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Mechanistic impacts of bacterial diet on dopaminergic
neurodegeneration in a Caenorhabditis elegans
a-synuclein model of Parkinson’s disease

Anthony L. Gaeta,1 KarolinaWillicott,1 CoreyW.Willicott,1 Luke E. McKay,1 CandiceM. Keogh,1 Tyler J. Altman,1

Logan C. Kimble,1 Abigail L. Yarbrough,1 Kim A. Caldwell,1,2,3,4 and Guy A. Caldwell1,2,4,5,*

SUMMARY

Failure of inherently protective cellular processes and misfolded protein-associ-
ated stress contribute to the progressive loss of dopamine (DA) neurons charac-
teristic of Parkinson’s disease (PD). A disease-modifying role for the microbiome
has recently emerged in PD, representing an impetus to employ the soil-dwelling
nematode, Caenorhabditis elegans, as a preclinical model to correlate changes in
gene expression with neurodegeneration in transgenic animals grown on distinct
bacterial food sources. Even under tightly controlled conditions, hundreds of
differentially expressed genes and a robust neuroprotective response were dis-
cerned between clonal C. elegans strains overexpressing human alpha-synuclein
in the DA neurons fed either one of only two subspecies of Escherichia coli. More-
over, this neuroprotection persisted in a transgenerational manner. Genetic anal-
ysis revealed a requirement for the double-stranded RNA (dsRNA)-mediated
gene silencingmachinery in conferring neuroprotection. In delineating the contri-
bution of individual genes, evidence emerged for endopeptidase activity and
heme-associated pathway(s) as mechanistic components for modulating dopami-
nergic neuroprotection.

INTRODUCTION

The energy sources and nutrients obtained by organisms through diet are critical for all aspects of

cellular physiology but can also exert influence on the predisposition to pathologies.1–6 This may

be further exacerbated in many cases by health disparities in nutritional deficiencies and food

insecurity that influence the composition of gut microbiota.7 Discerning dietary effects on microbial

composition through advances in genomic analysis and bacterial identification (microbiome-seq;

bacterial barcoding) will continue to drive discovery and expedite descriptive cataloging of clinical in-

formation.8 However, systematic analyses of bacterial influences and the mechanisms by which they

exert an effect(s) on neuron health remain limited, especially in the context of their implications for

disease.

The nematode model system, Caenorhabditis elegans, has been utilized to investigate the cellular, ge-

netic, and organismal consequences of differing bacterial food sources on life history traits such as life-

span, fertility, developmental rate, quiescence, fat storage, and triacylglycerol levels.9–11 Indeed,

different diets alter these and other phenotypes in C. elegans. C. elegans, a non-parasitic, soil and

aquatic dwelling nematode species, is routinely maintained in research laboratories using several strains

of E. coli that have traditionally been employed as food sources for growth and husbandry.12 Choice of

bacterial source by an investigator is typically linked to methodologies designed to achieve distinct

experimental outcomes. For example, specific E. coli strains that naturally grow to higher densities are

used to facilitate robust growth of animals for subsequent extraction of macromolecules, biochemical

analyses, or other quantitative measurements of metabolic components of C. elegans.13 Other E. coli

strains have been engineered to maximize double-stranded RNA (dsRNA) production for use in RNA

interference (RNAi) by bacterial feeding.14 More recent studies have already validated the prospect of

identifying neuroprotective metabolites, including neurotransmitters like GABA and probiotics, from

specific bacteria fed to C. elegans.15,16
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The increasing burden of neurodegenerative disease across the world population represents an urgent and

unmet challenge with catastrophic societal and economic consequences. The availability of well-character-

ized transgenic strains of C. elegans generated for investigation of human neurodegenerative diseases

presents an exceptional opportunity to accelerate discovery at the knowledge interface of gut-neuron

signaling. C. elegansmodels of multiple neurodegenerative disorders, including amyotrophic lateral scle-

rosis (ALS), Huntington’s disease (HD), Alzheimer’s disease (AD), frontotemporal lobar dementia (FTLD),

and Parkinson’s disease (PD), have reproducibly been proven informative in discerning molecular etiol-

ogies, cellular pathways, and prospective targets for therapeutic development.17–19

