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ABSTRACT

Millions of individuals worldwide are affected by neurodegenerative disorders, that

result in the progressive deterioration of cells within the nervous system and particular

regions of the brain. A leading risk factor to developing neurodegenerative disorders is

aging, however, aging cannot be defined by one specific causative agent. A combination of

both genetic and environmental factors contribute to the acceleration of cellular damage.

This multi-causal deterioration of cells renders individuals more susceptible to diseases.

Parkinson’s Disease is classified as an idiopathic disorder, with 90% of cases sporadic in

nature. Increasing evidence points towards the environment or a combination of both

genetic and environmental insults as contributors to the progression of neuronal death and

aging. Developing an appropriate cellular defense response to such insults is important for

survival and favorable outcomes. Using the model organism Caenorhabditis elegans, I

investigated how exposure to a complex secondary compound produced by the soil

bacterium, Streptomyces venezuelae, resulted in a specific transcriptional signature

associated with activation of detoxification and stress response programs. Analysis revealed

neurodegeneration was enhanced through bioactivation of the secondary compound by

Phase I and II enzymes, in particular, cyp− 35B2. When animals were exposed to this

secondary compound at different concentrations, a hormetic aging response was seen.

Underlying both of these phenotypes was the requirement of the stress activated

transcription factor DAF-16. The expression pattern of such genes and the differences in

longevity depended on functional DAF-16. Previously identified environmental sources of

neurodegeneration and aging are known to target mitochondria. Further aging analysis

revealed the hormetic longevity response worked through activation of the AMPK pathway,

an important regulator of mitochondrial energy and homeostasis that signals to DAF-16.

While other gram positive bacterial sources of neurodegeneration have been identified, the
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transcriptional signature here differs. These data illuminate the unique nature of this

environmental compound and how it regulates a specific set of genes to influence

neurodegeneration and aging, and provides further understanding of how environmental

contributors impact cellular health and aging pathways. They also indicate the importance

of dose when working with environmental factors allowing for the identification of targeted

therapy treatments for patients.
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CHAPTER 1
INTRODUCTION

This work was originally published in the peer reviewed journal Metabolites under the

following citation: Metabolites v.8(4); 2018 Dec. The authors co-authors on this were Kim

A. Caldwell and Guy A. Caldwell. Author contributions; Conceptualization, K.A.C. and

G.A.C.; Writing—Original draft preparation, K.A.C.; Resources, J.L.T.; Writing—review

and editing, J.L.T. and G.A.C. We would also like to acknowledge Hanna Kim, Bryan

Martinez, Julie Olson, Anna Watkins, and Arpita Ray for their contributions to this

research

1.1 Parkinson’s Disease

As the second most common neurodegenerative disorder, Parkinson’s Disease (PD)

is considered a disease of aging, since it primarily affects individuals over the age of 65.

Pathologically, it is characterized by a progressive loss of dopaminergic (DA) neurons in

the substantia nigra pars compacta. Clinically, PD is diagnosed by the presence of motor

symptoms such as: resting tremors, muscle rigidity, impaired balance and improper posture

[18, 7]. However, at the point on clinical diagnosis, it is thought that 50-70% of DA

neurons are already damaged within this region of the brain [18, 13]. Due to the

significance in neuronal loss at this point, no effective medical treatment can be given.

Therefore, reducing the impact of motor symptoms that are present is the primary focus.

PD was first reported in 1817 as ”the shaking palsy” by Dr. James Parkinson, and to date,

more than 200 years later, there still remains no effective cure for the disease and

unfortunately, due to its progressive nature it could take years for practitioners to come to

a diagnosis or for individuals to exhibit the full extent of the disease. Worldwide, PD
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affects more than 6 million people, and this number is sure to increase as the number of

individuals over the age of 65 continues to grow. 1-2% of individuals over the age of 65 are

affected by PD and that number doubles to 4-5% of individuals over the age of 85 [32, 8].

The accumulation of intracellular lipid and protein deposits in the form of Lewy

bodies occurs before neuronal cell death. It was within these Lewy body inclusions that the

identification of α-SNCA (α-syn) deposits were found. These deposits were associated with

degenerating structures and have now become one of the primary observations associated

with PD diagnosis as they can be readily distinguished from those associated with other

neurodegenerative diseases [81, 6]. The vulnerability of certain cells types within the brain

makes neuronal cell types prone to the development of proteinaceous aggregates [12]. α-syn

is abundantly expression within the brain making up almost 1% of protein within the

cytosol with high expression levels in certain regions of the brain including the substantia

nigra; although the exact function of this protein is unknown. It is thought that α-syn

may play a role in the maintenance of synaptic vesicles due to its expression appearing only

after synaptic development. Single nucleotide polymorphisms in the SNCA gene have been

identified in PD genome-wide association studies, and are strongly associated with

increased risk of PD development [90, 98, 91]. Moreover, the identification of several

missense mutations have also been identified and associated with inherited PD [142, 96].

Current treatments provide limited, and purely symptomatic, relief at this time,

because the underlying mechanisms that cause the development of PD still remain unclear.

Despite the identification of few genetic causative factors that make individuals more

susceptible to PD pathogenesis, these factors only contribute to 5-10% of the diagnosed

cases. Therefore, the identification of causative factors that account for the remaining 90%

is critical for further clarification and identification of mechanisms leading to the disease.

There is much debate into how large of a role genetic factors play in contributing to disease

risk in cases with onset after 50 years of age [118]. As a multifactorial disease, where both

genetic and non-genetic factors are involved, identification of overlapping mechanisms and
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similarities between factors can aid in the understanding of the disease [61, 21, 8]. The

increased use of pesticides, herbicides, insecticides, and fungicides in agricultural and

environmental industries has led to an increase in sporadic PD cases [11, 20]. Direct or

indirect contact with bacterial toxins, viruses, and living in rural areas has also resulted in

a higher incidence of sporadic PD [112, 65]. The most prominent mechanisms associated

with PD that are seen in both genetic and environmental contributors to the disease

include mitochondrial damage, oxidative stress, disrupted clearance pathways and the

accumulation of misfolded proteins [31, 60, 23, 74]. Therefore, focusing on these

mechanisms could be beneficial for the development of more effective drugs or treatment

strategies.

1.2 Genetics of Parkinson’s Disease

Several cellular processes have been associated with PD, including DA chemistry

imbalances, abnormal vesicular trafficking, proteasome dysfunction, disrupted protein

homeostasis, mitochondrial impairment, and impaired autophagy. While these are often

examined as separate processes, it is likely that once an inciting molecular event occurs,

the pathogenic process encompasses overlapping molecular mechanisms. Advances have

been made in understanding the processes that are associated with neurodegeneration

through the analysis of gene mutations that are more commonly associated with

autosomal-dominant [α-syn (PARK1/4) and LRRK2 (PARK8)] and recessive forms of

familial PD [parkin (PARK2), PINK1 (PARK6), DJ-1 (PARK7), and ATP13A2

(PARK9)]. The gene products encoding many of these familial mutations have been

implicated in cellular pathways involved in PD pathological disease mechanisms. However,

even the most common gene mutation, LRRK2 (G2019S), is associated with < 2 % of

identified PD cases [42]. In total, genetics account for ∼ 10 % of diagnosed PD, and it has

become apparent that investigation into purely genetic factors will not elucidate all or even

most PD incidence.
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1.3 Aging

The disruption of several important regulatory processes are associated with aging.

These changes in biological, psychological, behavioral, physiological, and environmental

processes can result in increased susceptibility to disease. Increased age is one of the

foremost factors associated with a number of diseases in humans including

neurodegenerative diseases. Several theories have emerged to explain how and why aging

occurs, however, there is no single explanation for the differences seen between individuals

who age. Aging results in the accumulation of damaged proteins, increased accumulation of

DNA mutations, oxidative stress and a plethora of several other detrimental factors [4].

Underlying many of the physiological changes that occur during the aging process is the

impact of reactive oxygen species (ROS) production and signaling. The production of ROS

leading to high oxidative stress environments has been a leading consideration for being

responsible for changes associated with the aging process [46].

Previous studies have identified several transcriptional regulators of aging that can

be used as targeted strategies for therapies to slow the aging process. One of the most well

studied longevity pathways, the insulin/IGF-1 signaling (IIS) pathway, contains three key

genes, daf − 2, age− 1, and daf − 16, that are conserved among insects and mammals

[51, 27]. Furthermore the genetic and biological characteristics of the IIS pathway in aging

were successfully translated to mammals and humans [73]. Reduction or mutation in either

the daf − 2 or age− 1 gene results in prolonged lifespan, as well as increased stress

resistance. This phenotype is dependent on DAF-16/FOXO, a transcription factor, that

can then regulate the transcription of genes necessary for improved longevity and stress

resistance. This requirement of DAF-16 for enhanced longevity phenotypes is considered a

promising target for promoting longevity in humans [143]. A second important pathway

associated with longevity is the AMP-activated protein kinase (AMPK) signaling pathway.

This pathway is associated with linking metabolic energy information to nutrient

availability. DAF-16 is phosphorylated by AMPK resulting in improved longevity. AMPK
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regulates energy homeostasis, and overexpression of this pathway is known to increase

lifespan [36, 15]. AMPK itself binds and phosphorylates a set of transcriptional activators

that in turn act to metabolically adjust during particular stages. Thirdly, another critical

pathway associated with metabolism and nutrient availability is the mechanistic target of

rapamycin (mTOR) signaling pathway. This pathway regulations mitochondrial gene

expression and controls mitochondrial respiration and modulates a set of downstream

pathways associated with cell growth, proliferation and survival. Inhibition of this pathway

has been shown to prolong lifespan distinct from IIS signaling [127, 124]. Lastly, dietary

restriction has been shown to increase lifespan and delay age-related pathologies in a

variety of organisms since originally discovered in 1935 [78, 111]. Dietary restriction can

influence both the IIS and mTOR signaling pathways, suggesting that the contribution of

both is important for overall lifespan extension. Interestingly, AMPK regulates mTORC1

and shares several downstream effectors of lifespan modulation with mTOR further

suggesting some overlap between each of these aging pathways and their longevity

mechanisms [144]. Disruption of each of these pathways has been associated with

neurodegenerative diseases and PD [34, 106, 146, 30]. Currently, there are several potential

candidates for extending longevity currently on the market such as: metformin (AMPK

activator), rapamycin (mTOR inhibitor), resveratrol (sirtuin activator) and spermidine

(dietary restriction) to name a few [143]. The identification of compounds that not only

delay aging, but also delay age-associated phenotypes should be worth strong consideration.

1.4 Environmental Factors Impacting Neurodegeneration

Recent research suggests that since familial forms of PD are fairly rare,

environmental determinants may significantly contribute to the onset of neurodegenerative

pathology. In addition to aging, one of the few established and reproducible

epidemiological contributors to PD appears to be a rural lifestyle, where drinking well

water, farming, and exposure to pesticides or herbicides may all be risk factors
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[118, 71, 95, 29, 39, 119, 37]. The herbicides (paraquat) and pesticides (rotenone) that are

used in farming result in the formation of excessive reactive oxygen species (ROS). These

both induce Parkinsonian phenotypes in animals [10], and rotenone also inhibits

mitochondrial complex I [9]. Mitochondrial defects also are a common theme in PD

pathogenesis. Mutations in the autosomal recessive familial genes, PINK1 and parkin,

result in mitochondrial dysfunction [84]. However, it is important to note that the levels of

herbicide and pesticide exposures that are often encountered in farming cannot completely

account for the increased PD odds ratio for those living in rural areas [43]. With this

information, we sought to identify an alternative environmental exposure that could

partially account for the enhanced PD risk associated with rural living.

1.5 Soil Bacteria and Neurodegeneration

The gap in our understanding between environmental and inherited causes of PD

remains long unresolved. Our ability to successfully reduce PD among susceptible

individuals is dependent upon knowledge about factors that render certain populations at

risk. The higher incidence of PD in rural areas, where the disease may actually be under

reported due to health care disparities, remains a rare clue to a potential environmental

contribution to the disease. Lifestyle and occupational distinctions among individuals from

rural areas may present a more consistent exposure to terrestrial environmental factors

that are simply less common in more developed lands and cities. For example, living on

dirt floors, drinking well water, farming, and general interaction with soil microbes may

represent a source of risk to certain individuals. Approximately one million distinct

microbial species are estimated to comprise the approximately one billion microorganisms

in a single gram of soil [101, 38]. Streptomyces, a bacterial genus within the order

Actinomycetales, is ubiquitously prevalent in soil samples (∼ 6 % of the microbial

population) [54]. Notably, Streptomyces are renowned as a source of secondary

metabolites; the genus produces over 70 % of known registered antibiotics[117]. Therefore,
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we surmised that a putative source of the undefined environmental contributors to PD

onset and progression could come from exposure to these common soil bacteria. We further

hypothesized that exposure to a potentially neurotoxic compound of bacterial origin could

be exacerbated by factors influencing genetic pre-susceptibility to neurodegeneration (or

PD).

Proteasome inhibitors, many of which are isolated from Actinomycetes, have been

shown to induce neurodegeneration in animal model systems. At least four characterized

proteasome inhibitors are products of Streptomycetes isolated from soil, including

lactacystin [35]. The selective loss of DA neurons after the systemic administration of

epoxomicin, which is a naturally occurring proteasome inhibitor, or PSI

(Z-lle-Glu(OtBu)-Ala-Leu-al), which is a synthetic proteasome inhibitor, to rodents was

reported [79, 66]. While promising, these data proved to be difficult to reproduce by other

research groups [11, 64, 66]. Nevertheless, the reliable progressive degeneration of

dopaminergic neurons was, in fact, achieved via the direct administration of either of these

agents into rodent brains [68]. Another intriguing study demonstrated that mice injected

with a pathogenic actinomycete that is found commonly in soil and water, Nocardia

asteroides, developed symptoms that phenocopied PD; moreover, these infected animals

responded positively to the administration of levodopa [62]. Although the relevant

mechanism of action remains unknown, subsequent in vitro and in vivo studies showed

that infection with GUH-2, a specific strain of N. asteroides, resulted in the apoptotic

death of substantia nigra DA neurons [116]. Further studies with GUH-2 revealed that it

was neuroinvasive in both mice and monkeys, and that their brain infections resulted in the

apoptotic death of DA neurons due to proteasome inhibition [116, 88, 26, 5]. While these

data have heightened speculation that bacterial exposure/infection could be a potential

risk factor for PD, progress in this areas of research has been limited. Taken together, we

decided to ask if common soil bacteria from the genus Streptomyces could produce

neurodegenerative secondary metabolites.
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1.6 Using C. elegans to Model Neurodegenerative Phenotypes

Our lab has focused on the application of the nematode, C. elegans as model

system whereby genetic or external factors influencing DA neuron survival can be rapidly

evaluated [77]. Importantly, this model has proven to be predictive of downstream effects

that have been observed in mammalian neurons, as well as genetic modifiers of

neurodegeneration that have emerged in human genomic studies [28, 41, 40, 97, 137, 103].

While evolutionary distant from humans, C. elegans neurons retain many of the hallmarks

of mammalian neuronal function. Among these, neuropeptides and neurotransmitters

(dopamine, serotonin, GABA, glutamate, acetylcholine), as well as ion channel families,

vesicular transporters, receptors, synaptic components, and axonal guidance molecules are

highly conserved. The C. elegans nervous system is comprised of exactly 302 neurons,

eight of which produce DA (Figure 1.1A, B, D).

In considering the numerous advantageous attributes of C. elegans as a model, we

employed this system to determine whether or not Streptomyces could cause

neurodegeneration. This rapidly cultured organism (three days from egg to adult) has an

experimentally accommodating lifespan (two to three weeks at 30, and is well-suited to

studies that are designed to take more exploratory concepts to mechanistic fruition rapidly

and inexpensively. C. elegans has also been used for toxicology studies on a variety of

agents that are relevant to PD, including heavy metals [56, 94], pharmaceuticals

[72, 22, 120], and ROS-inducing chemicals [86, 99].

Worms eat bacteria. Indeed, E. coli is the standard food source that is used to

maintain C. elegans cultures in research laboratories. Thus, we examined three common

soil bacteria from the genus Streptomyces (S. venezuelae, S. griseus, and S. coelicolor)

for their potential to induce DA neurodegeneration in C. elegans. We initially attempted

the direct exposure of Streptomyces spp. to the nematodes through feeding. Unfortunately,

the worms displayed substantial aversion behavior in response to the Streptomyces spp.

This was not too surprising, as C. elegans display chemosensory avoidance of unfamiliar
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bacteria [145]. We subsequently grew Streptomyces spp. (or E. coli, as a control) in liquid

cultures to saturation, which is typically when the level of secreted secondary metabolite

product can be isolated and tested the resulting conditioned media for C. elegans DA

neurodegeneration [19]. Actinomycete metabolites are typically produced during the

stationary phase; therefore, Streptomyces spp. were sporulated and grown for two weeks in

SYZ (starch, yeast extract, NZ amine) media, which is commonly used for metabolite

production. Following filtration, the conditioned medium was incorporated into the

nematode growth media, and animals were transferred to fresh petri dishes every two days.

Strikingly, the progressive degeneration of DA neurons in worm populations was observed

following exposure to S. venezuelae (S. ven) conditioned media, but not following

exposure to E. coli, S. griseus, or S. coelicolor conditioned media (Figure 1.1B,C).

A notable attribute of C. elegans includes the ability to quantify the precise

cellular complement of specific neuronal classes in genetically invariant populations.

Therefore, this facilitated our capacity to evaluate sensitivity to the S. ven metabolite

among four other neuronal subclasses, including serotonergic (5-HT), GABAergic (GABA),

cholinergic (ACh), and glutamatergic (Glut) neurons [19]. Strains expressing green

fluorescent protein (GFP) exclusively within these defined neuronal subclasses were scored

over the course of time, specifically at four, six, and eight days of age. While DA neurons

showed significant degenerative changes after four days of exposure to S. ven conditioned

media, other neuronal classes did not exhibit degenerative changes until eight days of

exposure and even at this time point, significantly more DA neurons were degenerated

compared with other neuronal classes (Figure 1.1E). Since DA neurons exhibited enhanced

vulnerability compared to other neuronal classes, we hypothesized that the presence of DA

might enhance the neurodegeneration that is associated with exposure to the S. ven

metabolite. To examine this, we exposed cat− 2 mutant worms [115] to the conditioned

medium. cat− 2 worms express reduced levels of tyrosine hydroxylase (TH), the

rate-limiting enzyme in the production of DA, and as a result, they contain only 40 % of
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normal DA levels [107]. After six and eight days of exposure, cat− 2 worms displayed

significantly less degeneration than wild-type worms (Figure 1.1E) [19]. Therefore, the

presence of L-DOPA or DA might provide a sensitized cellular milieu for the S. ven

metabolite that exacerbates neurodegeneration.

To examine if the S. ven metabolite causes degeneration in human cells, we used

SH-SY5Y neuroblastoma cells, which is a line that is widely used in cellular models of PD.

The cells were exposed to S. ven medium for 48 h, and cell viability was measured by the

release of the intracellular enzyme, lactate dehydrogenase (LDH) which is an indicator is

cell membrane damage, and compared to the amount of LDH released by exposure to S.

coelicolor conditioned media (which was negative for neurodegeneration in the C. elegans

assays). Notably, dose-related toxicity was observed for S. ven conditioned media, but not

for S. coelicolor [19].

We proceeded to characterize several mechanisms that are known to have a causal

relationship with intracellular stress and/or neurodegeneration using C. elegans transgenic

strains. As described in Figure 1.1F, we learned that the metabolite does not elicit a

generalized cytoplasmic chaperone response via the hsp16/hsp20.αβ-crystallin family of

heat shock proteins [19]. Additionally, the metabolite does not upregulate the endoplasmic

reticulum unfolded protein response (UPRER) pathway [19]. However, it does trigger the

mitochondrial unfolded protein response (UPRMT) pathway, and it blocks ubiquitin-related

degron degradation, indicating that the ubiquitin proteasome system (UPS) is functionally

impaired following metabolite exposure [99, 19].

1.7 Gene-by-environment (GxE) Interactions Modeled in C. elegans

PD-associated dopaminergic neuropathology is characterized by the accumulation

of α-syn in Lewy bodies. Significantly, α-syn itself can induce neurodegeneration when

overexpressed or mutated [110]. The C. elegans genome encodes homologs of all of the

familial parkinsonism genes except α-syn, which, as an autosomal dominant modulator of

10



PD, can be overexpressed to recapitulate time-dependent degenerative pathology in vivo,

including progressive DA neuron loss (Figure 1.2A,D) and the accumulation of misfolded

protein. We were interested in determining if exposure to S. ven in α-syn expressing C.

elegans would result in enhanced neurodegeneration, because there is precedent for this in

the literature. For example, paraquat increases α-syn expression in mice [75]. Similarly,

paraquat and rotenone also accelerate the formation of α-syn inclusions, causing a

conformational change to α-syn itself, which in turn effects fibril formation [128].

Since both S. ven and α-syn can cause DA neurodegeneration independently, we

wanted to establish chronic supplementation conditions using lower metabolite dosages in

C. elegans with a GFP (only) marker in DA neurons so that it would no longer elicit a

neurodegenerative response (Figure 1.2A,F). Using this sub-toxic dosing regimen, we

uncovered a GxE interaction in C. elegans expressing α-syn in DA neurons whereby the

percentage of animals with normal DA neurons was significantly decreased following six to

10 days of exposure [77] (Figure 1.2A–F). At day four, neurodegeneration was not

enhanced, suggesting that the accumulation of α-syn is not extensive enough to manifest

this neurotoxic phenotype; however, this is only an assumption as we did not definitively

measure α-syn levels. We performed analogous experiments with two other

neuronally-expressed pathogenic proteins in vivo. One of these models expressed Aβ in the

glutamatergic neurons, while the other expressed mutant huntingtin (Htn-Q150) in the

ASH-type sensory neuron. We found that treatment with the S. ven metabolite similarly

enhanced neurotoxicity at lower dosages (Figure 1.2G). These pathogenic proteins served

as surrogate indicator markers of disease progression, where the dysregulation of normal

homeostatic pathway function accumulates over time [45, 108]. In this regard, in our three

models of protein misfolding, neurodegenerative phenotypes were not observed in young

animals in the absence of pathogenic protein expression, suggesting that the metabolite

might synergize with threshold state animals that are particularly susceptible to neuronal

cell death[77]. Notably, GxE effects were not limited to misfolded proteins, as the S. ven
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metabolite similarly enhanced the toxicity of another autosomal dominant form of PD that

we modeled in C. elegans. The LRRK2(G2019S) mutation has been shown to decrease

both mitochondrial membrane potential and ATP production, resulting in neuronal

toxicity [104, 82]. We overexpressed LRRK2(G2019S) in DA neurons and found that S.

ven significantly enhanced neuronal degeneration compared to solvent control (from 20% to

43% of the population with degenerating DA neurons when exposed to S. ven metabolite

[99]). This GxE interaction was similar to a study in Drosophila where the overexpression

of mutant LRRK2 (G2019S or G2385R), in combination with rotenone, caused an increase

in neurodegeneration [87].

1.8 A Metabolic Fingerprint is Revealed in Response to the S. ven Metabolite

We wanted to assess if the metabolite-induced enhancement of neurodegeneration

was correlated with alterations in protein handling such as synthesis and folding structure.

Therefore, we monitored established C. elegans muscle models of the overexpression of

α-syn, Aβ, or polyglutamine for changes in aggregate density and/or for behavioral

phenotypes following exposure to the metabolite. With all three pathogenic proteins,

exposure to the S. ven metabolite induced phenotypic changes (Figure 1.2H,I, [77]).

We also have evidence that S. ven metabolite exposure increases reactive oxygen

species (ROS) in C. elegans lysates using both in vivo assays and an ex vivo DCF assay

from whole animal extracts [99]. An additional study examined worms expressing an

oxidative stress-inducible reporter that is known to be upregulated against endogenous

ROS, sod− 3::GFP. ROS was significantly increased in these worms (Figure 1.1F) [99].

Since the upregulation of SOD-3 is associated with defense against oxidative stress, we

treated animals expressing α-syn in either DA neurons or muscle cells with antioxidants to

determine if the protein mishandling we observed was associated with oxidative damage.

The four antioxidants that we tested did not attenuate phenotypes in either muscle cells or

DA neurons; however, glutathione (GSH) was the only antioxidant that suppressed both
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α-syn aggregate formation in muscle cells and attenuated DA neurodegeneration [77].

Through a systematic series of pharmacological and genetic studies, we determined that

ubiquitin proteasome system (UPS)-linked protein homeostasis defects may result from S.

ven exposure and that glutathione homeostasis is a regulator of metabolite-induced

proteotoxicity [77].

Additional studies are required to mechanistically associate the glutathione

metabolic changes with the alterations in proteostasis that we observed following S. ven

exposure. For example, it is hypothesized that GSH attenuation occurs through the repair

of damaged cysteine residues [55]. Alternatively, the glutathione couple, GSH/GSSG,

might operate as a surveillance mechanism within the cellular proteome to identify redox

changes within the thiol–disulfide balance of the cell [102]. Regardless of which hypothesis

is correct, we suggest that shifting the GSH couple to a more reduced state might

beneficially alter the neurodegenerative threshold state of C. elegans cells [2].

We also hypothesized that it was possible that the UPS perturbations and ROS

induction we identified from metabolite exposure might be the result of modulating the

PINK1 and/or parkin pathways. These two gene products are associated with autosomal

recessive forms of PD and have been identified to regulate both protein and mitochondrial

homeostasis, as well as autophagy, in many organisms [114, 139, 132, 89, 43]. We first

depleted pdr− 1 (the C. elegans homolog of parkin) cell autonomously in α-syn-expressing

DA neurons. Animals were treated with S. ven metabolite and/or the proteasome

inhibitor MG132. A combination of all three stressors (α-syn, metabolite, and MG132),

along with pdr − 1 (RNAi) resulted in a more severe DA neurodegenerative phenotype

than any two stressors alone (Figure 1.3A). In contrast, when we performed a comparable

experiment in α-syn animals where pink − 1 was knocked down by RNAi, increased

neurodegeneration was not observed; instead, these stressors behaved in a similar manner

(Figure 1.3B). Therefore, these data suggest that proteasome inhibition and

metabolite-induced protein misfolding are epistatically regulated via pink − 1, but are not
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regulated in this manner when considering pdr − 1 [77].

To further understand the mechanisms that elicit an oxidative stress response

following S. ven metabolite treatment, we asked if the FOXO transcription factor protein,

DAF-16, which is directly inhibited by the insulin signaling pathway, translocated to the

nucleus following metabolite exposure. Notably, DAF-16 was translocated to the nucleus

(Figure 1.1F) [99]; this was similar to what had been reported for paraquat exposure [92].

It is known that the nuclear accumulation of DAF-16 correlates with increased ROS. In

response to this stress, the activation of genetic factors associated with pathogen defense,

mitochondrial stress mechanisms, and/or cell death pathways occurs [113, 59, 125]. In this

regard, we are interested in determining the targets of DAF-16 that are upregulated by

metabolite exposure. These mechanistic studies collectively reveal an emerging

metabolomic fingerprint in response to the S. ven metabolite that share features with

known toxins and the other metabolic effectors that are associated with PD, yet appear

distinct in its emerging signature. As detailed below, a major component of this metabolic

profile involves altered mitochondrial homeostasis.

1.9 The S. ven Metabolite Causes Mitochondrial Dysfunction

As previously described, following metabolite exposure the cytoprotective DAF-16

transcription factor accumulates in the nucleus and sod− 3 expression levels significantly

increase. Since dysfunctional mitochondria can result in ROS and misfolded protein

accumulation, we decided to explore whether a stress-response pathway referred to as the

mitochondrial unfolded protein response (UPRmt) was triggered in response to S. ven

metabolite exposure. The UPRmt activates the transcription of mitochondrial chaperone

genes to promote protein homeostasis. In C. elegans, S. ven metabolite exposure resulted

in a significant upregulation of the UPRmt, as assayed via monitoring a nuclear-encoded

mitochondrial chaperone, hsp− 6 (Figure 1.1F) [99]. These data are suggestive of a

disturbance of mitochondrial homeostasis, especially considering that the S. ven
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metabolite does not activate the unfolded protein response signaling pathways (UPR) in

the cytosol or ER (Figure 1.1F) [19].

The mitochondrial protein-folding environment is sensitive to alterations in

organelle structure, the excess production of free radicals, and/or the improper function of

the electron transport chain [48]. Therefore, while we had determined that the metabolite

increased ROS, it was important to further characterize the mitochondrial phenotype

associated with S. ven exposure. We also examined ATP levels by using an ex vivo

luciferase assay with C. elegans extracts [99]. We determined that worms exposed to the

S. ven metabolite displayed significantly lower overall levels of ATP compared to the

solvent control; these data indicate that metabolite exposure caused the impairment of

mitochondrial function. Since the structure and bioenergetics of mammalian and nematode

mitochondrial respiratory chains are very similar [83], we further investigated whether the

metabolite inhibited mitochondrial complex I in a manner similar to rotenone, an

environmental toxin that also causes DA neurodegeneration in C. elegans by using specific

mitochondrial mutants within this complex [130, 9]. Furthermore, we elected to evaluate

the activity of two specific compounds for their capacity to protect against the DA

neurodegeneration that was caused by S. ven exposure. In this regard, we examined the

treatment of C. elegans with riboflavin, which is a mitochondrial complex I (NADH

dehydrogenase) activator, and D-beta-hydroxybutyrate (DβHB), which is an activator of

mitochondrial complex II (succinate dehydrogenase) that can rescue complex I deficiencies

via a mechanism dependent on complex II function [121, 44]. Both riboflavin and DβHB

treatment significantly rescued S. ven neurotoxicity [99]. We also wanted to determine if

the metabolite altered mitochondrial membrane potential (∆Ψm); therefore, we exposed

worms to S. ven, and then measured the relative mitochondrial uptake of the fluorescent

dye tetramethylrhodamine ethyl ester (TMRE), which accumulates in active mitochondria.

