assays using
the COPAS Biosorter. Because of the implied lipid binding of the α-synuclein
protein structure, we also measured fatty acids using Nile Red staining of lipid
droplets in the α-synuclein transgenic worms as well as their corresponding
wild-type strains. Variable lipid content and body-length changes were
observed caused by genotypic variation but also α-synuclein introgression.
This suggests that the molecular responses to its toxicity could be affected by
natural variation. Taken together, we suggest that variable genetic backgrounds
offer insight into individual genetic differences regarding misfolded proteins
aggregates and their cytotoxic effects.

Introduction

The progressive accumulation of α-synuclein is a key step in the pathogenic
mechanism of Parkinson’s disease (PD). In patients and model organisms, the
pathogenic mechanism of abnormal α-synuclein aggregation is determined by
genetic, biochemical, and biophysical variables [1]. The protein α-synuclein
is a 140 amino acids long, encoded by the human gene SNCA located on
chromosome 4q21.3-q22, and spans a region of 111 kb [2, 3]. This small soluble
protein has three distinct domains: an N-terminal part that adopts an α-helical
structure upon preferentially binding to negatively-charged lipids [4]; the
central hydrophobic non-amyloid-β component (NAC) that forms the β-sheet
structure [5], and an acidic negatively charged C-terminus that contributes
to forming fibril structures [6]. The aggregated α-synuclein can form soluble
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oligomers, which serve as intermediates in insoluble fibril formation [7, 8]. The
process of oligomerization and fibril growth induces perturbations ofmolecular
homeostasis. Subsequent binding of α-synuclein to the lipid membrane has led
to the assumption that the toxicity of α-synuclein oligomers is mediated via
membrane disruption [9]. This leads to lipid-metabolism-associated lysosomal
dysfunction, mitochondrial deficit and oxidative stress, and the changed
concentrations of fatty acids, phospholipids, and metal ions (see reviews [10,
11]).

Research on α-synuclein-induced toxicity in various animal models has
revealed that accumulation of α-synuclein affects endoplasmic reticulum
integrity, ROS accumulation, ATP synthesis, and cytoplasmic Ca2

+ homeostasis
[12–15]. These changes can trigger pathways linking synaptic α-synuclein
pathology to abnormal deposition and mitochondrial dysfunction. Oxidative
stress and consequently mitochondrial damage are also strongly linking
the changes in lipid homeostasis [16]. Natural genetic variation occurring
in DNA affect differential gene expression and translates into variation in
protein abundance. Thereby, the associated molecules can impact complex
traits and/or disease-related traits. Multiple pathways and networks may
be affected by natural genetic variants. For example, the genetic factor sls
was identified as a transcriptional hub in a co-regulated module associated
with mitochondrial respiration, and its regulation of natural variation in
mitochondrial function in the fruit fly Drosophila melanogaster [17]. In the
nematode Caenorhabditis briggsae structural variation in mitochondrial DNA,
in the form of a heteroplasmic nad5 gene deletion (nad5∆), was known to
negatively correlate with organismal fitness. Several mitochondrial phenotypes
were also found to be associated with nad5∆ leading to extensive phenotypic
variation [18]. Furthermore, common or rare variants can affect the lipid and
lipoprotein metabolic pathways [19].

Different C. elegans models of α-synuclein have been developed. One of the
models, the strain NL5901, expresses human α-synuclein in the body wall
muscle, which allows for visualizing aggregations and inclusions in vivo.
The identified phenotypes in this transgenic strain include age-dependent
aggregation, reduced pharyngeal pumping, and deficits in movement [20, 21].
A genome-wide RNA interference screen performed in NL5901 contributed to
identification of genetic suppressors and enhancers of the aggregation [21].

So far, these investigations on α-synuclein aggregates have always been
conducted in the Bristol N2 genetic background, which limits understanding
the genotype-phenotype relationship in PD disease pathogenesis [22]. We
recently introgressed the pkIs2386 transgene (transgene inserted in NL5901)
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into four more different genetic backgrounds (aS-ILs). Compared to the
corresponding wild type strains, the aS-ILs and NL5901 exhibited a series
of phenotypic traits induced by α-synuclein toxicity, related to the genetic
backgrounds. Genome-wide patterns of gene expression were determined
across different genetic backgrounds in response to the expression of the
introgressed α-synuclein. Transcriptome analyses of these worms revealed
genotype-specific effects on α-synuclein associated life-history phenotypic
traits (Chapter 3, i.e. [23]).

To further investigate whether α-synuclein expression was affected by the
genetic background, we measured α-synuclein transgene expression in those
α-synuclein worms. For NL5901, it was shown that size and abundance of
α-synuclein inclusions increased with age [21]. Therefore, we also tracked the
α-synuclein aggregation by fluorescent imaging in these transgenic worms over
age. Furthermore, we quantified these accumulations to present the impact of
the genetic background on inclusion formation. In addition, according to the
transcriptome analysis results (Chapter 3, i.e. [23]), the pathways associated
with nutrient storage and lipid transportation are affected by an α-synuclein
introgression. Therefore, we measured lipid droplet content as the outcome of
α-synuclein aggregate induced toxicity. Our results confirm the influence of
natural variation on susceptibility to proteotoxicity. We conclude that studies
on natural variation beyond the N2 genetic background could facilitate C.
elegans as model of α-synuclein for understanding α-synuclein toxicity.

Materials and Methods

C. elegans Strain and Maintenance

Next to N2 and NL5901, four wild type strains JU1511, JU1926, JU1931, JU1941,
and their corresponding ILs carrying α-synuclein introgression (aS-ILs),
SCH1511, SCH1926, SCH1931, SCH1941 were used (Chapter 3; [23]). These
worms contain transgene pkIs2386 [unc-54p::α-synuclein::YFP + unc-119(+)],
and more details have been showed in Chapter 3. Standard techniques were
used in culturing for all worms as previously described in Chapter 3 [24].

RT-qPCR

Over 2000 young-adult worms, which were growing at 20◦C for 48 hours old
after age-synchronizing the population, were washed off NGM plates by M9
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buffer (KH2PO4, 22mM; K2HPO4, 34mM; NaCl, 86mM; MgSO4, 1mM). RNA
was isolated from worm pellets by using Maxwell®16 LEV simply RNA tissue
kit (Promega). One µg of total RNA was reverse transcribed with oligo dT
primers using Superscript II reverse transcriptase (Invitrogen), according to
the manufacturer’s protocol. Realtime quantitative polymerase chain reaction
(qPCR) was performed on a Biorad iCycler using iQ SYBR green with the
following primers: α-synuclein forward 5’-ATGGATGTATTCATGAAAGG-3’,
α-synuclein reverse 5’-TTCAGGTTCGTAGTCTTGA-3’; eGFP forward 5’-TTT
CTGTCAGTGGAGAGGGT-3’, eGFP reverse 5’- CCTGTACATAACCTTCGG
GC-3’; one of the reference genes, Y37E3.8, forward 5’-ATCCTGGAGGTCGCG
GTAAC-3’, reverse 5’-GCGCCAAGATAGGAGCGGAT-3’; another reference
gene, rpl-6, forward 5’- AGTGCTCCGCTTCTCTGCTT-3’, reverse 5’- AGGTGA
CTCTGGACCTCGTT-3’. The experiments were conducted in three biological
replicates and each replicate included technical duplicates of each sample.

Fluorescent imaging

The formation of aggregates per individual was tracked by imaging fluorescent
foci in live animals of: SCH1511, SCH1926, SCH1931, SCH1941, and
NL5901, using fluorescent microscopes (Olympia 800). Nematodes were
age-synchronized and cultured as described above to 2, 3, 4, 5, 6, and 7 days.
Around 6∼8 individuals were mounted on slides and exposed to 5x dilution
of 1M NaN3 (by M9 buffer). Then, images were taken using the GFP channel
with 600ms expose time. Notably, worms over 4 days old required less time
in NaN3 in imaging. Meanwhile, correct developmental stages were verified
based on morphological features.

Nile red assay

In C. elegans, intracellular fat droplets can be stained with the fluorescent dye
Nile Red (a lipophilic stain that fluoresces in a lipid environment). Nile Red
stock (500 µg/mL in acetone) was diluted 1:500 in the OP50 solution used as
food for each experiment. The freshly diluted Nile Red E. coli diet 200 µl was
seeded on 6 cm diameter NGM plates. Subsequently, L1 larvae obtained from
bleaching were transferred to the plates and allowed to grow for 48 hours
(stage L4 larvae). Plates containing Nile Red as well as feeding worms were
protected from the light by wrapping in aluminium foil. The stained worms
were observed using the fluorescent microscopes (Olympia 800) equipped with
a G filter (excitation at 510-560 nmwavelength; emission at 590 nmwavelength)
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forNile Red. Imageswere acquired using identical settings and 400ms exposure
times to allow direct comparisons. A minimum of 9 animals was measured for
each strain/line.

Worm sorter

Besides fluorescent imaging, an automated worm sorter, COPAS™ BIOSORT
(Union Biometrica Inc., Somerville, MA, USA) was used for automated
fluorescence quantification. Briefly, the 48 hours or 72 hours old worms were
washed off plates by M9 buffer and then were immobilized on ice. To quantify
the intensities of the yellow fluorescence signal, the reading parameters used
were time-of-flight (TOF) for the x-axis and GREEN/Red peak height for the
y-axis. The mean number of measurements per sample was over 450. Both
48 hours and 72 hours old worms were analysed. Where the 72 hours old
populations were a mixture of mainly adults and some embryos. Average
body size of each animal in a population was analysed by ratio of extinction by
TOF.

Statistical analysis

All statistical analyses were performed in R (version 3.5.1 64x). For the
worm sorter assay, raw data were read in, processed, and plotted using the
COPASutils R package [25]. Noise in the data, e.g. air bubbles, were filtered
out according to normalization of worm body parameters (Supplementary
File 1 and 2 and Supplementary Figure 1 and 2). The qPCR measurements
were transformed and processed for data normalization, according to the
method described in the study of Sterken et al., 2014. Subsequently, pairwise
testing was done by using a two-sample independent t-test not assuming equal
variances. Testing over multiple samples was done by ANOVA.

Results

Stable α-synuclein transgene expression in different genetic backgrounds

Previous transcriptomic analysis of the aS-ILs and NL5901, together with their
corresponding wild-type strains demonstrated the effects of the introgressed
α-synuclein transgene on genome-wide transcription levels in different
backgrounds (Chapter 3, [23]. As C. elegans does not encode a α-synuclein
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homolog, whole genome microarray profiling did not detect expression
of α-synuclein transgene in those five different genetic backgrounds.
Therefore, we measured the expression level of the transgene pkIs2386
[unc-54p::α-synuclein::YFP+unc-119(+)] in 48 hour-old worms (after hatching;
similar to Chapter 3; [23]) by quantitative PCR (qPCR). First, the reference genes
used in the qPCR showed stable expression in each genotype (Supplementary
File 3). After ascertaining the stability of reference genes between the
genotypes, we characterized the gene expression of the transgene by using
primers specific to both α-synuclein and YFP. The simultaneous amplification
and quantification of both sequences within transgene pkIs2386 showed
similar expression levels, which also were retained across different genetic
backgrounds (Figure 1). This result indicated that the transgene pkIs2386was
indeed introgressed fromNL5901 into the five different genetic backgrounds for
these aS-ILs by inter-strain crossings. There were no copy number differences
of α-synuclein transgene among these worms. Therefore, we suggest that
different genetic backgrounds tend to have no significant influence on the
expression level of α-synuclein transgene.