We examined the relative impact of bacterial diet in our established C. elegans PDmodel of dopaminergic

neurodegeneration that recapitulates the progressive, age- and dose-dependent toxicity of multicopy

expression of human a-synuclein (a-syn), an intrinsically disordered protein central to the pathology of

PD.20–22 Through a combination of genetic mutant analysis, temporal evaluation, tissue-specific RNAi

knockdown, transcriptional profiling, and multi-generational growth strategies, we elucidated the

response of animals hatched and reared on two common and extensively used E. coli strains (OP50 and

HB101). Although OP50 and HB101 are both species of E. coli, there are some notable differences between

the two. For instance, HB101 produces a visibly thicker lawn compared to OP50.9 In addition,C. eleganswill

actively seek higher-quality food sources over closer but harder to consume sources through foraging

behavior; in food-choice assays worms preferentially eat HB101 over OP50, indicating HB101 is a higher-

quality food source.23 Furthermore, worms store less fat,9 have an accelerated growth rate,10 have

increased quiescence,10 and have an extended lifespan24 when grown on HB101 compared to OP50. In

the context of macronutrient profile, HB101 contains 3–5x the level of carbohydrates compared to

OP50, the standard laboratory food source for C. elegans.9,10

We discovered reproducible distinctions in neuroprotection were conferred by growth on HB101 when

compared to OP50 E. coli; differences were further delineated through transcriptional analysis by RNA

sequencing (RNA-seq) to categorize differential gene expression. Moreover, the robust neuroprotection

of dopaminergic neurons elicited by growth on HB101 was sustained in a transgenerational manner.

Strikingly, dopaminergic neuroprotection from a-syn overexpression was abolished in animals carrying

genomic deletion or loss-of-functionmutations in genes required for gene silencing by exogenous dsRNAs

in C. elegans. This represents a previously unreported means through which the ‘‘gut-brain axis’’ exerts an

influence in epigenetic response in the regulation of neurodegeneration, with potential implications for

understanding environmental contributions to sporadic PD.25

The dopaminergic system functions within tightly regulated parameters that enable adaptation to external

influences but also contributes to differential susceptibilities displayed by individuals in their capacity to

withstand pathogenic challenges. In this regard, the set of evolutionarily conserved, functional effectors

of neuroprotection identified herein represents putative genetic susceptibility factors, in addition to new

therapeutic targets for PD. Among these modifiers of a-syn-induced dopaminergic neurodegeneration,

we report that genes encoding conserved endopeptidases, endopeptidase inhibitors, and components

of heme-signaling exhibited the highest significance of altered gene expression. Functional analysis using

tissue-specific, RNAi-sensitive C. elegans strains revealed distinctions in temporal, autonomous, and cell

non-autonomous effects on dopaminergic neuroprotection. This research highlights the impact that

even a subtle change in the fundamental bacterial diet composition of a simple roundworm can have on

susceptibility to dopaminergic neurodegeneration. By proxy, these collective results reveal potential

mechanisms through which the intestinal microbiome of humans might confer enhanced susceptibility—

or resilience — to PD.

RESULTS

A diet of HB101 E. coli reduces a-syn-induced dopaminergic neurodegeneration in a

transgenerational manner

While conducting routine bioassays in the context of an unrelated study using our transgenic C. elegans

a-syn model of dopaminergic neurodegeneration, we anecdotally observed that worms maintained for

multiple generations on HB101 E. coli reproducibly exhibited enhanced neuroprotection when compared

to those grown on OP50 E. coli. We sought to formally investigate this phenomenon in more detail. To

properly control for the effects of these different bacterial food sources on neurodegeneration, bacterial

growth studies were first performed on both OP50 and HB101 E. coli to systematically establish consistent
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Figure 1. A diet of HB101 E. coli reduces a-syn-induced dopaminergic neurodegeneration in a transgenerational

manner

(A and B) Bacterial growth curve depicting (A) CFUs/mL and (B) absorbance at 600 nm (OD600) of OP50 E. coli vs. HB101

E. coli. Data points represent values obtained every 2 h of growth for a total of 16 h. Error bars represent GSD (3

independent replicates).