Live animals exposed to metabolite displayed significant decreases in TMRE fluorescence,

thus demonstrating that the metabolite is associated with ∆Ψm collapse.
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1.10 The S. ven Metabolite Disrupts Mitochondrial Homeostasis

Since abnormal mitochondrial fission/fusion is associated with ∆Ψm collapse

[52, 25], we decided to explore whether the metabolite altered the regular fission/fusion

cycles that are regulated by the GTPases (Drp1 and Opa1) and mitofusins (Mfn1/Mfn2)

that are located on the outer and inner mitochondrial membranes. Furthermore, it is

well-established that other environmental toxins alter mitochondrial homeostasis

[63, 1, 134, 3, 93]. We determined that the S. ven metabolite increases mitochondrial

fragmentation/fission, as visualized in the large body wall muscle cells of C. elegans, in a

time-dependent manner, whereby animals are more sensitive to the metabolite as they age

(Figure 1.4A,B). Additionally, there is a concomitant decrease in fzo− 1 gene expression

and an increase in drp− 1 gene expression (outer mitochondrial fusion and fission genes,

respectively) (Figure 1.4C). Comparable with results from studies that have been

conducted using human cells in culture, our worm data revealed that mitochondrial

fragmentation resulted from mitochondrial oxidative stress due to an imbalance in Mfn2

and Drp1 activity [136]. In C. elegans, drp− 1 and fzo− 1, the outer mitochondrial

membrane genes have changes in expression following treatment with the S. ven

metabolite.

We proceeded to compare the gene expression profiles obtained from S. ven

exposure to those obtained from other environmental PD toxins. While S. ven enhances

mitochondrial fragmentation, rotenone decreases fission and induces fusion with an

associated decrease in Drp1 gene expression [63, 1, 93]. Conversely, MPP+ increases

mitochondrial fragmentation and increases Drp1 protein levels, which is similar to S. ven

[134, 3]. However, when human Drp1 is genetically inactivated in SH-SY5Y cells, this

blocks MPP+ mitochondrial fragmentation [134]. Whereas in an analogous experiment in

C. elegans, when drp− 1 is knocked down, fragmentation still occurs following treatment

with S. ven [58]. Thus, the mitotoxic mechanisms of action are clearly distinguishable

among these substances, even though all three inhibit mitochondrial complex I. Since
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metabolite exposure resulted in pronounced mitochondrial morphological changes, we also

examined how modulating fission/fusion impacted DA neurodegeneration. We utilized a

RNAi strain that allows for selective RNAi knockdown exclusively in DA neurons to

examine mitochondrial fission/fusion components following the exposure of the metabolite

[47]. There was significant DA neurodegeneration following RNAi depletion for fission

(drp− 1 and fis− 1) and fusion (fzo− 1 and eat− 3) genes when compared to

solvent-only empty vector (EV) control (Figure 1.4D). Following the addition of

metabolite, neurodegeneration was enhanced in EV, but no further degeneration was

observed in drp− 1, fis− 1, or fzo− 1 RNAi knockdown (Figure 1.4 D) [58]. In contrast,

the OPA1 homolog, eat− 3(RNAi) and metabolite revealed a resistance to DA

neurotoxicity (Figure 1.4D). The eat− 3 data seemed curious until we found a previous

publication reporting that drp− 1, an outer mitochondrial fission component, can act

genetically upstream of eat− 3, which is an inner mitochondrial fusion component [57].

The report further suggested that there is mutual compensation for physiological defects.

In this regard, we considered our own data where S. ven metabolite increases drp− 1 gene

expression levels (Figure 1.4C) and hypothesized that we could reverse the resistance to

DA neurodegeneration that occurs in an eat− 3 background by depleting both eat− 3 and

drp− 1 in the same animals. Therefore, using our DA neuron-selective RNAi strain to test

the putative interaction between eat− 3 and metabolite-induced drp− 1, the effect of

eat− 3 (RNAi) on DA neurodegeneration in a drp− 1 (tm1108) null mutant background

was evaluated. We observed no neuroprotection against the S. ven metabolite in the

drp− 1 null mutant background. Thus, we surmised that there is an epistatic regulatory

relationship between the metabolite-induced drp− 1 activity depletion of eat− 3 [58]

(Figure 1.4E). When fis− 1 or fzo− 1 were knocked down in the drp− 1 mutant

background, further neurodegeneration did not occur (Figure 1.4E). The interdependence

between drp− 1 and eat− 3 was further confirmed with qPCR (data not shown;

Figure 1.4C; [58]).
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1.11 PINK-1/DRP-1-dependent Fission Induced by S. ven Metabolite

PINK1 and parkin often function together to promote DRP-1-dependent

mitochondrial fission [105, 14]. In exploring this functional relationship in the context of

the S. ven metabolite, we postulated that if metabolite-induced fission is independent of

PINK-1 activity, it would suppress DA neurodegeneration in drp− 1 mutants. Conversely,

when pink − 1 was depleted, we predicted that treatment with the S. ven metabolite

would not enhance neurodegeneration if drp− 1 was dependent on pink − 1 function.

Indeed, we discerned that the DA neurodegeneration that was caused by metabolite

exposure was not further enhanced by drp− 1 RNAi in the absence of pink − 1. Therefore,

DRP-1 activity in mitochondrial fission appears to be required for metabolite-induced DA

neurodegeneration in a pink − 1 mutant background. We also discerned that the reduction

of eat− 3 (RNAi) significantly suppressed pink − 1-induced neurodegeneration with or

without metabolite exposure. Similar results were obtained when examining a pdr − 1

loss-of-function mutant. These data indicate that downregulation of eat− 3 is

neuroprotective in pink − 1 or pdr − 1 mutant conditions [58].

Following mitochondrial dysfunction, an increase in DRP-1 activity can occur

through AMP-activated protein kinase (AMPK), which is a key regulator of energy

metabolism [123, 133]. AMPK can be activated by rotenone and antimycin A and can

promote mitochondrial division [123]. In this regard, we wanted to determine if the S. ven

metabolite was also associated with this type of response. We performed both genetic and

pharmacological studies, and assayed DA neurodegeneration in C. elegans.

Pharmacological activation of AMPK suppressed metabolite-induced DA neurotoxicity in

N2 wildtype, eat− 3 (RNAi), and pink − 1; drp− 1(RNAi) animals. From these results we

concluded that AMPK plays a mechanistic role in S. ven metabolite-induced DA

neurodegeneration, although more research will be required to determine how AMPK

activity is modulated [58].
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1.12 Toward the Identification of the Neurotoxic Metabolite

In most of our previously described assays, the S. ven metabolite was partitioned

sequentially through dichloromethane (DCM), water, and chloroform to provide an

enriched form, which we know from thin-layer chromatography and bioassay testing

contains six fractions, two of which cause neurodegeneration. This neutral-lipid fraction is

dried down, resuspended in ethyl acetate, and tested for DA neuronal death in C. elegans

assays. When the activity is confirmed, a concentration that is appropriate for neuronal

death equivalents/mL of metabolite is established. This varies slight batch to batch, due to

the variation in cell growth numbers. The metabolite is then incorporated into Petri dishes

for use in culturing/exposure to C. elegans. Our goal is to identify the chemical structure

of the neurotoxic molecule and then chemically synthesize it for long-term experimental

use. Fractionation-guided purification was performed, starting from spent S. ven media,

whereby it was subjected to reverse-phase semi-preparative HPLC. The resulting fractions

were analyzed using the C. elegans DA neurodegeneration assay, and one fraction was

found to be significantly active. High-resolution electrospray ionization mass spectrometry

(HRESIMS) and nuclear magnetic resonance (NMR) analysis permitted elucidation of the

structure, which is novel. Current efforts are underway for compound identification via

proof-of-structure by chemical synthesis. The authors are not comfortable prematurely

revealing structural information until this “gold standard” for biomolecule identity has

been achieved.

1.13 Exposure to Other Soil Streptomyces Species also Causes
Neurodegeneration

All of the research described within this review was performed with Streptomyces

venezuelae, which is an American Type Culture Collection isolate. However, given the

ubiquitous distribution of Streptomyces species (spp.) within the soil, either chronic or
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acute exposure to this metabolite could represent a previously unreported contributor to

the onset of neurodegeneration, and may be exacerbated by factors influencing genetic

pre-susceptibility to neurodegeneration. Therefore, we proceeded to conduct a regional

microbial ecology survey of 1200 natural Streptomyces spp. from diverse land uses in the

state of Alabama; 180 of these soil samples grew in laboratory conditions (Figure 5). From

these, we learned that 51 of the species (28%) caused significant DA neuron death in C.

elegans [135].

The species that grew in lab conditions could be further subdivided into land-use

patterns (agricultural, undeveloped, or urban soils; Figure 1.5). Notably, there was

significant differences in neurodegeneration among all three soil types, with 39.2% of

agricultural Streptomyces spp., 27.5% of undeveloped Streptomyces spp., and only 20.6%

of urban spp. causing neurodegeneration [135]. These data suggest that there could be a

common environmental toxicant(s) within the Streptomyces genus that causes

neurotoxicity. In this regard, it is common for multiple species within a bacterial genus to

produce related metabolites [24, 129]. Understanding how distinctions in microbial ecology

might intersect with the socio-economic disparities that impact health with respect to

neurodegenerative diseases of aging represents a major unmet medical challenge of our

time.

20



1.14 Environmental Compounds Influence on Neurodegenerative Disease and
Aging

While the mechanisms of many neurodegenerative diseases are known, there still

remains several diseases that are idiopathic in nature. For PD, more than 90% of causes

are sporadic and more studies are finding a positive correlation between environmental

associations and the progression of neuronal cell death [126, 33]. The prevalence of

neurodegenerative diseases increases as an individual increases in age. Aging is one of the

most prominent risk factors associated with the development of Alzheimer’s and

Parkinson’s Disease [49]. In many organisms, in particular humans, aging differences are in

part, genetically determined, but also substantially influenced by nutrition, lifestyle and

environment or a combination of all aforementioned factors [50, 49]. Both rural and

agricultural localities have high incidences of neurodegenerative diseases, in particular PD,

compared to suburban areas. Individuals within these areas are more likely to come in

contact with herbicides and pesticides or directly interact with the environment in which

naturally derived compounds may be present at higher levels [109, 16]. Several herbicide

and pesticide neurotoxins have been identified as environmental contributors, such as

Rotenone, Paraquat, and MPTP, that result in the loss of DA neurons, and several of these

previously identified compounds also target the mitochondria [100]. Neurons are highly

susceptible to environmental insults due to their high energy demands and the requirement

of proper mitochondrial function [53]. This leads the brain more susceptible to

peroxidation and cell death associated with oxidative stress compared to other organs.

Mitochondria are also critical organelles in the aging process [70]. Mitochondrial

dysfunction is a leading factor in cell death and the progression of neurodegenerative

diseases and aging. Oxidative environments can contribute to mitochondrial damage, and

mitochondria can produce excessive on their own through energy associated processes [76].

A high oxidative environment alone can contribute to detrimental effects within the cell.

The accumulation of mitochondrial mutations and increased mitochondrial-derived ROS
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are both factors in aged individuals. Mitochondrial function declines with age and can

accelerate the accrual of such damage. Mitochondria themselves can contribute to ROS

production through their electron capacity and antioxidant defense programs [70].

However, mitochondrial insults and compounds that selectively target the mitochondria

can also induce oxidative damage resulting in higher ROS production and an imbalance in

the ROS removal system. A leading theory related to mitochondria and aging is the

process of mitohormesis. Mitohormesis is the induction of low mitochondrial stress leading

to beneficial health outcomes for an organism and improved cell viability [140]. Typically

this stress response is activated by a once damaging stimulant. In order for mitohormesis

to result in beneficial outcomes, it requires tight regulation and dialogue between signaling

molecules, ROS, and mitochondrial stress response [17]. This type of response has been

shown to increase longevity in different models from worms to mammals. In fact, low

concentrations of rotenone, a known neurotoxin, have been shown to induce mitohormesis

in SH-SY5Y cells [141]. There has been growing evidence that natural molecules can be

modulators of aging and neurodegenerative diseases as they can influence signaling

molecules and pathways by stimulating low induction of protective processes. The

production of ROS either during metabolism or following exposure to toxic molecules can

provide both detrimental and beneficial effects depending on dose and the length of the

exposure period. Many natural compounds can delay the onset of age-related phenotypes

and reduce the accumulation of intracellular damage [138]. Tetrahydrocurcumin, or THC,

is a multifunctional metabolite of curcumin that can function as a antihypertensive,

anti-inflammatory and anticancer agent. Recently, this compound also exhibited the ability

to reduce ROS and protect cells against amyloid-β toxicity in a rat model of AD [80, 69].

Polyphenols, a group of compounds commonly found in the seed or skin of fruit, tea leaves

and herb also exhibit beneficial effects associated with ROS clearance, anti-inflammation

and antioxidation. Many have also shown neuroprotective effects against several

neurodegenerative diseases [138].
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1.15 Summary of Current Knowledge of S. ven Metabolite Exposure in C.
elegans

We have described the phenotypic consequences in C. elegans that are associated

with exposure to bacterial lipophilic and nonpolar secondary metabolites by chemically

extracting post-log bacteria cultures of the soil bacterium S. venezuelae. In a broad sense,

S. ven exposure in C. elegans mirrors some of the pathological hallmarks of idiopathic

PD, including ubiquitin proteasome system (UPS) disruption, glutathione homeostasis

perturbation, general perturbation of proteostasis, mitochondrial dysfunction, and

mitophagic alteration [31, 67, 85]. These observations are suggestive of the following points

about S. ven exposure. First, S. ven metabolite toxicity mimics idiopathic PD in a way

that is reminiscent to other environmental compounds that also cause stress in broad,

diverse, cellular pathways. The cellular response to S. ven exemplifies the concept whereby

genetic pathways function as interactome networks [131, 122]. In these networks, distant

genetic components (UPS, mitochondrial dysfunction, etc.) are eventually directed into

large, central, organizing pathways (for example, mitophagy). Thus, peripheral pathway

dysfunction will eventually lead to central pathway dysfunction, and widespread cellular

failure will occur. As such, the pathology of idiopathic PD may arise from the collapse of

interconnected pathways with time.

1.16 Focus of Dissertation

In the context of this work, I expanded on previous knowledge and used the S.

ven metabolite to further investigate a mechanism of action of how it induced

neurodegeneration and caused differences in longevity in C. elegans. In Chapter 2, I took

advantage of current next generation sequencing techniques and performed a whole worm

transcriptomic analysis on C. elegans following exposure to S. ven metabolite. My

co-authors and I extracted mRNA from animals exposed to S. ven on 3 different days (3,

5, and 7) to capture gene expression profiling of chronic S. ven exposure and sent samples

off for sequencing. Following bioinformatic analysis we decided to only move forward with
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the data we received from days 5 and 7. We identified a small, but specific set of 35 genes

that were differentially regulated between the two treatments. Almost 45% of the identified

genes of interest were associated with the stress transcription factor daf − 16. To further

determine the role daf − 16 played in the regulation of such genes, I performed real time

quantitative PCR (RT-qPCR) on a select number of genes and found when daf − 16 was

mutant, regulation patterns were altered which indicated that daf − 16 was necessary for

the up- or downregulation of such genes following metabolite exposure. Of particular

interest, I found that detoxification enzymes were typically upregulated following

metabolite exposure, and more specifically, the Phase I cytochrome P450 enzyme,

cyp-35B2 a persistent gene, and the most upregulated gene in the data set was a key player

in S. ven-induced neurodegeneration. I employed the use of RNA interference (RNAi), a

technique used to specifically reduce the expression of a gene of interest, to selectively

knockdown this gene candidate. When knocked down, DA neurodegeneration was

attenuated in the S. ven metabolite background suggesting bioactivation and that the

presence of this gene contributed to neurodegeneration during metabolite exposure.

cyp− 34A10, another Phase I enzyme was also identified as an upregulated gene candidate.

However, when expression was reduced via RNAi, DA neurodegeneration was enhanced,

suggesting the normal role of this gene product is important for reducing the toxicity of the

S. ven metabolite. Furthermore, RNA sequencing data revealed the upregulation of two

phase II genes associated with detoxification. Loss of these genes, ugt− 22 and ugt− 66

also attenuated DA neurodegeneration following S. ven metabolite exposure, further

suggesting that the S. ven metabolite is bioactivated in C. elegans which contributes to

neurodegeneration. These data highlight the importance of a detoxification system, and

how enzymes within this system contributed to different roles with S. ven metabolism. I

also determined that exposure to the S. ven metabolite triggered the upregulation of an

innate immune response, as 5 of the 35 identified genes were associated with this response.

I further investigated the role each of the gene contributed to DA neurodegeneration
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following metabolite exposure, and found that typically most of these genes normally

contributed to neurodegeneration, as when their expression was reduced, so was the S.

ven-induced neurodegeneration. Lastly, I report the identification of a unique gene, xdh− 1

which encodes for xanthine dehydrogenase. This gene was downregulated on day 7. This is

an interconvertible enzyme that exists in both a dehydrogenase form and an oxidase form,

which depends on a calcium specific protease, however there is very limited research on the

role of this gene in invertebrates. Using an enzymatic assay, I determined that exposure to

the metabolite caused an upregulation of xanthine oxidase activity specifically. Moreover,

it was identified that this upregulation and the neurodegeneration following metabolite

exposure both required the presence of calcium, as when calcium was removed from normal

C. elegans plates, both DA neurodegeneration and xanthine oxidase activity were reduced.

In a follow up study I discuss how I used the knowledge gained from the

transcriptomic analysis and utilized it to further investigate an aging phenotype identified

following exposure to the S. ven metabolite. In Chapter 3, I took advantage of the short

generation time and large sample sizes C. elegans provides to characterize the underlying

mechanism in the hormetic aging response seen following exposure to two different

metabolite concentrations. It was determined that a low, 5X, concentration of S. ven

metabolite did not cause neurodegeneration and extended the median lifespan on wild-type

worms 3 additional days. In comparison, a higher 20X concentration of S. ven metabolite,

did induce neurodegeneration an decreased lifespan by 2 days. I determined that this

hormetic effect was dependent on functional DAF-16, as daf − 16 mutants displayed

decreased lifespan when exposed to each concentration of S. ven metabolite. I further

identified that exposure to the 5X concentration conferred secondary benefits in resistance

to additional stressors such as oxidative and osmotic stress and muscle retention by

delaying age-related muscle decline, particularly in aged animals. The energy required for

this extended longevity phenotype was not due to a reduction in processes associated with

growth or reproduction because animals exposed to 5X S. ven metabolite displayed no
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decrease in fecundity and displayed increased body length in comparison to control

animals. These phenotypes were opposite for animals exposed to 20X S. ven metabolite.

In further investigation of the aging pathway underlying these differences, I revealed that

dysregulation of the AMPK pathway, particularly, loss of aak − 2, resulted in a decreased

longevity phenotype when animals were exposed to the 5X concentration of S. ven

metabolite. Mutants of argk − 1, an upstream activator of the AMPK pathway also

displayed decreased lifespan compared to wild-type animals when exposed to 5X S. ven,

which suggested proper functioning of this pathway is critical for extended lifespan at the

5X S. ven concentration. When AMPK activity was returned through the use of an

overexpression mutant, the extended longevity phenotype was restored and extended the

lifespan of 5X animals even further. Because this pathway functions to regulate

mitochondrial energy homeostasis and imbalances, I additionally analyzed animals for any

differences in mitochondrial phenotypes following exposure to each S. ven metabolite

concentration, as these may have contributed to the aging differences. Here, additional

studies again found differences in mitochondrial membrane potential and

mitochondrial-derived ROS when animals were exposed to the difference concentrations of

S. ven metabolite. Animals exposed to 5X S. ven showed little to no induction of ROS

compared to a cyclic increased regulatory pattern of ROS in worms exposed to the 20X

concentration. Moreover, animals exposed to 20X S. ven metabolite displayed a

progressive decrease in mitochondrial membrane potential, while animals exposed to 5X

metabolite did no show decreased membrane potential until later stages. When I analyzed

worms for differences in mitochondrial size as a potential for the differences seen in

mitochondrial membrane potential and ROS, no differences were found. The experiments

performed in this study suggested mitochondria are the primary target of the S. ven

metabolite and the AMPK pathway. Taken together, both of these studies provide a

greater understanding, mechanistically, of how the S. ven metabolite induces both cellular

and longevity changes in C. elegans. Furthermore, these studies revealed that different
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concentrations of the S. ven metabolite can yield contrasting phenotypes in C. elegans.

While this is only one example of an environmental contributor that was originally

identified to induce detrimental consequences on health, it is important to consider dose, as

altering the concentration of exposure could in turn provide beneficial effects. In Chapter

4, I summarize the findings of my research chapters and expand on noteworthy portions of

my dissertation worth further investigation.

In summary, the Streptomyces venezuelae metabolite causes cellular stress in a

manner that is similar yet distinct from other PD environmental toxins. It is this unique

signature, and prevalence of this genus within the environment, that makes this metabolite

an intriguing molecule for continued investigation. It is tempting to envision chronic

exposure to such a factor as an unforeseen environmental component impacting long-term

neuronal survival during the human aging process. Given our increasingly aging global

population, the potential ramifications of identifying a causal, or even contributory,

environmental factor for neurodegeneration is substantial. This information would open a

door toward the identification of factors controlling disease susceptibility, which could be

used to gauge or reduce environmental risk and serve to accelerate the development of

novel treatment strategies.
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Figure 1.1: Exposure to the S. venezuelae metabolite causes dopaminergic neurodegen-
eration and intracellular stress in C. elegans. (A) Dopaminergic cell bodies and processes
are illuminated using green fluorescent protein (GFP) driven from the dopaminergic (DA) trans-
porter promoter (Pdat−1::GFP). The six anterior DA neurons that are shown on the left side of this
image include two pairs of cephalic neurons (CEPs, large arrows indicating cell bodies) and one
pair of anterior deirid neurons (ADEs, arrowheads indicating cell bodies). There is also one pair of
posterior deirid neurons (PDEs, small arrows indicating cell bodies)
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(B) Close-up of the anterior region of C. elegans where the six most anterior DA neurons are
highlighted by GFP (Pdat−1::GFP) with the four CEP neurons (arrows indicating neuronal
processes) and two ADE neurons (arrowheads indicating neuronal processes) highlighted;
(C) A worm expressing GFP in DA neurons displays neurodegenerative changes in all six
anterior DA neurons following nine days of exposure to the S. venezuelae (S. ven) metabo-
lite; (D) Drawing of the C. elegans anterior DA neurons. Precisely six DA neurons in the
anterior of C. elegans are found in pairs defined as two dorsal CEPs, two ventral CEPs,
and two ADE neurons. The dorsal CEPs are post-synaptic to the ADEs, and are connected
within this circuit, whereas the ventral CEPs and the ADEs do not display connectivity;
(E) Separate neuronal subtypes within isogenic populations of worms were scored for neu-
rodegeneration in animals where GFP was exclusively expressed to illuminate either the
dopaminergic (DA) [+ and ¬ tyrosine hydroxylase (TH) expression], serotonergic (5-HT),
GABAergic (GABA), cholinergic (ACh), and glutamatergic (Glut) neuronal subclasses. All
of the neuronal classes that were examined exhibited significant neurodegeneration following
eight days of exposure to an S. ven conditioned medium, except animals wherein the DA
neurons were devoid of TH through a genetic mutation (cat− 2) (∗p< 0.01; ANOVA). Sig-
nificantly, the DA neurons displayed increased degeneration compared to all other neuronal
classes (#p<0.05; one-way ANOVA). The amount of neurodegeneration that was observed
in animals exposed to an E. coli control conditioned medium was used as a baseline for
standardization. To compensate for distinct neuronal classes containing different numbers
of neurons, the percentage of total degenerating neurons (not worms with degeneration) was
used for comparisons; (F) Intracellular stress response summary following exposure to S.
ven metabolite. Gene reporters for stress assays tested are shown here. HSP16 is a homolog
of the hsp16/hsp20/alpha4β-crystallin family of heat shock proteins. The endoplasmic retic-
ulum (ER) unfolded protein response (UPRER) was assessed by measuring Phsp−4::GFP in
C. elegans; HSP-4 is homologous to the mammalian ER chaperone, BiP. The mitochondrial
unfolded protein response (UPRmt) was measured via Phsp−6::GFP; HSP-6 in C. elegans
is a transcriptional reporter for mitochondrial stress and is a member of the DnaK/Hsp70
superfamily. The UPS assay examined a ubiquitin-related degradation signal (a “degron”)
fused to CFP (Pdat−1::CFP::CL-1). SOD-3 encodes mitochondrial superoxide dismutase. We
examined oxidative stress using the transgenic line Psod−3::GFP as an inducible assay sys-
tem. The activity of DAF-16, which is homologous to the FOXO transcription factor, was
monitored using a transgenic line, Pdaf−16::DAF-16::GFP, where upregulation in response to
metabolite was determined by the nuclear localization of DAF-16::GFP. For all of the assays
described, upregulation is indicated with a green box, while a red box indicates no response
to the metabolite using these reporter strains.
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Figure 1.2: Gene-by-environment interactions exacerbate C. elegans phenotypes. (A–E)
Genetic or environmental factors can be rapidly quantified for degenerative phenotypes by exam-
ining the six anterior dopaminergic neurons of C. elegans. Since the majority of cases of sporadic
Parkinson’s disease (PD) are idiopathic, undefined factors from the environment and innate genetics
that sensitize individuals to PD, or combinations thereof, could lower the threshold for neurodegen-
eration. Using C. elegans, the impact of both genetic and environmental exposure can be evaluated
for neurotoxicity in the isogenic lines of animals for additive or synergistic effects, depending on
the dosage or age of animals. (A) Animals displaying dopaminergic neurodegeneration can be
modulated based on a causative factor; (B) Normal C. elegans rarely show dopaminergic neurode-
generation, even as animals reach old age (Day 10). Arrowheads indicate intact DA neurons; (C)
The addition of the S. venmetabolite induces the age-dependent accumulation of degenerative phe-
notypes (arrows) and can be visualized as neuronal loss and blebbing; S. ven metabolite treatment
alone results in 30% neurodegeneration in contrast to animals overexpressing α-syn in the absence
of S. ven exposure; (D) S. venexposure in combination with a PD genetic factor, human α-syn
overexpression is additive; (E) Whereby 85% of the population displays neurodegeneration. Expo-
sure to other reactive oxygen species (ROS)-inducing chemicals (i.e., 6-OHDA, rotenone, paraquat)
can produce similar phenotypes; (F,G) S. ven exposure has been examined in combination with
genetic susceptibility factors to uncover gene and environment interactions. In these scenarios,
C. elegans with and without the expression of different heterologous aggregation-prone proteins
were examined for neurotoxicity following exposure to metabolites. It should be noted that the
concentration of metabolites was diluted to a much lower concentration that would not induce
neurodegeneration, since we wanted to ensure that, on its own, metabolite would not cause neu-
rodegeneration, yet would reveal potential neurodegeneration in combination with α-syn [77]. The
results shown here displayed this concept with either α-syn expressed in dopaminergic neurons;
(F) or mutant huntington (HtnQ150) expressed in the C. elegans ASH-sensory neuron; (G, H)
The metabolite also induces α-syn-dependent proteostasis disruption in the readily visualized body
wall muscle cells that express α-syn::GFP under control of a body wall muscle promoter (Punc−54),
and were treated with S. ven metabolite continuously since hatching; (I) C. elegans expressing a
nucleotide repeat encoding 35 polyglutatmine (Q35) in body wall muscles (Punc−54::polyQ35::GFP)
that were exposed to the metabolite display an increase in aggregate number compared to solvent.
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Figure 1.3: Epistatic regulation of enhanced α-syn toxicity by pink − 1. (A,B) Combinations of
dopaminergic stressors (such as MG132 and/or Streptomyces venezuelae, or S. ven) were applied
to transgenic C. elegans, which was also expressed human α-syn in DA neurons. (A) Along with
knockdown of pdr − 1 (RNAi), a more severe DA neurodegenerative phenotype was observed if
compared to combinations of just two stressors at a time; (B) In animals where pink − 1(RNAi)
was knocked down, enhanced neurodegeneration was not observed. Instead, all of the combinations
of stressors yielded similar levels of neurodegeneration with the depletion of pink − 1, which was
thereby indicative of a common mechanism revealed by putative epistatic relationships.
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Figure 1.4: S. ven metabolite increases mitochondrial fragmentation. The impact of the S. ven
metabolite on the mitochondrial outer membrane in C. elegans body wall muscle cells in animals
expressing an outer mitochondrial protein targeted RFP (Pmyo3::TOM20::mRFP). (A) Compared
with solvent treatment, S. ven metabolite-treated animals exhibit significantly more mitochondrial
fragmentation following exposure (green box). RNAi knockdown of drp − 1, an outer mitochon-
drial membrane fission gene, reveals significantly increased fusion in these animals (blue box).
Notably, in drp − 1 (RNAi) worms treated with S. ven, many animals return to a fragmented
mitochondrial phenotype. Mitochondrial morphology is defined as normal (tubular—white box),
fused (elongated—blue), or fragmented (circular and irregular—green); (B) Quantitation of mi-
tochondrial morphology phenotypes in C. elegans populations. The distribution of fragmented
mitochondria is different between all of the samples. In S. ven and drp−1 RNAi + S. ven treated
populations, increased fragmentation is indicative of damaged mitochondria that cannot be turned
over by mitophagy [58]. The color scheme (white, blue, green) is the same as shown in (A); (C)
Schematic representation of qPCR data showing that S. ven metabolite exposure in C. elegans
leads to increased drp− 1 gene expression, as well as lowered fzo− 1 and eat− 3 gene expression
[58]. DRP-1 is an outer mitochondrial membrane fission protein, while FZO-1 and EAT-3 are fu-
sion proteins that are located at the outer and inner mitochondrial membranes, respectively; (D)
eat−3(RNAi) knockdown suppresses dopaminergic neurotoxicity caused by the metabolite. Notice
that the knockdown of all of the other mitochondrial fission and fusion genes still causes toxicity
in the presence of metabolite, except for eat− 3 (RNAi), which now exhibits neuroprotection; (E)
The RNAi sensitive strain used in part D (above) was crossed to drp − 1 loss-of-function mutant
(allele tm1108) animals. In this background, all of the fission and fusion genes that were examined
display enhanced sensitivity to neurodegeneration, notably, eat − 3 (RNAi); drp − 1(tm1108) no
longer shows resistance in the presence of the metabolite.
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Figure 1.5: Streptomyces isolates from the environment cause DA neuron death in C. elegans. (A)
We isolated 1200 Streptomyces from diverse regions of Alabama, of which 180 samples were grown
in laboratory conditions [135]. Of these, 51/180 resulted in significant DA neuron death (28%);
(B) These same 180 samples that grew in the lab represented isolates from three diverse locations:
agricultural soils, urban soils, and pristine/undeveloped areas. We examined whether rates of
neurodegeneration varied according to sample location, and learned that there were significant
differences, with all three soil types exhibiting significant differences in neurodegeneration from
each other. Agricultural soils caused the most degeneration, and urban soils caused the least
amount of neurodegeneration [135]. Exemplar images of the areas that were sampled are displayed
here
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CHAPTER 2
EXPOSURE TO A BACTERIAL METABOLITE INDUCES SPECIFIC

TRANSCRIPTIONAL SIGNATURE OF DAF-16 REGULATED GENES AND PHASE I
ENZYMES C. ELEGANS

Jennifer L. Thies, Karolina Willicott, Maici L. Craig, Madeline R. Greene, Cassandra N.