Figure 1: Gene expression levels of α-synuclein transgene in five different genetic
backgrounds by qPCR. The relative expression of α-synuclein and GFP measured by RT-qPCR
for these 48hrs old worms is shown, in total three independent repeats in duplo per experiment.
No significant difference was found between the expression of α-synuclein and GFP for each
strain (t-test, p>0.05), meanwhile none was among the strains (ANOVA, p>0.05).
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The different accumulation levels of α-synuclein in different genetic

backgrounds

We further investigated the formation and accumulation of α-synuclein protein
inclusionwith age in thoseworms by fluorescent imaging and COPAS Biosorter
measurements. Theα-synuclein proteinwas fused to yellow fluorescent protein
(YFP) and its increasing accumulation was observed as visible inclusions
in body wall muscle cell (Figure 2). The increasing size and abundance of
fluorescent α-synuclein protein aggregation with age were present in NL5901
(Figure 2), which, as a characteristic of α-synuclein aggregation, was repeatedly
documented before [21, 26]. Interestingly, we observed a relatively stronger
fluorescent signal in worms with wild-isolate JU backgrounds compared to
NL5901 in the early stage of worms (Figure 2). In older worms it became more
apparent that protein inclusions accumulated in NL5901, but also in the JU
strains (Figure 2).

To quantify the YFP-tagged α-synuclein protein accumulating in different
genetic backgrounds, live worms of all four aS-ILs, as well as NL5901, were
quantified with the COPAS Biosorter (Union Biometrica) where they were
measured at 48 hour- and 72 hour-old (Figure 3). Notably, 48 hour-old worms
showed significantly different fluorescent green signals among different genetic
background (ANOVA, p <2.2e-16, Supplementary File 5), even though these
worms showed similar expression levels of the α-synuclein transgene (Figure
1). Moreover, older worms obviously presented higher fluorescent signal than
young worms (ANOVA, p <2.2e-16, Supplementary File 5). SCH1941 displayed
the strongest increase, while SCH1931 showed the lowest increase (Figure 3).
Notably, in both 48 hour-old worms and 72-hour-old worms, NL5901 exhibited
the lowest levels over all strains. This confirmed the fluorescent observations
shown in Figure 3. Together, the accumulations of α-synuclein among the
aS-ILs and NL5901 worms measured by Biosorter and microscopy suggests
that genetic background could strongly impact processing of α-synuclein
accumulation.

Notably, extensive protein aggregation occurs close to the vulva in α-synuclein
JU-derived lines (Figure 2B), the relative susceptibility of vulva muscle cells to
the aggregates is markedly different compared to the N2 background (Figure
2B). The head area exhibited more visible aggregation than body wall muscles
in NL5901, whereas the inverses was observed in the aS-IL animals, with the
vulva muscles exhibiting the high accumulations already.
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Figure 2: Fluorescent tracking focusing on head area (A) and vulva area (B) over time among
the four transgenic ILs and NL5901. From left to right are different ages of worms. Exposure
time of all imaging was 600ms.

Figure 3: Quantifications of α-synuclein-YFP fusion protein by the COPAS Biosorter, with
N2 as negative control.The six transgenic strains containα-synuclein but differed among genetic
backgrounds. The fluorescent signal levels were significantly different among 48 hours-old
worms (ANOVA, p<2.2e-16), which similarity was among the 72 hours-old transgenic worms
(ANOVA, p<2.2e-16). Post-hoc Tukey tests can be found in Supplementary File 4.

α-synuclein aggregation affects lipid droplet formation

Previous findings show that α-synuclein caused synaptic pathologies in
several NGD, e.g. PD, that are supposed to be involved in lipid membrane
interactions [27]. Alterations in α-synuclein, including structural binding and
lipid specificity, can cause disruptions of the complex network in the synaptic
machinery [28]. Based on that, the effect of aggregates on lipid formation in
C. elegans was expected to be representative of α-synuclein proteotoxicity.
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Thus, we visualized and measured lipid droplets in the aS-ILs and the five
wild-type strains as well as N2 and NL5901 by Nile Red staining. Fluorescent
intensity of Nile Red staining was tracked by both fluorescent microscopy and
COPAS Biosorter. Nile Red stained vesicular structures (e.g. lysosome-like
compartments) in the intestine; the main fat storing organ of C. elegans [29–31].
Thus, the lysosome-related Nile Red staining could offer the insight into
lysosomal degradation of α-synuclein in C. elegans.

All 48 hour-old late L4 larvae displayed little differences in body sizes. 72
hour-old worms obviously had a larger body size than 48 hour-old worms
(Supplementary File 6). 48 hour-old NL5901 did not show difference in body
size compared to N2, whereas a significant difference was observed for the
Nile Red signal (Figure 4A and 4B) (false discovery rate corrected Tukey
test, q-value = 1 and 0, respectively). Furthermore, 72-hour-old NL5901 had
much larger body size than N2 (q-value = 0), and its lipid droplet amounts
were also higher than that of 72 hour-old N2 (q-value = 0) (Figure 4A and 4B,
Supplementary File 5). aS-ILs exhibited variable differences of lipid droplet
growth compared to NL5901 (ANOVA, p<2e-6) (Figure 4A and 4B). Moreover,
Nile Red stained lipid accumulation varied among wild-type JU and N2
worms but also were significantly different from those changes in aS-ILs
and NL5901 (ANOVA, p-value = 0.021). Therefore, our results suggest that
α-synuclein affects lipid accumulation depends on the genetic background.
Hence, regulators associated with body growth and/or lipid storage in variable
backgrounds could be differently affected by α-synuclein resulting into
differential alterations in lipid metabolism.

Discussion

Polymorphic regulators affect aggregate accumulation

Our investigation on α synuclein aggregation and accumulation used a
C. elegans model of α synuclein (NL5901, transgene pkIs2386 [unc-54p::α-
synuclein::YFP + unc-119(+)]) with different genetic backgrounds beyond N2
(see also Chapter 3; [23]). Under expression of a unc-54 promoter, α-synuclein
fused with YFP is expressed in the body wall [21] and accumulates into
aggregate inclusions with age (Figure 2). Some studies point out that α

synuclein monomers might play a role in the complex molecular mechanism
leading to cellular dysfunction or disruption of other molecular or signaling
pathways (see review [1]). Moreover, oligomeric and phosphorylated α

synuclein has mainly been viewed toxic and essential for PD [32]. Oligomeric
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Figure 4: Variation in the body length and stained lipid droplets between wild type worms
and their corresponding aS-ILs worms. Both 48 hours- and 72 hours-old worms were scanned
and sorted by COPAS Biosorter. In total, five different genetic backgrounds were included.A)
Measurements of individual body length (time of flow, TOF). B) Measurements of individual
lipid formation stained by Nile Red (normalized fluorescent Red signal). For each treatment
and strain, approximately 500 worms were studied. (Supplementary File 5).

α-synuclein aggregates, which are scattered as unevenly distributed fluorescent
spots in C. elegans (Figure 2; [21]), could represent the primary cytotoxic
α-synuclein species present in post-mortem human PD brain tissue [33]. The
accumulation of α-synuclein-YFP fusion shown in Figure 2 (fluorescent spots)
might include several α synuclein aggregate structures in the process of clump
formation and accumulation.

More α synuclein-YFP remains diffusely localized in the aS-ILs compared to
NL5901. Further accumulation of α synuclein-YFP into foci has been seen in
all elderly α synuclein worms due to intrinsic properties of the α-synuclein
protein, e.g. propagation to misfolded α-synuclein [34]. The inclusions that α
synuclein forms with age are clearly visualized in the head area in all adult α
synuclein genotypes. In the aS-ILs worms, the number of inclusions with age
clearly increases in head muscles surrounding the pharynx. These inclusions
initially appear as encircling the isthmus and then spread to the metacorpus
and terminal bulb (Figure 1A). A Similar spread is found in the strain NL5901,
but much less and at a later stage. This could explain a lower pumping deficit
observed in NL5901 compared to the aS-ILs (Chapter 3). Meanwhile, numerous
aggregates appear at the vulva of young adult aS-ILs and significantly increas
in the vulva muscles, which are vivid cross-connection on toroid (Figure 2B).
In contrast, NL5901 does not show vulval aggregates (Figure 2B). Ultimately,
the accumulations could explain the high internal hatching rate in the aS-ILs
(Chapter 3).
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The variable accumulation ofα synuclein in the aS-ILs andNL5901 is confirmed
by quantification of the fluorescent signals from the fusion protein. Especially,
NL5901 indeed has the lowest α synuclein protein levels compared to the
other strains. Interestingly, the transcription level of α synuclein transgenes
in NL5901, with the N2 genetic background, is not significantly different
compared to the other five genetic backgrounds tested. However, the exact
folding and oligomerization pathway leading to these α synuclein aggregates
is still not known.

Proteins with variable abundance are likely to be associated with the biological
function of polymorphic variants elsewhere on the genome [35]. Our findings
match the previous transcription analysis of four aS-ILs andNL5901 (Chapter 3,
[23]), as expression changes are detected enriched for genes related to regulating
protein coding and synthesis. Hence, these transgenic α synuclein encoding
C. elegans could provide a more reliable platform to elucidate the molecular
interactions involved in α synuclein aggregation by using different natural
genetic backgrounds.

α-synuclein proteotoxic effects on lipid regulation varied

The extreme N-terminus of α synuclein is found to play a role in lipid
interaction and membrane-induced helix formation (from review [4]). In
addition to the N-terminal region, two more regions in α-synuclein (the
non-amyloid-β component and C-terminus) participate in the membrane
binding process as well [36]. When α-synuclein is in the unfolded monomeric
state, it binds to small unilamellar vesicles composed of negatively charged
lipids [37]. As vesicles containing negatively charged lipids are impermeable
to protein adsorption in general, further binding of more toxic oligomeric
α-synuclein induces membrane permeabilization leading to membrane defects,
which could result in more vulnerability to oligomeric α-synuclein binding
[38].

Interestingly, SCH1931 showsmuch lowerα synuclein accumulation than other
aS-ILs (Figure 2), while it has the highest accumulation of lipid droplets of all
four (Figure 4). This suggest that lipid storage regulation could be affected by
α synuclein, while the variable effects rely on the natural variation in different
genetic backgrounds.However, no significant difference in body length is found
between 48 hour-old worms, with or withoud α-synuclein presence (Figure
4A). Development has been affected by α-synuclein, like SCH1941 showed over
7 hrs developmental delay compared to JU1941 (Chapter 3, [23]).
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Importantly, lipid storage and lipid membrane growth are branches of lipid
metabolism,which are very complex and poorly understood.Our results cannot
directly point out how α-synuclein aggregates interact with lipid metabolism,
as the results are too coarse for understanding the lipid deposition in response
toα-synuclein proteinmisfolding. However, our investigation on lipid droplets
associatedwith both natural variation and introgressedα-synuclein ofC. elegans
uncovered that lipid metabolism can be affected by α-synuclein expression
and aggregation. Importantly, it also interacts with genetic background both
via the transcriptome and in measurable phenotypes.

Conclusion

In this study, genetic divergence in response to the α-synuclein transgene
contributes to finding genotype-phenotype relationship related to α-synuclein-
induced traits or toxicity. These results reveal the effect of genetic backgrounds
on the accumulation of α-synuclein and the potential regulation on lipid
by α-synuclein. The earlier onset and more accumulation of aggregates in
aS-ILs suggest variable effects of α-synuclein compared to that in NL5901,
including lipid droplet formation. A reduced lifespan (shown in Chapter
3) could therefore be a general toxicity phenotype due to accumulation of
α-synuclein, as well as a decreased pumping rate, and reduced hatching found
inChapter 3 [23]. These phenotypic changes arevariable amongdifferent genetic
backgrounds and they were more pronounced in wild isolate JU backgrounds
than in the N2 background. This demonstrates that natural genetic variation
appears to affect phenotypic traits in the aggregation processing.
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Supplementary Material

The supplementary files and figures are deposited at: https://1drv.ms/u/s!AqhbSv9gNbn2ac0H
oR1de29x0ms?e=LwgTMX

Supplementary figure 1. Normalization of worm body parameters with all YFP measurement
per strain per sample. The x-axis is the time-of-flight (TOF), while the y-axis is the ratio of
Extinction by TOF (rExtTOF).

Supplementary figure 2. Normalization of worm body parameters with all measurement of
Nile Red fluorescence intensity per strain samples. The x-axis is the time-of-flight (TOF), while
the y-axis is the ratio of Extinction by TOF (rExtTOF).

Supplementary file 1. The dataset of YFP measurement obtained by filtering out technical
noise.

Supplementary file 2. The dataset of Nile Red staining lipid content measurement obtained by
filtering out technical noise.