(C) DA neurons scored for neurodegeneration on day 7 post-hatching, in the P0-F5 generations, in a-syn worms. Values

represent mean G S.D. (n = 30 worms per group per replicate, 3 independent replicates). Two-way ANOVA with �Sı́dák’s

post hoc analysis was used to compare OP50 and HB101 E. coli conditions to each other, in each generation. Black bars

with blue border indicate groups that were grown on OP50 E. coli, but whose ancestors were grown on HB101 E. coli; ns

p R 0.05, **p < 0.01, ****p < 0.0001.

(D) DA neurons scored for neurodegeneration on day 7 post-hatching, in the P0-F5 generations, in a-syn worms. The data

in this graph are from the same dataset shown in Figure 1C; the bars represent the distribution of the entire population of

90 worms with the indicated number of degenerating dopaminergic neurons (0 through 5). The horizontal lines compare

the number of worms with zero (yellow) or two (brown) degenerating neurons in OP50 vs. HB101. Values represent

mean G S.D. (n = 30 worms per group per replicate, 3 independent replicates). ns p R 0.05; *p < 0.05; ***p < 0.001;

****p < 0.0001; two-way ANOVA with an uncorrected Fisher’s LSD post hoc test. In generations F4 and F5, the blue box

around ‘‘O’’ refers to populations of worms whose ancestors were grown on HB101 in the previous generations, but who

themselves were grown on OP50.

(E–G) These images represent the six anterior DA neurons in characteristic worms expressing GFP in the six head neurons

on day 7 post-hatching. Arrowheads indicate intact DA neurons while arrows indicate degenerated DA neurons in

exemplar animals as described as follows. Scale bar, 20 mm. (E) An animal grown on OP50 E. coli to the F3 generation and
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conditions for nematode maintenance. The quantity of viable cells and the density of liquid bacterial cul-

tures were determined for each type of E. coli by ascertaining the colony forming units (CFUs)/mL and the

optical density at 600 nm (OD600) of liquid cultures every 2 h for a total of 16 h of growth (Figures 1A and 1B).

Comparable CFUs/mL and OD600 values were found when OP50 was grown for 5 h and HB101 was grown

for 10 h in liquid cultures at 37�C (Figures 1A and 1B). Therefore, all subsequent investigation of phenotypes

comparing OP50 and HB101 adhered to these specific bacterial growth conditions to equate exposure

densities.

Worms overexpressing both GFP and human wild-type a-syn under the control of the dopaminergic

neuron-specific DA transporter promoter, Pdat-1, have been previously shown to display progressive

neurodegeneration that worsens with age.18,26,27 a-syn-expressing hermaphrodites from the same

source plate of animals were cultivated separately on either OP50 or HB101 and scored for evidence

of dopaminergic neurodegeneration at day 7 post-hatching, a time point that reproducibly displays

strong neurodegeneration. In the initial P0 generation, a-syn worms grown on either OP50 or HB101

exhibited similar levels of DA neuron loss (Figures 1C and 1D). Worms overexpressing only GFP under

the control of the dat-1 promoter do not display any significant DA neurodegeneration (Figure 1E).

Subsequent generations of animals were maintained by consistent growth on the same bacterial

source, either OP50 or HB101, respectively. Starting in the F1 generation and persisting through the

F3 generation, transgenic worms grown on HB101 displayed significant neuroprotection from a-syn-

induced dopaminergic neurodegeneration compared to those grown on OP50 (Figures 1C, 1D, 1F,

and 1G). These results were consistent on both the population and individual neuron levels

(Figures 1C and 1D).

Although the transgenerational neuroprotection seen in worms grown on HB101 compared to worms

grown on OP50 E. coli (neuroprotectionHB101) may be a consequence of HB101 influencing biological pro-

cesses inherent to the worms, it is also possible that the HB101 induces silencing of the a-syn transgene,

which would itself reduce DA neurodegeneration. To rule out either of these possibilities, real-time quan-

titative PCR (RT-qPCR) was performed on worms grown on OP50 and HB101 to determine the a-syn trans-

gene expression levels. This RT-qPCR was performed at the F1 generation, a time point where neuropro-

tectionHB101 is observed (Figures 1C and 1D). The a-syn expression levels in the OP50 and HB101 groups

were statistically insignificant from each other, indicating that neuroprotectionHB101 is not caused by a

silencing of the a-syn transgene (Figure 1H).