DuGay, Guy A. Caldwell and Kim A. Caldwell
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2.1 ABSTRACT

Oxidative stress is a contributing factor to many neurodegenerative disorders,

including Parkinson’s disease. Considering the prevalence of sporadic PD, environmental
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exposures are postulated to increase reactive oxygen species and either incite or exacerbate

neurodegeneration. Our lab previously identified a secondary metabolite produced by the

common soil bacterium, Streptomyces venezuelae, that enhanced oxidative stress and

mitochondrial dysfunction in Caenorhabditis elegans, eventually leading to dopaminergic

(DA) neurodegeneration. It also caused dose-dependent death of human SH-SY5Y

neuroblastoma cells. Here, we demonstrate that S. ven metabolite exposure in C. elegans,

followed by RNA-Seq analysis, reveals that nearly all of the differentially expressed genes

(DEGs) had previous experimental evidence of an association with the transcription factor,

DAF-16 (FOXO), which is a key node in regulating stress response. The DEGs were also

enriched for Phase I (CYP) and Phase II (UGT) detoxification genes. Moreover, DEGs

representing several non-CYP Phase I enzymes associated with oxidative metabolism were

identified, including down-regulation of xanthine dehydrogenase (xdh− 1). The gene

product, XDH-1, is interconvertible with xanthine oxidase (XO). Additional experiments

demonstrated that S. ven metabolite exposure enhanced XO activity. Overall, these data

uncovered a transcriptional response to an environmental contributor associated with

oxidative stress that leads to progressive loss of DA neurons.

2.2 INTRODUCTION

Parkinson’s Disease (PD) is the second most common neurodegenerative disorder.

Despite the prevalence, genetic contributors and risk factors explain a fraction of cases [16].

Therefore, to advance our understanding of PD, an exploration of exposures is warranted.

For example, herbicides, such as paraquat, and the pesticide rotenone, induce neuronal

degeneration and contribute to parkinsonism in humans [68, 63, 11]. These toxicants have

provided the foundation for understanding that oxidative damage leads to dopaminergic

(DA) neurodegeneration. For example, rotenone directly inhibits mitochondrial complex I

[42, 4]. In addition to chemical exposures, environmental exposures can lead to

neurodegeneration. There is increasing evidence worldwide that exposure to a derivative of
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the amino acid alanine, β-Methylamino-Alanine (BMAA), found in cycads and

cyanobacteria, can cause an amyotrophic lateral sclerosis syndrome associated with

parkinsonism [10]. A well-established and reproducible contributor to PD is living in rural

areas. Epidemiological analysis revealed that drinking well water, farming, a rural

residence, and exposure to pesticides or herbicides may all be risk factors for developing

PD [59, 15, 72]. Individuals who live in rural environments often have a greater interaction

with the terrestrial environment, whether by necessity (dirt floors, drinking well water) or

by choice (avocation, occupation). A single gram of soil has been shown to contain as

many as 1 billion microorganisms [64]. Within the order Actinomycetales, the ubiquitous

soil bacterial genus Streptomyces contributes ∼6% to this total [32]. These gram positive,

aerobic, organisms are responsible for producing greater than 70% of known antibiotics [71]

in addition to a suite of other metabolites. At least 4 characterized proteasome inhibitors

are products of Streptomycetes isolated from soil, including lactacystin [20]. We therefore

hypothesized that enhanced exposure to these common soil bacteria may contribute to the

onset or progression of neurodegeneration.

We previously reported a partially purified neurotoxic secondary compound

produced by the common soil bacterium, Streptomyces venezuelae (S. ven), that caused

age- and dose-dependent neurodegeneration in C. elegans neurons and death of SH-SY5Y

neurons in cell culture [9]. Through genetic and cellular characterization, we determined

that exposure to the metabolite increased ROS production and caused mitochondrial

impairment in C. elegans [62, 36].

In this follow-up study, we exposed worms to the S. ven metabolite and performed

a comprehensive RNA-sequencing analysis, to identify specific gene regulators associated

with the cellular stress responses we previously identified. We identified differentially

expressed genes (DEGs) in worms treated with S. ven metabolite that are primarily

associated with stress response and xenobiotic detoxification. Nearly all of our DEGs were

correlated with DAF-16 (FOXO) transcriptional regulation, which is a critical
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transcriptional regulator for cellular stress response in C. elegans [35]. These data suggest

that DAF-16 transcriptional regulation is associated with the observed stress response.

Within our DEGs, the transcriptional profile is highly associated with xenobiotic

detoxification through Phase I and II gene regulation. We knocked down several Phase I

cytochrome P450 (CYP450) gene products and analyzed neurodegeneration in C. elegans.

We determined that our most upregulated DEG, cyp− 35B2, functions to metabolize the

S. ven. In contrast, the activity of several other cyp gene products enhanced the

neurotoxicity of the S. ven metabolite. Typically, Phase I reactions increase water

solubility and reduce the toxicity of a compound. However, our results have led us to

conclude that CYP Phase I reactions of the S. ven metabolite enhanced the toxicity of the

compound through bioactivation [25]. We also identified DEGs for several non-CYP Phase

I enzymes. Often, non-CYP oxidative enzymes are non-inducible or less inducible [5]. The

non-CYP Phase I enzymes included the upregulated gene fmo− 3, which encodes a

flavin-containing monooxygenase and down-regulated gene candidates adh− 1, an alcohol

dehydrogenase, and xdh− 1, xanthine dehydrogenase.

While we cannot conclude why certain non-CYP Phase I enzymes were induced, we

speculate their expression serves to off-set the toxic bioactivation of the cyp gene products.

For example, the XDH protein performs distinct functions through an interconversion to

xanthine oxidase (XO). Physiologically, both enzymes can participate in detoxification of

xenobiotics and endogenous compounds, however, the transition to XO results in an

increase in ROS production. We determined that XO enzyme activity was increased in

worms treated with S. ven metabolite. These results demonstrated a significant shift

toward XO following S. ven treatment. We further determined C. elegans media

supplemented with 1 mM CaCl2 was necessary for XO activity and the neurodegenerative

activity of the S. ven metabolite, while eliminating exogenous CaCl2 greatly reduced the

neurodegenerative activity of the metabolite. Taken together with previously reported

interactions between XO and calcium [3, 48, 43], our data supports a mechanism whereby
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the S. ven metabolite triggers a cellular stress response dependent on calcium.

In total, exposure of C. elegans to the S. ven metabolite increases oxidative stress

and ROS, leading to neurodegeneration. The transcriptomic response to this neurotoxin

could inform mechanisms associated with more common environmental contributors to

oxidative stress-induced neurodegeneration.

2.3 MATERIALS AND METHODS

2.3.1 C. elegans Strains

Nematodes were grown and maintained on OP50 E. coli bacteria at 20◦C using

standard C. elegans laboratory conditions [8]. Some strains were provided by the CGC,

which is funded by NIH Office of Research Infrastructure Programs (P40 OD010440). The

following strains were obtained from the Caenorhabditis Genetics Center: N2 (Bristol),

CF1038 (daf − 16 (mu86)) and RB711 (pqm− 1(ok485)). We obtained BY250

(vtls7[Pdat−1::GFP]) from Randy Blakely (Florida Atlantic University).

2.3.2 Isolation and Extraction of S. venezuelae Metabolite

Streptomyces venezuelae (S. ven) metabolite was generated as previously

described [62]. Briefly, spores from S. ven (ARS NRRL) were inoculated in 6 liters of SYZ

media in artificial saltwater and grown at 30◦C in a floor shaker for 3 weeks. Samples were

then collected, and cell debris removed by centrifugation at 12,000 x g for 10 min;

supernatants were sequentially passed through eight PES filter membranes with the

following range of pore sizes: 6, 2.7, 2.0, 1.6, 1.2, 0.7, 0.45 and 0.22µm. The retrieved

conditioned media was further extracted with an equal volume of dimethylchloride 4 times

using a separatory funnel. The DCM organic layers were collected and dried; and the

remaining residue was resuspended in 2mL of EtAc to create a concentrated stock solution.

New batches of metabolite are tested for neurodegenerative activity, where 25µL of a fully

concentrated stock solution was reconstituted in 2 mL of EtAc to establish a working
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concentration. This new diluted working solution is considered a “20X” concentration, and

is assayed for neurodegeneration as described in the next section. If this concentration

resulted in ∼20% death of DA neurons by day 9 of exposure, then this was used as the

working stock for all assays. If not, then further titration was performed. For the

experiments in this manuscripts, one batch of S. ven metabolite was used for all

experiments except the xanthine oxidase experiments and the daf − 16 RT-qPCR

experiments.

2.3.3 S. venezuelae Metabolite Treatment

For worm exposures, 60µl of the 20X concentration of metabolite was added to the

surface of the bacterial lawn on nematode growth medium (NGM) petri plates (60mm

diameter) and allowed to dry in a biological safety hood for 15 minutes. The 20X S. ven

consists of 25µL of concentrated stock solution reconstituted in 2 mL of EtAc. Control

plates received 60 µl of EtAc solvent (final concentration of 0.6%). Animals were

transferred to freshly applied bacterial plates every day and were exposed to the metabolite

or solvent from hatching until the day of RNA extraction.

2.3.4 C. elegans RNA isolation Paradigm and Sample Preparation

To determine what days to isolate RNA from C. elegans, we evaluated previous

molecular data on the S. ven metabolite [62, 46, 36]. Based on previous data, the S. ven

metabolite causes changes in mitochondrial phenotypes starting at day 5. To prepare

worms for extraction, strains were grown on normal nematode growth medium (NGM)

with standard OP50 E. coli for two generations to ensure that crowding and starvation did

not impact gene expression data. Briefly, 12 60mm NGM plates were used for each

treatment. Plates were plated with 200µL of E. coli, dried in a biological safety hood and

allowed to grow at 37◦O/N. Plates were overlayed with 45µL of 20X S. ven metabolite and

allowed to dry in a chemical safety cabinet for 20 minutes before 10-15 adult

hermaphrodites were allowed to egg lay for 3 hours. Adult hermaphrodites were removed,

and progeny were allowed to grow up at 20◦C until the day of extraction. On the first day
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of isolation, 35 worms were collected from each plate and transferred onto an unseeded

plate for a total of 420 worms. The remaining 115 worms were transferred to newly layered

S. ven plates to allow worms to grow up for the later isolation days. The same was also

done for the ethyl acetate control population. Additionally, this collection method was

used for RNA extraction and isolation on days 5 and 7. To ensure that the S. ven

metabolite was still active and continued causing neurodegeneration in the worms that we

extracted from, following day 7 collection, a small subset of 10 worms from each plate were

collected and transferred until day 9, in which dopaminergic neurodegeneration analysis

was completed. Replicates in which no dopaminergic neurodegeneration was seen, were

removed from the experiment and additional replicates were performed.

2.3.5 RNA Isolation and Extraction

All materials used for isolation and extraction of RNA were treated with DEPC

and autoclaved to ensure that they did not contain contamination from any external

sources. Total RNA was extracted from C. elegans populations using the RNeasy Micro

Kit (Qiagen, Germantown, Maryland, USA). ∼400 nematodes were moved onto an

unseeded NGM plate and washed into an RNase free 10mL glass conical tube with 6mL of

RNase free 0.5X M9. Worms were washed 4 times with RNAse free 0.5X M9 which

comprises of centrifuging the glass tube at 1.6rpm for 2 minutes, removing the supernatant

without disturbing the pellet, adding fresh 0.5x M9 into the tube and gently inverting the

tube to resuspend the pellet. Following the fourth wash, worms were resuspended in 5mL

of RNAse free 0.5x M9 and allowed to rock on a shaker at the 3.5 setting for 20 minutes to

purge and clear the worm digestive track of any bacterial sources. Following the purge,

glass conical tubes were spun down at 1.6rpm for 2 minutes and subsequently washed two

more times with RNAse free double distilled H2+O. Following the final wash, supernatant

was carefully removed without disturbing the pellet, so the remaining volume in the tube

was approximately 300µL. The remaining mixture of worms was transferred to a low-bind

RNAse free microcentrifuge tube and centrifuged at 1.6rpm for 2 minutes. After this
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centrifugation cycle, as much supernatant as possible was removed without disturbing the

worm pellet. To the pellet, 500µL of Trizol reagent was added and vortexed for 30 seconds.

This mixture then went through a series of 7 freeze-thaw cycles in liquid nitrogen, and then

8 freeze-vortex cycles before standing at RT for 5 minutes. Following the 5-minute wait,

100µL of chloroform was added to each sample and inverted continuously for 15 seconds.

After inversion, samples were placed at RT to allow for phase separation.

2.3.6 RNA Quality Control (QC)

C. elegans RNA samples were immediately frozen at -80◦C following extraction.

Small aliquots of each sample were frozen separately for QC analysis at the completion of

each replicate. 3µL of RNA was saved for spectrophotometer analysis for RNA

concentration (ng/µL) and purity performed on a Nanodrop. A 260/280 ratio between 1.9

and 2.1 and a 260/230 ratio above 1.9 were our preferred parameters. This sample was also

used to confirm RNA quality using the Agilent Bioanalyzer and Qubit systems. A 4µL

sample was saved to run on a 1% agarose gel to identify samples that had protein

contamination as well as RNA integrity.

2.3.7 Bioinformatic Analysis

RNA samples were sent to Novogene Co., in Sacramento, CA. Additional quality

control (QC) was performed by Novogene to ensure samples were pure, uncontaminated,

and undegraded. All samples passed QC and cDNA libraries were created from our RNA

samples. Paired-end 150 bp reads were sequenced with Illunina. Data was filtered by

removing low-quality and adaptor-contaminated reads. Bioinformatic analysis was

performed in-house using Salmon v0.11.3 [58]. First, a transcriptome join file was created

by concatenating the N2 reference cDNA and ncRNA datasets obtained from Ensembl

http://ftp.ensembl.org/pub/release-99/fasta/caenorhabditis_elegans/cdna/

Caenorhabditis_elegans.WBcel235.cdna.all.fa.gzandhttp:

//ftp.ensembl.org/pub/release-99/fasta/caenorhabditis_elegans/ncrna/

Caenorhabditis_elegans.WBcel235.ncrna.fa.gz. Next, the join file was prepared for
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quantifying with the “salmon index” command in mapping-based mode. Transcripts were

then quantified using the “salmon quant” command. The validate Mappings flag enabled

selective alignment during the mapping using an algorithm that detects redundancies.

Finally, the quantified transcripts were annotated with the N2 reference GTF file

http://ftp.ensembl.org/pub/release-99/gtf/caenorhabditis_elegans/

Caenorhabditis_elegans.WBcel235.99.gtf using the geneMap flag. The resultant file

contained gene-level quantification which was needed for analysis of DEGs. DEGs were

extracted using DESeq2 version 1.24.0 [44] in R. Significance was determined if the

p-adjusted value was less than 0.057. DESeq2 utilized a Benjamini-Hochberg method of

normalization to calculate the adjusted p-value, a powerful method for controlling the false

discovery rate. Heatmaps were created in R using package “pheatmap” [37].

2.3.8 Differentially Expressed Gene (DEG) Analysis, Selection, and
Functional Annotation

DEGs were selected using an adjusted p-value of 0.057. These genes were then

categorized by fold-change. Genes that had both significant adjusted p-values and a

positive log2 fold change were used for further analysis. Gene ontology (GO) analyses were

created using WormCat bioinformatics resource [29]. Genes that were significantly up- or

down-regulated as determined by an adjusted p-value less than p < 0.057 used in the

analysis.

2.3.9 DAF-16 Binding Motif Analysis

The 1kb upstream sequences of each DEG were obtained from Wormbase and then

analyzed using the Regulatory Sequence Analysis Tool (RSAT)

http://rsat.sb-roscoff.fr. This tool searched for the canonical DBE (TTGTTTAC)

and DAE (CTTATCA) sequences within our target genes. The p-value for comparing

DAF-16 binding motif frequency between our DEGs and the whole C. elegans genome was

calculated using the GIGA calculator
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https://www.gigacalculator.com/calculators/p-value-significance-calculator.php with a p

value set to <0.05.

2.3.10 Neurodegeneration Analysis and Fluorescent Microscopy

Animals for analysis were synchronized with a 3-hours egg-lay using day 4 gravid

hermaphrodites and incubated at 20◦C. C. elegans were raised on standard nematode

growth media (NGM) plates, which have 1 mM CaCl2 added to the media. This was

standard for all experiments in the manuscript except for when noted in Figure 2.6, when

differing concentrations of calcium were examined for an impact on DA neurodegeneration

(i.e., 2 mM, 3 mM and no additional calcium in the medium). For all experiments in the

manuscript, on the day of analysis, 30-35 worms were picked and immobilized in 10 mM

levamisole on glass cover slips, inverted and mounted on 2% agarose pads on microscope

slides. 3 total replicates were completed for each analysis and 30 animals were scored per

treatment (30 animals x 3 replicates = 90). Worms were scored for dopaminergic

neurodegeneration on day 9 post-hatching. An animal was scored as normal (or WT) if it

contained all 6 anterior DA neurons. If a worm displayed any degenerative phenotype such

as a missing process, severe blebbing of the process or cell body loss, it was scored as

degenerative. Fluorescent microscopy was used to for neurodegeneration assay using a

Nikon Eclipse epifluorescence microscope equipped with an Endow GFP HYQ filter cube

(Chroma Technology, Bellows Falls VT, USA). A cool Snap CCD camera (Photometrics,

Tuscan AZ, USA) driven by the MetaMorph software (Molecular Devices, Sunnyvale Ca,

USA) was used to acquire images.

2.3.11 RNA interference (RNAi) Experiments

RNAi feeding constructs were obtained from the C. elegans Ahringer library [34]

or from Dharmacon as open reading frame constructs (ORFs) that were transformed into

the L4440 destination vector and subsequently transformed into HT115 cells. To ensure

these constructs contained the right mutation, clones were sequences to verify accuracy.

RNAi feeding clones were cultivated initially on LB solid media containing tetracycline (15
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µg/mL) and ampicillin (100 µg/mL) and then individual colonies were grown overnight in

liquid LB media containing ampicillin (100 µg/mL). IPTG was added to NGM plates for a

final concentration of 1 mM, plated with RNAi feeding clones, and allowed to dry. Plates

were induced overnight at 20◦C. Fertile adult hermaphrodites were allowed to lay eggs for

3-4 hours to obtain a synchronized population. Plates were seeded with either EtAc or 20X

S. ven metabolite until the day of analysis for all experiments, as described in the figure

legends.

2.3.12 RNA Extraction and Quantitative Real Time PCR (RT-qPCR)

These reactions were performed using IQ SYBR Green Supermix (Bio-Rad,

Hercules, CA) with the CFX96 Real-Time System (Bio-Rad) as described previously ([74].

Worms were grown on standard NGM plates + EtAc or 20X S. ven metabolite treatments.

For the validation RT-qPCR studies, genes were also analyzed on the day they were

identified in the transcriptomic work on either day 5 (scl− 24, scl− 25, cyp− 35B2) or day

7 (scl − 24, cyp− 35B2, ugt− 22, xdh− 1). For the daf − 16 and pqm− 1 mutant

RT-qPCR experiment, RNA was extracted from both day 5 (cyp− 34A10 and fmo− 3)

and day 7 (cyp− 35B1 and set− 18) adult hermaphrodites, depending on when the gene

was identified in the RNAseq work. Worms were washed 3 times in RNase free 0.5X M9

followed by a single wash in RNase free water. Total RNA was isolated from 100 – 120

adult worms (BY250) from each independent sample using TRI-reagent (Molecular

Research Center, Inc, Cincinnati, Ohio, USA) where on day 5 or 7 from the associated

RNAi construct or EV RNAi exposure. Following DNase treatment (Promega, Madison,

WI), 1 µg of RNA was used to make complementary DNA (cDNA), which was synthesized

with iScript Reverse Transcription Supermix for RT-qPCR (Bio-Rad, Hercules, CA, USA).

PCR efficiency was calculated from standard curves that were generated using serial

dilutions of cDNA of all samples. All targeted genes were measured in triplicate.

Amplification was not detected in non-template and non-reverse transcriptase controls.

Each reaction contained: 7.5 µl of the iQ SYBR Green Supermix, (BioRad) 200 nM of
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forward and reverse primers, and 0.3 µl cDNA, to a final volume of 15 µl. Expression levels

were normalized to three reference genes (cdc− 42, ama− 1 and pmp− 3) and were

calculated using qBasePLUS version 2.6 (Biogazelle, Gent, Belgium) for determining

reference target stability. Three technical replicates were used for each sample. Each

primer pair was confirmed for at least 90-110% efficiency in a standard curve using BY250

cDNA. The primer pairs used were as follows.

cyp− 35B1

Forward: CAAAGATGGAGCAGGAGAGG

Reverse: ATTGAATCCTGCGACCAAAG

cyp− 34A10

Forward: ACAGCGGTGCACCTTCTACT

Reverse: CACCACATTTGGATGGTTCA

fmo− 3

Forward: AGTGAAATGCAGGCGAGAGT

Reverse: ACCGAGTTCATGGAGGTACG

scl − 25

Forward: TTGATTCGAAGGGGATCAAC

Reverse: GTTCCACACGAAGTCCCACT

scl − 24

Forward: ACACACAATGCGCTGAAATC

Reverse: GAGCATGGCTCTCCTTTGTC

set− 18

Forward: GAGACACCGTTCGCCACT

Reverse: TGCCTGACACTCTTTACTACAATAC

cyp− 35B2

Forward: GAGAATCCGCATGATTTCGT

Reverse: GTGAGCCATTTTCCGTGATT
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ugt− 22

Forward: GCCGTTATGGTTCCCCTATT

Reverse: CGCATTTCCCAAATCAGTTT

xdh− 1

Forward: TCATGAGATGCTCCATTGGT

Reverse: GGAGATGCTGTTGCAATGTT

cdc− 42

Forward: CTGCTGGACAGGAAGATTACG

Reverse: CTCGGACATTCTCGAATGAAG

pmp− 3

Forward: GTTCCCGTGTTCATCACTCAT

Reverse: ACACCGTCGAGAAGCTGTAG

ama− 1

Forward: TCCTACGATGTATCGAGGCAA

Reverse: CTCCCTCCGGTGTAATAATGA

2.3.13 Xanthine Oxidase Activity Measurement

Xanthine Oxidase Activity was measured using the Xanthine Oxidase Activity Kit

(Sigma-Aldrich Inc, St. Louis, Missouri, USA). Worms were raised on standard NGM

plates and exposed to EtAc or S. ven metabolite treatments for the duration of the

experiment until Day 7 of adulthood. Similarly, for the no calcium experiment, worms were

grown on NGM plates without the addition of CaCl2 until Day 7 of adulthood. At this

time for both experiments, ∼150-200 adult hermaphrodites were collected in RNase free

lo-bind tubes and washed three times in M9. During each experiment, every sample went

through three freeze/thaw cycles. Samples were subsequently sonicated using an Ultrasonic

Processor GEX 130PB, for three cycles of 10 seconds on, 30 seconds off at 40% amplitude.

Samples were spun down at 15,000 g for 10 minutes. 50 µL of sample was then placed into

respective wells of a clear 96 well plate for analysis. Experiment was performed as per the
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directions in the kit for colorimetric analysis and the assay was run at 570nm for 60

minutes with readings taken every 5 minutes using a SpectraMax M2e Microplate Reader

(Molecular Devices, Sunnyvale, CA, USA).

2.3.14 Statistical Analysis

Statistical analysis was performed using Prism 9 software (GraphPad Software

Inc., La Jolla, CA, USA). Differences between treatments, groups, and conditions were

measured by Student’s t-test, one-way ANOVA, or two-way ANOVA. Where appropriate,

comparisons between EtAc and metabolite groups, and candidate genes used a Tukey’s post

hoc test, in addition to experiments that contained more than 2 conditions, for differences

when p < 0.05. All neurodegeneration data is presented as mean +/- standard deviation

(SD). Data for RT-qPCR is presented as mean ± standard error of the mean (SEM).
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2.4 RESULTS

2.4.1 Identification of Differentially Expressed Genes in C. elegans Following
Exposure to S. ven Metabolite

To gain a better understanding of how S. ven metabolite impacts gene expression

changes in C. elegans, we performed RNA-seq to transcriptionally profile expression

changes in exposed worms. The S. ven metabolite was produced as previously described

[36]. Briefly, S. ven bacteria were grown to stationary phase in liquid media. The excreted,

secondary, byproduct was extracted with dichloromethane (DCM), and dried under

nitrogen gas. The neutral-lipid metabolic fraction of interest was collected through rotation

evaporation to remove any residual DCM and then resuspended in ethyl acetate (EtAc).

Activity levels were confirmed using DA neuron death in C. elegans where worms were

exposed to EtAc at a final concentration of 0.6% seeded on top of the OP50 bacteria on

the media. Following confirmation of neurotoxic activity for a new liquid culture of S. ven,

the concentration used in all assays will be titrated so that it will result in ∼20% death of

DA neurons by day 9 of exposure. While we refer to the S. ven as a neurotoxic metabolite

in this manuscript, it is only partially purified and is still a mixture of several molecules

based on our preparation methods. In our experience, EtAc exposure does not cause

significant neurodegeneration or cellular stress in C. elegans [9, 62, 46, 36].

To determine the appropriate days for RNA extraction following S. ven

metabolite treatment to C. elegans, we retrospectively examined the former phenotypic

outcomes of exposure data [62, 36]. Firstly, the S. ven metabolite significantly upregulated

hsp− 6::GFP in day 4 worms (Table 2.1). HSP-6 is a nuclear-encoded mitochondrial

chaperone that reacts to ROS via the mitochondrial unfolded protein response pathway

(UPRmt). This pathway is cytoprotective when it is activated in response to acute stressors

where it promotes cell survival and organelle recovery [17], but it can also be damaging if

dysregulated, and lead to cellular loss [45]. Secondly, using a fluorescent reporter strain to

directly examine outer mitochondrial membrane dynamics, we learned that mitochondrial
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Table 2.1: C. elegans phenotypic changes following S. ven metabolite exposure

Assay Day 51 Day 6 Day 71 Day 8 Day 9
hsp− 6::GFP reporter increased expression
Mitochondrial fragmentation 30% 60% 80%
sod− 3::GFP reporter increased expression
DA neurodegeneration 0% 0% 15% 20% 40%
daf − 16::GFP reporter nuclear localization

1mRNA isolation and transcriptomic analyses performed

fragmentation significantly increased in a time-dependent manner, where 30%, 60%, and

80% of the cells displayed mitochondrial fragmentation at days 5, 7, and 9, respectively

(Table 2.1). Thirdly, by examining mitochondrial oxidative stress using the sod− 3::GFP

reporter strain [19], enhanced GFP expression was observed by day 5 (Table 2.1). Finally,

the metabolite induced progressive neurodegeneration, where ∼15% and 40% of the

animals displayed DA neurodegeneration at days 7 and 9, respectively (Table 2.1;

Figure 2.1A, B. In total, the cellular readouts following S. ven metabolite allowed us to

select days 5 and 7 for RNA isolation. It was our prediction that inciting events leading to

widespread oxidative stress and neurodegeneration would be identified in these

phenotypically naive animals.