Supplementary file 3. The expression levels of two reference genes over all strains. Data are
expressed as mean ± standard deviation. Data were analyzed using one-way analysis of variance
(ANOVA), followed by Tukey’s test.

Supplementary file 4. The quantification of YFP signal over all worms (based on Supplementary
file 1). Each strain was measured at 48 hours- and 72 hours-old. Data are expressed as mean ±
standard deviation. Data were analyzed using one-way analysis of variance (ANOVA), followed
by Tukey’s test.

Supplementary file 5. The quantification of lipid content stained by Nile Red over all worms
(based on Supplementary file 2). Each strain was measured for at 24 hours- and 72 hours-old.
Data are expressed as mean ± standard deviation. Data were analyzed using one-way analysis
of variance (ANOVA), followed by Tukey’s test.

Supplementary file 6. Themeasurement of time-of-flight (TOF) over all measuredworms (based
on data from Supplementary file 1 & 2). Each strain was measured at 24 hours- and 72 hours-old.
Data are expressed as mean ± standard deviation. Data were analyzed using one-way analysis
of variance (ANOVA), followed by Tukey’s test.
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Abstract

α-synuclein is genetically and neuropathologically linked to Parkinson’s
disease (PD). Genetic factors can influence disease phenotypic outcomes in
variable ways due to the contribution of genetic variation. However, how
genetic variation is related to α-synuclein-associated disorders still remains
unclear. The nematode C. elegans as a model organism is used in studies of
α-synuclein pathology. Our previous transcriptome analysis indicates that
effects of α-synuclein expression vary depending on the genetic background.
To further investigate the underlying genotypic-phenotypic relationship of
α-synuclein expression, we constructed a specific panel of recombinant inbred
lines (RILs) derived from SCH4856 and NL5901 harbouring α-synuclein
introgression (i.e. aS-RILs). We performed an expression quantitative trait locus
(eQTL) analysis using the newly constructed genetic map of the population.
To detect the eQTLs associated with α-synuclein expression, an estimated
α-synuclein effect was determined by the gene expression changes between
measurements of N2 and NL5901, which was used as a filter in the detection
of aS-RILs. In the eQTL analysis, we found that 2274 genes act as cis-eQTL
and 2941 genes as trans-eQTL, while 528 of these 5215 genes (as eQTL) were
also detected in both heritability and transgression analysis. We detected six
out of nine eQTL trans-bands specific for the interaction between the genetic
background and the introgressed α-synuclein, including genes functioning in
a variety of biological molecular pathways, such as innate immune system,
lifespan, muscle function & locomotion, cellular components (e.g. lysosome),
variable neuron activities, and protein syntheses. Taken together, we detected
eQTL responding to α-synuclein. The transcriptome analysis contributes to
dissect the complex genetic architectures associated with the expression and
accumulation of α-synuclein.

Introduction

Individual genetic variation can play a significant role in disease-development
in humans [1]. However, untangling the genetic factors from environmental
contributions is extremely hard in human studies. For example, genetic
variation affects the risk of developing Parkinson’s disease (PD). The
accumulation of α-synuclein, encoded by the gene SNCA, is thought to
play a critical role in the pathogenesis of Parkinson’s disease (PD) [2, 3].
Furthermore, common genetic variation in SNCA gene is associated with an
elevated risk of developing PD. However, multiple factors are thought to
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contribute, such as the communication of metabolic constituents and numerous
molecular signalling processes. Hence, we sought to uncover genetic variation
associated with α-synuclein accumulation in the tractable genetic model
Caenorhabditis elegans.

The nematode C. elegans is widely used as model organism to elucidate
molecular pathways, such as the insulin-pathway, apoptosis-related genes,
and so on. Importantly, stress-related signalling pathways are conserved from
nematode to human, such as for heat shock, oxidative stress, hypoxia, and
osmotic stress (from Review [4]). Furthermore, C. elegansmodels of α-synuclein
were established. Transgenic expression of allogeneic α-synuclein in specific
tissues has already uncovered and characterize genetic factors and metabolic
compounds that attenuate neurodegeneration [5]. Moreover, C. elegans has
been used in other neurodegenerative disease study, e.g.Alzheimer’s disease
(AD), Huntington’s disease (HD), as well as multifactorial cancer diseases [6].
Here, we use genetic variation in C. elegans to map loci involved in α-synuclein
accumulation. Thereto, we use two divergent strains, namely the canonical
strain Bristol N2 and the polymorphic strain Hawaii CB4856 [7, 8].

In a previous study, we showed that we could associate genetic variation in
C. elegans to gene-expression, α-synuclein accumulation and fitness-related
traits. Also in human studies, gene-expression differences have been implicated
in α-synuclein accumulation. For example, the transcriptional regulation of
SNCA gene is thought to be important in the pathogenesis of PD [9]. Besides
the disorder causal variants in SNCA gene, systemic responses to α-synuclein
gene expression and aggregation are predicated on the communication of
numerous molecular signalling processes and metabolic constituents, such as
the mitochondrial dysfunction [10], oxidative stress [11], and age-dependent
features [12]. C. elegans is very suitable to transcriptome studies, as clonal
populations of completely homozygous animals can be established [8, 13].
Furthermore, animals can be developmentally synchronized and its small
genome-size makes transcriptomics and genetic analysis relatively cheap.

We used two wild-types strains of C. elegans that contain an α-synuclein
introgression. The use of natural variants is beneficial for investigating
phenotypic trait variation. Trait variation among natural populations can be
governed by multiple loci [14, 15]. This makes quantitative traits inherently
difficult to study, but some approaches, such as recombinant inbred lines
(RILs) populations, can make headway. After N2, the Hawaii strain CB4856 is
often used for constructing RIL populations. RILs derived from CB4856 and
N2 [16, 17] and introgression lines [18] have been widely used in the molecular
dissection of their phenotypic differences stemming from their genotypic
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differences. Many QTL studies, e.g. pathogenic resistance/susceptibility,
lifespan, fitness, and stress responses have been performed with different
panels of RILs derived from CB4856 and N2 [19–23].

Genetic differences can also result in changes in gene expression levels, which
might reflect phenotypic outcomes [24]. C. elegans RIL panels also allow for the
genetic mapping of gene expression and detection of expression quantitative
trait loci (eQTL) [16, 21, 22, 25, 26]. The detection of eQTL contributes to
determine gene regulatory networks underlying molecular phenotypes, and is
especially suitable for studying complex diseases [27]. Functional loci can be
characterized as either cis- or trans-acting, which represents their regulation of
genes located at the same locus or genes located elsewhere [28]. Panels of RILs
containing transgenic integration/mutations are a valuable community resource
to investigate the links between the transgene and genetic backgrounds, such as
the CB4856 xMT2124 RILs (let-60 in N2 background, [26] and the CX12311xLSJ2
RIL panel (wild type strains, glb-5 & npr-1 in N2 background, respectively,
[29]).

In our previous study, we found developmental delay in the α-synuclein
introgression lines, which affects the identification of genetic variation affecting
α-synuclein. Moreover, we could not pin-point the origin of polymorphic
modifiers of α-synuclein. Therefore, we generated the aS-RILs carrying an
α-synuclein introgression by reciprocal crosses between NL5901 and SCH4856
(Chapter 3; [30]). Here, we present the genetic map of the panel. We measured
gene-expression and estimated the heritability and transgressive segregation
of gene expression to reveal the allelic combination produced higher or lower
expression level in each RIL than in either parent. Furthermore, we characterize
the effect of local (cis) and distant (trans) genetic variation on gene expression
changes. To identify α-synuclein-specific eQTL, we estimated a α-synuclein
effect by comparing NL5901 with N2 to filter out similar effect in the identified
trans-eQTL hotspots in this C. elegans aS-RILs population. We found that two
third of trans-eQTL hotspots left after filtering, which are mainly associated
with the α-synuclein expression and/or aggregation.
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Material and Methods

α-synuclein RIL construction

Strain culture

All nematodes were grown and maintained on nematode growth medium
(NGM) seeded with Escherichia coli OP50 bacteria [8]. Strains used were
wild-type Bristol N2, Hawaii CB4856, and strain NL5901 carrying the
transgene pkIs2386 ([unc-54::α-synuclein::YFP unc-119(+)]). Previously, NL5901
was backcrossed to both N2 and CB4856. The N2-background transgenic
strain is named NL5901 throughout the manuscript. The CB4856-background
transgenic strain is named as SCH4856 and contains an introgression of NL5901
carrying the α-synuclein transgene insertion (Chapter 3, i.e. [30]).

Crossing

The RILs containing an α-synuclein transgene within a background of CB4856
and N2, called as aS-RILs, were generated in two steps (Supplementary Figure
1). In the first step,NL5901was crossedwith SCH4856 in twodirections: NL5901
hermaphrodites crossed with SCH4856 males and SCH4856 hermaphrodites
crossed with NL5901 males. This resulted in offspring with mitochondria from
both backgrounds and a heterozygous F1 population. Subsequently, the F1
hermaphrodites were back-crossed with SCH4856 males to obtain a mix of
alleles at the incompatibility peel-1/zeel-1 locus on chromosome I [31]. From
these crosses, single hermaphrodites were selected and propagated, resulting in
six individual populations as intermediates. These six populations, the offspring
of 21 populations were interbred, ultimately. After the next eight generations
of inbreeding by self-fertilization, 93 RILs were obtained. However, these RILs
showed a low rate of crossover and displayed a skewedN2/CB4856 contribution
to the genetic background, probably because of poor male performance during
mating.

We selected eight (of 93) genetically diverse RILs and NL5901 and SCH4856
were used for a new round of interbreeding. First, the reciprocal crosses between
these 10 strains yielded an F1 population including both heterozygous males
and hermaphrodites. Each of the 45 F1 populationswere interbredwith all other
populations, resulting in 200 offspring-populations, which were randomly
crossed in a round-robin design, for three subsequent generations. After this
step, a singled out hermaphrodite of each populationwas then self-fertilized for
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subsequent eight generations by random selection.At the end, 200 homozygous
aS-RILs were obtained with approximately an equal genetic contribution of
each parental strain. These aS-RILs are available upon request from the Harvey
laboratory (CCCU, UK) and the Kammenga laboratory (WUR, NL). After
construction of the aS-RILs, we froze the 200 lines at minus 80◦C for long
term-storage. A set of 94 aS-RILs was randomly selected for genotyping (out of
the population of 200 lines).

PCR-based Genotyping

From each strain, DNA was collected in parallel with cryopreservation of the
strains. The DNA samples were then used for PCR-based genotyping with a
set of primers which detected insertions/deletions (Indels) between the CB4856
and N2 genomes [30, 32]. PCR was done using the GoTaq®DNA polymerase
kit according to the manufacturer’s recommendations (Promega).

PCR-based genotyping was performed with in total 41 primer pairs covering
the arms and central area of each chromosome (Supplementary File 1). PCR
products were visualized on a 1.5% agarose gel for genotyping. Meanwhile,
genotypes of ancestral strains NL5901 and SCH4856 were confirmed as well.
The intermediate set of 93 RILs producedwere genotyped for the entire genome
by 41 primer pairs. The subsequent selected 94 RILs of the final 200-RILs panel
was genotypedusing 20 primer pairs. The parental strains SCH4856 andNL5901
togetherwith reference strainN2 andCB4856were involved into the PCR-based
genotyping as control.