Figure 1. Continued

expresses GFP only, with a full complement of 6 anterior DA neurons. (F) An animal grown on OP50 E. coli to the F3

generation; both GFP and a-syn are independently expressed in DA neurons; 3 neurons are intact, and 3 neurons are

degenerating. (G) An animal grown on HB101 E. coli to the F3 generation; both GFP and a-syn are independently

expressed in DA neurons; the 6 anterior DA neurons are intact.

(H) a-syn mRNA expression levels in a-syn + OP50 and a-syn + HB101 worms. Expression is normalized to the a-syn +

OP50 group. Total RNA for the comparison was isolated at the F1 generation, at day 7 post-hatching; ns p R 0.05,

unpaired, two-tailed Student’s t test.

(I) DA neurons were scored for degeneration on days 4 and 10 post-hatching, all in the F3 generation, in a-syn worms.

Values represent mean G S.D. (n = 30 worms per group per replicate, 3 independent replicates). Two-way ANOVA with
�Sı́dák’s post hoc analysis was used to compare OP50 and HB101 E. coli conditions to each other; *p < 0.05, **p < 0.01.

(J) DA neurons scored for neurodegeneration on day 4 and 10 post-hatching in the F3 generation, in a-syn worms. The

data in this graph are from the same dataset shown in Figure 1I; the bars represent the distribution of the entire

population of 90 worms with the indicated number of degenerating dopaminergic neurons (0 through 5). The horizontal

lines compare the number of worms with zero (yellow), one (dark yellow), or three (red) degenerating neurons in OP50

(black text) vs. HB101 (blue text). Values represent mean G S.D. (n = 30 worms per group per replicate, 3 independent

replicates). *p < 0.05; **p < 0.01; ****p < 0.0001; two-way ANOVA with an uncorrected Fisher’s LSD post hoc test.

(K and L) These images represent the six anterior DA neurons in characteristic worms expressing GFP in the six head

neurons on day 4 post-hatching. Arrowheads indicate intact DA neurons while arrows indicate degenerating DA neurons.

Scale bar, 20 mm. (K) This animal was grown on OP50 E. coli to the F3 generation; both GFP and a-syn are independently

expressed in DA neurons; 1 neuron is degenerated. (L) The animal displayed was grown on HB101 E. coli to the F3

generation; GFP and a-syn are both expressed in DA neurons; all 6 anterior DA neurons are intact.

(M and N) These images represent the six anterior DA neurons in characteristic worms expressing GFP in the six head

neurons on day 10 post-hatching. Arrowheads indicate intact DA neurons while arrows indicate degenerated DA neurons.

Scale bar, 20 mm. (M) This animal was grown on OP50 E. coli to the F3 generation; GFP and a-syn are expressed in

DA neurons; 5 neurons are degenerated. (N) This animal was grown on HB101 E. coli to the F3 generation; all 6 anterior DA

neurons are intact.
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Next, we wanted to determine if the neuroprotectionHB101 would be reduced or abolished if the diet was

switched to OP50 in the next generation. To obtain the F4 generation, animals grown on OP50 in the F3

generation were used as the source to again obtain a generation of worms also grown on OP50. However,

this time, worms grown on HB101 in the F3 generation were also used to establish a subsequent generation

of animals grown on OP50. Interestingly, this switch in bacterial diet did not dampen the neuroprotection

exhibited by the worms whose ancestors were grown on HB101 (Figures 1C and 1D). We next sought to

determine how long this inherited neuroprotectionHB101 would last and so again obtained subsequent

generations of both worm populations on OP50. In this final, F5 generation, worms grown on HB101 in

the P0-F3 generations displayed DA neurodegeneration levels insignificantly different from animals grown

on OP50 in the P0-F5 generations (Figures 1C and 1D).

Having demonstrated that neuroprotectionHB101 is robust at day 7 post-hatching, we proceeded to deter-

mine if a diet of HB101 induces neuroprotection at both an earlier and later time point. Worms were grown

on either OP50 or HB101 E. coli to the F3 generation and scored for DA neurodegeneration at day 4 and 10

post-hatching. In comparison to growth on OP50, worms grown on HB101 through the F3 generation ex-

hibited neuroprotectionHB101 at both days 4 and 10 post-hatching, both at the population and individual

neuron levels (Figures 1I–1N). These results collectively illustrate the transgenerational nature of the neuro-

protection that a diet of HB101 confers to worms burdened by the chronic temporal effects of multicopy

a-syn expression in DA neurons.