Worms were chronically exposed to either S. ven metabolite or ethyl acetate

(EtAc; vehicle control) from embryo until the day of collection. To ensure that the

metabolite was inciting neurodegeneration, we used BY250 transgenic worms for these

studies. They express GFP under control of the dopamine transporter (Pdat−1::GFP) to

highlight the dopamine neurons.

The transcriptome from five biological replicates at two different time points (day

5 and 7) was characterized under each treatment condition (Figure 2.1C). At the whole

transcriptome level, within-group variation among the biological replicates for each

treatment was less than between-group variation across the treatments. There was a strong

separation between treatments and the variance between replicates was small (Figure 2.2).
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Figure 2.1: Schematic diagram of C. elegansin preparation for RNA sequencing analysis
following S. ven metabolite exposure Schematic of C. elegans exposure paradigm prior to
RNA sequencing analysis. Worms were grown in the presence of chronic S. ven metabolite or EtAc
exposure for the duration of the experiment. On Days 5 and 7 of adulthood, mRNA was extracted
from whole C. elegans animals. On each day, ∼350 worms were collected from each treatment
to comprise a single replicate. mRNA was extracted and subsequently sent off for sequencing. To
ensure S. ven metabolite contained active neurodegenerative capacity, worms were grown until day
9 of adulthood, in which there were analyzed for dopaminergic (DA) neurodegeneration. C. elegans
expressing GFP in the DA neurons (Pdat−1::GFP) were analyzed for neurodegenerative phenotypes.
Representative images of C. elegans DA neurons on day 9 of adulthood when exposed to EtAc
(top) or S. ven metabolite (bottom). Arrow heads indicate intact neurons, whereas arrows indicate
degenerated neurons.

50



Multivariate principal component analysis (PCA) indicated that highly reproducible gene

expression changes occurred in worms exposed to the metabolite on both days of analysis.

Specifically, PC1, which is associated with the variance between treatments, accounts for

72% of the explained variance on day 5, indicating that the treatments are different from

each other, while PC2 accounts for 12% on day 5, denoting low variation between

replicates (Figure 2.2A). On day 7, PC1 accounts for 80% of the explained variance, and

PC2 accounts for 9% (Figure 2.2B), demonstrating even tighter clustering of the replicates.

Heatmap analysis revealed distinct differences in gene expression regulation

patterns in C. elegans in response to the S. ven metabolite on both days 5 and 7.

(Figure 2.2C, D). Specifically, on day 5, 10 DEGs were identified (Table 2.2). Functional

annotation and gene ontology enrichment of these DEGs were classified using WormCat

[29] and stress response, metabolism and proteolysis were the most enriched categories.

Notably, all DEGs at day 5 had corresponding human homologs, which were identified

using wormbase (wormbase.org). On day 7, 28 DEGs were identified, including three that

were in common with day 5 DEGs with 64% exhibiting an identifiable human homolog

(Table 2.3). When the DEGs from days 5 and 7 were examined together, 28 DEGs were

significantly upregulated and 10 were significantly downregulated (padj < 0.0570).

Functional annotation and gene ontology analysis of all DEGs combined identified

significant enrichment for biological processes of proteolysis (5 genes) and stress response

(16 genes) (Table 2.4). These data suggest the metabolite is being processed and modified

by the worm.
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Figure 2.2: PCA plots and heatmaps of five replicates of differentially expressed genes
as determined by the adjusted p-value (A,B) Principal component analysis (PCA) showing
relative distance among samples at day 5 (A) and day 7 (B). PC1 represents the variance between
treatments and PC2 represents the variance between replicates. Replicates from day 5 displayed
72% variance between EtAc and 20X S. ven metabolite treatments, while the variance between
replicates accounted for only 12% (A). Replicates from day 7 displayed 80% variance between EtAc
and 20X S. ven metabolite treatments, while the variance between replicates accounted for only
9% (B). Red represents EtAc treatment and blue represents 20X S. ven treatment in (A,B). (C,D)
Heatmap of Z-score normalized gene expression showing significant DEGs at day 5 (padj<0.054)
(C) and day 7 (padj<0.057) (D).
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Table 2.4: WormCat Enrichment Results for all DEGs combined

Function Category Number of genes in category
Biological Process Proteolysis 5
Molecular Function Inhibitor 3
Cellular Process Peptidase Inhibitor 16 2
Biological Process Stress Response 16
Molecular Function Detoxification 8
Cellular Process Cytochrome 6

In C. elegans, there is a well-known transcription factor, DAF-16, that regulates

genes associated with redox homeostasis, detoxification, and stress response [52, 47, 75].

When cells are not stressed, DAF-16 is typically held inactive in the cytoplasm. However,

upon encountering stress, DAF-16 is translocated to the nucleus where it regulates the

transcription of genes associated with longevity, stress, metabolism, and differentiation [1].

Notably, we had previously observed that exposure to the S. ven metabolite caused

increased nuclear localization of DAF-16::GFP from the cytoplasm to the nucleus [62].

2.4.2 DAF-16 Binding Sites are Enriched in S. ven Treated Worms in an
Age-dependent Manner

We initially examined the literature to determine which DEGs were experimentally

validated as regulated by DAF-16 [52, 31, 73, 70]. In total, all but one were identified with

previous experimental evidence of an association with DAF-16 (Table 2.5). We also

performed a sequence analysis to identify which DEGs had potential DAF-16 binding

motifs in the 1.0kb region upstream of their ATG start sites. It was previously shown that

21% of the ∼24,000 C. elegans genes possess DAF-16 binding motifs in the 1.0kb

upstream region [60]. From this analysis we uncovered four more genes with DAF-16

binding motifs (Table 2.5). In our day 5 dataset, 3/10 DEGs had corresponding DAF-16

binding motifs (Table 2.5); this was not significantly enriched from the whole genome (p =

0.170). However, at day 7, 12/28 DEGs (42.9%) had DAF-16 binding motifs, which was
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significantly enriched compared to the entire genome (p = 0.002).

The promoter sequences we identified for DAF-16 transcriptional regulation

consisted of either the DAF-16 binding element (DBE) or the DAF-16 associated element

(DAE) [22, 52, 55]. We detected 4 DEGs with DBE sequences (TTGTTTAC), which

suggests these targets are directly regulated by DAF-16 (Table 2.5). There were also 12

DEGs with DAE sequences (CTTATCA), suggesting indirect regulation by DAF-16 [57].

However, possession of a predicted DAF-16 binding site upstream of a target gene is not

evidence of DAF-16 regulation; a computational analysis simply identifies binding elements

in both forward and reverse strands. Additionally, there is no single consensus in the

literature as to how far upstream the binding site must be. While most binding sites are

located within the first 500 bp upstream from the start of the sequence, these sites have

been identified as far as 5 kb upstream [55]. Therefore, functional validation of DAF-16 is

necessary.

2.4.3 DAF-16 and PQM-1 Affect Gene Expression Patterns in Response to S.
ven Metabolite

To examine the impact of DAF-16 on the transcriptional regulation of DEGs

enriched in response to S. ven metabolite exposure, we monitored the transcriptional

activity of select DEGs containing predicted DBE or DAE motifs in a daf − 16 mutant

background following S. ven metabolite exposure (Figure 2.3B, D, F, H). We also

monitored the transcriptional activity of the same DEGs in a pqm− 1 mutant background

following S. ven metabolite exposure (Figure 2.3C, E, G, I). The PQM-1 transcription

factor regulates the expression of genes downregulated in daf − 16 mutants and is highly

associated with DAE affinity [73, 76]. Occasionally, DAF-16 and PQM-1 co-regulate a

small subset of DAF-16 targets that contain both binding elements together [40]. We

hypothesized that if DAF-16 and/or PQM-1 modulated S. ven metabolite response of

some of our DEGs, then in a mutant background, there would be no difference between
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EtAc and S. ven treatments and gene expression in the S. ven background would be

altered compared to normal worms.

We first examined the day 7 DEG, cyp− 35B1 (Table 2.3). It is a verified direct

target of DAF-16 [73, 31]. As expected for an upregulated DEG, when BY250

(Pdat−1::GFP) worms were exposed to S. ven, cyp− 35B1 expression was significantly

upregulated (Figure 2.3B). In daf − 16 mutants, cyp− 35B1 expression was still

upregulated compared to EtAc, however, it was significantly reduced compared to

wild-type levels (p<0.0037), suggesting DAF-16 might have a role in cyp− 35B1 expression

(Figure 2.3B). In pqm− 1 mutants, cyp− 35B1 expression was not significantly different

from normal expression levels. This suggests pqm− 1 does not have a role in cyp− 35B1

expression (Figure 2.3C). In summary, DAF-16, but not PQM-1, has a role in cyp− 35B1

gene expression following S. ven metabolite exposure in C. elegans.

We then analyzed the day 5 DEG, cyp− 34A10, which was upregulated in our

transcriptomic analysis (Table 2.2). As expected, exposure of worms to S. ven resulted in

significant upregulation of cyp− 34A10 expression (Figure 2.3D). In daf − 16 mutants,

cyp− 34A10 expression was upregulated compared to wild-type levels (p< 0.0001),

suggesting that DAF-16 contributes to cyp− 34A10 expression either indirectly or through

negative regulation (Figure 2.3D). In pqm− 1 mutants, cyp− 34A10 expression was

upregulated compared to wild-type levels (p = 0.0531), suggesting PQM-1 might also

indirectly or negatively contribute to cyp− 34A10 expression (Figure 2.3E). We identified

that cyp-34A10 has a DAE binding element through sequence analysis (Table 2.5). This is

in agreement with a previous report by Tepper et al. (2013) [73]. Using position-specific

affinity matrices (PSAM), they were able to show a better DNA-binding specificity than

sequence analysis alone, indicating positive binding affinities for both DAE and DBE

motifs ([73]).

It was previously reported that cyp− 34A10 has a DAE element [73]. We

hypothesize that the gene expression of cyp− 34A10 following S. ven metabolite exposure
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Figure 2.3: DEGs modulated by daf − 16 and pqm− 1 in response to S. ven metabolite.
Quantification of relative mRNA expression levels of genes containing DBE and/or DAE motifs
were measured in daf − 16 (dark blue background) or pqm − 1 (light blue background) mutants
following exposure to S. venmetabolite or EtAc treatments. (A) Key indicating gray bars represent
EtAc exposure and white bars represent 20X S. ven exposure. cyp− 35B1 mRNA expression was
measured in day 7 WT (N2) and daf − 16 mutant adult worms (B) and pqm − 1 mutant adult
worms (C). cyp− 34A10 mRNA expression was measured in day 5 N2 and daf − 16 mutant worms
(D) and pqm− 1 mutant adult worms (E). fmo− 3 mRNA expression was measured in day 5 N2
and daf − 16 mutant worms (F) and pqm− 1 mutant adult worms (G). set− 18 mRNA expression
was measured in day 7 N2 and daf − 16 adult worms (H) and pqm − 1 mutant worms (I). In all
graphs, the normalized mean fold-change of all biological replicates is relative to the EtAc control
for each strain. Values represent mean ± SEM of 3-4 biological replicates with three technical
replicates; at least 100 animals were used for each replicate. Significance was obtained via two-way
ANOVA with Fisher’s LSD test and are presented by exact p-values (n = 120 per replicate, N =
3-4 biological replicates)
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is normally indirectly regulated, or downregulated, by both DAF-16 and PQM-1.

fmo− 3 was a day 5 upregulated DEG in our analysis (Table 2.2). As expected,

when worms were exposed to S. ven, fmo− 3 expression was significantly upregulated

(Figure 2.3F). In daf − 16 mutants, fmo− 3 expression was not upregulated compared to

wild-type levels (p = 0.1251), indicating no contribution from DAF-16 toward fmo− 3

expression (Figure 2.3F). In pqm− 1 mutants, fmo− 3 expression was downregulated

compared to wild-type levels (p = 0.0022), suggesting PQM-1 contributes to fmo− 3

expression following metabolite exposure (Figure 2.3G). In summary, PQM-1, but not

DAF-16, has a role in fmo− 3 gene expression following S. ven metabolite exposure in C.

elegans. This is consistent with the DAE element located within 1.0 kb of the promoter of

the ATG start site of the fmo− 3 gene (Table 2.5).

Finally, we examined set− 18; this day 7 DEG was down regulated in our

transcriptomics analysis. As expected, when worms were exposed to S. ven, set− 18

expression was significantly downregulated (Figure 2.3H). In daf − 16 mutants, set− 18

expression was significantly upregulated compared to daf − 16 wild-type levels (p <

0.0001), suggesting DAF-16 has a role in set− 18 expression (Figure 2.3H). In pqm− 1

mutants, set− 18 expression was significantly upregulated from normal expression levels.

This suggests pqm− 1 also has a role in set− 18 expression following metabolite exposure

(Figure 2.3I). In summary, set− 18 was experimentally shown to be a target of DAF-16

[70]. This is consistent with our data; however, here we suggest that both DAF-16 and

PQM-1 have roles in set− 18 gene expression following S. ven metabolite exposure in C.

elegans.

2.4.4 Metabolite-associated DA Neurodegeneration is Reduced when Gene
Candidates Associated with Innate Immunity are Knocked Down

Microbial generated toxins can activate cellular surveillance pathways that are

foundational for host survival [49, 65, 61]. Transcriptomic results revealed several DEGs

associated with innate immunity that were upregulated on days 5 and/or 7 (Tables 2.3 2.2).
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To evaluate the influence of these gene products, we employed RNA interference (RNAi) to

knockdown genes in the whole worm to assess their impact on neurodegeneration following

S. ven exposure in a cell non-autonomous manner (Figure 2.4A).

C25D7.5, has not been characterized in C. elegans but it is predicted to be

localized to the plasma membrane and enable hydrolase and metal binding activity. The

C25D7.5 gene product has 44% homology to human MBLAC1 (metallo-β-lactamase

domain-containing protein 1). A C. elegans paralog of C25D7.5, swip− 10, also contains

a metallo β-lactamase domain and induces dopaminergic neurodegeneration through a

glutamate-specific mechanism [24]. Knockdown of C25D7.5 rescued neurodegeneration

when worms were exposed to S. ven compared to EV RNAi control (p = 0.0161),

indicating the presence of C25D7.5 contributes to metabolite-induced neurodegeneration

(Figure 2.4B). A second upregulated DEG was C. elegans vit− 3; this gene product is

associated with yolk proteins that aid in the transport of lipids; it is expressed in the

nematode intestine. The human homolog is Fc fragment of IgG-binding protein (FCGBP);

this protein is thought to have a role in the innate immune system of the oral cavity and

esophagus [28]. When knocked down, vit− 3 RNAi worms displayed less

neurodegeneration than EV S. ven controls (p = 0.0017) (Figure 2.4C).

Two DEGs that are paralogs in C. elegans, scl− 24 (upregulated on days 5 and 7)

and scl − 25 (upregulated on day 5) have a connection to inflammation through their role

as peptidase inhibitors (Figure 2.4D-G). These genes share ∼73% homology with human

peptidase inhibitor 16 (PI16). In cardiovascular disease, increased PI16 mRNA levels are

associated with raised endothelial shear stress, which is protective against atherosclerosis.

When inflammation occurs, PI16 protection is lost [27]. We knocked down both C. elegans

PI16 genes separately to examine their impacts on DA neurodegeneration in combination

with the S. ven metabolite. Knockdown of scl − 24 attenuated DA neurodegeneration

when exposed to the metabolite compared to EV control RNAi (p = 0.0059), indicating

that the presence of scl − 24 might contribute to metabolite neurodegeneration
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Figure 2.4: RNAi knockdown of innate immunity genes attenuates S. ven induced DA
neurodegeneration in C. elegans. (A) Key denoting gray bars represent EtAc, white bars rep-
resent 20X S. ven treatment, brown represents genes associated with innate immunity and light
yellow indicates genes associated with peptidase inhibitor activity. (B, C, D, E, G) DA neurode-
generation analysis in Pdat−1::GFP day 9 adult animals following RNAi of genes associated with
either innate immunity (B-D) or peptidase inhibitor activity (E, G). Loss of innate immunity genes
(B) C25D7.5 (C) and vit− 3 (D) results in decreased DA neurodegeneration following 20X S. ven
metabolite exposure. Loss of peptidase inhibitor scl−24 results in decreased DA neurodegeneration
in animals exposed to 20X S. ven metabolite. (G) Loss of peptidase inhibitor scl − 25 results in
enhanced DA neurodegeneration in animals following 20X S. ven exposure. Neurodegenerative
represented as mean ± SD. Data analyzed by two-way ANOVA with Tukey’s post hoc test (n =
30 animals/rep; 3 biological replicates). (F,H) Quantification of mRNA gene expression levels of
peptidase inhibitors scl− 24 (F) and scl− 25 (H) on in adult day 5 or 7 worms following exposure
to either EtAc or 20X S. ven metabolite. mRNA data analyzed by Student’s t-test and presented
as mean ± SEM of three biological replicates, with three technical replicates each; at least 100
animals were used for each replicate. Significance represented by exact p-values. All qPCR data
normalized to EtAc control.
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(Figure 2.4D). In contrast, knockdown of the paralog, scl − 25, enhanced DA

neurodegeneration, even in the absence of the metabolite (p < 0.0001). The addition of the

metabolite did not further enhance neurodegeneration, suggesting a possible epistatic

relationship (p = 0.0004) (Figure 2.4F). We performed quantitative real time PCR

(RT-qPCR) on scl − 24 and scl − 25, to validate these results. Following exposure to S.

ven, the mRNA level of scl − 24 was upregulated on both days 5 and 7 compared to EtAc

solvent control, in a pattern that mirrored the transcriptomics data (Figure 2.4E).

RT-qPCR results of scl − 25, a gene that was upregulated only on day 5, also confirmed

upregulation following S. ven treatment (Figure 2.4G). In total, these DEGs are all

predicted to be localized to the plasma membrane or secreted molecules and have known,

or predicted, roles associated with innate immune function. However, associations with

neurodegeneration or a xenobiotic have not been previously assigned to these specific gene

products.

2.4.5 Neuronal Phenotypes Following RNAi of Phase I Gene Products
Revealed Differences in Metabolism of S. ven

Our transcriptomic data identified six DEGs encoding Phase I cytochrome P450

enzymes. These enzymes are monooxygenases that have many substrates. The substrates

for some of these enzymes are endogenous compounds, such as steroids or fatty acids.

However, many of the P450 oxidases have critical roles in the biotransformation of

xenobiotics through oxidative metabolic reactions [38]. We used RNAi to knockdown select

DEGs encoding CYP450s cell non-autonomously and analyzed DA neurodegeneration on

day 9 (Figure 2.5). Two of these were downregulated in response to metabolite exposure;

cyp− 13A5 was identified as a day 5 DEG and the other, cyp− 37B1, as a day 7 DEG

(Tables 2.2, 2.3). Depletion of these downregulated genes resulted in neuroprotection

following exposure to the S. ven metabolite compared to solvent control (p = 0.0025 and p
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= 0.0545, respectively), suggesting that the expression of these gene products enhances

neurodegeneration (Figure 2.5B, C).

The transcripts of four CYP450 gene transcripts were upregulated in our

transcriptomics analyses (Tables 2.2, 2.3). One gene that was upregulated at day 5,

cyp− 34A10, enhanced DA neurotoxicity in combination with the metabolite compared to

the EtAc control when it was knocked down by RNAi (p = 0.0012) (Figure 2.5D). When

combined with the data on the knockdown of our downregulated DEGs (Figure 2.5B, C),

these data suggest that the activity of Phase I metabolism gene products increases

neurodegeneration. This caught our attention because most phase I reactions act to

increase water solubility and reduce the toxicity of a compound. However, some oxidative

reactions can result in a more toxic, reactive compound through bioactivation [25], and it

appears that CYP34A10, is such a gene product.

To further explore whether additional upregulated CYPs bioactivate the S. ven

metabolite, we knocked down the only Phase I DEG that was upregulated at both days 5

and 7. This gene, cyp− 35B2, was also the most upregulated DEG from our analysis.

When cyp− 35B2 was knocked down, neurodegeneration was enhanced, even in the

absence of metabolite, suggesting an important role for cyp− 35B2 for normal neuronal

health (Figure 2.5E). When exposed to the metabolite, knockdown of cyp− 35B2

attenuated DA neurodegeneration compared to EV control RNAi (p = 0.0471), suggesting

that this Phase I gene product reduces the neurotoxicity of the S. ven metabolite

(Figure 2.5E). We performed RT-qPCR on cyp− 35B2 and confirmed upregulation of gene

expression on both days 5 and 7 (Figure 2.5F). In total, we identified CYPs that increased

and decreased the toxicity of the metabolite.

2.4.6 S. ven-induced DA Neurodegeneration is Attenuated when Phase II
Detoxification Genes are Depleted

In Phase II reactions, substrates are conjugated with a water-soluble group to

facilitate excretion. We identified two DEGs encoding Phase II detoxification transcripts,
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Figure 2.5: Phase I and phase II detoxification genes modulate DA neurodegeneration
in C. elegans following S. ven exposure. (A) Key denoting gray bars represent EtAc, white
bars represent 20X S. ven treatment, peach indicates phase I genes and brown indicates phase II
genes. (B-E) Phase I detoxification genes were knocked down in adult day 9 Pdat−1::GFP animals
following chronic exposure to EtAc or 20X S. ven metabolite. Knockdown of cyp − 13A5 (B)
cyp − 37B1 (C) and cyp − 35B2 (E) results in decreased DA neurodegeneration following 20X S.
venmetabolite exposure compared to the EV S. venmetabolite control. Knockdown of cyp−34A10
enhanced DA neurodegeneration in an S. ven metabolite background alone and in comparison to
the EV S. ven metabolite control (D). (G,H) Knockdown of phase II enzymes ugt − 22 (G) and
ugt− 66 (H) results in decreased neurodegeneration when exposed to S. ven metabolite compared
to the EV S. ven metabolite control. (F, I) Quantification of cyp − 35B2 (F) and ugt − 22 (I)
mRNA expression levels following EtAc and 20X S. ven exposure in adult day 5 or 7 animals.
Neurodegeneration data represented as mean ± SD. n = 30 animals per replicate, three independent
replicates per treatment; two-way ANOVA with Tukey’s post hoc test for multiple comparisons.
qPCR data analyzed by Student’s t-test and presented as mean ± SEM of three biological replicates,
with three technical replicates each; at least 100 animals were used for each replicate. Significance
represented by exact p-values. All RT-qPCR data normalized to EtAc control.
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ugt− 22 and ugt− 66 at day 7. These DEGs both belong to the uridine

5’-diphospho-glucronosylatransferase (UGT) family and are homologous to the human

UGT1A1 protein. Using RNAi knockdown in whole animals to decrease the expression of

ugt− 66 (Figure 2.5G) and ugt− 22 (Figure 2.5H), we observed enhanced protection

against S. ven induced DA neurodegeneration compared to EtAc control (p = 0.0121 and

p = 0.0163, respectively). RT-qPCR confirmed upregulation of ugt− 22 following exposure

to S. ven, in agreement with transcriptomics data (Figure 2.5I). The reduced

neurodegeneration seen following RNAi of both ugt genes is notable, as glucuronidation is

typically not known to cause bioactivation, but reduce the toxicity of compounds. Given

these data, it suggests that in S. ven metabolite treated animals, these genes contribute to

neurodegeneration.

2.4.7 RNAi and Neurodegeneration Assays of non-CYP Phase I Genes
Produced Uncovered Differences in Metabolism of S. ven

The CYP enzymes contribute to most of the oxidative, Phase I, metabolism of

xenobiotics. However, non-CYP enzymes can also assist in these reactions. Notably, we

identified three DEGs encoding non-CYP oxidative enzymes in response to the S. ven

metabolite. These were the upregulated flavin-containing monooxygenase (fmo− 3) and

the down-regulated alcohol dehydrogenase (adh− 1) and xanthine hydrogenase (xdh− 1)

(Tables 2.2, 2.3).

To evaluate the influence of these gene products, we employed RNAi to knockdown

these candidates in whole worms to assess their impact on metabolite-induced

neurodegeneration (Figure 2.6A). First, we examined adh− 1. It is predicted to enable

NAD+ dependent alcohol dehydrogenase activity [33]. This gene was previously reported

to be upregulated in defense against S. aureus [6] and M . nematophilum [56], which are

both gram-positive bacteria. In contrast, adh− 1 was downregulated on day 5 (Table 2.2)

following exposure to the excreted metabolites of S. ven, also a gram-positive bacterium.

Depletion of adh− 1, to further suppress expression of this gene product, resulted in
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neuroprotection following exposure to the S. ven metabolite compared to solvent control

(p = 0.0316), suggesting that the expression of this gene product enhances

neurodegeneration (Figure 2.6B).

We also examined xdh− 1. The encoded gene product, xanthine dehydrogenase

(XDH-1), belongs to the molybdenum-containing hydroxylases group of enzymes that

oxidatively metabolizes purines. Notably, in mammals, the XDH protein has been identified

to perform a mechanistically distinct function via an interconversion to xanthine oxidase

(XO). The transition of XDH to XO results in an increase in ROS production contributing

to the production of both O2 and H2O2 through one- and two-electron reduction, leading

to oxidative damage [48, 66].This conversion can occur reversibly by sulfhydryl oxidation or

irreversibly through proteolytic modification [54]. This interconversion has been studied

widely, including as a defense strategy against infectious pathogens. As an example, in

mice infected with influenza, the ratio of XO to XDH activity in samples of alveolar lavage

fluid increased from ∼0.15 to 1.06 [2]. In our dataset, xdh− 1 was downregulated on day 7

(Table 2.3) following exposure to S. ven. We depleted xdh− 1 by RNAi to further

suppress expression of this gene product but this did not change the amount of

neurodegeneration compared to the EV control (Figure 2.6C). xdh− 1 RT-qPCR

validation showed consistent decreased mRNA expression compared to RNA seq results

(Figure 2.6D). We found it intriguing that RNAi knockdown of xdh− 1 did not result in a

discernable response, since all other genes we examined resulted in defined phenotypes

(Figures 2.4 2.5). However, knowing that the XDH-1 gene product can interconvert to XO,

we asked if XO enzyme activity was modulated in worms treated with S. ven metabolite.

We measured XO activity in day 7 adult worms treated with metabolite or control and

observed a significant increase in XO activity between the two treatment groups, with S.

ven treated worms displaying 1.7x the amount of XO compared to EtAc (Figure 2.6E).

These results show there is significant shift to XO following S. ven treatment.
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2.4.8 The Neurotoxic Effect of the S. ven Metabolite is Associated with
Exogenous Calcium

The production of ROS is associated with many processes, including alterations in

calcium signaling. Previous studies have identified altered calcium homeostasis playing a

central role in the oxidation of XDH and the production of XO [3, 48, 43]. To determine

whether changes in CaCl2 levels contribute to neurodegeneration in our model, we added

double and triple the amount of CaCl2 (2 and 3 mM) into normal media without the

metabolite. We determined that tripling the CaCl2 levels (3 mM) enhanced

neurodegeneration, comparable to levels seen in the metabolite background (Figure 2.6F).