Cis-eQTL genotyping

We used gene-expression data to further genotype 70 aS-RILs (out of 94). First,
we obtained data from previous eQTL studies using the same microarray
platform [21, 26]. Combined, these studies represent eQTL measured in four
different environments. From these studies, we selected one cis-eQTL per
block of 500,000 bases. This cis-eQTL had to meet two criteria: (i) detected
in at least three of the four environments, (ii) explain the highest amount of
variance of the eQTL within the specific region. Subsequently, the expression
of the corresponding spots was tested in the four ancestral strains: N2, CB4856,
NL5901, and SCH4856. We did not include markers that incorrectly genotyped
more than 2 of the 16 parental replicates (Supplementary Figure 2). This
procedure added an additional 124 markers to the population.
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Genotypes of aS-RILs were individually inspected per marker and then were
assigned automatically when unambiguous. For the marker which includes
ambiguous genotype calling for the individual RIL, the line genotype could
still be inferred by both vertical (among the aS-RILs, parental and reference
strains) and horizonal (with the adjacentmarkers within the same chromosome)
predictions. In total, 124mishybridizationmarkers were generated in this assay,
which are reliable with the following required properties: N2 and NL5901 were
assigned different from CB4856 and SCH4856. Furthermore, the genotypes
at the ends of the chromosomes were inferred from the distal most-assigned
marker, which were the predictive cis-eQTL. Subsequently, the correlations and
assigned genotypes of these 70 aS-RILs can be found in Supplementary Figure
2 and Supplementary File 2. Together, we generated a complete genetic map
of the 70 aS-RILs by integrating cis-eQTL markers with the insertions/deletions
markers.

eQTL experiment

Strains

Microarray assay (MA) was performed in a smaller panel of the aS-RILs for the
genome-wide expression profiling. Based on PCR-based genotyping, 70 out of
the total aS-RILs were selected (Supplementary Figure 3 and Supplementary
Figure 4) for the assay together with the two parental strains, NL5901 and
SCH4856, as well as two reference strains, N2 and CB4856. In the assay, all
strains were assorted in a random order. Furthermore, the two parental strains
and two reference strains were included and had more biological replicate.
For the later eQTL mapping quality control, these four strains had two more
biological replicates.

Experiment setup

A trial MA experiment was done on N2 and NL5901 with their different
development stages (Supplementary Figure 5), which indicated that mature
adult worms present relatively stable expression levels. Therefore, 120 hours
old nematodes of both strains (from synchronized embryo onward) were used
to avoid the development effect on gene expression levels. All the incubation
steps were performed in a temperature incubator set at 20◦C.

All strains were synchronized by bleaching solution (with sodium hypochlorite
and NaOH; Stiernagle, Wormbook), which is recorded as t=0. Each strain had
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two 9cm NGM plates seeded with E. coli, and the eggs hatched and grown for
two days. When the worms reached L4, (t=50-54 hours), around 400 worms
were transferred, bywashing offwithM9 buffer, to newNGMplates containing
FUdR (5 mg/ml). After an additional 48 hours (t=98 hours) growing, the worms
were transferred to a new FUdR plate to avoid starvation. When t=120 hours,
each strain was harvested by being washed off worms on both plates into one
Eppendorf tube and flash frozen by liquid nitrogen. The pellets were then
stored at -80°C and used for following RNA isolation.

RNA isolation

The pellets were firstly prepared by home-made lysis buffer, and RNA
isolation were then done by using the Maxwell®16 AS2000 instrument
with the Maxwell®16 LEV simply RNA tissue kit (Promega), according to
manufacturer’s protocol. Total RNA samples were quantified and qualified
by using a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies,
Wilmington, DE, USA). Using 100 or 200 ng RNA as input, we generated Cy3
and Cy5-labeled cRNA samples. The specific activity of the labelled cRNA was
quantitated by NanoDrop after which samples were paired for hybridization
(Supplementary File 3). Samples were hybridized with to 4X44K V2 C. elegans
slides (Agilent®) following the ‘Two-Color Microarray-Based Gene Expression
Analysis’ protocol from Agilent (version 6.0). Microarrays were scanned by an
Agilent High Resolution C Scanner on the recommended settings. Obtained
data were extracted with Agilent Feature Extraction Software using (version
12.1.1.1) based on the developers guidelines.

Microarray normalisation

Within-array normalizationwas donewith the Loessmethod, and between-array
normalization was done with the Quantile method [33, 34]. These steps were
performed using the Limma package in ”R” (3.3.5 x64). Hereafter, the log2
transformed intensities were used for further analysis.

Data analysis

Genetic map analysis

Our estimated genetic map for these 70 aS-RILs employed the rigorous
selection of 124 mishybridization markers to ensure uniform coverage of
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the C. elegans genome. All the cis-eQTL were sorted by physical position,
we further estimated genetic distances in aS-RILs. The data set includes: a)
the counts of crossover breakpoints observed between each pair of markers
in the genetic map; b) the unassigned genotype at the certain marker was
predicted by the genotype of its closest surrounding marker. The statistical
analyses of recombination frequencies were performed in R (version 3.5.3 x64).
Notably, most of chromosome IV was assigned as predominantly N2 due to
both parental strains carrying the α-synuclein introgression [30].

Principal component analysis (PCA)

The gene expression data was subjected to PCA aiming to explore the structure
of the phenotypic variation in the aS-RILs as well as parental and reference
strains. The PCA was conducted using log2 ration with the mean transformed
gene expression data,

Ri,j = log2(
yi,j

mean yi
)

where R is the log2 relative expression of spot i (i = 1, 2, ..., 45,220) in strain j
(aS-RIL), and y is the intensity (not the log2-transformed intensity) of spot i in
strain j.

Subsequently, the prcomp function in ”R” was used to calculate the principal
components.

eQTL mapping

eQTL mapping was done in ”R” (version 3.5.3 x64), following the procedure as
described in [21, 26]. In short, we used a linear model to map gene expression
QTL using a single marker model,

yi,j ∼ xj + ej

where y is the log2-normalized intensity as measured by microarray of spot i (i
= 1, 2, ..., 45220) of aS-RIL j. This is explained by the genotype (either CB4856
or N2) on marker location x (x = 1, 2, ..., 124) of aS-RIL j.
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Permutations and calculations were performed to determine an empirical false
discovery rate [21, 22]. We randomly permuted the log2-normalized intensities
of each line per gene over the genotypes, which we used for mapping with the
single marker model using the original genetic map. This was then repeated
for ten randomized datasets as described in the study of Snoek et al., 2017. The
threshold was determined by a false discovery rate,

FDS

RDS
≤

m0

m
q × log(m)

where FDS (false discoveries) is the permutation outcome and RDS (real
discoveries) comes from the eQTL mapping at a specific significance level. The
value of m0 and m were taken from the number of microarray spots (45220),
representing true null hypotheses and hypotheses tested respectively. The
FDR adjusted p-value (i.e. q-value) was set at 0.05 threshold.

eQTL analysis

The variation amount explained per microarray spot with an eQTL was
calculated by ANOVA. For all spots, also those with multiple peaks, this
analysis of the gene expression explained over the peak-marker was performed
assuming a single-marker.

Trans-bands (an enrichment of trans-eQTL) were identified by counting a
Poisson distribution of the mapped trans-eQTL [21, 26, 35]. The number of
trans-eQTL per 0.5 Mb block were counted, and then we calculated how
many trans-eQTL were expected to be found. This we used to identify if an
overrepresentation according to the Poisson distribution was present (p <0.001).
Thereby, trans-eQTL hotspots at specific markers were determined.

Heritability analysis

The log2-transformed intensities were used to calculate board-sense heritability
(H2). H2 estimates were calculated as the fraction of phenotypic variance that
can be explained by strain by estimating the technical variance from the repeats
of the two parental and two genetic background strains. By estimating the
genotypic variance and the remaining variance (e.g.measurement error) in the
parental lines (as in [36]), heritability was calculated:
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H2
RIL =

VRIL − Ve

VRIL

where VRIL is the variance within the RIL population and Ve is the pooled
variance of both parental and reference strains.

To establish whether the heritability was significant and not outlier driven, we
applied a permutation approach (as in [23]). The trait values were randomized
over the line designations and the heritability calculation were repeated. This
was done 1000 times for each transcript to generate a by-chance distribution.
The 50th highest value was used as the FDR = 0.05 threshold.

Transgression analysis

Transgression was calculated by counting the number of lines with expression
levels beyond three times the standard deviations of themean from the parental
strains (as in [37]). The lower boundary was established by the parental line
with the lowest mean, and the upper boundary was established by the parental
line with the highest mean. The standard deviation (σ) was calculated as the
pooled standard deviation of the two parental lines (n = 4 for both). We set
the boundary for transgression at 3 × σ. Significance of the transgression was
calculated by permutation. The expression values were randomized over the
line designations and the same test as above was conducted. This was repeated
1000 times for each transcript, so the obtained values could be used as the
by-chance distribution. The 50th highest value was used as the false discovery
rate (FDR) = 0.05 threshold.

Results

Construction of the aS-RILs

In a previous study, we showed the effect of the genetic background on
α-synuclein introgression. This introgression affected the transcriptome
and life-history traits [30]. To be able to localize modifier loci, we took the
α-synuclein introgression line (IL) SCH4856 and crossed it with NL5901. The
crossing scheme was designed to avoid influence of peel-1/zeel-1, as well
as to increase recombinations (see Materials and Methods for details). We
generated a population of 438 RILs that carried the α-synuclein transgene in
an N2 and CB4856 mosaic background. These were genotyped with a select
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number of insertions/deletions markers, after which 70 aS-RILs were selected
for microarray analysis. These 70 lines were further genotyped using cis-eQTL
based gene-expression markers. In total, 124 gene-expression markers were
validated and used. This led to a genetic map of the 70 aS-RILs, covering all six
chromosomes of the C. elegans genome (Figure 1).

Figure 1: Genetic map of the NL5901xSCH4856 aS-RIL population. The x-axis indicates the
genomic position with separate chromosomes indicated on the top of the graph. Each row on
the y-axis represents a strain. The genotype shown is a combination of PCR-based genotyping
and cis-eQTL based gene expression markers measrued by microarray. Orange represents the
N2 genotype and blue represents the CB4856 genotype, while regions with a uncertain genotype
are depicted in white.

The genotyped RIL population showed ample recombination events and
followed recombination patterns expected from an N2 x CB4856 cross. In
total, 620 breakpoints were identified (transition from one genotype to the
other), with an average of 103 breakpoints per chromosome. The average
number of recombination events was 8.9 per RIL and 1.5 per chromosome. The
total length of the genetic map was 810 cM, with an average genetic distance
between two adjacent markers of 6.8 cM from 5.02 cM (chromosome V) to
10.19 cM (chromosome X) (Supplementary File 4). Lower recombination rates
were observed at the chromosome centers compared to the arms of genetic
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map (Figure 2A), thus the genetic lengths of the centers were shorter than that
of the arms (Figure 2A). Moreover, the parental allele frequencies were roughly
equal over most of the genome (Figure 2B; Supplementary File 5). However,
on chromosome IV no recombination events occurred from 2.1 Mbp up to
11.4 Mbp (Figure 1; Figure 2). As this was observed for all aS-RILs as well as
SCH4856, it indicates the location of the α-synuclein transgene introgression.

In order to use themap forQTLmapping,we conducted a correlation analysis to
detect linkage over the map (Supplementary Figure 6). Overall, this confirmed
local linkage (i.e. the markers are arranged conform their physical position) and
showed no excessive linkage between chromosomes. Hence, the populations
formed a solid basis for eQTL analysis.

Figure 2: The characteristics of recombination events shown in genetic map of 70 aS-RILs. A)
The genetic length in centimorgans (cM) and the physical length inMbp of the 124 markers along
the six chromosomes. B) Genotype distribution of the 124 markers along the six chromosomes.
Blue and orange colors indicate the N2 and the CB4856 genotype occurence within the aS-RILs
population, respectively. White indicates the marker regions that have unassigned genotypes
(NA).

101



5

Chapter 5

Heritability and transgression of gene expression indicate ample genetic

variation

The genome-wide gene-expression was measured in 70 aS-RILs and CB4856,
N2, NL5901, and SCH4856 using microarrays. Initial investigation by principal
component analysis (PCA) showed that the expression profiles of N2,
NL5901, CB4856, and SCH4856 were clearly separated based on their genetic
background. Furthermore, the individual RILs were found in-between the
SCH4856 and NL5901 strains (Supplementary Figure 7).

To determine the proportion of gene-expression variance caused by genetic
variation in the population, we estimated the broad-sense heritability (H2) per
microarray spot. We used the pooled variance of the four replicates of the four
ancestral strains to estimate the technical variance (see Materials and methods
for details). The majority of significant H2 values were in the range of 0.60–1.00
(Figure 3). In total, 4227 heritable genes were found (permutation, FDR = 0.05;
Supplementary File 6). This showed that the expression of many genes was
heritable, hence there was a broad genetic basis underlying the variance in
gene expression.