Transcriptomic comparison of C. elegans grown on OP50 vs. HB101 E. coli

To determine genes and associated molecular pathways that may be responsible for neuroprotection HB101,

we sought to employ a transcriptomic approach. Although another group has performedRNA-seq and uncov-

ered differential transcriptional responses onworms reared onOP50E. coli and other bacterial diets, including

HB101,24 this was done in N2 worms, in the absence of a-syn. Furthermore, the aforementioned study was per-

formed on populations of worms grown on each bacterial food source for a minimum of 30 generations, and

RNA-seqwas performed at the L4 larval stage of development. To accurately capture the DA neuron response

to a-syn overexpression, we performed transcriptomic analyses by RNA-seq on worms grown on either OP50

or HB101 at the P0 generation, when there is an absence of neuroprotection exhibited in the HB101 group,

and then again at the F3 generation, when neuroprotection exhibited in the HB101 group is robust. Table 1

details the differentially expressed genes (DEGs) with human orthologs that were upregulated and downre-

gulated in HB101 in the F3 generation, some of which were functionally evaluated in this study. Therefore, Ta-

ble 1 represents a subset of the total DEGs, all of which can be accessed in the Gene Expression Omnibus

(GEO), Dataset Series: GSE210005. This analysis revealed 20 DEGs upregulated in worms grown on HB101

in the P0 generation and 23 DEGs that were upregulated in the F3 generation (Figures 2A–2C, and Table 1).

Conversely, 50 DEGs were downregulated in worms grown on HB101 in the P0 generation, and 515 DEGs in

the F3 generation (Figures 2A–2C and Table 1). Focusing on DEGs stemming from the F3 generation, among

the 23 DEGs upregulated in the worms grown on HB101, eight (�35%) have human orthologs (Figure 2D and

Table 1). Interestingly, noneof these eight genes with humanorthologs are classified as being expressed inDA

neurons (Figure 2D), according to the worm neuronal transcriptome database (C. elegans Neuronal Gene

Expression Map & Network [CeNGEN]28). Notably, two of these DEGs exhibited a markedly higher signifi-

cance (adjusted p value, Table 1) in differential gene expression: a heme-associated endopeptidase (hrg-7)

and a mitochondrial creatine kinase (argk-1). The raw RNA-seq data also indicated that hrg-7 displayed the

highest total level of transcripts, by far, among the eight upregulated DEGs with human orthologs identified;

argk-1 had the next most abundant transcripts (GEO Dataset Series: GSE210005).

Of the 515 DEGs that were downregulated in worms grown on HB101 E. coli to the F3 generation, 217

(�42%) have human orthologs (Figure 2D and Table 1). Among these DEGs with human orthologs, 105

(�48%) are expressed in DA neurons and 69 (�32%) are associated with disease (Figure 2D). Among this

subset of orthologous downregulated DEGs, 31 (�14%) are associated with transcriptional regulation.

Additionally, 19 (�9%) others are associated with endopeptidase activity, with 11 (�5%) predicted to

have endopeptidase inhibitor activity and eight (�4%) havingmetalloendopeptidase activity. Furthermore,

seven (�3%) DEGs with human orthologs are involved in calcium ion binding. Strikingly, only three addi-

tional DEGs were upregulated in worms grown on HB101 E. coli in the F3 generation compared to the

P0 generation, whereas 465 more DEGs were downregulated in the F3 vs. P0 generation. This strongly in-

dicates that depletion and/or suppression of transcripts represents a primary mechanism and functional

outcome of the HB101-dependent dietary response.
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Table 1. Differentially Expressed Genes (DEGs) (F3 generation) in transgenic C. elegans expressing human a-syn in DA neurons fed either OP50 or

HB101 E. coli

Gene

log2Fold

change

p value

(adjusted)

Human

ortholog(s) Function/disease relevance

Upregulated in transgenic worms expressing a-syn in DA neurons and fed HB101 E. coli

hrg-7 2.51 2.52E-227 CTSE

PGA3-5 BACE1,2

Predicted to enable aspartic-type endopeptidase activity. Predicted to be involved

in cell death. Involved in intestine to neuron signaling and heme translocation in

C. elegans.

argk-1 4.17 1.65E-194 CKMT1A, B

CKB, CKM CKMT2

Predicted to have creatine kinase activity. Involved in ATP and hydrogen peroxide-

associated metabolic processes; longevity effector of S6K.