Subsequently, we tested whether removing the normal CaCl2 supplement from the worm

plates (1 mM) would decrease neurodegeneration following metabolite exposure. We

discovered that worms exposed to S. ven without the CaCl2 no longer exhibited

neurodegeneration. Additionally, compared to worms treated with the 1 mM CaCl2 and S.

ven regimen, worms grown on CaCl2 free plates showed protection against metabolite

exposure (p < 0.0033) (Figure 2.6G). These results suggest that calcium is important for S.

ven-induced neurodegeneration. Thus, we considered whether removal of CaCl2 would alter

the activity level of XO in the ex vivo assay. Here, we found worms grown on media

without exogenous CaCl2 yet exposed to S. ven no longer displayed higher levels of XO in

comparison to controls (Figure 2.6H). Overall, these results suggest that exposure to S.

ven metabolite increased C. elegans XO activity and this likely contributed to

neurodegeneration, via increased ROS when CaCl2 was provided exogenously to the worm

media.
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Figure 2.6: S. ven metabolite induces xanthine oxidase activity dependent on calcium.
(A) Key in which the gray bars represent EtAc treatment, white bars are 20X S. ven treatment and
dark gray bars have no treatment.(B) C. elegans DA neurodegeneration on adult day 9 animals
following RNAi of adh − 1 in the presence of EtAc or 20X S. ven metabolite treatment. Loss of
adh− 1 results in decreased neurodegeneration in animals exposed to 20X S. ven metabolite alone
and compared to the 20X S. ven metabolite EV control. (C) C. elegans DA neurodegeneration
in adult day 9 Pdat−1::GFP animals following RNAi of xdh− 1 in the presence of EtAc or 20X S.
ven metabolite treatment. Loss of xdh − 1 has no impact on DA neurodegeneration in animals
exposed to 20X S. ven metabolite (D) Quantification of xdh − 1 mRNA gene expression levels
in adult day 7 animals following exposure to EtAc or 20X S. ven metabolite. (E) Xanthine
oxidase activity was measured in day 7 adult worms following chronic exposure to EtAc or 20X
S. ven metabolite treatments on 1mM CaCl2 plates. (F) C. elegans DA neurodegeneration
in adult day 9 Pdat−1::GFP animals following exposure to 1, 2 or 3 mM CaCl2. 3mM CaCl2
results in enhanced neurodegeneration. (G) Adult day 9 animals grown on plates without CaCl2
display reduced DA neurodegeneration alone and following chronic exposure to S. ven metabolite
compared to the 1mM S. ven control. (H) Xanthine oxidase activity was measured in day 7
adults chronically exposure to EtAc or 20X S. ven metabolite and grown on plates omitting
CaCl2. Neurodegeneration data represented as mean ± SD. n = 30 animals per replicate, three
independent replicates per treatment; one-way ANOVA or two-way ANOVA with Tukey’s post
hoc test for multiple comparisons. Xanthine oxidase activity aata were analyzed with Student’s
t-test and presented as mean ± SD; at least 120 animals were used for each replicate; 3 biological
replicates. RT-qPCR mRNA data analyzed by Student’s t-test and presented as mean ± SEM
of three biological replicates, with three technical replicates each; at least 100 animals were used
for each replicate. Significance represented by exact p-values. All qPCR data normalized to EtAc
control.
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2.5 DISCUSSION

While few environmental exposures have been assigned to neurodegenerative

pathogenesis, the idiopathic nature of these diseases requires unconventional routes of

investigation. Previously, we reported that S. ven metabolite(s) caused DA

neurodegeneration in C. elegans and SH-SY5Y cells [9]. This metabolite also caused

mitochondrial dysfunction and oxidative stress [62, 36]. A meta-analysis of epidemiological

studies suggests that there appears to be a higher prevalence of PD within individuals that

reside in rural areas and are engaged in farming activities, however, the causative factor is

unidentified [7]. Perhaps human interaction with the soil itself is a risk factor, whereby,

over a long period of time, metabolite(s) from common soil bacteria, such as S. ven, lead

to neurodegeneration.

While we did not identify DEGs associated with removal of the metabolite, almost

all of the DEGs were connected to the DAF-16 transcription factor through genetics,

microarray analysis, lifespan studies, or bioinformatic analyses (Table 2.5). Since DAF-16

is a major transcription factor required for stress response [41], these data support our

hypothesis that when C. elegans encounters the S. ven metabolite, a stress response

signature is activated that includes DAF-16. The premise is supported by previous data,

where we discovered that exposure to the S. ven metabolite significantly re-localized the

DAF-16 transcription factor from the cytosol to the nucleus [62].

We ascertained that 30% of our DEGs contained either a daf − 16-binding element

(DBE) or a daf − 16 associated element (DAE) from a bioinformatics analysis. This

suggests a sustained role for DAF-16 following exposure to the S. ven metabolite. Many of

the genes with the DAF-16 binding elements were associated with the gene ontology (GO)

terms detoxification and stress response. Because DAF-16 can modify expression levels

both directly and indirectly through binding motif sequences (DBE and DAE,

respectively), we determined whether there was a transcriptional requirement for DAF-16

following metabolite exposure using RT-qPCR with four exemplar DEGs. These DEGs
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represented three up-regulated genes, which encoded two Phase I CYP enzymes, a

non-CYP Phase I enzyme (fmo− 3) and a down-regulated gene (set− 18). We determined

that DAF-16 function, in combination with S. ven positively regulated the expression of

cyp− 35B1 and set− 18. We also speculate that DAF-16 negatively regulated

cyp− 34A10; furthermore, DAF-16 did not regulate fmo− 3 expression in the presence of

S. ven (Figure 2.3). However, also examined the transcription factor PQM-1 for a role in

modulating gene expression in the presence of S. ven metabolite and there was a

requirement for PQM-1 for fmo− 3 gene expression. Occasionally, PQM-1 and DAF-16

co-regulate targets, as has been previously described for a small subset of DAF-16 targets

that contain both binding elements [40]. We identified that set− 18 was transcriptionally

regulated by PQM-1 and DAF-16.

The most upregulated DEG was a gene encoding a Phase I enzyme, cyp− 35B2; it

was identified on both days 5 and 7, indicating a sustained transcriptional response for this

Phase I gene product. This is not surprising, considering that 19 chemicals have previously

been shown to regulate the expression of cyp− 35B2 in C. elegans [50]; these include the

common proton pump inhibitor lansoprazole and phenobarbital, which is used to control

seizures. Knockdown of cyp− 35B2 in the presence of S. ven, provided evidence that the

gene product is an important contributor toward enhancing the toxicity of the parent

compound (Figure 2.5E). Mechanistically, toxicity reduction should occur through an

increase in water solubility of the parent compound. These data suggest the S. ven parent

compound became more toxic through the process of bioactivation. While these data are

interesting to consider, another upregulated Phase I DEG, cyp− 34A10, displayed the

opposite phenotype following RNAi knockdown and S. ven metabolite challenge

(Figure 2.5D). Here, reduction of cyp− 34A10 resulted in enhanced neurodegeneration with

the addition of the S. ven metabolite. These data are surprising and suggest delayed

detoxification contributes to DA neurodegeneration. Due to reduced cyp− 34A10 gene

product, the parent compound exists at a higher concentration for a longer period resulting
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in more toxicity. There is scant literature describing activity of this enzyme in C. elegans.

However, it is essential for the metabolism of the diabetes drug tolbutamide [26] and

PCB52 (2,5,2’,5’-tetrachlorobiphenyl) is an effector of cyp− 34A10 [51] in C. elegans.

Two other Phase I DEGs we analyzed were down regulated in our transcriptomics

analysis (cyp− 13A5 and cyp− 37B1). When we further reduced their function and added

the metabolite, neuroprotection resulted (Figure 2.5B, C) which was surprising, but further

supported our findings that cyp− 35B2 bioactivated the parent compound through Phase I

enzymatic processing. Interestingly, PCB52 not only upregulates cyp− 34A10, but it also

upregulates cyp− 37B1, just to a lesser degree [51]. Thus, it would be interesting to know

if CYP-34A10 and CYP-37B1 function in a regulatory network to oxidatively metabolize

xenobiotic substances. Similarly, cyp− 13A5 has been previously reported to function with

multiple CYPs, suggestive of an extensive regulatory network [39, 78] We identified two

upregulated DEGs encoding Phase II enzymes (UGT-22 and UGT − 66); they were both

within the UDP-glucuronosyltransferase family. When they were knocked down in our C.

elegans model, neurodegeneration was attenuated when treated with S. ven metabolite

(Figure 2.5). These data suggest that the S. ven parent compound becomes more toxic

through bioactivation of the normal enzymatic activity of Phase II enzymes, as well as

Phase I enzymes. While these genes (ugt− 22 and ugt− 66) encode family members of a

main class of Phase II enzymes, there are several other Phase II detoxification enzyme

families that were not represented in our data set. Considering that DA neurodegeneration

is most evident beginning at day 9, and we collected RNA and days 5 and 7 for our

transcriptomics analyses, it is quite possible that we did not capture all Phase II enzymes

associated with host inactivation of the S. ven metabolite. We were initially puzzled with

our transcriptomics identification of three DEGs encoding non-CYP Phase I enzymes,

considering that these enzymes are typically less inducible. However, since most of the

Phase I and II enzymes bioactivated the S. ven, additional gene regulation to potentially

reduce this toxicity are a logical cellular response. For example, we determined that S. ven
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metabolite exposure down regulated xanthine dehydrogenase (xdh− 1) gene expression,

with a concomitant increase in xanthine oxidase (XO) enzyme activity in C. elegans

(Figure 2.6). Physiologically, both enzymes can participate in detoxification of xenobiotics

and endogenous compounds, but also contribute to oxidative stress environments [12]. This

suggests that in the presence of S. ven, when CYP Phase I enzyme metabolism

bioactivates the metabolite, it could lead to increasing levels of ROS and shift XDH to XO.

Of the two forms, XO is primarily associated with ROS generation. If the production of

hydrogen peroxide and molecular oxygen overwhelm organism scavenging systems, damage

to intracellular targets and pathways will occur [3] and XO enzyme levels will be higher in

diseased conditions [23].

In total, we hypothesize that as part of a strategic defense mechanism in the soil,

the nematode has honed a generalized mechanism requiring multiple up- and

down-regulated oxidative reactions, to disable toxic substances. In addition to identifying

DEGs encoding Phase I and II enzymes, we identified at least four DEGs that are

associated with activation of the immune response pathway, all on day 7. This is a

secondary protective mechanism against xenobiotics [69].

It is notable that Phase III molecules were not identified. They have a critical role

in the final step of compound excretion and include solute carriers, P-glycoproteins (pgp),

ATP-binding cassettes, and ion channels. In retrospect, if we had isolated RNA at later

time point as well (day 8 and/or 9), we might have identified Phase III detoxification

DEGs. However, it is interesting that no early Phase III DEGs were captured on day 7.

Perhaps the metabolite is not ever fully excreted from C. elegans, and this leads to over

accumulation and cellular damage. Another possibility is that the genes encoding Phase III

transporters do not need to be upregulated to facilitate the excretion of the metabolite.

Notably, dysregulation of calcium homeostasis is associated with neurological

disorders such as PD [13, 23, 53, 21]. XDH is a key enzyme in the catabolism of purine

nucleotides to uric acid. Consistent with our data, the upstream regulator of XDH, inosine,
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is protective against neurodegeneration in both in vitro and in vivo PD models [14, 18]. A

small clinical trial was initiated to test inosine as a therapeutic for PD patients. However,

it was halted because the clinical progression of PD was not slowed from the treatment

with oral inosine [30, 67]. C. elegans xdh− 1 was down regulated following S. ven

exposure. This DEG, along with two others (fmo− 3 and adh− 1), encode non-CYP

Phase I enzymes. It is notable that non-CYP Phase I enzymes are usually non-inducible or

less inducible [5]. However, in our transcriptomics data set, 8.6% (3/35) of the DEGs

encoded non-CYP Phase I enzymes. In total, approximately 20% of the DEGs belong to

Phase I or II detoxification and a further 15% were associated with innate immunity. As a

soil dwelling organism, it is likely that C. elegans has honed defense strategies against the

toxic insults from the soil bacterium S. venezuelae. In support of this hypothesis,

transcriptional profiling of C. elegans following S. ven exposure identified a select group

of only 35 out of ∼24,000 total genes modified by this treatment, suggestive of high

specificity. We posit that this reflects an evolutionary adaptation based on mutual

environmental antagonism.

Specifically, 1 mM CaCl2 supplementation was necessary for S. ven

neurodegenerative activity (Figure 2.6G) while 3 mM CaCl2 was sufficient for inducing

neurodegeneration without S. ven (Figure 2.6F vs. Figure 2.6G). We measured XO

activity levels and discovered that S. ven increased XO levels compared to control when

there was also 1 mM CaCl2 in the media (Figure 2.6E). Conversely, when worms were

exposed to S. ven with 0 mM CaCl2 in the media, there was no difference the amount of

XO activity between treatment and control and there was an amelioration of

neurodegeneration (Figure 2.6G, H). These data suggest that worms treated with S. ven

metabolite have increased ROS from H2O2 and O2 production. Further, that calcium stores

are required for XO activity (Figure 2.6E, H) and DA neurodegeneration (Figure 2.6F, G).

It was previously shown that reducing calcium stores decreased the production of XO [77].

Taken together with previously reported interactions between XO and calcium [3, 48, 43],
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our data support a mechanism whereby the S. ven metabolite triggers a stress response

dependent on calcium. However, the underlying mechanism is undoubtedly complex and

involves the integration of several systems and processes. Future studies will examine

gene-by-environment (S. ven) interactions to further characterize this relationship.

It is widely believed that a combination of gene-by-environment interactions might

contribute to the onset and/or progression of PD. These environmental exposures could

include toxins from natural sources that induce cellular oxidative stress. Chronic, and

perhaps, low-level exposure to environmentally produced compounds exacerbate

neurodegeneration, but might also provide a window into therapeutic benefit. For example,

in a companion paper (Thies et al., currently in review), we chronically exposed C.

elegans to a lower concentration of the S. ven metabolite (20X herein, 5X in the

subsequent study). With the lower (5X) concentration, we identified a protective, hormetic

response whereby lifespan of C. elegans is extended and did not cause DA

neurodegeneration. In this follow up study, we assessed many of the same DEGs and found

that they are differentially regulated following exposure to each concentration. As such, we

posit that the C. elegans defense machinery acts as a double-edged sword, dependent on

toxic level exposures and that we have an opportunity to harness this neurotoxic

molecule(s) for future potential therapeutic benefit.
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3.1 ABSTRACT

Streptomyces venezuelae (S. ven) is a soil dwelling bacterium that produces a

neurodegenerative secondary compound. This secondary compound caused dopamine (DA)

neurodegeneration, increased oxidative stress and disrupted mitochondrial function

inducing Parkinsonism phenotypes in C. elegans. However, the impacts of how this

compound may influence aging and behavior have received little attention. Here we

indicated that exposure to two different concentrations of S. ven metabolite caused a

hormetic aging response in C. elegans in which a low-stimulatory concentration (5X)

extends lifespan and does not enhance DA neurodegeneration, whereas a high

concentration (20X) decreases lifespan and induces DA neurodegeneration. The stress

response transcription factor DAF-16 is required for this hormetic aging response to occur,

and through additional genetic studies, we determined that genes associated with redox

and detoxification functions displayed alterations in expression levels at different life stages

following exposure to each concentration. Furthermore, studies indicated that activation of

the AMPK pathway is also required for the longevity response, as mutants of this pathway

display decreased lifespan when exposed to metabolite. The extended lifespan phenotype

can be reestablished with overexpression of AAK-2. Interestingly, we showed that each

concentration results in differences in mitochondrial membrane potential and mitochondrial

mass that may contribute, in part, to the aging differences. Additionally, extended lifespan

is accompanied with increased resistance to oxidative and osmotic stresses. Overall, we

further characterize a mechanistic understanding of how S. ven metabolite influences aging.
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3.2 INTRODUCTION

Like most neurodegenerative disorders, Parkinson’s Disease (PD) is associated

with the aging community. The prevalence in the general population is less than 0.5%. For

individuals over 60, this number increases to 1% and for individuals >80 years old this

number rises to 4% [13]. Genetics and mutations have also been associated with the

development of PD; however, not all who develop PD have a genetic association with the

disease. To date, the underlying molecular mechanisms that cause PD remain unknown,

but progress has been made in understanding risk factors that lead to its development.

Genetic and environmental factors, both alone and in combination, are implicated in PD

development. Environmental factors such as agricultural chemicals, neurotoxicants and

pesticides have been shown to contribute to sporadic forms of PD, or those that are caused

outside of genetics [70, 12]. Aside from these risk factors, one of the foremost contributors

to the development of numerous diseases, is aging. Thus, understanding the molecular and

cellular processes that underlie and accelerate the aging process is fundamental to further

comprehend the disease.

Aging is one of the most complex yet intriguing biological processes to understand.

Aging consists of the progressive deterioration of cells and tissues within an organism that

starts immediately after birth, and this gradual decline in cellular function and health

increases the susceptibility of developing various diseases [17, 48]. At a cellular level, aging

is associated with increased DNA modifications such as DNA methylation and epigenetic

alterations, inefficient organelle turnover and increased oxidative stress. [29]. Conditions

such as decreased stress resistance, proteostatic and mitochondrial dysfunction, and

genomic instability have all been associated with aging individuals [32, 59]. To some

extent, research has shown aging to be genetically regulated, as several theories have been

proposed and studied to further comprehend the aging process [17]. However, aging can be

influenced by extrinsic factors, such as diet, exposure to environmental chemicals and
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toxins, living conditions, and physical activity. Any of these factors in combination with

genetics can ignite and accelerate the process of aging [85], and the development of

age-associated diseases.

Reduction in the insulin/insulin-growth factor (IGF)-like signaling pathway (IIS)

was first reported to extend lifespan in Caenorhabditis elegans [43]. However, aside from

IIS, several other signaling pathways can regulate longevity and aging. Forkhead box O

(FOXO), AMPK, MAPK, and mTOR pathways were discovered to regulate aging and

longevity first in C. elegans (reviewed in: [44]). These pathways share evolutionarily

conserved genes from yeast to mammals. In C. elegans, IIS signaling and MAPK signaling

are known to be major regulators of aging, metabolism, stress resistance, and innate

immunity, with conservation across other model organisms [43, 9, 87, 90]. Furthermore,

pathways that regulate the imbalance between ROS and antioxidant systems have been

shown to regulate lifespan and act in parallel to IIS signaling in C. elegans [5]. Disruption

to any element within these pathways can result in adverse effects within an organism. For

years IIS signaling has been implicated in aging and neurodegenerative diseases [20, 24].

Reducing the activity of the insulin/IGF-1 receptor daf − 2 is known to dramatically

extend C. elegans lifespan [43]. These changes in lifespan depend on complete functional

activity of the FOXO transcription factor DAF-16. Under normal conditions, when the IIS

pathway is activated, DAF-16 remains in the cytoplasm, where it is held transcriptionally

inactive [42, 88]. However, under stress induced conditions, for instance the production of

ROS, IIS signaling is reduced and DAF-16 is activated. This activation results in DAF-16

localizing to the nucleus where it alters the expression of downstream target genes aimed at

organismal protection [65, 81].

While the process of aging is far too complex to be explained by one mechanism,

increased intracellular ROS levels is a prominent theory. Oxidative stress is known to

provoke a broad range of cellular responses resulting from an imbalance between the

production of ROS and the antioxidant defense system. This imbalance can generate and
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accelerate cell damage, leading to subsequent impairment to proteins, lipids, and DNA.

Many assume this to be at the forefront of the physiopathology and age-related diseases

[45, 23]. ROS are important cellular molecules that participate in modulating intracellular

signaling and redox homeostasis among other processes. It has been proposed that

low-level stresses early in life might induce a complex stress response that involves changes

in gene expression resulting in lifespan extension [74]. This is true for ROS as low doses are

known to promote cell proliferation and increase lifespan and function as a neuroprotective

molecule, while high levels contribute to negative consequences in cellular health

[84, 47, 76, 77]. This phenomenon is known as hormesis; where low doses of an otherwise

typically toxic substance can stimulate a beneficial response or increased resistance against

future encounters, whereas high doses are toxic or inhibitory [37]. Recent work has shown

plant extracts and secondary metabolites produced by fruits and some bacteria, also have

anti-aging and neuroprotective properties in organisms. Many of these natural products

have been used in the field of medicine for other purposes for years due to the beneficial

effects they impart on cells and organisms such as promoting longevity, increasing

resistance to stressors and delaying aging [18, 62, 72, 51]. Recent studies in C. elegans have

found exposure to low doses of phytochemicals produced by the plant species, Dioscorea

spp, extend lifespan through mild ROS induction and activation of stress response

pathways and that non-cell autonomous induction of a mitochondrial stress response at low

doses was protective against age-related decline and extended longevity [19, 26].

Previously, we identified a novel environmental contributor to dopaminergic (DA)

neurodegeneration from Streptomyces venezuelae (S. ven) in C. elegans and cultured

human neurons. Exposure to this environmental toxin increased oxidative stress, inhibited

mitochondrial complex I, disrupted mitochondrial dynamics, and reduced ATP production

[75, 46]. Moreover, previous studies discovered that the neurodegeneration and cellular

response to this bacterial product was associated with AMPK activation [46]. Exposure to

xenobiotics, including environmental stressors are known to induce hormetic responses.
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Paraquat and juglone, two ROS generating agents, increase lifespan when administered at

low doses, but are lethal at high doses [34, 8, 55]. Likewise, antimycin, a mitochondrial

inhibitor, can extend lifespan when applied in a certain manner [16]. All of these

compounds were reported to extend lifespan by generating mild ROS conditions. In the

wild, hormesis is an adaptive quality to have during specific situations in which the initial

responses are a forewarning for what is to come [82]. Here we describe how exposure to S.

ven metabolite is associated with a hormetic aging and neurodegenerative response coupled

with changes in ROS, following exposure to two different concentrations, low- further

denoted as 5X, and high- designated as 20X. The hormetic aging response in dependent on

functional DAF-16, as daf − 16 mutants display decreased lifespan suggesting that

hormetic response is abolished. To further investigate the underlying mechanism of this

hormetic response, we found disruption to genetic components in the AMPK pathway

further caused lifespan differences and abolished the extended lifespan phenotype following

exposure to 5X S. ven metabolite. We additionally investigated whether the extended

lifespan phenotype conferred any additional benefits. We demonstrate that exposure to 5X

metabolite was associated with increased stress resistance and delayed decline in locomotive

behavior. Differences in mitochondrial membrane potential and mitochondrial-derived ROS

were also seen in worms exposed to 5X metabolite compared to 20X. Overall, we identify a

pathway and mechanism by which the metabolite works through DAF-16 and AMPK to

cause a hormetic aging response and differences in stress resistance.

3.3 MATERIALS AND METHODS

3.3.1 C. elegans Strains and Maintenance.

Nematodes were grown and maintained on OP50 E. coli bacteria at 20◦ using

standard C. elegans laboratory conditions [10]. Some strains were provided by the CGC,

which is funded by NIH Office of Research Infrastructure Programs (P40 OD010440). The

following strains from the Caenorhabditis Genetics Center include: N2, CF1038 (daf − 16
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(mu86)), TJ356 (zls356 [Pdaf − 16::GFP, rol]), KN259 (huls33 [Psod− 3::GFP, rol6

(su1006)]), VC8 (jnk − 1 (gk7)), WBM60 (aak − 2p::aak − 2(genomic

aa1-321)::GFP::unc-54 3’UTR +myo-2p::tdTOMATO], RB754 (aak − 2 (ok524)), MAH172

(argk − 1 (ok2973)). BY250 [vtls7 (Pdat− 1::GFP)] was provided courteous of Randy

Blakely (Florida Atlantic University).

3.3.2 Isolation and Extraction of S. venezuelae Metabolite

Streptomyces venezuelae (S. ven) metabolite was generated as previously

described [75]. Briefly, spores from S. ven (ARS NRRL) were inoculated in 6 liters of SYZ

media in artificial saltwater and grown at 30◦C in a floor shaker for 3 weeks. Samples were

then collected, and cell debris removed by centrifugation at 12,000 x g for 10 min;

supernatant were sequentially passed through eight PES filter membranes with the

following range of pore sizes: 6, 2.7, 2.0, 1.6, 1.2, 0.7, 0.45 and 0.22µm. The retrieved

conditioned media was further extracted with an equal volume of dichloromethane 4 times

using a separatory funnel. The DCM organic layers were collected and dried; and the

remaining residue was resuspended in 2mL of EtAc to create a concentrated stock solution.

New batches of metabolite are tested for neurodegenerative activity, where 25µL of

concentrated stock solution was reconstituted in 2mL of EtAc to establish a working

concentration. This “20X” concentration is assayed for neurodegeneration as described in

the next section. If this concentration resulted in ∼20% death of DA neurons by day 9 of

exposure, then this was used as the working stock for all assays. If not, then further

titration was performed. For a ”5X” concentration, 7µL of concentrated stock solution was

reconstituted in 2mL of EtAc to establish a working concentration. For the experiments in

this manuscripts, one batch of S. ven metabolite was used for all experiments except the

RT-qPCR experiments and the jnk − 1and aak − 2 lifespan experiments.
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3.3.3 S. venezuelae Metabolite Treatment

Assays in this study were completed at either 20X concentration of metabolite or

5X concentration. For the 20X concentration 20µL of concentrated S. venezuelae stock

solution was reconstituted in 1mL of ethyl acetate. For a 5X concentration, 5µL of

concentrated S. venezuelae stock solution was resuspended in 2mL of Ethyl Acetate

(EtAc). For neurodegeneration, nuclear localization, and lifespan assays, S. venezuelae

metabolite or EtAc was seeded to the surface of the OP50 E. coli bacterial lawn on

nematode growth media (NGM) plates and allowed to dry for 20 minutes in a biological

safety hood. Nematodes were transferred to plates with freshly layered metabolite every

day starting at day 3, until the day of analysis unless otherwise specified. As a side note, a

20X concentration is standard to use when working with the GFP-only worm strain, as this

concentration has been shown to cause a moderate amount of dopaminergic

neurodegeneration in C. elegans.

3.3.4 C. elegans Neurodegeneration Assays

The six dopaminergic neurons in the anterior region of the nematode were

analyzed by fluorescent microscopy for neuronal deformities and neurodegeneration as

previously described [30]. Briefly, if a worm had all six neurons intact with no

abnormalities, it was WT. Each neuron was accounted for when marking neuronal health;

this includes the four cephalic (CEP) neurons and two anterior deirid (ADE) neurons. If

any of the neurons contained axonal breakage, blebbing or pearling, or any other

deformities they were marked as degenerated.

3.3.5 C. elegans Lifespan Assays

C. elegans lifespan was performed under modified conditions. To ensure we had

enough worms to complete the analysis, 10-15 Day 4 adults were allowed to egg lay for two

hours on plates that contained either S. ven metabolite of Ethyl Acetate. After two hours,

adults were removed from the plates and plates were put at 20 degrees C where embryos
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were allowed to hatch and grow until larval stage 4 (L4). At this time, 15 age synchronized

L4 worms were transferred onto each of 10 fresh NGM plates with either S. ven metabolite

or Ethyl Acetate for a total of 150 worms for each condition. 45µL of either S. ven or EtAc

was added to the bacterial lawn for consistent treatment exposure. The first day worms

were put onto treatment plates counted as Day 0. Worms were counted every 24 hours and

scored as either “alive”, “dead”, “lost”, or “rejected” until all worms were accounted for.

Rejected worms consisted of those that exhibited bagging (internal hatching of offspring) or

vulval protrusion. Worms were transferred every 48 hours to ensure that only target worms

were accounted for and to limit offspring from growing up. FuDR was not used in these

plates as we did not know how it may interact with the metabolite and it has been shown

to affect C. elegans lifespan [2]. Once all worms were accounted for, the experiment was

concluded, and results were obtained using the Log Rank (Mantel-Cox) Test.

3.3.6 Reporter Strain Measurements

3.3.6.1 daf − 16::GFP nuclear localization assay.

Localization of DAF-16 was performed as previously described [75]. Briefly, 20

worms per replicate were imaged on day 3, 5 or 7 of adulthood. Worms were exposed to

EtAc, 5X S. ven or 20X S. ven and transferred every day after day 3 of adulthood until

the day of analysis. Following imaging, pictures were analyzed for localization subtype

which consisted of “nuclear” localization, or “cytoplasmic” localization. Data were

analyzed using a Chi-square analysis test in a 2x2 contingency table to obtain statistical

significance.

3.3.6.2 sod− 3::GFP fluorescent intensity measurements

Fluorescent intensity was performed as previously described [75]. Briefly, 30

animals were imaged per replicate, with consistent 250ms exposure time. Worms were

exposed to EtAc, 5X S. ven or 20X S. ven treatments and transferred every day after day

3 of adulthood until the day of analysis. Animals were analyzed at days 3, 5, 7, and 10 and
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imaged using a LAS Thunder Imager (Buffalo Grove, IL). Images were analyzed using

LASX software (Version 3.7.4.23463, Buffalo Grove, IL) with a 25µmx25µm circle for day 3

animals and a 100x100µm region for day 5, day 7, and day 10 adults on the most posterior

bulb of the pharynx.

3.3.7 Stress Resistance Assays

All stress resistance assays were performed using adult N2 hermaphrodites

chronically exposed to EtAc, 5X or 20X S. ven metabolite treatments and assayed on days

3, 5, 7, and 10.

3.3.7.1 Oxidative Stress Resistance Assay.

Oxidative stress in worms was induced by subjecting worms to 100mM Paraquat

treatment. Worms were incubated on NGM plates with OP50, treated with either EtAc,

5X, or 20X S. ven metabolite until days 3, 5, 7, and 10 of adulthood. Then they were

transferred to 24 well plates containing 350µL of 100mM paraquat. 10 worms were used

per replicate and 6 replicates were completed per treatment on each day. Worms were

subjected to paraquat treatment for 24 hours and assessed for survival every 4 hours. Some

timepoints were not counted, as all worms from one or more treatments were dead. A

unprotected Fisher’s Exact test was used for comparisons between treatments and strains.

3.3.7.2 Acute Hyperosmotic Stress Assay.

To determine the impact of S. ven metabolite on the resilience to salinity stress,

an acute osmotic stress assay was performed. On the day of analysis, adult animals were

placed on NGM plates containing 500mM NaCl and movement was scored every minute

until all worms were paralyzed or dead. Raw data was entered into a Kaplan-Survival

curve and analyzed using Mantel-Cox Log Rank test.

3.3.7.3 Thermotolerance Assay.

Animals were grown up from embryos on plates seeded with OP50 and one of three

treatments, Ethyl Acetate, 5X S. ven or 20X S. ven metabolite until the specified day. On
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the day analysis, 40 animals were transferred onto NGM plates seeded with OP50 and

incubated at 37◦C for 4 hours. Plates were removed from the 37◦C incubator and allowed

to recover at 20◦C for 24 hours. Survival was scored as the number of animals responsive

to touch out of the original number of animals.

3.3.8 C. elegans Reproductive Assay

Gravid WT adults were allowed to lay eggs on NGM plates seeded with EtAc, 5X,

or 20X S. ven metabolite treatments. Once the F1 generation reached the L4 stage, one

(1) L4 worm was placed onto an individual NGM plate for each treatment, with a total of

5 plates/replicate and three replicates per treatment. Every 24 hours, the single worm was

moved to a new plate. Hatched progeny on each plate were counted 48 hours after laid to

collect an overall total progeny number and progeny number on specific days.