Figure 3: A histogram of the estimated broad-sense heritability (H2) values for gene
expression in the aS-RILs. The purple bars represent significantly heritable genes (permutation,
FDR=0.05).

To further understand the genetic complexity underlying gene expression
variance within the RIL population, we analysed transgression by comparing
gene-expression of the aS-RILs with both parental strains (NL5901 and
SCH4856), identifying 1468 genes showing transgression (permutation, FDR
= 0.05). This indicated that multiple loci from both parental strains were
contributing to gene-expression variance. Interestingly, 855 genes were both
heritable and transgressive (Supplementary Figure 8). They were associated
with the heritable expression quantitative trait exhibited in the aS-RILs and
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also showed transgressive expression patterns compared to their parental
strains. These results together revealed that genetic variations response the
α-synuclein expression and/or interact with α-synuclein aggregation.

eQTL analysis To identify loci associated with gene-expression variation, we
used eQTL mapping. Using a single-marker model, we identified 7587 eQTL,
representing 4805 genes (Figure 4 and Supplementary File 7; threshold log10(p)
>3.6; permutation, FDR = 0.05). Among the eQTL, 2274 genes (represented by
3386 spots) were categorized as local-acting, i.e. cis-eQTL. The threshold for
cis-eQTL was set at a distance of 1.0 Mb around the affected gene or an overlap
between the QTL confidence interval and the affected gene. We also found
many distant-acting eQTL, affecting the expression of 2941 genes (represented
by 4201 spots). Hence, these trans-eQTL, affected 61.2% of all eQTL found. The
contribution of each chromosome to the number of cis-eQTL approximately
equal and cis-eQTL mainly occurred on the chromosome arms (Figure 4). The
trans-eQTL were also found on all six chromosomes but with an unequal
distribution (Figure 4A); the majority of trans-eQTL localized on chromosome
V (Figure 4B).

The target genes with either cis- or trans-eQTL were significantly enriched in
specific functional categories (Supplementary File 8). The genes with cis-eQTL
were enriched for genes in the gene classes clec, fbxa, fbxb, cyp, bath, math,
pals, and btb as well as for genes in the gene association of oxidoreductase
activity. The genes with trans-eQTL with higher expression linked to germline,
pharyngeal muscle cell, sperm proteins, outer labial lateral (OLL) and PVD
neurons, and hypodermis.

We continued by analyzing the occurrence of trans-bands (or eQTL-hotspots)
across the genome. Trans-bands are frequently found in eQTL mapping and
indicate a locus affecting the expression of multiple distant genes. To identify
the trans-bands, we calculated the chance of overrepresentation of trans-eQTL
within a region using a Poisson distribution (see Materials and Methods).
The genome was investigated per 0.5 Mb large bin. If trans-eQTL were
overrepresented in adjacent regions, these were considered a single trans-band.
In total, nine trans-bands were identified (Poisson distribution, p <0.0001,
Supplementary File 9). Except for chromosome III, each chromosome was
found to contain trans-eQTL hotspots, with three occurring on chromosome V.
These enrichments found within the trans-eQTL were likely to stem from the
trans-bands on chrX:6.0-6.5Mb and chrIV:14.5-15.0Mb specifically. These two
trans-bands also consisted of genes were enriched for genes associated with
other functions, such as neuron, protein synthesis, cellular structure, nucleus
activities, reproduction and/or development (Supplementary File 10).
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Figure 4: Identified eQTL in microarray data of the 70 NL5901xSCH4856 aS-RILs. With a
threshold of -log10(p) >3.6 (permutation, FDR ≤ 0.05). The eQTL peak position is shown on
the x-axis and gene position is shown on the y-axis. The cis-eQTLs (within 1 Mb of the gene)
are shown in black and the trans-eQTLs in purple. A) Plot of both cis- and trans-eQTLs. The
horizontal bars indicate the confidence interval of the eQTL (1.5 LOD-drop). The chromosomes
are indicated on the top and right of the plot. B) The histogram of the eQTL density per 0.5 Mb
block.

104



5

eQTL mapping in newly constructed CB4856/N2 RILs carrying α-synuclein gene

Heritability, eQTL, and transgressive segregation

By combining the results of the heritability, transgression, and eQTL we could
further our understanding of the genetic variation underlying gene expression
variance in the aS-RILs. In total, 528 genes were identified within each analysis
which represented 24.7%, 24.5%, 5.4% of a total number of each group genes.
(three groups of genes identified function in transgression, heritability, and
eQTLs, respectively) (Figure 5). Many eQTL were not detected as heritable
(4485), which is probably due to the relatively low statistical power to detect
broad-sense heritability in this study. Furthermore, we found 1822 heritable
genes for which eQTL were detected. These probably represent cis-acting eQTL
resulting from the genotypic variation within the aS-RILs. Then, 145 genes
were both transgressive and had associated eQTL indicating that they could
represent multiple trans-acting variants. Focusing on the subset of heritable
genes exhibiting transgressive variation and were heritable, we found 327
genes. These could be hallmarks of genotypic variation influencing complex
phenotypic traits.

Figure 5: Venn diagram of significantly regulated genes that belong to transgression,
heritability and eQTL. Combination of all groups and their overlaps.

We found that the genes associated with a cis-eQTL exhibited a stronger
linear relationship with heritability (Figure 6A) than did the genes with only
trans-eQTL (Figure 6B). Compared to the trans-eQTL, cis-eQTL explained more
of the total gene expression variance as shown by corresponding R2 values.
The variance explained by cis-eQTLs correlated with the heritability, while the
estimated heritability was less correlated with trans-eQTLs. The proportions
of genes that had significant heritability and also act as significant cis-eQTL
support a close correlation between transcription variation and sequence
polymorphism.
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Figure 6: Relationship between the variances explained by eQTLs and their estimated
heritability (H2). The x-axis represents the H2 value of the genes, and y-axis showed the genes
determined as eQTLs (R2 is the variance explained by eQTL). A) was focusing on the cis-eQTLs
while B) showed the genes with trans-eQTLs.

α-synuclein specific trans-bands

To further explore the trans-eQTL hotspots in relation to the effect of
introgressed α-synuclein, we determined which genes were affected by the
α-synuclein introgression by comparing gene expression difference between
N2 andNL5901 (Supplementary File 11). We identified 9928 genes (37509 spots)
that were affected by the transgene (-log10(p) >3.51; FDR = 0.05). We filtered
the mapped eQTL for occurrence within this set of genes, which resulted in a
set of 7588 eQTL representing 2407 genes. Furthermore, we also investigated
whether genes had eQTL in previous studies (see Materials and Methods for
details; Supplementary File 6).

Based on the set of genes affected by the α-synuclein transgene, six trans-bands
were identified as shown in Supplementary File 10. We performed enrichment
analysis on these trans-bands (Supplementary File 12). The trans-bands that
were significantly enriched, included genes functioning in the innate immune
system, lifespan, muscle function & locomotion, cellular components (e.g.
lysosome), variable neuron activities, apoptotic, gonad functions, protein
syntheses, and reproduction (e.g. vulva, germline and embryo development).
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Discussion

aS-RILs and genetic markers used in mapping the eQTLs associated with

α-synuclein

In this study, we present a new C. elegans RIL population carrying an
introgressed α-synuclein transgene derived from NL5901 and SCH4856
(aS-RILs). This population of aS-RILs carries alleles of two divergent genotypes
Bristol N2 and Hawaii CB4856 [7, 38]. The construction of the RIL population
was optimized in three ways: i) males of each parental strain were used for
reciprocal crosses, which contributes to balance their mitochondrial and X
chromosome from both parental strains [39]; ii) genetic allele frequencies
were under the control for a relatively equal allele fraction at most of loci to
avoid strong skews; iii) two-step-procedure to ensure frequent recombination.
Although not all 239 and 199 lines were selected for genotype assignment and
gene expression analysis, this new aS-RILs population, with a proper panel
size, enable studies of quantitative traits variation for α-synuclein associated
traits. Thereby, this population complements existing C. elegans models of
α-synuclein.

A hybrid approach was taken to construct the genetic map for 70 aS-RILs.
The genetic markers in this research were insertions/deletions-based [32]
and cis-eQTL-based. This is a reliable and effective approach [40] to the
determination of genetic map and eQTL mapping in C. elegans RILs. Gene
expression data from microarray were adequately used and concerned within
genotype assignment rather than only as molecular phenotypic traits for eQTL
mapping. Moreover, mishybridization markers contribute to fill in the gaps
and dissert the fragments with more details; vice versa PCR-based genotyping
contributes to estimate the markers, avoiding the measurement noise in calling
induced by mishybridization of probes [41]. The final marker set provided
an accurate genetic map for the aS-RILs, which covers the whole genome
and enabled the identification of recombination events within the aS-RILs
population.

As expected, every RIL has an N2 genotype-specific segment on chromosome
IV and this specific area in the genome also had this for NL5901 and SCH4856.
The microarray-based genetic map showed that the α-synuclein gene was
inserted at chromosome IV from 2.1Mbp up to 11.4 Mbp. In previous research,
the α-synuclein transgene was located in the range of 4.2 Mbp and 13.2 Mbp
in chromosome IV [30]. The similar location but with small differences, is
mainly due to the less accurate estimation that could previously be provided.
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In summary, the resulting population and genetic map provide enough power
and resolution to investigate which loci contribute to gene-expression variance
related to α-synuclein.

eQTL mapping in the aS-RILs

Our eQTL mapping experiment shows the genetic architecture of gene
expression in response to an α-synuclein introgression, by identifying
α-synuclein-associated gene-expression variation in the constructed aS-RILs
panel. A two-step procedure was performed to detect α-synuclein-specific
eQTLs. First, we did a standard eQTL analysis for the gene expression data
with analysis of heritability and transgression, which detected 7533 microarray
spots, i.e. 4773 genes, with either a cis- or trans-eQTL (Supplementary File 13).
Meanwhile, nine trans-bands were identified (Supplementary File 9). To detect
how much of the expression variation is due to α-synuclein introgression, we
estimated and predicted the effect of α-synuclein expression by comparison
analyses between N2 and NL5901. It indeed leads to a lower amount of genes
as α-synuclein-specific eQTL (Supplementary File 13).

Numerous genes were detected to have cis-eQTLs, which was much less than
those with trans-eQTLs (Supplementary File 8). The cis-eQTL were detected
within a +/- 1.0 Mb window relative the transcription starting site of each gene
(see Materials and Methods), thereby explaining expression variation of genes
that are physically located at the locus. Our mapping results identified that
the cis-eQTL are enriched for genes in the gene classes clec, fbxa, fbxb, cyp,
bath, math, pals, and btb. These classes were also identified in previous eQTL
studies of C. elegans [16, 21, 26, 35, 38]. These detected cis-eQTL were found to
be highly enriched for polymorphic genes, which confirms the variation among
the RILs from genetic divergence of parental strains as well as the mapping
quality.

More genes were found to have a trans-eQTL, which controls more distant gene
expression (Supplementary File 8). However, it is known that external factors
can affect trans-eQTL by interacting with multiple genes, like development,
age, stress response, and cryptic variation [42]. According to previous studies
in C. elegans with thermal/developmental treatment, cryptic variation of the
transcriptional architecture is mainly determined by trans-eQTL [16, 21, 22].
Hence, it is likely that gene-expression differences related to α-synuclein can
mainly be detected in trans.
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Estimating the heritability of complex and polygenic traits was done as an
important component of defining the genetic basis of expression variation.
Moreover, transgression occurred due to the presence of eQTL with opposing
parental allelic effects [43](Ansel et al., 2008), which more likely indicates the
presence of interacting alleles, i.e. trans-eQTL hotspot. Therefore, multiple
eQTLs with opposite allelic effects and exhibited higher heritability had been
identified to control the variable gene expression levels in the aS-RILs.