H02F09.3 2.62 1.82E-8 MUC4,5B,6,

12,16,17

Predicted to be integral component of membrane. Uncharacterized protein with

homology to mucin family. Among the most highly upregulated genes in C. elegans

host-defense to S. aureus infection.

gsto-1 2.06 9.36E-8 GSTO1,2 Enables glutathione dehydrogenase (ascorbate) and glutathione transferase activity.

Involved in cellular response to extracellular stimuli and response to superoxide.

Human ortholog(s) implicated in Alzheimer’s and Parkinson’s disease and asthma.

hrg-2 4.40 8.48E-5 FAXC Enables heme-binding activity; metaxin-like GST domain-containing protein.

K09C4.1 4.2 9.62E-8 SLC2A4, GLUT4 Predicted integral membrane protein with homology to insulin-responsive hexose

transporter; associated with type 2 diabetes.

nep-8 2.56 0.005 MELL1 Neprilysin metalloendopeptidase homolog; integral plasma membrane protein;

predicted protein processing activity

cyp-35B2 2.50 0.014 CYP2U1, CYP2C8 Predicted to enable heme-binding activity; Predicted to be involved in xenobiotic

metabolic processes. Human ortholog(s) implicated in hereditary spastic paraplegia.

Downregulated in transgenic worms expressing a-syn in DA neurons and fed HB101 E. coli

aqp-2 2.28 3.79E-181 AQP3-5,7,9,10 Enables water channel activity. Involved in water transport. Human AQP orthologs

are linked to PD.

F30H5.3 3.00 5.02E-106 TFPI Predicted to be involved in negative regulation of endopeptidase activity.

K04H4.2 2.84 2.97E-102 LTBP4 Predicted to enable chitin-binding activity.

mlt-11 2.59 1.83E-99 SPINT1-3

TFPI

TFPI2

Predicted to be involved in negative regulation of endopeptidase activity.

Associated with epithelia that form a protective layer against biotic and abiotic

threats. Regulator of molting in C. elegans.

clec-78 2.61 6.09E-90 NOTCH2

JAG1,2

Predicted to enable calcium ion binding activity, metal ion binding activity;

carbohydrate binding activity; homology to human NOTCH2; defense against

Gram-positive bacterial infection

hbl-1 2.13 3.71E-42 ZNF131

ZNF518A, B

Enables RNA polymerase II transcription regulatory region sequence-specific DNA-

binding activity.

Y43F8B.3 2.79 5.68E-31 SPINT2 WFIKKN1,2 Predicted to be involved in negative regulation of endopeptidase activity.

agr-1 2.44 2.87E-24 AGRN

EYS

Homolog of human neuromuscular junction protein, agrin. Predicted to be involved

in basement membrane assembly; cell migration; substrate adhesion-dependent

cell spreading. Associated with dystroglycanopathies.

zag-1 2.35 5.10E-24 ZEB1,2 ZNF219

ZNF787

ZNF853

DNA-binding transcription factor, RNA polymerase II-specific and RNA polymerase

II cis-regulatory region sequence-specific DNA-binding activity. Positive regulation

of axon guidance and extension; regulation of neuron differentiation.

egl-46 2.47 6.07E-24 INSM1,2 Enables RNA polymerase II-specific DNA-binding transcription factor binding

activity. Involved in cell fate commitment; generation of neurons; and positive

regulation of exit from mitosis.

atf-2 2.42 1.14E-22 NFIL3 Enables RNA polymerase II transcriptional regulatory region sequence-specific DNA

binding. Involved in negative regulation of transcription.

B0393.5 2.51 6.83E-16 LTBP1

NELL1,2

Predicted to enable calcium ion-binding activity. Predicted to be an extracellular

matrix structural constituent involved in cell-matrix adhesion.
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Figure 2. Transcriptomic comparison of worms grown on OP50 vs. HB101 E. coli

(A) Venn diagrams depicting number of DEGs found in various comparisons (bacteria type and generation shown) from

the transcriptomic study of worms grown on HB101 vs. OP50 E. coli. The red Venn diagram shows DEGs upregulated in

worms grown on HB101 E. coli, and the blue Venn diagram shown DEGs downregulated in worms grown on HB101 E. coli.