3.3.9 C. elegans Body Length Measurement

For each treatment condition 30 adult N2 hermaphrodites on Days 3, 5, 7, and 10

were analyzed for body length. Worms were exposed to EtAc, 5X, or 20X S. ven

metabolite treated from embryo until day 10 Body length obtained using an automated

video tracking system (MBF Bioscience, Williston, VT) was measured using WormLab

Software (Version 4.0.5; MBF Bioscience, Williston, VT). The maximum length was used

for body measurements of each worm.

3.3.10 C. elegans Thrashing Assay

Thrashing assay was performed on adult N2 hermaphrodites at Day 3, 5, 7, and

10. Worms were obtained via 3 hr egg lays and cultured on NGM plates with OP50 E.

coli. Plates were treated with the specific concentration of metabolite or vehicle control

through the duration of the experiment. C. elegans thrashing was recorded using an

automated video tracking system (MBF Bioscience, Williston, VT). One worm was

removed and placed in a 10 µL drop of M9 buffer and allowed to adapt for 15-30 s. The

worm was placed in 2.5mL of M9 on an unseeded NGM plate and recorded. All videos

94



were analyzed using WormLab Software (Version 4.0.5; MBF Bioscience, Williston, VT).

The frequency (1/s) was recorded over 1 min time intervals. Ten animals were analyzed per

treatment in three independent replicates on each day.

3.3.11 Analysis of Mitochondrial Membrane Potential (∆Ψm)

∆Ψm was also measured using MitoTracker Red CMXRos (Invitrogen, Waltham,

MA). This fluorescent probe accumulates in the inner mitochondrial membrane dependent

on membrane potential. N2 animals were exposed to OP50 bacteria with EtAc, 5X, or 20X

S. ven metabolite treatments on NGM plates for 3, 5, 7, and 10 days. At each time point

animals were placed on NGM plates + 0.4µM MitoTracker Red CMXRos (Invitrogen,

Waltham, MA) overnight prior to analysis. Worms were moved onto fresh NGM plates

with no treatment for 1 h before analysis to allow for gut clearing. Animals were

photographed using a Leica Thunder Imager (Buffalo Grove, IL). Relative uptake of the

fluorescent dye was measured using Leica LASX software (Version 3.7.4.23463, Buffalo

Grove, IL). Three independent replicates were conducted for each treatment with 30

animals per replicate for a total of 90 animals. Averages of each replicate were used, and a

one-way ANOVA with Tukey’s post hoc was employed for statistical analysis.

3.3.12 Analysis of Mitochondrial Size

MitoView Green (Biotium, Fremont, CA) is a fluorescent mitochondrial dye that

rapidly accumulates in mitochondria independent of mitochondria membrane potential in

C. elegans. N2 animals were exposed to OP50 bacteria with EtAc, 5X or 20X S. ven

metabolite treatments on NGM plates for 9 days. At this time, worms were placed onto

NGM plates with .25µM MitoView Green (Biotium, Fremont, CA) overnight. Worms were

moved onto fresh NGM plates with no treatment for 1 h before analysis to allow for gut

clearing. Animals were photographed using a Leica Thunder Imager (Buffalo Grove, IL).

Relative uptake of the fluorescent dye was measured with LASX software (Version

3.7.4.23463, Buffalo Grove, IL). Each animal was analyzed using two 54x54 µm circles
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placed under the top two intestinal cells of the worm. Exposure time was kept constant

and set to 400ms. Three independent replicates were conducted for each treatment with 30

animals per replicate for a total of 90 animals. Averages of each replicate were used for

data analysis and one-way ANOVA and Tukey’s post hoc was used for statistical analysis.

3.3.13 Mitochondrial ROS Measurement

Mitochondrial ROS was measured using the non-fluorescent probe MitoTracker

Red CMH2XRos (Invitrogen, Waltham, MA) MitoTracker Red CMH2XRos (Invitrogen,

Waltham, MA), is the reduced form of MitoTracker Red CMXRos that becomes fluorescent

when oxidized. N2 animals were exposed to OP50 bacteria seeded with EtAc, 5X or 20X S.

ven metabolite treatments on NGM plates for 3, 5, 7 and 10 days. At each time point

animals were placed on NGM plates with 0.5µM MitoTracker Red CMH2XRos (Invitrogen,

Waltham, MA) overnight prior to analysis. Worms were moved onto NGM plates with no

treatment for 1 h before analysis to allow for gut clearing. Animals were photographed

using a Leica Thunder Imager (Buffalo Grove, IL). Uptake of the fluorescent dye was

measured with LASX software (Version 3.7.4.23463, Buffalo Grove, IL). Three independent

replicates were conducted for each treatment with 30 animals per replicate for a total of 90

animals. Averages of each replicate were used for data analysis and one-way ANOVA with

Tukey’s post hoc was used for statistical analysis.

3.3.14 RNA Extraction and Reverse Transcription Quantitative Polymerase
Chain Reaction (RT-qPCR)

qPCR reactions were performed using IQ SYBR Green Supermix (Bio-Rad,

Hercules, CA) with the CFX96 Real-Time System (Bio-Rad, Hercules, CA) as described

previously [89]. Worms were washed 3 times in RNase free 0.5X M9 followed by a single

wash in RNase free water. Total RNA was isolated from 100 – 120 adult worms exposed to

EtAc, 5X S. ven, or 20X S. ven metabolite treatments from each independent sample

using TRI-reagent (Molecular Research Center Inc, Cincinnati, OH) on days 3, 5 or 7 of
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adulthood. Following DNase treatment (Promega, Madison, WI), 1 µg of RNA was used to

make complementary DNA (cDNA), which was synthesized with iScript Reverse

Transcription Supermix for RT-qPCR (Bio-Rad, Hercules, CA, USA). PCR efficiency was

calculated from standard curves that were generated using serial dilutions of cDNA of all

samples. All targeted genes were measured in triplicate. Amplification was not detected in

non-template and non-reverse transcriptase controls. Each reaction contained: 7.5µl of the

iQ SYBR Green Supermix, (BioRad, Hercules, CA, USA) 200 nM of forward and reverse

primers, and 0.3µl cDNA, to a final volume of 15µl. Expression levels were normalized to

three reference genes (cdc− 42, ama− 1 and pmp− 3) and were calculated using

qBasePLUS version 2.6 (Biogazelle, Gent, Belgium) for determining reference target

stability. Three technical replicates were used for each sample. Each primer pair was

confirmed for at least 90-110% efficiency in a standard curve.

Primers

cyp− 35B1

Forward: CAAAGATGGAGCAGGAGAGG

Reverse: ATTGAATCCTGCGACCAAAG

acdh− 2

Forward: CCACGTGTATTCCCACTG

Reverse: CCATTTCCCGCACAAGAG

cyp− 34A10

Forward: ACAGCGGTGCACCTTCTACT

Reverse: CACCACATTTGGATGGTTCA

fmo− 3

Forward: AGTGAAATGCAGGCGAGAGT

Reverse: ACCGAGTTCATGGAGGTACG

ugt− 66

Forward: TGCTTCTCCCATCTGCTTC
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Reverse: TCCTCCGATTGCAACGGTC

cdc− 42

Forward: CTGCTGGACAGGAAGATTACG

Reverse: CTCGGACATTCTCGAATGAAG

pmp− 3

Forward: GTT CCC GTG TTC ATC ACT CAT

Reverse: ACA CCG TCG AGA AGC TGT AG

ama− 1

Forward: TCC TAC GAT GTA TCG AGG CAA

Reverse: CTC CCT CCG GTG TAA TAA TGA

3.3.15 Statistical Analysis

Statistical analysis was performed using Prism 9.2 software (GraphPad Software

Inc., La Jolla, Ca, USA) and the appropriate statistical test was post-hoc tests were applied

as described. Data were expressed as the mean ± SD for all neurodegeneration data. A

Chi-square analysis was used to analyze DAF-16::GFP data. A one- or two-way ANOVA

were used for data that contained multiple comparisons. Where appropriate, comparisons

between EtAc and metabolite groups, and candidate genes used a Tukey’s post hoc test, in

addition to experiments that contained more than 2 conditions, for differences when p <

0.05. All neurodegeneration data is presented as mean ± standard deviation (SD). Data for

RT-qPCR is presented as mean ± standard error of the mean (SEM). Kaplan Survival

curves and Log-Rank (Mantel Cox) tests were used for all survival data.

3.4 RESULTS

S. ven metabolite is a neurotoxic secondary compound that is produced by the

soil bacterium Streptomyces venezuelae. This small secondary product is secreted and

isolated from the spent liquid media. The product of interest is extracted through
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dichloromethane (DCM) liquid-liquid extraction and further evaporated and dried through

rotational and nitrogen gas evaporation. The remaining dried fraction is reconstituted in

2mL of ethyl acetate (EtAc) solvent. To test the neurotoxic activity of the metabolite, DA

neuron death in C. elegans was analyzed following a 9 day exposure period. Neurotoxic

activity was confirmed if exposure resulted in ∼20% neuronal death. Within this

manuscript, we refer to this product as a metabolite, however, based on our preparation

methods, this is only a semi-purified heterogeneous mixture that may contain several

compounds. EtAc is the vehicle control used in all experiments and all negative control

plates are seeded with EtAc at a final concentration of 0.6%. EtAc does not cause

significant neurodegeneration in C. elegans. [11, 75, 61, 46].

3.4.1 S. ven Metabolite Causes Hormetic Neurodegenerative and Aging
Responses via DAF-16 in C. elegans

To examine whether different concentrations of S. ven metabolite show variations

in neurodegeneration, we exposed C. elegans to a low and high concentration of S. ven

metabolite (Figure 3.1A). Following exposure to the low concentration of metabolite,

denoted as 5X, no significant difference in neurodegeneration was seen when compared to

EtAc control (p=0.3651)(Figure 3.1A, B). Exposure to the high concentration of S. ven

metabolite enhanced dopaminergic neurodegeneration compared to control (p=0.005)

(Figure 3.1A, D). When comparing the two S. ven concentrations to each other, 20X S.

ven showed more neurodegeneration than the 5X concentration (p=0.0014) (Figure 3.1C,

D). Based on these data, we can conclude that exposure to distinct concentrations of S.

ven metabolite produce differences in neurodegeneration, in which the 5X concentration is

not strong enough to enhance neurodegeneration, while 20X is. Mild levels of stress have

been beneficial to how organisms respond to future stressors and extend longevity in C.

elegans, producing a biphasic hormetic-based response, in which low concentrations are

beneficial, while high concentrations are toxic or lethal [39, 2]. Using this information, we
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were interested in whether these neurodegenerative results would extend to C. elegans

lifespan. Therefore, we chronically exposed WT C. elegans to 20X S. ven and measured

lifespan. We found exposure to this concentration resulted in a 14% decrease in lifespan

compared to control (p<0.0001) (Figure 3.1E). We also tested the 5X concentration and

found that exposure led to 11% lifespan extension compared to WT animals and 38%

increase compared to the 20X concentration (p<0.0001) (Figure 3.1F). Mean lifespans were

15 and 19 days for C. elegans exposed to 20X and 5X S. ven, respectively (p<0.0001). We

next sought to determine the genetic mechanism underlying the prolonged aging phenotype

following exposure to 5X S. ven metabolite. Previous data indicated involvement of

DAF-16, where metabolite exposed worms display increased nuclear localization of

DAF-16::GFP compared to vehicle control worms [75]. Therefore, we investigated whether

daf − 16 was a likely candidate fundamental to this hormetic aging response. To do so, we

subjected daf − 16(mu86) mutants to a lifespan assay. Following exposure to 20X S. ven

metabolite, daf − 16 mutants displayed no difference between treatment and control; with

a median lifespan of 13 days (p<0.0001) (Figure 3.1G). daf − 16 mutants also displayed

decreased lifespan compared to the N2 control. As shown in (Figure 3.1H), when exposed

to 5X S. ven metabolite, daf − 16 mutants also displayed no difference between treatment

and control, in addition to decreased lifespan compared to N2 animals. Overall, when

daf − 16 mutants were exposed to either 5X or 20X S. ven, the mean lifespan was 13 days

indicating that functional daf − 16 is a required mediator of the hormetic lifespan response

following exposure to 5X and 20X S. ven metabolite. In worms, DAF-16 is a direct

downstream target of daf − 2 and the IIS pathway and is one of the primary transcription

factors involved with responding to stress. DAF-16 serves as a critical regulator of

coordinating development and metabolism, and responses to stress and environmental

stimuli from worms to mammals [3]. To further elucidate the underlying mechanism of this

hormetic response, with the understanding that DAF-16 is a primary component, we

investigated several stress responses in C. elegans that are known to be impacted by
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DAF-16 signaling.

Figure 3.1: S. ven metabolite concentrations cause differences in neurodegeneration
and lifespan in C. elegans. (A) Quantification of C. elegans DA neurodegeneration. Animals
exposed to 5X S. ven metabolite display no DA neurodegeneration (green bar) compared to EtAc
control (black bar). Animals exposed to 20X S. venmetabolite (red bar) show enhanced DA
neurodegeneration compared to both 5X S. ven metabolite and EtAc.(B) WT animals exposed to
20X S. ven (red solid line)metabolite display decreased lifespan compared to EtAc control (black
solid line) (p<0.0001) (C) WT animals exposed to 5X S. ven metabolite (green dashed line) display
extended lifespan compared to both EtAc (black lines) and 20X S. ven (red solid line) (p<0.0001).
(D) daf − 16 mutants exposed to 20X S. ven metabolite display decreased lifespan compared to
WT N2 worms exposed to EtAc. daf − 16 mutants exposed to EtAc (red solid line) display no
difference compared to 20X S. ven treatment (red dashed line) in the mutant background. (E)
daf − 16 mutant animals exposed to 5X S. ven metabolite display decreased lifespan compared
to WT N2 animals. daf − 16 mutants exposed to EtAc (green solid line) display no age difference
compared to daf − 16 mutants exposed to 5X metabolite treatment (green dashed line).
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3.4.2 Exposure to S. ven Metabolite Promotes Growth and Improves
Healthspan but does not Affect Fecundity

Compounds that extend lifespan, an energy demanding process, typically result in

less energy allocated to other sectors such as metabolism, growth, and fecundity according

to Kirkwood’s “disposable soma theory” which states that aging occurs due to limited

energy resources that are allocated to certain cellular processes. There are evolutionary

trade-offs associated with metabolism, growth, reproduction, and repair maintenance

associated with this [50]. As a trade-off, studies have indicated that genetic or nutritional

mediators with lifespan-extending capacity are accompanied by reduced reproduction, and

many dietary compounds that extend lifespan in worms have reported significant effects on

progeny production and body size [28, 57, 1, 38]. Additionally, there is a strong

relationship between longevity, body size, and reproduction [21].

Other substances that promote beneficial aging effects have been found to delay

reproduction [78, 49]. To verify whether the 5X concentration of S. ven metabolite caused

lifespan extension in correspondence with this theory, we measured fecundity in WT worms

exposed to each of the treatments. Overall, total fecundity was not impacted following

exposure to either concentration of S. ven metabolite (Figure 3.2A). However, visible

differences were apparent in the distribution of progeny during the gravid period. At both

Day 1 and Day 2 post L4, worms exposed to 20X S. ven produced less progeny than both

5X S. ven (p=0.0421) and EtAc (p=0.0022) (Figure 3.2B). Interestingly, by Day 3, both

5X and 20X S. ven produced more progeny than control (p=0.0029, p=0.0006,

respectively) (Figure 3.2B). These data indicate that exposure to 20X S. ven metabolite

delays fertility and shifts the distribution of progeny. While there are no significant

differences in overall production, this could represent a possible trade-off of both decreased

and increased lifespan for each of the concentrations; but this is not a primary mechanism

underlying the lifespan extension.

We further measured healthspan by assessing the growth and thrashing rate of
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Figure 3.2: S. ven metabolite causes differential effects to C. elegans healthspan. (A)
WT animals display no differences in overall fecundity when exposed to EtAc, 5X or 20X S. ven
metabolite treatments (B) C. elegans exposed to 20X S. ven metabolite display a significant
reduction in the number of progeny laid in the first two days of the reproductive period. By the
third day or reproduction, both S. ven concentrations cause an increase in progeny. (C) Body
length of animals exposed to EtAc, 5X, and 20X S. ven metabolite. WT animals exposed to S.
ven metabolite were measured for body length across days 3, 5, 7, and 10 of adulthood. Both S.
ven metabolite concentrations caused an increase in body length compared to control animals on
days 3, 5, and 7, with 20X S. ven treated animals displayed the largest length. (D) Thrashing rate
of WT animals exposed to EtAc, 5X S. ven and 20X S. ven. 20X S. ven metabolite accelerated
the age-related decline in thrashing behavior of C. elegans at days 7 and 10 of adulthood.

worms across different ages. By measuring growth, we can determine whether the lifespan

extension occurred due to limited resources in such energy rich processes. Worms were

chronically exposed to the specified treatments and measured on days 3, 5, 7, and 10

following exposure to each of the treatments. Surprisingly, worms treated with both

concentrations of S. ven metabolite displayed increased growth, measured as total body

length at day 3, 5, and 7, with worms exposed to 20X S. ven displaying the longest length
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(Figure 3.2C). Differences in body length were significant between EtAc and 5X and EtAc

and 20X, on day 3 (p=0.0448 and p<0.0001, respectively), where S. ven treated worms

were longer than the control. These differences in body length also held true for both S.

ven concentrations at Day 5 and Day 7 as well, with S. ven treated worms showing an

increase in body length (p=0.0433 and p=0.0304 for 5X and 20X, respectively).

Interestingly, by Day 10, worms treated with 20X metabolite showed a significant decrease

in growth compared to all other treatments. These data are interesting as most compounds

associated with lifespan extension either decrease lifespan or have no effect. These data

together with the fecundity data confirm the absence of overall negative effects of 5X and

20X S. ven metabolite treatment on C. elegans development.

We also assessed thrashing as a physiological factor for measurement of age-related

phenotypes in muscle decline. Naturally, as organisms age, motility decreases, and this

holds true for C. elegans in which the thrashing rate across time decreases and can be

measured [36]. Here results indicated that no significant difference in thrashing rate

between any treatment condition was present in young animals measured on day 3, nor at

day 5 (Figure 3.2D). By day 7, there was a significant decrease in thrashing between the

WT control and 20X metabolite treated worms (p<0.0001). There was also a significant

difference between WT control and EtAc (p=0.0185) and 5X S. ven (p=0,0054) worms,

but the effect of these treatments was to a lesser degree than the 20X concentration.

Overall, there was still no effect of metabolite exposure on thrashing rate between the

treatments. However, by day 10, there was a significant difference between WT animals

(p=0.0165) and EtAc and 20X treatment (p=0.0288) (Figure 3.2D). These data suggest

while treatment with 5X S. ven does not increase the thrashing rate or benefit worms,

exposure at this concentration does not accelerate the decline in locomotive behavior that

is observed following exposure to the 20X concentration of S. ven metabolite. Exposure to

this concentration, enhances the decline in locomotive behavior particularly in aged

animals. Overall, these data suggest that chronic S. ven metabolite exposure causes
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positive metabolic effects early in life and negative metabolic effects later in life in response

to growth. It also suggests that the two S. ven treatments are accompanied with different

outcomes. 5X treatment is not associated with the metabolic defects that are seen later in

life following chronic exposure of high concentration metabolite. In total, these data

demonstrate that treatment with 5X S. ven delays the age-associated decline in thrashing

behavior and may promote youthfulness of C. elegans minus any observable drawbacks.

3.4.3 Exposure to 5X S. ven Metabolite Increases Resistance to Oxidative
and Osmotic Stress in Aged C. elegans

Damage induced by oxidative stress increases with age, while resistance to cellular

stressors decreases. Prolonged lifespan is often accompanied with additional benefits such

as increased resistance to stressors, and several studies have shown lifespan-extending

compounds affect resistance to oxidative stress [67, 33]. We were interested in determining

the effect of S. ven metabolite on stress resistance in C. elegans. To examine this, we

exposed worms to various stresses such as oxidative, osmotic, and thermal stress. For

oxidative stress studies, we used Paraquat; an oxidative stress inducer that generates free

radicals [92]. N2 worms were subject to chronic 100mM liquid paraquat exposure following

3-, 5-, 7-, or 10-days treatment with either EtAc, 5X S. ven, or 20X S. ven and assessed

for survival over a 24-hour period (Figure 3.3A). On Day 3 post treatment exposure, adults

exposed to paraquat did not show any significant differences in stress response when

treatments were compared (Figure 3.3C). By day 7 post metabolite exposure, C. elegans

exposed to 5X S. ven metabolite were the only animals that displayed increased resistance

to oxidative stress at the final three time points of 12, 16, and 20 hours in paraquat

compared to WT animals (p=0.0242, p=0.0071 and p=0.0422, respectively). Conversely, by

Day 10 post metabolite exposure, worms exposed to 5X metabolite showed enhanced

resistance to oxidative stress in comparison to WT control, EtAc, and 20X S. ven. By 12

hours in the presence of Paraquat, worms exposed to 5X metabolite showed increased
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resistance compared to control (p=0.0029) and 20X S. ven (p=0.0129). By hour 16, 5X

treated worms, showed increased resistance compared to all treatments WT, EtAc, and

20X metabolite (p=0.0008, p=0.0008, and p=0.0003, respectively). By hour 20, 25% of

worms exposed to 5X S. ven remained alive compared to other treatments. In comparison,

both N2 worms alone (p=.0054) and 20X S. ven worms (p=0.0008) at this point had all

died, representing a statistically significant increase in oxidative stress resistance for worms

exposed to 5X metabolite. The same held true when comparing EtAc treatment. While

some worms that were originally exposure to EtAc still remained alive, more 5X treated

worms still survived in comparison, demonstrating 5X S. ven increased resistance

(p=0.0054). These results signify exposure to 5X S. ven enhances resistance to future

encounters with stress later in life. Effects of S. ven exposure on the survival of worms

under other environmental stressors, osmotic stress, and thermal stress, were also tested.

For hyperosmotic stress, worms were placed on 500mM NaCl plates and assessed for

survival on Days 3, 5, 7, and 10 (Figure 3.3B). Interestingly, on Day 3, both S. ven

treatments resulted in decreased survival compared to the EtAc control (p=0.0008 for 5X,

p<0.0001 for 20X), although, worms exposed to the 5X S. ven treatment lived longer than

those exposed to 20X (p<0.0001). On Day 5, no difference between treatments was

identified, however, all treatments performed worse than N2 control (p<0.0001). By Day 7,

worms treated with 5X S. ven survived longer than worms treated with EtAc (p=0.0114).

Lastly, by Day 10, worms treated with 5X S. ven survived longer than 20X S. ven

treatment (p=0.0441) suggesting that treatment with 5X metabolite increases resistance to

osmotic stress in aged worms. For thermal stress, worms were exposed to acute heat at

37◦C for 4 hours and allowed to recover at 20◦C overnight (Figure 3.3C). Surprisingly,

survival was not affected by any treatment at any day of analysis when compared. In total,
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these data indicate that exposure to 5X S. ven metabolite can increase resistance to

oxidative and osmotic stress in C. elegans, but osmotic stress resistance to a lesser degree

than oxidative stress.

Figure 3.3: 5X S. ven metabolite increases stress resistance compared to 20X S. ven
metabolite. (A) WT animals were exposed to 100mM Paraquat and assessed for death every four
hours to test for oxidative stress resistance following 3, 5, 7, and 10 days of S. ven metabolite
exposure. (B) WT animals exposed to 500mM NaCl following 3, 5, 7, and 10 days of S. ven
metabolite exposure. (C) WT animals were exposed to high temperature for four hours and allowed
to recover.

3.4.4 ROS Levels Vary Following Exposure to Different Concentrations of S.
ven in C. elegans

We previously had shown that S. ven metabolite caused oxidative stress at 20X

but did not assess the 5X concentration [75]. Harman (1956) stated the free radical theory

of aging suggests that oxidative damage induced by cellular ROS is one of the major causes

of aging [31]. Given the distinct differences in our previous findings with increased stress

resistance and lifespan following exposure to 5X S. ven, we hypothesized that the
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differences we see are due to variations in cellular ROS levels. To test this, we measured

ROS in vivo. Using a sod− 3::GFP transgenic line, worms were exposed to EtAc, 5X S.

ven, and 20X S. ven. This reporter strain has GFP driven by the endogenous sod− 3 gene

promoter in C. elegans and sod− 3 is under direct transcriptional control of DAF-16 and

is a well-known downstream target that protects cells from oxidative stress [54]. On Days

3, 5, 7, and 10, fluorescent intensity was measured (Figure 3.4A). Surprisingly, on day 3, we

found that both 5X (p=0.0110) and 20X (p=0.0081 S. ven displayed decreased

sod− 3::GFP expression compared to EtAc. However, by day 5, animals exposed to both

5X and 20X S. ven displayed increased fluorescent intensity compared to control,

representative of increased oxidative stress. Day 7 revealed a similar trend in which both

S. ven concentrations increased sod− 3::GFP expression, with 20X showing a higher

increase compared to 5X (p=0.0012) and EtAc (p=0.0005), respectively). These results

propose that the 20X concentration of S. ven metabolite produces more ROS than the 5X

S. ven concentration (Figure 3.4A). By day 10, neither 5X or 20X S. ven treatments

showed differences in sod− 3::GFP fluorescence, indicating no variation in oxidative stress.

We further explored whether differences in ROS between the two different

concentrations could be seen in the localization pattern of DAF-16. Under typical

environmental conditions, DAF-16 remains inactive in the cytoplasm, allowing resources to

be allotted to reproduction and growth rather than longevity and stress resistance. When

conditions are less favorable DAF-16 relocates to the nucleus and controls the expression

pattern of a variety of genes important for immunity, stress resistance, and longevity

[35, 65]. We measured DAF-16::GFP localization. Animals were assigned to one of two

categories based on the subcellular localization of DAF-16; nuclear or cytoplasmic in which

DAF-16::GFP could be identified. Following exposure to both 5X and 20X S. ven

treatments, DAF-16 showed more nuclear localization compared to vehicle control at Day 3

(p< 0.0001) (Figure 3.4B). By Day 5, 20X S. ven displayed less cytoplasmic (p=0.0019)

and more nuclear DAF-16::GFP localization compared to both EtAc (p=0.0315) and 5X S.
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Figure 3.4: S. ven metabolite increases oxidative stress in C. elegans. (A) Exposure to
S. ven metabolite resulted in increased sod − 3::GFP expression in worms treated with both 5X
and 20X S. venon days 5 and 7 of adulthood. Data represented as mean ± SD of 3 biological
replicates; 30 animals each. (B) Stacked graphs, representing the percentage of C. elegans that
display DAF-16::GFP localization in the cytoplasm, nucleus, or both locations. S. ven metabolite
increases nuclear localization of DAF-16::GFP compared to control. Two-way ANOVA; 3 biological
replicates with 20 animals each.
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ven (p=0.0315) indicating stronger DAF-16 activation. Lastly, by Day 7, 5X S. ven

displayed the least amount of cytoplasmic localization compared to EtAc and 20X S. ven

(p<0.0001 and p=0.0182, respectively), while displaying significant increase in nuclear

localization compared to each treatment (p<0.0001 EtAc and p<0.0182 20X), indicating

increased DAF-16 activation at this time point (Figure 3.4B). These data show that the

levels of ROS vary significantly between treatments with 5X and 20X S. ven, and that 5X

S. ven has a delay in the activation and movement of DAF-16, suggesting lifespan

differences may be due to the variations in DAF-16 activation. Moreover, these results

provide merit to the hypothesis that the 5X concentration may be providing benefits

through the free radical theory of aging.

3.4.5 Specific Transcriptional Signature in Oxidation-reduction Genes Occurs
Following Exposure to Each S. ven Concentration

DAF-16 direct targets are enriched in genes associated with monooxygenase

(Phase I detoxification) and oxidoreductase activity, and are known to be enriched in

detoxification and longevity, playing a role in determination of adult lifespan [52].

Hormetic stress plays a critical role in activating multiple stress-responsive genes to benefit

an organism. We previously identified exposure to 20X S. ven metabolite caused an

upregulation in genes with DAF-16 binding elements and 17% of genes identified in this

transcriptomic work were Phase I or Phase II detoxification enzymes (Thies et al., 2022; in

review). We expanded on these data and identified all genes from the total data set

associated with oxidation and reduction activities that would be associated with ROS and

stress response. Using genes identified from the previous RNA-seq efforts, we were

interested in testing whether visible modifications in gene expression were apparent

following exposure to both 5X and 20X S. ven. To determine whether these genes showed

altered expression levels, we used RT-qPCR to quantify changes in mRNA expression

following each treatment. As seen in Figure 3.5, differences in gene regulation were

observed for several genes between the two S. ven concentrations. cyp− 35B1 and
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cyp− 34A10 are Phase I cytochrome P450-encoding genes and are known to have activity

in xenobiotic clearance. No visible differences in gene expression were seen in the two early

extraction days of animals for cyp− 35B1 (Figure 3.5A). At day 5, animals exposed to 20X

S. ven displayed decreased cyp− 35B1 mRNA expression compared to EtAc (p=0.0423).

Following exposure to 5X S. ven metabolite, expression of cyp− 35B1 was enhanced at

day 7 in comparison to both vehicle control (p=0.0152) and 20X S. ven treatments

(p<0.0001) (Figure 3.5A). On the contrary, cyp− 34A10 expression was significantly

upregulated at the L4 stage for worms exposed to 5X metabolite compared to EtAc

(p=0.0107) (Figure 3.5B). Although, by Day 3 expression levels for cyp− 34A10 drastically

increased for worms exposed to 20X S. ven in comparison to both EtAc and 5X metabolite

(p<0.0001). Similar expression levels could be seen on Day 5 as well, with worms exposed

to 20X metabolite showing higher cyp− 34A10 expression compared to 5X S. ven

(p=0.0224). These data suggest that cyp− 35B1 and cyp− 34A10 are implicated in the

clearance of S. ven metabolite and suggest that different Phase I enzymes are involved in

the metabolism of the toxin at different life stages. It also seems that exposure to 5X

metabolite causes Phase I expression changes later in comparison to 20X metabolite, which

may contribute to the lifespan differences that are seen following specific exposure.