Detecting α-synuclein-specific eQTLs

The α-synuclein proteins expressed are aggregating with age in C. elegans,
which mimics α-synuclein inclusion bodies seen in PD [44]. The present
experimental setup designed for microarray analyses was optimized compared
to the previous gene expression study of α-synuclein ILs ([30], as showed in
Chapter 3). Adult worms (t=120 hrs incubation after synchronized eggs) were
used in this study instead of L4 larva (t=48 hrs) with concerning both gene
expression and protein accumulation aspects. Firstly, aging and development
effect on gene expression were avoided. As shown in gene expression of those
48 hrs old larvae worms, α-synuclein affected the genes related to development
to cause significant delay. Therefore, the use of mature adult worms avoided
the impact of development on gene expression changes. The trial microarray
had been done in N2 and NL5901 for different ages, which indicated relative
stable gene expression level in 120 hrs old adults (data were not shown).
Moreover, in addition to expression, α-synuclein aggregates in adults were
more than that of larva worms which were showed in Chapter 4.

Heritability and transgression analysis contribute to feature out those genes
function as eQTL. The approach is beneficial for trans-eQTL architecture
determination. However, in our case, it is difficult to determine the transcript
regulation of those genes in eQTL that attribute to introgressed α-synuclein
or only to genetic variants in the RIL panel. Even though the aS-RILs always
have introgressed α-synuclein, these variable expression changes (Vtotal)
observed from the RILs cannot simply be deemed to α-synuclein. Thus,
post-processing on all eQTLs of the whole dataset was done based on the
”filtering-α-synuclein-effects”. Owing to the technique replicates and biological
replicates of the parental and reference strains, a reference base on gene
expression changes induced by α-synuclein were gained by comparison of N2
and NL5901. Matching the estimated Ve leaded to the determination of eQTLs
highly relative to the effect of α-synuclein. Interestingly, all we measure is in
an α-synuclein context, so that plays a role in the eQTL patterns we observed.
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The introgressed segment always surrounding α-synuclein transgene still gave
poor understanding on most other configurations, making identification of
unique effect difficult. Hence, further study will try to address and prove if
a trans-band is mainly linked to aS. It could be addressed by crossing an IL
covering that region of SCH4856 into NL5901 and find the trans-band back.
Our eQTL analysis in this panel of aS-RILs indeed allows us to learn more
details of genetic architecture associated with α-synuclein introgression.

Polymorphic regulators associated with α-synuclein in different

genotypes

Interestingly, a majority of these genes as cis-eQTL belonged to protein
coding type. Their encoded domains and proteins in human homologs were
associated with nuclear plasma and tissue enriched (The Human Protein
Atlas, www.proteinatlas.org; Uniprot, www.uniprot.org). Moreover, one
cis-eQTL enriched the genes in group of oxidoreductase activity regulator
(Supplementary File 8). We believe that α-synuclein induced the oxidative
stress even though its expression and aggregation present in the body wall
rather than dopaminergic neurons. Under control of the unc-54 promoter,
expression of α-synuclein was driven to the body wall muscle cells and
accumulating inclusion with age. Striking, genes as trans-eQTL function in
PVD and OLL neuron, possibly highlighting the α-synuclein toxicity and
revealing the α-synuclein transmission. However its role in transmitter release
and underlying mechanism were complex and unclear, which could be a
further research question to be addressed in this aS-RILs.

Identified genes in this eQTL analysis will enable us to connect their regulatory
variation to the complex phenotypic traits. Besides the appearance of genomic
region which was α-synuclein introgression in chromosome IV, a trans-eQTL
hospotswere detected very close to the area, chrIV:14.5-15.0Mb, even associated
with an α-synuclein-effect (Supplementary File 9 and 10). In this trans-band,
genes related to regulation of cadmium hypersensitivity were identified, which
is associated with a variety of human diseases [45]. Interestingly, after filtering
based on α-synuclein regulation in an N2 genetic background, this enrichment
was not present. In addition, genes in the chrX:6.0-6.5Mb trans-band were
associated with pharyngeal muscle cell function (Supplementary File 8), which
could associate to the pumping deficit observed in aS-ILs [30]. Although this
group of genes was filtered out by α-synuclein-effect analogy, their associated
biological and molecular phenotypic trait, i.e. pharynx pumping, presented in
different genetic variation. Therefore, it could be caused by the polymorphic
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transcription response to α-synuclein introgression. These results indicate the
power of our eQTL analysis to detect true eQTL responding to α-synuclein.

Reported regulated genes enriched in our results were also found in previous
microarray analysis of other genetic background carrying α-synuclein
introgression [30]. 37 genes (of 78) found in all six genotypes (JU1511, JU1926,
JU1931, JU1941, CB4856, N2); 242/644 genes are associated with α-synuclein
expression in young and old worms; 203/427 genes are associated with the
interaction of genotypes and α-synuclein in four aS-ILs which are also mapped
in this NL5901xSCH4856 RILs. However, the genetic architecture of genetic
backgrounds in response to α-synuclein is complex and remains unclear.

Conclusion

In this study, we investigated gene expression in newly constructed
NL5901xSCH4856 aS-RILs to identify cis- and trans-effects of common variants
on differential gene expression levels induced by α-synuclein aggregation
and expression. This improved our understanding in the context of sample
size, allele frequency and the estimated effect size, as well as design methods
for adjusting α-synuclein effect. This eQTL analysis provides insight into the
underlying genetic architecture relate to gene expression changes of the N2
and CB4856 genetic variations in response to introgressed α-synuclein.
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Supplementary figures and files

The supplementary files and figures are deposited at: https://1drv.ms/u/s!AqhbSv9gNbn2ac0H
oR1de29x0ms?e=LwgTMX

Supplementary Figure 1. Construction of NL5901xSCH4856 recombinant inbred lines (aS-RILs)
by two-step-crossings. α-synuclein transgene [P(unc-54)::α-synuclein::YFP+unc-119] has been
introgressed into Hawaii CB4856 genetic backgrounds, which is SCH4856 (strain details can be
found in Chapter 3).

Supplementary Figure 2. Genotype assignment per individual RIL per marker with the log2
expression ratio. The manual corrections of genotypic map were performed based on it,
constructing a list of reliable genetic markers as well. If a specific genotype was very unlikely
for an individual RIL at a marker and it was determined by a ”potentially flawed marker” and
was corrected. Genotypes were inferred based on genotypes at surrounding markers.

Supplementary Figure 3. The selected aS-RILs used for PCR-based genotyping. 93 lines out of
293 RILs generated after the first step crossing, while 94 out of 199 RILs which were gained
after the second step crossing. Blue means the genotype is from Hawaii CB4856 and orange
represents Bristol N2.

Supplementary Figure 4. The 70 aS-RILs selected to perform microarray assay for mapping
eQTL. Blue means the genotype is from Hawaii CB4856 and orange represents Bristol N2.

Supplementary Figure 5. Test of gene expression in N2 and NL5901 at different timepoints
from larvae to mature worms.

Supplementary Figure 6. The correlation between the validated markers used to genotype
assignment as well as eQTL mapping.

Supplementary Figure 7. Principal component analysis of gene expression in all 70 aS-RILs and
two reference strains (N2 and CB4856), and two parental strains (NL5901 and SCH4856). The
amount of variation explained is indicated on the axis annotation. The orange represent N2
genotypic samples (replicates), while dark orange is wild-type N2 and slight orange is NL5901.
The blue represent CB4856 genotypic samples (replicates), including CB4856 and SCH4856 (dark
blue and slight blue, respectively).

Supplementary Figure 8. Venn diagram of genes identified in heritability analysis and
transgression analysis.

Supplementary File 1. The primer sequences for the insertion/deletion markers. The markers
are organized per chromosome and location to cover the genome-wide.

Supplementary File 2. The genetic map of the NL5901xSCH4856 aS-ILs, as determined by the
insertion/deletion markers. The genotypes are as follows: CB4856 (-1), N2 (1), None (0).

Supplementary File 3. Target file of the microarray design with all the samples of aS-RILs,
references strains (N2, CB4856, their replicates in the experiments) and parental strains (NL5901,
SCH4856, their replicates in the experiments).

Supplementary File 4. The physical distance of this aS-RILs genetic map based on the validated
marker set.

Supplementary File 5. Distribution of the at each marker over the chromosomal domains
covering the whole genome.
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Supplementary File 6. Outcome of the heritability analysis in the aS-RILs, including the
broad-sense heritability (H2) values, genotypic variation (Vg), environmental variation, i.e.
expression of introgressed α-synuclein (Ve). FDR set at 0.05, location and size of the gene, the
expression up/down changes, gene identity (WBID, sequence_name, public_name)

Supplementary File 7. Outcome of the single marker mapping. The mapped trait is annotated
by spot on the microarray (trait), location of the gene (Chr_gene and BP_gene), gene identity
(WBID, sequence_name, public_name). The eQLT is described by location (Chr, BP, marker,
Peak), the boundaries of the location (marker_left, BP_left, marker_right, BP_right). The
eQLT is also described by effect (qtl_effect), significance (qtl_significance) and its relation to
the type (qtl_type). Furthermore the relationship of eQTL with α-synuclein (qtl_aS_unique,
PL_alpha_significance_fdr, PL_alpha_effect), as well as the explained variation (r2_sm) and the
trans-band which belongs to are given.

Supplementary File 8. Enrichment analysis on the genes function as eQTL in aS-RILs. The
database used for enrichment (Annotation) and the category (Group), and the number of genes
on the array that are in the group (Genes_in_group) is also indicated. Furthermore, the overlap
with the locus pair (Overlap) and the significance of that overlap (sig), Bonferroni test, FDR
adjusted p-value are shown.

Supplementary File 9. Summary and enrichment of detected trans-banding in original eQTL
analysis.

Supplementary File 10. Summary and enrichment of detected trans-banding in eQTL analysis
with filtering ”α-synuclein-effect”.

Supplementary File 11. Comparison of gene expression dataset of NL5901 and N2 to determine
the ”α-synuclein-effect”. Liner model were used for N2 verse NL5901.

Supplementary File 12. Enrichment analysis on the trans-eQTL hotspots, i.e. trans-bands in
eQTL analysis with filtering ”α-synuclein-effect”.

Supplementary File 13. Summary of eQTL detected in orignial eQTL analysis compared with

the one after filtering the ”α-synuclein-effect”. Both cis- and trans-eQTL are showed as well as

what kind of ”α-synuclein-effect” impact on them.
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Introduction

Neurodegenerative disorders are to a large extent age-dependent diseases
caused by genetic and molecular changes where many disease related
phenotypes differ among individuals. As neurodegenerative disorders are
progressive diseases, identification of onset and the stage to control progression
among individuals are very important for disease diagnosis and treatment.

The underlying molecular processes and pathology have been studied
intensively for neurodegenerative disease. In particular Parkinson’s disease
(PD),Alzheimer’s diseases (AD), dementia, Amyotrofische Laterale Sclerose
(ALS), and Huntington’s disease (HD) [1]. The aggregation, deposition
and dysfunction of α-synuclein proteins are common events in PD and
are also strikingly shared across other neurodegenerative disorders. A
diminished control over voluntary movement and progressive large-scale loss
of dopamine-producing neurons appear as symptoms in PD patients. This
mainly stems from the deposition of α-synuclein protein within dopaminergic
neurons of Lewy bodies - cytoplasmic inclusions consisting mainly of
α-synuclein inclusions [2]. Dementia can also be induced by the α-synuclein
inclusions caused neuron loss, which has also been defined as a key feature
of PD [3]. It has become increasingly clear that the pathological mechanisms
leading to disease traits can be affected by many factors such as aging, the
ambient environment, and the presence of background genetic variants
(modifiers) that predispose the individual to the pathogenesis of PD. Causative
mutations and genetic variants have been identified in PD patients [4],
However, variation in the observed symptoms indicates that the genetic
background can impact on the molecular and cellular processes underlying
neurodegeneration [5–7].As of yet, although studies of the underlying causes of
PD have strongly increased, knowledge about the effect of genetic background
modifiers is limited.