The next two genes of interest were fmo− 3, a flavin monooxygenase with activity

linked to xenobiotic detoxification, and acdh− 2 an acyl coA dehydrogenase associated

with the first portion of catalysis in mitochondrial β -oxidation; both of which are involved

in redox activity. Both genes are also associated with Phase I detoxification as non-CYP

enzymes [6]. The relative expression of fmo− 3 was significantly downregulated in worms

exposed to 20X S. ven compared to worms exposed to 5X at the L4 stage (p=0.0356). At

day 3, the expression levels of fmo− 3 were increased compared to the EtAc control in

worms treated with 20X metabolite treatment (p=0.0497) (Figure 3.5C). In older animals,

the expression pattern of fmo− 3 did not vary too much between treatments. The

expression patterns of acdh− 2 were similar across most days for both treatments. No
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Figure 3.5: Differential gene modulation in oxidation/reduction genes following expo-
sure to different S. ven concentrations. (A-E) Animals exposed to EtAc (black bars), 5X S.
ven (green bars) or 20X S. ven metabolite (red bars) were assessed for cyp− 35B1, cyp− 34A10,
fmo−3, acdh−2, and ugt−66 mRNA levels at the L4 stage, and days 3, 5, and 7 of adulthood by
RT-qPCR. Relative mRNA expression levels were normalized to EtAc control for each gene. Data
represented as mean ± SEM; three replicates comprising 100-120 animals each; one-way ANOVA
with Tukey’s post hoc test for multiple comparisons.
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differences were seen at the L4 stage, however at day 3, both 5X and 20X S. ven

treatments increased acdh− 2 expression (Figure 3.5D). acdh− 2 expression was altered at

day 7, when 5X treatment had higher expression levels than 20X treatment (p=0.0115).

Differences in mitochondrial β -oxidation are known to impact longevity, and the changes

here could be a contributor to the differences between the S. ven concentrations.

Lastly, ugt− 66, a UDP-glucuronosyl transferase and Phase II detoxification

enzyme is involved in xenobiotic metabolism clearance. ugt− 66 expression was

significantly enhanced in 20X treated worms from both the EtAc control and 5X treatment

(p<0.0001) at day 3 (Figure 3.5E). By Day 5, expression levels had dropped and leveled

out comparable to EtAc and 5X. On day 7, the expression of ugt− 66 was downregulated

in worms exposed to 20X S. ven metabolite compared to the 5X treatment (p=0.0489)

(Figure 3.5E). These data are interesting, as the expression level of cyp− 34A10 was

highest at Day 3. Xenobiotic clearance occurs quickly to avoid detrimental effects within

an organism, with Phase I and II happening almost simultaneously, so the fact that both

these Phase I and II detoxification enzymes being highly expressed following 20X treatment

on the same day suggests higher activation of the detoxification response in comparison to

5X treatment. This could be a contributing factor to the decreased lifespan seen following

20X metabolite treatment. As we previously showed knockdown of most Phase I and Phase

II detoxification enzymes resulted in decreased neurodegeneration when exposed to 20X

metabolite, suggesting bioactivation, and a metabolic product that is more toxic than the

parent compound (Thies et al., 2022). This more toxic compound could be a main

contributor to the decreased lifespan in C. elegans following 20X metabolite exposure.

Additionally, the delay in upregulation of detoxification and clearance genes following 5X

exposure may be a contributing factor to the extended longevity. Overall, these data

suggest that enhanced activation of oxidation-reduction genes during differential life stages

could be involved in the different aging responses following exposure to the different S. ven

concentrations. Overall, the data indicate the metabolite is working through activation and
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modulation of oxidation-reduction gene expression, elimination, and xenobiotic clearance

mechanisms to produce both life-extending and life-reducing phenotypes.

3.4.6 Prolonged Lifespan of 5X S. ven Metabolite Works Through jnk − 1,
argk − 1 and the AMPK/aak − 2 Pathway

To distinguish the underlying mechanisms associated with the hormetic response,

we investigated the effects of S. ven metabolite on the lifespan of mutants in several aging

pathways. Through both direct and indirect regulation, DAF-16 is regulated by an array of

proteins. Multiple aging and stress response pathways converge onto DAF-16 to elicit

transcriptional effects. It has been demonstrated in both C. elegans and Drosophila, Jun

N-terminal Kinase (JNK) pathway promotes longevity and resistance to oxidative stress

through regulation of DAF-16 [91, 69]. jnk − 1 directly phosphorylates and interacts with

DAF-16, and this interaction mediates the localization of DAF-16 to the nucleus,

upregulating transcription for stress response genes, increasing stress resistance and

preventing further damage [69]. Thus, we tested jnk − 1, the C. elegans ortholog, in the

lifespan assay. We found that jnk − 1 mutants exposed to 20X S. ven extended lifespan

compared to WT worms exposed to 20X S. ven (p<0.0001) (Figure 3.6A). When exposed

to 5X S. ven, jnk − 1 mutants showed decreased lifespan (p<0.0001) (Figure 3.6B). This

data suggests that jnk − 1 may play two different roles when exposed to different

metabolite concentrations. When exposed to 20X S. ven, the presence of jnk − 1 appears

to have a negative effect, as 20X worm display extended lifespan in the mutant

background. However, when exposed to 5X S. ven, the typical extended phenotype is

abolished. This data suggests that jnk − 1 may partially be involved in the extended

longevity phenotype following 5X S. ven exposure.

We also investigated the AMP-activated protein kinase (AMPK) pathway. The C.

elegans ortholog of AMPK is aak − 2. AMPK is an energy sensing signaling pathway

known to promote longevity in C. elegans and is an evolutionary conserved master

regulator of energy metabolism [27]. In order to function in oxidative stress resistance,
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AMPK signals downstream to DAF-16. Decreases in energy levels caused by stressful

environments, results in the activation of AMPK pathway and changes in downstream

metabolic products. We previously demonstrated that S. ven metabolite decreased ATP

production, and loss of aak − 2 via RNAi results in enhanced neurodegeneration [75, 46].

We further extended these studies to longevity assays and investigated whether depletion

of aak − 2 would cause changes in C. elegans lifespan in response to metabolite. We

subjected aak − 2 mutants to 20X S. ven metabolite and assessed lifespan and found no

difference compared to WT worms treated with 20X S. ven (p=0.7192). However, when

compared to WT control worms, aak − 2 mutants displayed significantly decreased lifespan

(p<0.0001) (Figure 3.6C). When aak − 2 mutants were exposed to 5X S. ven, lifespan was

significantly decreased as well, and the extended lifespan phenotype was eliminated

(p<0.0001) (Figure 3.6D). These data suggest, that AMPK/aak − 2 is important to the

hormetic lifespan response, and more importantly, the extended longevity phenotype

following 5X exposure.

We further delved into the role of AMPK in lifespan following exposure to S. ven

metabolite. From our previous transcriptomic work, we identified argk − 1 as an

upregulated candidate following exposure to 20X S. ven. argk − 1 is an arginine kinase,

91.1% homologous to human mitochondrial creatine kinase. ARGK-1 is known to be an

upstream activator of the AMPK pathway [64]. We were interested in testing if the

metabolite worked through argk − 1 to modulate AMPK activity and lifespan extension

under 5X S. ven metabolite exposure. We exposed argk − 1 mutants to 5X S. ven and

assessed lifespan. No significant difference between the two treatments was visible in these

mutants (p<0.5961) (Figure 3.6E). Compared to WT animals, argk − 1 mutants exposed

to 5X S. ven display significantly decreased lifespan (p<0.0001) (Figure 3.6F). These data

indicated the 5X S. ven worked through argk − 1 to activate the AMPK/aak − 2 pathway

and modulate the extended lifespan phenotype seen metabolite exposure.

Given this, we further tested if overexpression of aak − 2 would restore the
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prolonged aging phenotype when exposed to 5X S. ven metabolite. Overexpression of

catalytic aak− 2 is sufficient to increase lifespan [60]. We hypothesized that if the observed

age-related changes in response to 5X metabolite were due to disrupted AMPK signaling,

then restoring aak − 2 activity would reestablish the extended lifespan. We used a

transgenic strain overexpressing aak − 2. This strain overexpressed a truncated AMPKα2

catalytic subunit (AAK-2), under the native aak − 2 promoter, resulting in constitutive

activation of AAK-2 (CA-AAK-2) [60]. We demonstrated that the longevity effect of 5X S.

ven was restored in CA-AAK-2 worms compared to the EtAc control (p<0.0004)

(Figure 3.6G). CA-AAK-2 is known to extend lifespan alone, but when CA-AAK-2 worms

are exposed to 5X S. ven, lifespan in extended further, indicating exposure to 5X

metabolite can further extended the lifespan independent of the genetic background. When

CA-AAK2 worms treated with 5X S. ven were compared to WT, lifespan was extended

(p<0.0001) (Figure 3.6H). These results indicate that functional aak − 2 and activation of

the AMPK pathway are required for the extended longevity phenotype seen when C.

elegans are exposed to 5X S. ven in addition to daf − 16.

3.4.7 5X S. ven Metabolite Alters Mitochondrial Membrane Potential (∆Ψm)
with no Significant Change in Mitochondrial Mass

Mitochondrial dysfunction is a proposed mechanism in the pathogenesis of PD and

contributes to aging. ∆Ψm is critical to mitochondrial function and altered ∆Ψm results in

apoptosis and cellular energy imbalances activating the AMPK pathway and ultimately

proving lethal [86]. Previous data indicated exposure to 20X S. ven disrupted

mitochondria and caused a decrease in ∆Ψm, measured by a decrease in TMRE

fluorescence [48]. We were interested in testing the hypothesis that 5X S. ven metabolite

caused opposing changes in ∆Ψm compared to 20X S. ven, which may contribute to the

visible aging differences. We used the fluorescent probe MitoTracker Red CMXRos to

measure changes in membrane potential. This is a fluorescent dye that strains healthy

mitochondria and accumulates within the mitochondria, dependent on membrane
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potential. We exposed WT animals to EtAc, 5X, and 20X S. ven metabolite treatments

and measured MitoTracker Red fluorescence on days 3, 5, 7, and 10 of adulthood. We

found that worms exposed to 20X S. ven metabolite displayed a significant increase in

∆Ψm on day 3 compared to 5X S. ven metabolite (p=0.0004) and EtAc treated

(p<0.0001) worms, while there was no significant difference between the 5X S. ven and

EtAc treatments (Figure 3.7A). Similar results were observed on day 5, where 20X S. ven

metabolite displayed decreased ∆Ψm compared to both 5X S. ven (p=0.0044) and EtAc

(p=0.0100) treatments (Figure 3.7A). Surprisingly, by day 7, WT animals treated with 5X

S. ven metabolite displayed a significant decrease in ∆Ψm compared to EtAc (p<0.0001).

To no surprise, 20X S. ven treatment continued to decrease ∆Ψm compared to both 5X S.

ven (p¡0.0001) and EtAc (p¡0.0001) treatments. On day 10 of adulthood, both S. ven

treatments displayed decreased membrane potential, with worms exposed to 20X S. ven

displaying almost a 50% reduction, suggesting poor mitochondrial function and other

mitochondrial impairments (Figure 3.7A). Overall, the results obtained here are consistent

with previous results obtained with TMRE fluorescence following 20X treatment. However,

these data highlight a difference between the two S. ven treatments and their impacts on

mitochondria. Decreased ∆Ψm can lead to dysfunctions linked to aging. Given that

animals exposed to 20X S. ven metabolite display decreased ∆Ψm starting at day 3

compared to 5X S. ven, these results are telling, and could be the possible explanation for

the decreased lifespan seen following exposure to this higher concentration.

To explore whether exposure to S. ven metabolite altered mitochondrial mass we

used MitoView Green to assess the differences in mitochondrial mass between all

treatments (Figure 3.7B). This fluorescent dye binds to mitochondria independent of their

∆Ψm to measure mitochondrial mass. Using the same days as before, we found that on

days 3 and 5, both S. ven metabolite concentrations displayed decreased mitochondrial

mass compared to EtAc. No differences were visible between the two S. ven concentrations

at both these days. However, by days 7 and 10, only 20X S. ven metabolite displayed
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decreased MitoView Green fluorescence compared to EtAc treatment (p=0.0087 and

p=0.0075, respectively). 20X S. ven metabolite also displayed decreased mitochondrial

mass compared to 5X S. ven treatment at day 7 (p=0.0126). On day 10 of adulthood,

worms exposed to 5X S. ven did not display any significant changes in mitochondrial mass

compared to control or 20X S. ven. The decrease in mitochondrial mass in animals

exposed to 20X S. ven is consistent with the progressive decrease in ∆Ψm (Figure 3.7A,

B). The 5X S. ven data are somewhat unexpected, considering the decrease in ∆Ψm in

worms exposed to 5X S. ven metabolite at days 7 and 10. However, it is suggested that

lower ∆Ψm in worms can support increased longevity in WT worms that display no defects

in respiratory chain function [56]. In contrast, the decrease in ∆Ψm seen following 20X S.

ven metabolite could be attributed to decreased mitochondrial size.

We next sought to investigate whether the aging differences could be due to

variations in mitochondrial derived ROS. Mitohormesis, a known process that extends

lifespan, is based on the premise that differences in induction of mitochondrial oxidative

stress can result in longevity changes [80]. Low or acute exposures to stressors, causing

mild oxidative stress, results in the stimulation of mitochondrial responses that in turn

improve mitochondrial function and increase stress resistance [93]. Mitohormesis has been

associated with activation of the AMPK pathway in C. elegans from other sources such as

metformin and exercise [66, 15]. Therefore, we exposed WT worms to EtAc, 5X S. ven,

and 20X S. ven treatments and measured mitochondrial ROS levels on days 3, 5, 7, and 10

of adulthood. We used the non-fluorescent probe MitoTracker Red CMH2X Ros, which is a

reduced form of MitoTracker Red CMXRos, that becomes fluorescent when oxidized

(Figure 3.7C). On day 3 we found that worms exposed to 5X S. ven metabolite displayed

decreased ROS production in compared to both EtAc (p=0.0008) and 20X S. ven

(p=0.0001) metabolite treated worms, while 20X metabolite treated worms showed the

most ROS production compared to both 5X S. ven and EtAc (p=0.0469). Surprisingly on

day 5, 5X S. ven displayed higher ROS fluorescence compared to 20X S. ven (p=0.0251)
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while 20X S. ven displayed lower ROS than EtAc (p=0.0468). Although, by day 7, 5X

displayed the lowest MitoTracker Red fluorescence indicating lower mitochondrial ROS

compared to both EtAc and 20X S. ven (p=0.0118 and p=0.0001, respectively). Overall,

20X S. ven had the highest fluorescence compared to both 5X S. ven and EtAc

treatments (p=0.0030). Lastly, on day 10, both S. ven concentrations displayed decreased

ROS compared to EtAc treatment (p=0.0101 for 5X S. ven and p=0.0003 for 20X S. ven).

When taking into consideration the production of ROS across all days, 20X S. ven

displayed higher levels across all days except for day 5, while 5X S. ven produced less ROS

than EtAC through all days of analysis. Mitohormesis suggests that mild induction of ROS

can stimulate beneficial and adaptive responses in an organism, resulting in extended

aging. These results here suggest that differences in mitochondrial derived ROS could be

an additional underlying mechanism yielding to the variations in longevity seen following

5X and 20X S. ven exposure in C. elegans.

3.5 DISCUSSION

A major challenge in the understanding of aging and age-related diseases is the

identification of genes and processes that control these developments. A tight balance

exists between the allocation of resources that are dedicated to important processes that

keep an organism alive. These processes include reproduction, metabolism, growth, repair,

and cellular maintenance. Phytochemicals and xenobiotics can provide both detrimental

and beneficial effects to organismal health, by hormesis. Such products increase ROS

leading to increased oxidative stress and cellular damage to organisms. However, low doses

of ROS are known to promote longevity. Previous work from our lab reported a neurotoxic

semi-purified secondary metabolite produced by the common soil bacterium that caused

neurodegeneration and increased oxidative stress in C. elegans [75]. To determine whether

exposure to this semi-purified secondary metabolite, S. ven, had the potential to cause a

hormetic response like other xenobiotics in C. elegans, we exposed worms to a low and
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high concentration of metabolite and measured neurodegeneration and longevity.

Here we initially discovered that following exposure to the low concentration of S.

ven metabolite, worms exhibited an extended lifespan phenotype, while animals exposed to

the higher concentration displayed a reduced lifespan phenotype. These results remained

true for neurodegeneration as well (Figure 3.1). To further determine the underlying

mechanism leading to this hormetic aging response, we tested daf − 16 mutants in the

lifespan assay under both S. ven concentrations. At the 5X concentration, daf − 16

mutants failed to extend lifespan, and displayed a decrease in lifespan compared to WT

animals. Similar results were found at the 20X concentration as well. Additionally, there

was no difference between the S. ven treated and EtAc worms. These results indicated

that daf − 16 was required for this hormetic aging response.

daf − 16, like other FoxO transcription factors which plays a central role in the

control of the stress response, metabolism, growth, and longevity in both C. elegans and

mammals [79]. It is known that compounds that extend lifespan typically pull resources

from other energy rich processes such a reproduction, growth, and metabolism. Disruption

in drp− 1 and fzo− 1, C. elegans mitochondrial fission and fusion proteins, are associated

with brood size reductions in C. elegans [41]. Previous reports from our lab indicated that

the metabolite alters expression levels of drp− 1 and fzo− 1 [46]. To our surprise, the

extended lifespan was accompanied with an increase in body length and no overall change

in total fecundity however, we did see a shift in the reproductive period of worms exposed

to metabolite (Figure 3.3). Disruptions to mitochondrial dynamic proteins could be why

we see differences in delayed brood effects following exposure to S. ven metabolite.

Overall, these data suggest that reproduction and growth, two energy rich processes, are

not affected negatively by S. ven exposure and caloric restriction is not a method in which

the lifespan extension is occurring. This allowed us to rule out the “disposable soma

theory” because we did not see any overall deficits in growth, development, or reproduction

that would suggest the redistribution of energy towards maintenance instead.
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Because of hormesis, pretreatment with a sub-toxic concentration enhances

tolerance to subsequent lethal or toxic exposures that can be observed across several other

stressors [40, 14]. Therefore, to determine if the 5X S. ven metabolite concentration

exhibited any other benefits, we exposed worms to the ROS generator Paraquat, acute

hyperosmotic stress, and thermal stress. We found that pretreatment with 5X S. ven

contributed to increased resistance to both oxidative and osmotic stress in aged animals

compared to the 20X concentration (Figure 3.3). Interestingly, upon hyperosmotic stress

exposure, glycogen stores are degraded and resistance to osmotic stress is dependent on

AMPK [71]. AMPK is known to promote increased resistance to oxidative and other

stressors too, which we saw here following exposure to 5X S. ven metabolite [71].

Surprisingly, neither metabolite concentration had any impacts on thermal stress.

Further investigation into the aging differences and increased stress resistance

conferred by low concentration S. ven metabolite highlighted differences in ROS induction

following exposure to each concentration. Exposure to 20X metabolite showed increased

ROS at early time points depicted by in vivo assays, in comparison to 5X metabolite

(Figure 3.4). Both sod− 3::GFP and DAF-16::GFP studies revealed higher fluorescence

and nuclear localization, respectively in 20X S. ven treated worms compared to 5X S. ven

treated animals, indicating greater levels of oxidative stress. These results were further

complemented RT-qPCR data where we see differential regulations of detoxification genes

and genes associated with redox function, between the two S. ven concentrations at

different time points (Figure 3.5).

It is suggested that worms upregulate detoxification genes through DAF-16 that

contributes to lifespan extension [52]. It is note-worthy to see the difference in Phase I and

II enzyme induction at different life stages between the two concentrations that may be a

contributing factor to the aging differences. Both cyp− 34A10 and ugt− 66 were highly

induced at Day 3 following exposure to the 20X metabolite concentration. Genes from

these classes act together in metabolism and excretion of xenobiotic products. Upregulated
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expression of these genes suggests that the detoxification response was activated, and the

worms are processing the metabolite for excretion. Additionally, metabolites disposed of by

Phase I and II metabolisms may be the cause behind the molecular damage that induces

the aging phenotype type in 20X exposed worms [63]. Xenobiotic detoxification is

upregulated by mitochondrial dysfunction and such detoxification pathways are activated

upon exposure to toxins. This suggests the possibility that activation of general

detoxification may contribute to lifespan extension and increased resistance [83, 95]. Our

data revealed increased expression of acdh− 2 in worms exposed to S. ven metabolite.

Increased β-oxidation has been shown to contribute to increased mitochondrial derived

ROS, from a decrease in mitochondrial electron transport chain activity [73]. Compounds

that induce lipid catabolism have been shown to active xenobiotic detoxification and

extend lifespan in C. elegans [68]. Likewise, increased catabolism and β-oxidation is an

indication of AMPK activation as lipid and glucose metabolism are reworked to adjust for

differences in energy demands [58].

In C. elegans, depletion of ATP sources caused by mitochondrial stress, activates

AMPK, and this activation in turn, enhances mitochondrial biogenesis to stabilize the

shortage of energy. AAK-2, the C. elegans ortholog, acts as a sensor to promote stress

resistance and longevity through DAF-16, and this activation can link lifespan to

information about energy maintenance within an organism [4]. Given this information, we

subjected C. elegans aak − 2 mutants to lifespan assays. When exposed to the high

concentration of S. ven metabolite, aak − 2 mutants displayed no differences between the

two treatments. However, when aak − 2 mutants were exposed to the 5X concentration of

S. ven metabolite, they displayed a decrease lifespan; a completely opposite result than

what is seen in WT animals. This suggests that functional aak− 2 is critical in modulating

lifespan extension when exposed to S. ven metabolite, and more notably, at the 5X

concentration (Figure 3.6). Additionally, research has shown JNK-1 to modulate longevity

and lifespan extension following exposure to different bacterial types with probiotic
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anti-aging properties [53, 94]. These data suggest that JNK-1 can regulate lifespan in C.

elegans in response to abiotic stressors and cues from alternative pathways [69, 53]. JNK-1

also causes enhanced thermal stress resistance via DAF-16. Since we did not see any

difference in thermotolerance following exposure to S. ven metabolite, it is not too

surprising that jnk − 1 mutants did not show a strong lifespan phenotype in response to

metabolite exposure.

Neurodegenerative disorders, such as PD, are associated with disruptions in traits

linked to mitochondrial dysfunction, increased ROS production, mitochondrial morphology

changes and decreased ∆Ψm. Previously we showed that exposed to 20X S. ven

metabolite induced all aforementioned phenotypes [75, 46]. To pursue these data further in

the context of 5X S. ven metabolite, we measured whether there were visible differences in

∆Ψm and mitochondrial mass that could be contributing to prolonged lifespan.

Interestingly, we found that 5X S. ven did not alter ∆Ψm during the early stages of

exposure (days 3 and 5 of adulthood), however, by day 7, displayed significant decreases in

∆Ψm compared to EtAc (Figure 3.7). Although, 20X S. ven exposure displayed decreased

∆Ψm from the beginning and continued throughout all tested days. These differences in

∆Ψm between the two concentrations could be an important contributor to the aging

differences that are seen for each concentration. Differences in ∆Ψm could be attributed to

mitochondria morphology differences and a consequence of mitochondrial size changes. To

determine if this was the case, we used MitoView Green to assess mitochondrial mass and

found exposure to 5X S. ven did not alter mitochondrial mass compared with either EtAc

or 20X S. ven treatments (Figure 3.7). Although, worms exposed to 20X S. ven

metabolite did display a decrease in MitoView green fluorescence indicative of decreased

mitochondrial mass consistent with the MitoTracker Red data. These data were

interesting, as ∆Ψm can be associated with changes in mitochondrial size. However, this

isn’t always the case [7]. ∆Ψm can also be affected by other processes, such as increased

respiration or increased hydrolysis, however studies have found that these factors do not
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always go hand in hand with an increase in ∆Ψm [22]. Increased ∆Ψm could be a result of

healthier mitochondria, which is possibly the case here. Likewise, increased ∆Ψm may be a

conserved mechanism of protecting germline cells from apoptosis and preserving

mitochondrial networks [25, 22]. To further define the impacts of S. ven metabolite on

mitochondria, we also specifically measured mitochondrial derived ROS with the reduced

marker MitoTracker Red CMXH2XRos. Here we found that animals exposed to 5X S. ven

metabolite displayed decreased mitochondrial ROS compared to both EtAc and 20X S.

ven treatments during both early and late exposure days. These differences in ROS could

be contributing to the aging phenotypes leading to mitohormesis. Mild stimulatory levels

of ROS are known to extend longevity in organisms, and we see here that there are

differences in ROS production at different days for both S. ven concentrations. Something

else worth consideration is the timing and days in which ROS levels are elevated following

exposure to each concentration. The oscillatory pattern of induction following exposure to

20X S. ven could yield negative consequences long term for aging. Overall, these results

indicate that 5X S. ven does not display early decreased in ∆Ψm, compared to 20X S.

ven and does not induce changes in mitochondrial mass. These factors together may

attribute to the extended lifespan phenotype seen in C. elegans.

DAF-16 constitutes the end point of several signaling pathways integrating

longevity, stress response, and other important biological functions, similar to FoxO

transcription factors in mammals [54, 79, 65]. It could be possible, and is plausible, that

the metabolite is working through several pathways due to activation of a global stress

response. This could especially be true since daf − 16 is a primary transcriptional target of

several stress response pathways as well. Here we show that exposure to the S. ven

metabolite partially works through jnk − 1 and aak − 2, however the role each of the genes

and pathways play is different at each concentration. In general, the metabolite

predominantly works through a DAF-16/AMPK mechanistic pathway to regulate lifespan

in response to this toxic environmental contributor.
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Figure 3.6: 5X S. ven metabolite works through argk−1 and AMPK Pathway.(A)jnk−1
mutants exposed to 20X S. ven metabolite increase lifespan compared to WT animals exposed to
20X S. ven metabolite (p<0.0001, n=150); black solid line N2 EtAc, black dashed line N2 20X S.
ven, red solid line jnk−1 EtAc, red dashed line jnk−1 20X S. ven. (B) jnk−1 mutants exposed
to 5X S. ven metabolite decrease lifespan compared to WT animals, with no difference between
EtAc and 5X S. ventreatments (p<0.0001, n=150); black solid line N2 EtAc, black dashed line N2
5X S. ven, green solid line jnk−1 EtAc, green dashed line jnk−1 5X S. ven. (C) aak−2 mutants
exposed to 20X S. ven metabolite display no difference between treatments and decreased lifespan
compared to WT animals (p<0.0001, n=150); black solid line N2 EtAc, black dashed line N2 20X
S. ven, red solid line aak − 2 EtAc, red dashed line aak − 2 20X S. ven. (D) aak − 2 mutants
exposed to 5X S. ven metabolite display significantly decreased lifespan compared to WT animals
and display no difference between EtAc and 5X S. ven treatments (p<0.0001, n=150); black solid
line N2 EtAc, black dashed line N2 5X S. ven, green solid line aak − 2 EtAc, green dashed line
aak − 2 5X S. ven. (E) argk − 1 mutants exposed to 5X S. ven metabolite display no difference
compared to EtAc treated animals (p=0.5961, n=150); black line argk − 1 EtAc, green line 5X S.
ven. (F) argk−1 mutants display decreased lifespan compared to WT animals (p<0.0001, n=150);
black solid line N2 EtAc, black dashed line N2 5X S. ven, green solid line argk − 1 EtAc, green
dashed line argk − 1 5X S. ven. (G) CA-AAK-2 animals exposed to 5X S. ven increased lifespan
compared to CA-AAK-2 animals exposed to EtAc (p=0.0004, n=150); black line CA-AAK-2 EtAc,
green line CA-AAK-2 5X S. ven). (H) CA-AAK-2 animals display increased lifespan when exposed
to 5X S. ven metabolite compared to WT animals (p<0.0001, n=150); black solid line N2 EtAc,
black dashed line N2 5X S. ven, green solid line CA-AAK2 EtAc, green dashed line CA-AAK-2
5X S. ven.
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Figure 3.7: S. ven metabolite concentrations impact ∆Ψm differently. (A) ∆Ψm was
measured using the mitochondrial dye MitoTracker Red CMXRos. WT animals were exposed
with either EtAc, 5X S. ven metabolite or 20X S. ven metabolite. Animals exposed to 20X
metabolite displayed significantly decreased ∆Ψm compared to both EtAc and 5X S. ven treated
worms starting at day 3 and throughout the remaining days tested. Animals exposed to 5X S.
ven metabolite displayed no significant difference in ∆Ψm on days 3 and 7. By day 7, 5X S.
ven treated animals displayed decreased ∆Ψm compared to EtAc. On day 10 both concentrations
of S. ven metabolite displayed decreased ∆Ψm and 20X S. ven displayed significantly lowered
∆Ψm compared to 5X S. ven. MitoTracker Red CMXRos fluorescence was normalized to the
EtAc control. Data are represented as mean ± SD; n=30 animals per replicate, three independent
replicates; one-way ANOVA with Tukey’s post hoc test for multiple comparisons. (B) Mitochondrial
mass was measured using MitoView Green. On days 3 and 5, both 5X and 20X S. ven metabolite
displayed decreased MitoView Green fluorescence compared to EtAc treatment. By days 7 and 10,
only 20X S. ven metabolite displayed decreased mitochondrial mass compared to EtAc with no
difference compared to 5X S. ven metabolite. (C) Mitochondrial ROS was measured on days 3, 5,
7, and 10 using the reduced dye MitoTracker Red CMH2XRos. Across all days, 5X S. ven displayed
lower MitoTracker Red fluorescence than EtAc treatments indicative of less ROS production, while
20X S. ven produced higher levels of ROS compared to 5X S. ven at both days 3 and 7. Data
are represented as mean ± SD; n=30 animals per replicate, three independent replicates; one-way
ANOVA with Tukey’s post hoc test for multiple comparisons.
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CHAPTER 4
CONCLUSIONS AND FUTURE DIRECTIONS

Alterations leading to an imbalance in the antioxidant systems and the production of ROS

appear to play a significant role in the mechanisms underlying the progressive loss of DA

neurons and aging. Here I have demonstrated that the use of C. elegans is a powerful tool

for identifying, manipulating, and investigating the outcomes of exposure to an

environmental contributor to Parkinson’s Disease. S. ven, has the ability to alter

neurodegeneration, detoxification response genes, gene expression and aging in this model.