The use of model species has yielded a wealth of information regarding
pathways associated with PD using mutant screening. Indeed, these studies
have revealed neuroprotective mechanisms that effectively counter pathogenic
cellular processes [8].Investigations using C. elegans nematode models of
PD have proved highly effective in the search for clues to the underlying
cause of the PD pathology [9, 10]. This has facilitated the discovery of novel
treatments for the motor symptoms of PD [11, 12]. A number of C. elegans
models of α-synuclein have been constructed (see review [13]). Due to the
fact that α-synuclein is not present in C. elegans, transgene insertions have
been generated to study their role in the underlying processes. So far almost
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all studies on α-synuclein transgenics in C. elegans have been conducted in
a single genetic background, Bristol N2. Hence, these studies do not allow
investigating genetic background effects of modifier genes.

With an increasing number of wild strains being identified that are genetically
divergent to Bristol N2, genome editing in combination with natural
genetic variation in these other wild type strains offers a new potential
for understanding AD associated mechanisms. Overall, this chapter highlights
the importance of the variable genetic backgrounds in C. elegans model of
α-synuclein studies from different angles, which is a small stepping stone to
understanding human disease using nematode models.

Genetic backgrounds harbour the genetic factors associated with

complex disease traits

Genetics plays a key role in many common diseases that burden the human
population globally. In humans, increasingly more loci or genes have been
identified by GWAS and can be defined as potential ”risk” genes. However,
are these causal genes – or risk factors – for complex disease traits causal by
themselves, or only in a particular genetic background? Because it has become
clear that causal disease genes are tightly connected to numerous functional
genes in the genome-wide background [14].

The allelic variation of background genes are located at multiple positions,
or genetic loci, of the genome. They can affect any aspect of a disease
pathway, including transcriptome, proteome, or metabolism, resulting
in disease symptoms (as biological phenotypic traits shown in Figure 1).
Interestingly, the effect of genetic variants could be little or differential on the
phenotypic outcomes. It could be due to opposing allelic effect potentially in
the backgrounds [14]. The effect could tend to impact the genes associated only
with complex disorders and/or the genes involved into functional relevance in
the protein network. The characteristics of genetic variation responsible for
this heritable phenotypic variability can be defined as the genetic architecture
of the variable symptoms or complex diseases traits [18].

Our genome-wide gene expression profile of four wild-type strains capturing
local genetic variation carrying humanα-synuclein presented transcription-level
changes by comparing corresponding wild-type strains, e.g. the genes
associated with functional muscle construction and developmental delay.
The locomotion deficit and development delay matched the transcription
changes, meanwhile specific transcription factors and molecular activities in
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Figure 1: A framework of parameters that are causal determinants of disease traits,
indicating the complex genome-transcriptome-phenome associations as well as the potential
environmental interactions. The ”genetic background” (Box A), which harbours the disease
gene of interest, is defined as the inclusion of all other genes that may interact with the gene
of interest (also described in [15]. Allelic variations encode for variable protein abundances
(arrow 1© from Box A to B) which are involved in transcriptional regulatory networks
(Box B). These complex networks are also defined as intermediate phenotypes [16] or
transcriptional phenotypes, e.g. transcript, protein or metabolite levels. Transcriptional variation
potentially influences specific life-history traits (arrow 2© from Box B to C, e.g. translations
after gene expression). In terms of levels of gene expression, it is possible to conceive of
biologically relevant gene-trait associations [17], which is from Box C to B (arrow 2© , e.g.
post-translational modification) and/or B to A (arrow 1© , e.g. post-transcriptional regulation).
Gene-trait associations can be affected by environmental factors (Box D). Environmental factors
may sensitize the genome-transcriptome-phenome dynamics by influencing the transcription
(arrow 3© ) and/or its subsequent phenotypic variations (arrow 4© ) including cryptic variation
in different backgrounds (arrow 5© ). The genetic architecture which describes the characteristics
of genetic variation that is responsible for heritable disease phenotypic variation, thus depends
on the number of genetic variants affecting a trait, the magnitude of their effects and their
interactions with each other and the environmental effects.

the regulation were revealed (shown in Chapter 3). Transcription analysis is
used to study the complex genetic regulatory network by detectable transcript
abundance leading to the genetic architecture underlying gene-expression
variance [19]. Such as current approaches used to study functional genomics,
expression quantitative trait loci (eQTL) studies has been proven to be useful
for elucidating the molecular mechanisms of human diseases [20–22].

Researches uncovered the genetic variation of gene expression in humans
associated with PD using GWAS. Variable loci associated with risk of PD onset
and progression are not always present in different populations (reviewed in
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Chapter 2). Hence, the genetic architecture of a given PD trait can be more
complex, which implies the potential roles of background variants (e.g. cryptic
variants) relevant to individual-level risk prediction. If sequence variation
occurs within introns, or 5’/3’ extremities, the genetic structural features
could correspond to different regulatory elements involved in the pathologic
responses. For example, regulatory sequence variations which are often at the
extremities of key genes, could also affect the function of disease causative
genes. Moreover, a background modifier that alters expression of a human
gene could be at different locus in the genome, which, in turn, causes the
gene-related disease or influence the developing of disease.

The power of genetic variation in C. elegans model for complex

disease pathway analyses

The transparent nematode C. elegans has emerged as a powerful model
organism for more than 50 years. Characteristics of this model organism
have contributed to its successful career in the laboratory, including its
genetic tractability, well-studied developmental and life cycle details and
well-characterized genome. These characteristics have led to an increased
use of C. elegans in mechanistic studies of pathology associated with complex
diseases as well as in high-throughput screening approaches. The range covers
human-pathogen infections, cancers, muscle disorders, diabetes and obesity,
mitochondrial-associated disorders, aging and neurodegenerative diseases.

C. elegans displays a low worldwide genetic diversity but a relatively high
local genetic diversity of populations. This local diversity is mainly due to
the immigration of new alleles rather than by mutation [23]. This C. elegans
natural variation can contribute to genotype-specific alterations associated
with introgressed human disease genes. In this thesis, one of the α-synuclein
transgenes was introduced into wild-type strains collected from Orsay and
Santeuil [24]. These divergent genetic backgrounds were differentially affected
by the pathological α-synuclein aggregation and expression in both molecular
and life-history phenotypic traits (Chapter 3 and 4). Moreover, the variable
genetic backgrounds also contribute to genetic mapping in C. elegans which
has proven useful to identify genes involved in interaction between allelic
variation and phenotypic traits, such as those involved in pathogen resistance,
metabolism, mutualism, and α-synuclein expression (Chapter 5).

The Hawaiian wild-type CB4856 is the second well studied strain next to Bristol
N2 aiding to understanding natural genetic effects. Populations of introgression
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lines (ILs) and recombinant inbred lines (RILs) have been constructed based
on the polymorphic differences between Bristol N2 and CB4856. Also, RILs
were derived from CB4856- and N2-transgenic strains which were generated
by deliberately introducing genes of interest, like let-60, and α-synuclein. On
the basis of these recombinant inbred lines, many QTL/eQTL associated with
specific phenotypic traits were found. In Chapter 5, eQTLs associated with
α-synucleinweremapped in a newly constructed aS-RILs This contrasts human
transcriptome analysis, where estimates of FDR and sensitivity of QTLmapping
are more difficult to set due to a relatively low power for statical analysis [25].

Excess of rare variants and a high haplotype homozygosity have been observed
in more recently discovered wild type strains. Global collaborative sampling
efforts have provided more and more additional Caenorhabditis species and
C. eleganswild-type strains in culture and many more are still being isolated
[26–28]. Meanwhile, the diversity of these globally distributed wild type strains
is collected and analyzed by the Andersen Lab (see the free-accessible online
source CeNDR [26]). CeNDR is a comprehensive database and offers a set
of tools for examining natural diversity.. These sources enrich the genetic
analysis based so far mostly on the divergence of CB4856 with N2. In addition,
other wild-type strains are compared with the laboratory strain N2 and the
Hawaii CB4856 strain contributing to functional genomic studies, such as
characterization of genomic and phenotypic diversity [24] and this thesis;
and a newly constructed multi-parental RIL population originating from
four wild-types by Snoek et al. 2018, as well as a multiparental experimental
evolution (CeMEE) panel [29].

Multifactorial aetiology associated with α-synuclein

α-synuclein belongs to the synuclein family with two other members:
β-synuclein and γ-synuclein but α-synuclein is the only one found in Lewy
bodies.A number of key features potentially describe the onset and progression
of α-synuclein-associated disorders, including the increased incidence with
age and the clear influence of both genetic background and environmental
exposures, like multifactorial carcinogenesis [30]. Aging is one of the important
parameters due to its large risk factor for neurodegenerative progression
and accompanying age-dependent changes in cellular function. Intrinsically,
aging is a multifactorial process and is heavily influenced by genetics and
environmental factors [31]. The identification of genes associated with
longevity as well as their functional roles in key metabolic pathways has
been intensively studied by using C. elegans mutagenesis. Moreover, these
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signalling pathways participate into a complex network underlying phenotypic
traits. Natural variation may cause subtle phenotypic changes due to genetic
polymorphisms and increase our understanding of genes/molecular pathway
functions associated with α-synuclein pathological mechanism like the variable
factors and their dynamics in Figure 1.

Kinases, phosphatases, aswell as generalmetabolic homeostasis are responsible
for regulating α-synuclein aggregation. They can induce abnormal translation
of α-synuclein messenger RNA (mRNA) leading to α-synuclein misfolding
and aggregation. Taking LRRK2 as an example, it is one of casual PD genes
Genetic evidence collected by Dorval and Hébert (2012) [32], points out that
LRRK2 is a large, widely expressed, multi-domain and multifunctional protein
that acts as a potentially important player in transcriptional and translational
control. It could interact with core components of the miRNA pathway as a
”molecular hub” for gene expression and protein synthesis together with other
factors. Interestingly, two missense variants (R1628P and G2385R) of LRRK2
are unlikely to cause PD but increase susceptibility to PD in Han Chinese and
East-Asians. Overall, genetic modifiers can potentially impact on transcription
and protein translation of these genes which is also associated with α-synuclein
disease progression.

Additionally, many other factors can also impact on biological processes
interacting with abnormal protein aggregation. For example, the C-terminal
of the α-synuclein monomer protein is homologous with small heat-shock
proteins, which are required for maintaining their native stabilities [33].
According to the gene expression analysis in Chapter 5, some genes associated
with thermal sensitivity have been detected which might suggest a linkage
with the aggregation of α-synuclein.

Found in translation: the natural variation of model organisms

contributes to uncover α-synuclein pathology

α-synuclein pathology variation by genetic background

The utility of the model organism C. elegans for studying α-synuclein pathology
consists of a variety of models [13]. Among them, multiple C. elegansmodels
revolve around the α-synuclein protein which takes an important and central
role in PD. In this study we concentrated on one of these models, namely
NL5901 which is a transgenic strain containing a human α-synuclein copy (h
ttps://www.ncbi.nlm.nih.gov/nuccore/KR710288.1). The transgene pkIs2386
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[Punc54::α-syn::YFP, unc-119(+)] encodes an α-synuclein-YFP fusion protein
expressed under an unc-54 promotor in body-wall muscle cells (van Ham et al.,
2008). Meanwhile, other models have been established to express α-synuclein
specifically in dopaminergic (DA) neurons using different promoters [34].

Although the transgenic strain NL5901 (pkIs2386) does not express in DA
neurons, it still could be associated with neuropathology. Compared to the
other C. elegansmodels expressing α-synuclein in DA neurons, NL5901 exhibits
mature fluorescent misfolded protein aggregates. According to the fluorescent
imaging of aS-ILs shown in Chapter 4, animals carrying this transgene
show visible inclusions and widely-distributed non-aggregated fluorescence.
Especially, these aggregations and fluorescence are more clearly observed in
the worms that carry the transgene in wild-type genetic backgrounds. This
could affect neuron cells in the head and/or around the body wall through
cell-cell contact.

Strikingly, the gene expression profiling analysis in Chapter 5 reveal that
neuronal-associated pathways were affected by expression of this α-synuclein
transgene. This could coincide with the cell-to-cell transmission characteristics
of α-synuclein protein which was pointed out by studies in mammal models.
It suggests that α-synuclein protein can be released from cells via apoptosis,
apparently in the absence of serious membrane damage. This transmission
may compromise lysosomal function or vice versa is antagonized against by
lysosomal function [35]. There is more evidences in this thesis: the enrichment
of genes that were detected inα-synuclein-associated trans-banding (Chapter 5)
such as the genes function in lysozyme activity (chrIV:14.5-15.0Mb), apoptotic
dynamics and receptor mediated endocytosis defective (chrX:6.0-6.5Mb).
The similarity was showed in L4 stage α-synuclein worms gene expression
profiles: groups of genes were involved in α-synuclein-associated membrane
transportation such as lipid transport, phospholipid scrambling, extracellular
space and recycling endosome membrane (Chapter 3). The genes that function
in lysosome/apoptosis were found in mature α-synuclein worms instead of
L4 stage worms, these transcription changes and aggregates distribution
suggest the dynamics of α-synuclein-associated pathological processing and
its novel property of transmission in this C. elegans model of α-synuclein.
Moreover, our results also indicate that variations of α-synuclein-associated
pathological processing in different genetic backgrounds. By using qPCR,
the expression of α-synuclein transgene were quantitated as steady-state
(i.e. no significant differences) in different genetic backgrounds. However,
the aggregation of α-synuclein-YFP fusion varied among the α-synuclein
worms with different genetic backgrounds (Chapter 4). This similarity is also
showed in transcriptome analysis in Chapter 3 and 5. The genotypic-specific
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effects in response to α-synuclein expression was identified in L4 stage
aS-ILs (Chapter 3). With avoiding the gene expression dynamic effect of
development, the detected trans-eQTL hotspots affected by α-synuclein in
mature worms include such groups of genes that are involved in cell membrane
organization biogenesis variant, endosome/endocytosis organization variant
(chrX:6.0-6.5Mb), life span variant (chrIV:14.5-15.0Mb) and so on. Furthermore,
the lipid contents linked to α-synuclein proteotoxicity also presented the
differential varieties of accumulation in wild-type genetic backgrounds
rather than N2 background (Chapter 4). Therefore, the genetic/molecular
factors involved into the α-synuclein pathology may vary among the genetic
backgrounds, which could also imply the cell-cell interaction may account for
both age dependence and regional specificity of neurodegeneration.

Advantages and limitations of transcriptome analysis in this thesis

Transcriptome analysis reveals differences in regulation mechanisms by
uncovering the functional genome [36]. Identification of genetic interactions
with α-synuclein in human genome studies focused on the sequencing data
with transcriptional profiles. For example, identifiable SNP variants that alter
coding regions and transcription factors were determined to assemble into
units of defined functional roles in protein-protein interaction along with the
genes of target, i.e. a trans-acting [37]. Overexpression of two microRNAs,
mir-7 and mir-153, significantly reduces endogenous α-synuclein levels as
regulating α-synuclein levels post-transcriptionally [38].

However, transcriptomic studies of human genome involve a number of
challenges: differentially expressed genes that undergo moderate or high
fold-changes are difficult to be annotated due to the genomic complexity [39];
dynamic expression is sensitive to environment exposure which is difficult
to identify genes strongly relative to environmental adaptation [40] and a
majority mainly depend on individual transcriptomes rather than those of
population[41].

In C. elegans, genome-wide expression profiles can provide a comprehensive
overview of the genetic and molecular interaction for a particular trait [42].
Especially, comparative expression within different genetic backgrounds
could offer a clue about the genotypic variation underlying traits. Therefore,
our eQTL mapping analysis (Chapter 5) offers an opportunity to investigate
α-synuclein-associated molecular phenotypic traits; i.e. gene expression
changes. By measuring gene-expression levels in response to introgressed
α-synuclein expression, the mRNA intermediates driving protein synthesis
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could offer insights to identify the underlying polymorphic genes. More eQTL
studies are performedwhich collect more database resources andmore efficient
technologies. These findings will be expected to offer the insight of genetic
architecture of complex phenotypic traits with genetic variation which will
also contribute to the uncover genotypic-phenotypic relationship underlying
α-synuclein pathology in C. elegansmodel of human disease studies.

Several factors that potentially benefit to eQTL detection and mapping
resolution were taken into consideration of this study (Chapter 5): 1) proper
sample size and marker density; 2) microarray data and its correspondence
with variable external data sources, e.g. Gene Ontology (GO) system; 3)
appropriate correction focus, i.e. FDR control and permutation (see also [43,
44]). Furthermore, these studies built on previous eQTL studies in C. elegans,
which allow comparative analysis of eQTL profiles.

One of the limitations of the eQTL study is the co-occurrence of an introgressed
N2 segment together with the α-synuclein transgene. On the one hand, the
eQTL mapping without any filtering is likely to also include non-α-synuclein
linked genetic variation between N2 and CB4856 to be identified and hence is
too liberal. On the other hand, mapping trans-eQTL hotspots specific associated
with α-synuclein effect is probably too cautious and misses some interactions
(Chapter 5), since the potential allelic trans-actions of CB4856 variants within
that region with α-synuclein may have been filtered out. Meanwhile, a series
of the health span traits of C. elegans (e.g. lifespan, development, locomotion,
liposome, pharynx pumping) [45] and traits specific to cytotoxic α-synuclein
accumulation/aggregation [46] have been identified and differ within the
tested genetic backgrounds (Chapter 3 and 4). Yet, the accurate segment of
this introgression in those wild-type genetic backgrounds is still unclear. Its
relationships with the α-synuclein transgene as well as genetic backgrounds
are difficult to pinpoint. Therefore, a better understanding on the genetic details
of these wild-type strains is expected.

Novel interaction between α-synuclein and development/aging

Genes and/or eQTL identified in Chapter 3 and 5 suggest that development and
aging probably have a strong relation with α-synuclein expression. This fits
the proposition mentioned by a review of J Hou et al. that a complex modifier
landscape underlies genetic background effects [47] suggesting that multiple
sets of genomic regions underlie the phenotypic outcomes.
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Neurodegeneration is age-dependent with the influences of cellular senescence,
cellular stress and other cellular processes in aging (reviewed in Chapter 2;
[48–50]. Many of these cellular pathways are conserved in C. elegans which
makes it widely used for studies of ageing and age-related diseases. Most of
C. elegans models of NGD show a striking age-dependent aggregation [46,
51]. The investigation on natural variation of C. elegans has been found to
affect the genotypic-phenotypic relationship via age-dependent pathways
[52]. In Chapter 3, both transcriptome analysis and phenotypic assays
revealed that the effect of α-synuclein on development and lifespan varied
among different genetic backgrounds. Although aging and its association on
α-synuclein pathology is not one of the topics of this study, our identifications
indicate the influence of α-synuclein on biological pathways related to
development/aging and vice versa the genetic variants of these pathways affect
the α-synuclein phenotypic outcomes. This developmental variety could also
enrich the model for studying environmental exposure and even its associated
epigenetic mechanisms on α-synuclein-induced developmental delay and
age-dependence. A better understanding on the genetic and molecular bases of
aging still is essential not only for functional genomics of aging but also for
age-dependent diseases diagnosis/treatment.

Conclusion & Remarks

α-synuclein associated disorders can be conceptualized in different ways
like ”synucleinopathies” [53] or ”neurodegenerative mitochondriopathies”
[54]. These may suggest the key flaws in the pathological system but also
highlight the complexity and multifactorial aetiology of α-synuclein-induced
phenotypic outcomes. α-synuclein pathological mechanisms underlying
neurodegeneration still needs more intensive studies with variable models as
well as human genome analysis. Successful breakthroughs are expected from
further collaborations and more subject intercross species -amalgamation.

For disease studies with C. elegans, more recent targeted transposon insertion
and CRISPR/Cas9 genome editing approaches can further enhance the ability
to perform reverse genetics. The relative simplicity of this tool in a model
organism is convenient for studying more complex biological mechanisms in
different genetic backgrounds. More wild-type strains are going to be isolated
and sequenced yielding a global calibration that further promotes the forward
genetics in other backgrounds. The combination of both forwards and reverse
genetics with natural variation in nematodeC. eleganswill contribute to uncover
the genetic architecture of complex disease pathological associates.
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Summary

Neurodegenerative diseases (NGDs), such as Alzheimer’s diseases (AD) and
Parkinson’s diseases (PD) are characterized by progressive degeneration in
the human nervous system. The nematode C. elegans is an excellent model in
which to study NGDs due to the high level of conservation of gene functions
compared to humans. Chapter 1 is a general introduction about the effect of
variants harboured in different genetic backgrounds on disease onset and
progression in studies with either humans or worms models. The role of the
protein α-synuclein in neurodegeneration was briefly described mainly linked
to the PD. Recent advances by studying natural genetic variation in C. elegans
offer the opportunity to understand the genetics of complex diseases.

Chapter 2 provides an overview of the genetic variation in NGD and its
accessibility in C. elegans. Genetic variation in the background can leverage the
detection of NGD modifiers due to complex genetic interactions in response to
protein misfolding and toxicity, such as induced pathways related to stress
responses and aging. Currently, the effect of background alleles underlying
protein misfolding in NGD disease formation remains unclear because until
now C. elegans research has relied on a single worm genotype – the canonical
N2 strain – limiting the ability to explore how naturally varying alleles
alter pathological mechanisms in NGDs. Hence we propose that the genetic
backgrounds of C. elegans harbour variants that shape the genetic architecture
of disease-associated phenotypic outcomes.

Given the molecular conservation in disease signalling between the model
organism C. elegans and humans, transgenic worms that express aggregating
proteins have been created for studying the onset and progression of NGD
and the functional alleles that affect them. In order to identify how genetic
variation acts on α-synuclein associated-pathology we constructed transgenic
C. elegans introgression lines (i.e. aS-ILs) that express aggregating human
α-synuclein-YFP fusion associated with molecular pathogenic progression
of PD in five backgrounds that are genetically divergent to N2 (Chapter 3).
Measurements of life history phenotypic traits at various aspects and the
microarray-based gene expression analysis indicate that transgene effects
vary greatly depending on the genetic background. Functional enrichment
analysis reveals that the background genes which significantly responded to
the α-synuclein-effect link to developmental arrest, metabolic and cellular
repair mechanisms.

134



The observed alterations in variable phenotypic traits, including global gene
expression, were strongly associated with α-synuclein-induced pathology.
As α-synuclein is an allogenic insertion in the C. elegans genome, the
genome-wide transcriptional analysis did not present the influence of genetic
backgrounds on the expression of α-synuclein. In Chapter 4, we measured
both expression levels of α-synuclein transgene and its accumulation level
of which encoded fluorescent protein fusions. Surprisingly, no significant
difference of α-synuclein expression was found , whereas accumulated protein
aggregation varied. Together with the quantified variable lipid contents in
different genetic backgrounds, natural genetic variation appears to affect
α-synuclein aggregation and proteotoxicity resulting in a variety of disease
phenotypic outcomes.

Transcriptome analysis reveals differences in regulation mechanisms to
uncover the functional genome. In Chapter 5, we mapped the eQTL related
to α-synuclein aggregation and expression in the newly constructed panel of
NL5901xSCH4856 recombinant inbred lines (RILs) harbouring the α-synuclein
introgression. By detectable expression levels of the parental (N2&CB4856)
genotypes of the RILs population, we identified cis- and trans-effects of
variants. In conclusion, the N2 and CB4856 genetic variants were associated
with α-synuclein-induced gene expression changes which provides insight into
the underlying genetic architecture of transcriptional phenotype in response to
introgressed α-synuclein.

Chapter 6 synthesised the findings presented in this thesis and discussed the
importance of C. elegans’ variable genetic backgrounds in human α-synuclein
pathology studies. I discuss the series of efficient and powerful advantages
of genetic variants in C. elegans used to uncover the genotypic-phenotypic
relationship relative to complex α-synuclein-pathological mechanism. Genetic
variants present differential alterations in global gene expression in response
to α-synuclein and/or proteotoxicity, which could not be readily observed in
the canonical N2 background. Despite still having inherent limitations, it is a
necessary and important step to highlight the influence of natural variation in
genetic background on the disease onset and progression mechanism.
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