While I focus on the impacts that this neurotoxin has on altering gene expression and

aging, it is widely known that PD is a disease in which gene-by-environment interactions

are increasingly becoming more relevant. In Chapter 2, I demonstrated how exposure to

this environmental toxin caused changes in gene expression through a DAF-16 specific

manner. Furthermore, exposure to the high 20X S. ven metabolite concentration elicits

changes in Phase I and II detoxification enzymes and activated the xanthine

oxidoreductase (XOR) system. I also saw activation of genes involved in the innate

immune response in C. elegans following exposure to the 20X S. ven concentration. All of

the genes that were investigated in this chapter have human homologs making this work

even more relevant and translatable to PD and further investigation in higher systems. In

Chapter 3, I further explored the impacts of this environmental contributor on aging. I

initially identified that exposure to two different concentrations of S. ven metabolite

resulted in a hormetic aging response in which exposure to a lower concentration extended

C. elegans lifespan while a higher concentration decreased lifespan. I further elucidated

and defined the underlying mechanism of this aging response, in which the metabolite

works through the AMPK pathway and ROS hormesis to cause a hormetic aging and
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neurodegenerative response. This was further characterized by differences in mRNA

expression levels of genes associated with redox function, alterations in mitochondrial

membrane potential and no changes in mitochondrial mass. Overall, these findings

indicated the influence and important of both environmental and genetic contributors to

diseases such as PD. Furthermore, this research moves forward our understanding of a

novel environmental contributor and the mechanisms underlying aging and neuronal death

that could lead to the development of targeted therapeutics for individuals with PD.

4.1 S. V EN METABOLITE INDUCES SPECIFIC TRANSCRIPTIONAL
SIGNATURE IN C. ELEGANS

Soil bacteria are naturally occurring, ubiquitous organisms that are encountered

daily. C. elegans can encounter both non-pathogenic and pathogenic microorganisms in

these natural habitats [142, 48]. The ability to properly combat pathogenic organisms or

negative environments is essential for survival, and any defense mechanisms that these

organisms produce will aid in protection against such dangers. C. elegans, which can

naturally be found in the environment, requires efficient detoxification, detection, and

defense systems to ensure survival and population expansion. Worms have developed

several strong protective mechanisms against bacterial infection such as innate

immunological responses and olfactory avoidance mechanisms, that are highly specific and

efficient to develop distinct responses to an array of different pathogens [1, 67, 193, 42]. In

previous studies, the lab identified exposure to S. ven metabolite caused DA

neurodegeneration and increased production of ROS in C. elegans [135]. Here I show that

following metabolite exposure, there is an upregulation of several phase I and II genes.

Transcriptomic data revealed not only CYP phase I genes, but also some non-CYP phase I

genes. It is interesting that here I show that the metabolized compound of the S. ven

metabolite is more toxic than the parent compound through bioactivation, because it has
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been shown that other bacterial toxins hydroxyphenzine and indole, released by

Psuseomonas aeruginosa and E. coli, respectively, are modified through glycosylation

lowering their toxicity in worms [105]. However, how worms metabolize the S. ven

metabolite has posed to be unique on its own. I identified more Phase I detoxification

genes than phase II suggesting that metabolism of the metabolic product may require the

involvement of several phase I enzymes to make the compound more water soluble in

preparation for excretion compared to the secondary phases. The identification of more

phase I genes also is worth consideration of a contributor to the increased oxidative stress

seen following metabolite exposure, as these enzymes typically increase the oxidative

environment due to their metabolism. Likewise, the data set only revealed two phase II

enzymes, both of which are involved in glucuronidation. Glucuronidation is one of the most

important phase II detoxification mechanisms in the elimination of xenobiotic compounds

[186]. However, in the case here, glucuronidation appears to play a more toxic role by

bioactivating the parent compound. The NRF2 transcription factor whose homolog is

skn− 1 in C. elegans; this gene is the master regulator of xenobiotic metabolism and

oxidative stress response [14]. I find it surprising that the transcriptomic data did not

identify this gene in the transcriptomic work although we did identify several genes whose

expression is dependent on skn− 1. We also did not identify daf − 16 in our data set, yet

we had several DAF-16 associated genes. It is possible that the gene expression regulation

of these two transcription factors does not need to be significantly altered or upregulated

when exposed to S. ven metabolite in order to elicit their transcriptional effects. Mild

induction and activation of both of these genes, can still occur without seeing differences in

they mRNA expression levels. Transcription factors such as these can still mediate and

reprogram expression profiles without altering their own activity [155]. Moreover, these

data possibly point towards these two transcription factors being the primary targets to

initiate an appropriate stress program in response to S. ven metabolite exposure.
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4.2 S. V EN METABOLITE CAUSES A HORMETIC AGING RESPONSE

Aging represents one of the leading factors for developing neurodegenerative

disorders and other life-threatening diseases [74]. In Chapter 3, I breakdown a potential

mechanism behind the hormetic aging response that occurs following exposure to a low and

high concentration of S. ven metabolite. This longevity phenotype does not occur through

energy diversion from pathways such as growth, metabolism or reproduction. While I did

not see an overall impact on reproduction, there could be differences in the fitness of

animals, especially in the second generation that would be worthwhile investigating. I

found that disruption in the AMPK pathway resulted in decreased lifespan in animals

exposed to 5X S. ven metabolite, that was then restored when overexpressed. Further

experiments revealed differences in mitochondrial membrane potential, mitochondrial size,

and mitochondrial derived ROS suggesting that these differences are the mechanism that

underlie the aging differences. Interestingly, many of the genes identified in the

transcriptomic work described in Chapter 2, physically interact with a small ubiquitin like

modifier protein SUMO1. These genes include adh− 1, col − 143, pud− 1.2, pud− 2.1,

vit− 3, set− 18, xdh− 1, fmo− 1, and acp− 6. This gene in C. elegans, smo− 1, is

known to influence senescence, mitochondrial dynamics, and development [46, 128].

Furthermore, smo− 1 physically interacts with both aak − 2 and daf − 16 which are both

key genes linked with S. ven metabolite exposure. The role of smo− 1 following metabolite

exposure is worth further investigation given its association with several genes affected by

S. ven metabolite exposure. Moreover, given the role smo− 1 plays in aging, lifespan

studies with an smo− 1 mutant would be interesting to pursue. SUMOylation is a post

translational modification thought to be involved in aging and longevity [177].

SUMOylation is involved in regulating mitochondrial dynamics and DNA damage stress

responses [46], and can both activate and deactivate modified proteins, yielding it as a

possible post-translational modification following exposure to S. ven. Moreover,
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SUMOylation regulates Ca2+ gene expression, such as calreticulin, that effects the

modulation of processes such as UPRER activation [90]. While previous studies in our lab

determined that UPRmt activation occurred over UPRER activation, these studies should

be reconsidered given the information found within this dissertation.

Figure 4.1: Proposed mechanism of 20X and 5X S. ven metabolite Impact on DA neu-
rodegeneration and Aging. This experimental model illustrates the effect of S. ven metabolite
on the cellular mechanisms leading to the development of neurodegeneration or increased longevity
and fitness in C. elegans. Exposure to high concentrations of S. ven metabolite increase cellu-
lar ROS. Exposure at this concentration impairs mitochondrial function, decreasing ∆Ψm. This
results in increased mitochondrial-derived ROS, contributing to an even higher oxidative environ-
ment. Both cellular and mitochondrial ROS trigger an increase in intracellular Ca2+ levels leading
to DA neurodegeneration. The increased Ca2+ levels leads to the conversion of xanthine oxidase,
increasing XO activity, which produces ROS and can lead to neurodegeneration. This overall
high oxidative environment induces the translocation of DAF-16 from the cytoplasm to the nu-
cleus resulting in the upregulation of detoxification and immunity genes such as CYPs and UGTs
to combat the neurotoxin. Increased expression of detoxifcation genes bioactivate the metabolite
leading to enhanced neurodegeneration. The lower S. ven metabolite concentration does not in-
duce mitochondrial-derived ROS, however, it does decrease ∆Ψm in aged animals. This leads to
activation of the AMPK pathway and a delayed response in DAF-16 transclocation. AMPK signals
to DAF-16, where genes associated with histone modification and lipid metabolism are upregulated.
This low ROS environment stimulates mitochondrial function leading to mitohormesis contributing
to increased longevity, fitness, and healthspan.
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4.3 CURRENT AND FUTURE DIRECTIONS

4.3.1 Altered Ca2+ Dynamics in C. elegans Exposed to S. ven Metabolite

In Chapter 2, I show a connection between neurodegeneration and activation of

the xanthine oxidoreductase (XOR) system following exposure to S. ven metabolite.

Activation of the XOR system and the irreversible conversion of XDH to XO is dependent

on calcium and a calcium specific protease ([93, 7]. I measured XO activity in animals

exposed to 20X S. ven metabolite, grown on plates without Ca2+ and found the

upregulation of XO abolished. Ca2+ plays a fundamental role in development and neuronal

health. Perturbed regulation of Ca2+ has the potential to cause the onset of disease.

[113, 113] demonstrated that mutations in transient receptor potential ion channels lead to

progressive loss of DA neurons via a Ca2+ dependent mechanism. Preliminary data showed

that removal of Ca2+ from the NGM media, in addition to S. ven metabolite reduced DA

neurodegeneration. These results can be similarly achieved with the addition of the

calcium chelator, EGTA to the media as well as the drug Dantrolene, which decreases

intracellular Ca2+ levels by competitively binding to the ryanodine receptor (unpublished

data). unc− 68 is the C. elegans homolog of the ryanodine receptor. Loss of unc− 68 via

RNAi results in enhanced DA neurodegeneration. Loss of unc− 68 in combination with

20X S. ven metabolite results in decreased DA neurodegeneration compared to unc− 68

alone and the empty vector S. ven control (unpublished data). These data suggest that

increased Ca2+ levels are associated with DA neurodegeneration in S. ven exposed

animals. Furthermore, loss of itr− 1, the inositol triphosphate receptor gene homolog in C.

elegans, attenuates S. ven induced DA neurodegeneration (unpublished data). Inhibition

of the sarco-endoplasmic reticulum Ca2+ ATPase (SERCA) resulted in lifespan extension

in C. elegans. SERCA is the main controller of ER Ca2+ levels, as this protein pump

refills the ER with Ca2+ to modulate downstream Ca2+ signaling and dynamics [53]. Ca2+

tightly regulates both energy balance and nutrient sensing, which are key processes
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correlated with longevity [98]. Further experiments are needed to discern the relationship

between S. ven metabolite and Ca2+, and how the combination of both may impact aging

and neurodegeneration together. Such experiments could include assessing the lifespan of

Ca2+ mutants following chronic S. ven metabolite exposure to determine the role this

intracellular messenger plays. Mutants such as cca− 1 a T-type Ca2+ voltage gate channel,

sca− 1an ATPase. Important for regulating ER Ca2+ levels, egl − 19 and L-type Ca2+

voltage gated channel, and unc− 2 a voltage gated Ca2+ channel, could be used to assess

this relationship. Furthermore, disrupted Ca2+ signaling can contribute to changes in lipid

profiles within organisms such as yeast and mice [156, 38].

4.3.2 S. ven Metabolite and AMPK

Previous data from our lab indicated and interaction between the S. ven

metabolite and the AMPK pathway. This data identified AMPK/(aak − 2 in C. elegans)

as a possible regulator of mitochondrial fission and fusion dynamics ([77]. Interestingly,

here in Chapter 3, I showed how depletion of aak − 2 results in decreased lifespan in C.

elegans exposed to 20X S. ven metabolite. More intriguingly, depletion of aak− 2 resulted

in decreased lifespan in animals exposed to 5X S. ven metabolite; now displaying an

opposite phenotype than WT animals. These data suggest an important role for functional

aak− 2 in the extended longevity phenotype following 5X S. ven exposure. Overexpression

of the truncated portion of the aak − 2 alpha subunit reestablished the extended lifespan

phenotype and extended lifespan even further compared to WT animals, when exposed to

5X S. ven metabolite. The alpha subunit of AMPK has been previously shown to be

involved in lifespan, stress resistance and metabolism [3, 141]. I further investigated how

loss of a direct activator of the AMPK pathway, argk − 1, impacted lifespan when exposed

to 5X metabolite. argk − 1 mutants displayed no difference in lifespan when comparing

each treatment together, and displayed decreased lifespan when compared to WT animals,

suggesting that this is a critical regulator of the extended lifespan phenotype and activation
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of the AMPK pathway. Overall, these data suggest that AMPK is underlying the lifespan

effect seen following exposure to both concentrations of S. ven metabolite, but primarily

associated with the extended phenotype when exposed to 5X metabolite. Because AMPK

is a regulator of energy homeostasis and can be associated with ∆Ψm, I further tested

whether exposure to each concentration of metabolite produced differences in ∆Ψm.

Indeed, I saw differences in ∆Ψm independent of mitochondrial mass. These data suggest

healthier mitochondria in worms exposed to 5X S. ven metabolite, due to an underlying

alternative mechanism. Further experiments are needed to discern the reasoning behind

this difference in ∆Ψm, however, differences in mitochondrial respiration and

mitochondrial biogenesis should be worth looking into to further elucidate the mechanisms

behind the increase in ∆Ψm, especially since there were no differences in mitochondrial

mass between the 5X and 20X concentration, and how it is associated with the increased

longevity following exposure to 5X S. ven metabolite. Differences in mitochondrial

respiratory chain function can lead to differences in ∆Ψm and ultimately longevity

changes. Animals with WT functioning respiratory chain functions that display decrease

∆Ψm and showed to have extended longevity, similar to what I show here following 5X S.

ven metabolite exposure. However, animals that display decreased mitochondrial

respiratory chain function in addition to decreased ∆Ψm exhibit shorted lifespan [88].

AMPK activation increases both processes, and if distinctions are visible between

the two concentrations, this could be telling for the aging differences that are seen and

stronger evidence that the AMPK pathway is disrupted and impacted following metabolite

exposure [147]. It would also be worthwhile investigating the differences in glucose

availability in animals exposed to 5X and 20X S. ven metabolite. Glucose is a critical

component of mitochondrial function and ATP synthesis. Impaired glucose metabolism has

also been shown to influence aging in C. elegans, particularly in conditions of low glucose,

C. elegans lifespan is extended [61, 147]. These studies will help further develop the

underlying mechanism behind the aging differences seen following exposure to each
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concentration.

Based on the data presented here, mitohormesis is a leading mechanism behind the

longevity differences seen following exposure to the two different metabolite concentrations.

The activation of the mitohormetic response has been shown to increase lifespan in

different animal models and further enhance healthspan particularly improving metabolism

and immune system [23]. Here we saw a very similar outcome in response to the 5X S. ven

concentration. In fact, previous studies in C. elegans showed significant evidence of

protective responses through the induction of xenobiotic detoxification or antioxidant

defenses required for most lifespan extensions [150]. Asides from aging benefits,

mitohormesis and ROS production have both mechanistically been associated with

diabetes and obesity [65, 82]. Targeting the AMPK pathway has also been a focus of on

market therapeutics for diabetes and obesity. Identifying therapies that are already on

market that can be used for the treatment of several ailments is efficient and beneficial for

4.3.3 S. ven Metabolite Impact on Lipid Metabolism

Aberrant lipid metabolism, damage to the mitochondria, impaired Ca2+

homeostasis and impaired autophagy are a few shared processes that are compromised

amongst most neurodegenerative diseases [120]. Lipids are essential molecules for the

structural components of cells and can act as signaling molecules for various processes as

well and could be a contributor factor in cell death [127]). Transcriptomic and RT-qPCR

results identified several candidate genes associated with lipid metabolism, synthesis or

connection to a metabolic process associated with fatty acids. These were further discussed

in both Chapters 2 and 3. These data are noteworthy and worth further consideration in

the context of neurodegenerative diseases and S. ven metabolite. Other bioactive

secondary metabolites have been shown to alter lipid profiles and contribute to decreased

in age-related phenotypes while extending lifespan in C. elegans like the results shown here

in Chapter 3 [132]. Lipid metabolism and the availability of lipid stores can greatly affect
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both production and aging in organisms [134]. Interestingly, we also see a shift in

reproductive timing in worms that are exposed to 20X S. ven metabolite compared to both

5X metabolite and EtAc. Reproduction is another energy rich process that relies heavily

on lipid stores for proper fitness, and I see increased mRNA expression levels of vit− 3, a

vitellogenin protein, in worms treated with S. ven metabolite. Aging is an energy rich

process and is heavily associated with the energetics of fat. Low levels of fat deposition is a

known factor of PD and has been the aim of investigation in several research studies

[96, 11]. Decreased fat stores are associated with faster disease progression and higher

disease risk. Targeting AMPK is already a clinically used therapeutic for disorders such as

type 2 diabetes mellitus and obesity due to its association with glucose and lipid

metabolism. Identifying differences in fat content and lipid droplets using Nile Red and/or

Oil Red O staining could be useful in discerning variances between the two S. ven

concentrations especially given the identification of several fat associated genes from the

transcriptomic work. Both lipid droplet size and number could be quantified for analysis.

Further understanding the role or lipophagy, or the autophagic degradation of lipid

droplets, or lipogenesis, may contribute to our understanding of the role AMPK pathways

plays in aging, as increased lipophagy is linked to AMPK activation [76].

Mitochondrial β-oxidation is another process worth noting. Increased expression of

genes associated with mitochondrial β-oxidation underlie increased lifespan phenotypes in

C. elegans, particularly in germline-less animals. Interestingly, I saw different regulation

patterns of acdh− 2, a gene associated with mitochondrial β-oxidation, between the two

concentrations of S. ven metabolite. Mitochondrial β-oxidation facilitates the degradation

of stored fats for use for energy production [172]. This would suggest that worms exposed

to the different S. ven concentrations may display differences in fat stores. Nuclear

hormone receptor, NHR-49, regulates this process in C. elegans throughout development

and increased genes involved in fatty-acid β-oxidation [134]. To my surprise, I did not see

any changes in nhr − 49 gene expression in the transcriptomic work. It would be worth
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further investigation into the role of NHRs following exposure to both concentrations of S.

ven metabolite given their association with β-oxidation. Additionally, a shift to increased

fatty acid β-oxidation, it critical to lifespan extension in C. elegans with germline defects

[172, 134]. AMPK is known to be an important initiator in β-oxidation [108]. Further

experiments to investigate this relationship could possibly link mitochondrial phenotypes

to the already known mitochondrial perturbations following S. ven exposure, in addition to

aging data obtained here.

Lastly, another gene identified in the transcriptomic work associated with lipids is

acl − 7. The human ortholog for acl − 7 is GNPAT, glyceronephosphate O-acyltransferase,

a gene associated with ether lipid biosynthesis in both the peroxisome and mitochondria.

Lipids as a whole are important intracellular communicating and signal transduction

molecules. Ether lipids are critical for membrane structure and ensure proper membrane

fluidity, fusion, and the function of integral membrane proteins [149]. Ether lipid and

neuronal membrane composition levels are decreased in brain tissue of PD and Alzheimer’s

patients [182, 43] and can play a role in ferroptotic induced cell death with

polyunsaturated fatty acids [195]. Ferroptosis is a processes involved in various

degenerative diseases and is still a poorly understood mechanism. Reduction of the ferritin

gene in C. elegans, ftn− 1, in DA neurons specifically, results in decreased

neurodegeneration following S. ven metabolite exposure compared to control S. ven

treated worms (unpublished data). These data suggest iron levels may contribute to S.

ven-induced neurodegeneration. Experiments exploring the role of S. ven metabolite and

lipid membranes or the impact on various lipid metabolism processes is worth considering

given how critical the state of lipid membrane are in neurodegenerative disorders.

4.3.4 S. ven Metabolite and Innate Immunity

The ability to generate and elicit an appropriate response to stressors is important

for the fitness of the organism. Extended exposure to environmental hazards can have long
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lasting impacts on an organism’s cellular physiology before any physical symptoms are

recognizable. Such interactions can cause prolonged activation of cellular response

pathways that end up resulting in diseased states. MAP kinases are critical enzymatic

mediators of cellular responses to pathogens and without such pathways, the host would

fall susceptible to such environmental threats [49]. p38 is an enzymatic protein belonging

to an evolutionarily conserved MAPK pathway involved with mediating innate immunity

and stress response protection against harmful pathogens [33]. Interestingly, mitochondrial

complex I dysfunction has been shown to trigger the activation of the p38 MAPK pathway.

We know from previous data that S. ven metabolite impacts mitochondrial complex I

leading to DA neurodegeneration and mitochondrial dysfunction ([135, 77]. It has become

increasingly evident that cell non-autonomous mechanisms can influence the progression of

neurodegeneration [32]. Loss of pmk − 1 resulted in extended lifespan, in animals exposed

to 20X S. ven metabolite (unpublished data). Moreover, loss of pmk − 1 and vhp− 1, a

MAPK phosphatase associated with the p38 pathway attenuates DA neurodegeneration

when exposed to 20X S. ven metabolite (unpublished data). These data point towards

overactivation of the innate immune response negatively impacts animals exposed to S.

ven metabolite. vhp− 1 is also a specific phosphatase for JNK1, which was investigated

here. I also investigated the role of nsy − 1 in S. ven induced neurodegeneration. nsy − 1

is a MAP3K that makes up part of the core of the p38 MAPK pathway in C. elegans along

with pmk − 1 and sek − 1 [89, 2]. Interestingly, loss of nsy − 1 enhanced DA

neurodegeneration in worms that were exposed to 20X S. ven metabolite, suggesting a

possibly epistatic relationship between the two. Further analysis of an uncharacterized C.

elegans gene R09E10.5 revealed that depletion of this gene resulted in decreased

neurodegeneration in an S. ven metabolite background, providing further evidence that

over activation of the innate immune response contributes to DA neurodegeneration in

animals treated with the metabolite. RNA-seq data revealed the upregulation of several

genes associated with innate immunity, however most were just an acute response identified

147



on one day and not persistent. It would be interesting to further parse the identification

and roles of these genes and how innate immunity specifically plays a role in C. elegans in

response to S. ven metabolite exposure. While we cannot definitively rule it out, it

appears that the S. ven metabolite does not cause infection within C. elegans to elicit its

effects compared to other bacteria and secondary compounds. It would be of particular

interest to see if there are differences in induction patterns of such genes between the two

S. ven concentrations, as this could yield further mechanistic data on the differences

between the two concentrations and how DA neurodegeneration occurs.

4.3.5 S. ven Metabolite and α-syn

The role of genetic contributors of PD, in combination with environmental factors

is equally as important to study. α-syn, the primary component of Lewy bodies and a

prominent genetic contributor to the development of PD, was also investigated in

combination with the S. ven metabolite. These data were collected (unpublished) in

concert with the RNA-seq GFP only data described in Chapter 2. An entire second set of

data exists that could further expand our knowledge of how the S. ven metabolite

influences gene expression, α-syn interactions, and more. Understanding the impact of S.

ven metabolite, by itself, on gene expression is important to establish a foundational

understanding of the mechanisms and influence this environmental contributor has on C.

elegans and the normal transcriptional profile of how it is being processed by the animals.

While it does have the ability to cause neurodegeneration alone, the combination of this, or

other, environmental exposures, in combination with genetic contributors is also a plausible

situation. This unpublished transcriptomic data could provide very valuable information

on the differences between the impacts of S. ven metabolite alone and in combination with

a critical genetic PD contributor. This data set yielded a higher amount of differentially

expressed genes between the two treatments and across the different days. It would be

interesting to see if any of the identified DEGs in the GFP only background appear in the

α-syn data and to what degree their expression patterns are varied. These data would
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provide important information into the interaction between the metabolite and α-syn and

how changes in gene expression are altered with the addition of the genetic PD component.

4.3.6 S. ven Purification

At this time, the S. ven metabolite mixture that I am using is a heterogeneous

compound mixture, grown from bacterial cells and extracted through a liquid-liquid DCM

extraction. Identifying the active compound(s) that are the cause of the neurodegeneration

in C. elegans is crucial for the progress of this project. Identifying and purifying the

compound is currently in the works with an internal collaboration with the Ciesla Lab.

Using a new accelerated solvent extraction method (ASE) I have continued to narrow down

the fraction that contains the active neurodegenerative compound(s) by testing each

fraction against the heterogeneous mixture and comparing the neurodegenerative

phenotypes (unpublished data). I have narrowed the fraction down to the 70:30 silica

portion, which is now being further tested to find the best way of obtaining the best

product.

4.3.7 Concluding Remarks

In summary, the work described within this dissertation has expanded our

knowledge and understanding of the environmental contributor, S. ven metabolite, and

how such a complex semi-purified metabolite influenced both cell death and aging. The

identification of a semi-purified secondary compound found in the environment provides

further evidence that additional sources of neurodegeneration and aging should be

considered when investigating causative agents of neurodegenerative diseases. This study

further expanded on previous work indicating the cellular insults that were caused by the

S. ven metabolite [135, 77]. The C. elegans model used within this study provided a good

foundation for the characterization of a transcriptional signature for this compound. The

relative simplicity of C. elegans and its completely mapped nervous system made it

extremely useful to study the genetics of aging and neurodegenerative diseases. Many of

149



the same disease genes exist within this model system, with high gene conservation

between worms and humans. With a generation time of approximately three days, C.

elegans was an ideal model for studying longevity and provided robust sample sizes for the

experiments performed. In addition, the transparent nature of this organism allowed for

easy visualization of fluorescent proteins, namely within the cell type of interest, the DA

neurons, for analysis of neuronal cell death. Using a model that only carried GFP in the

DA neurons allowed for the identification of genes that influenced neurodegeneration

negatively and positively. Most of the identified genes contained human homologs and to

keep its relevance to human disease, genes with human homologs were only investigated

within the study. This study revealed a unique transcriptional signature different from

other previously reported gram positive bacteria and additionally identified several novel

genes, such as xdh− 1, which has very limited reported literature on its role in

invertebrates. The three phase detoxification system is well defined in higher organisms,

however the role of detoxification enzymes in invertebrates is far less defined. The

identification of several phase I and II detoxification enzymes in this study allowed for

further understanding of how such genes function within C. elegans as a model and how

they contributed to the detoxification of neurotoxic compounds. In particular, both

cyp− 35B2 and cyp− 34A10, two upregulated phase I enzymes revealed different roles in

the metabolism of the S. ven metabolite. Both chapters revealed an important role for the

transcription factor daf − 16. More than 40% of identified genes within the transcriptomic

study were associated with daf − 16, and further analysis indicated gene regulation was

dependent on the presence of functional daf − 16. Moreover, this neurotoxin appears to

target the AMPK pathway and mitochondria to elicit detrimental effects in C. elegans.

These data advanced our mechanistic understanding of interactions between this

environmental contributor and mitochondrial homeostasis in the context of aging in C.

elegans. The identification of such genes and pathways that increase the neurotoxicity of

this semi-purified metabolite and accelerate aging are worth further consideration as
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possible targets for potential therapeutics against PD and aging. Overall, here I’ve

identified a compound that influences oxidative stress, inflammation, neuronal cell death,

mitochondria and stress response programs - all factors associated with aging and/or

neurodegenerative diseases. Collectively, the discovery of compounds that target the

reduction or suppression of oxidative stress to decrease cell death and neuroinflammation is

an effective therapeutic strategy for neurodegenerative disease treatment. Furthermore,

maintenance of normal mitochondrial function and targeted therapies for improved cellular

function can be an effective strategy to alleviate the progression of both the aging process

and neuronal cell death.
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