Numbers in interlocking circles represent the number of DEGs that are similar between comparisons.

(B and C) Heatmaps depicting regulatory status of the differentially expressed genes (DEGs) (columns) from the

transcriptomic analysis comparing worms grown on HB101 vs. OP50 E. coli (rows). Both the HB101 and OP50 E. coli

groups constitute 3 replicates each. RNA was isolated at day 6 post-hatching. (B) Heatmap of the DEGs (both up- and

downregulated) uncovered from worms grown on HB101 vs. OP50 E. coli at the P0 generation. (C) Heatmap of a subset
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Functional analysis of DEGs downregulated in worms grown on HB101 E. coli via RNAi

knockdown

Since worms grown on HB101 exhibit dopaminergic neuroprotection from a-syn-induced neurotoxicity, we

hypothesized that knockdown of the DEGs that were downregulated in response to an HB101 E. coli diet

would similarly lead to neuroprotection. As our RNA-seq analysis was performed using whole animals, we

further wished to discern the putative source of neuroprotective signal for individual DEGs. To address this,

we utilized a tripartite comparative functional genomic approach using RNAi: 1) DA neuron-specific RNAi,

2) systemic RNAi, and 3) gut-specific RNAi. Twelve representative DEGs with human orthologs that were

downregulated in worms grown on HB101 E. coli at the F3 generation were knocked down via these tis-

sue-specific RNAi approaches. These twelve representative DEGs were chosen because of both their

robust significance (low adjusted p values) and functional category. These included endopeptidase inhib-

itors (mlt-11, Y43F8B.3, and F30H5.3), factors that regulate gene transcription (zag-1, hbl-1, atf-2, and egl-

46), genes categorized as having calcium ion binding activity (B0393.5 and clec-78), a gene that exhibits

chitin binding activity (K04H4.2), an agrin-related gene involved in neuromuscular junction and cell commu-

nication (agr-1), and an aquaporin water channel (aqp-2). It is important to note that these RNAi experi-

ments were performed using the standardized method for bacterial feeding in C. elegans, where HT115

E. coli was the type of bacteria in which target-specific dsRNA expression was engineered.14 Although us-

ing HB101 as the bacterial type for the RNAi feeding might be considered preferable, we reasoned that

knocking down DEGs in animals fed HT115 E. coli would provide an unbiased approach to evaluation of

gene targets identified in worms grown on HB101 compared to OP50 E. coli. Furthermore, unlike HT115

E. coli, a strain that has been engineered and optimized for its use in RNAi feeding,29 the efficacy of dsRNA

production and accumulation in HB101 (or OP50) has not been scrutinized for knockdown and therefore

represented an uncharacterized variable itself.

Since �48% of downregulated DEGs with human orthologs at the F3 generation are expressed in DA neu-

rons (Figure 2D), we first sought to determine if knockdown of these genes cell-autonomously (only in DA

neurons) induced the hypothesized dopaminergic neuroprotection. For these analyses, a DA neuron-spe-

cific RNAi strain was utilized that: 1) overexpresses both GFP and wild-type human a-syn under the control

of the DA neuron-specific promoter, Pdat-1; 2) has a genetic background that is a functional null mutant of

the dsRNA transporter gene sid-1; and 3) also overexpresses wild-type sid-1 in just the DA neurons.30 This

promoter-directed rescue of RNAi sensitivity allows for knockdown of genes specifically in the cell type of

interest and has been widely adopted to achieve selective knockdown in vivo.31 The twelve downregulated

DEGs were knocked down via RNAi in this DA neuron-specific RNAi strain at day 4 and 7 post-hatching

(Figures 3B and 3C). The DEGs examined are involved in various cellular processes, including water channel

activity, cell communication, chitin binding activity, calcium ion binding activity, transcriptional regulation,

and endopeptidase inhibitor activity (Figure 3A). On day 4 post-hatching, knockdown of five of the twelve

DEGs led to significant neuroprotection, when compared to empty vector (EV) RNAi controls; this included

all three endopeptidase inhibitors (mlt-11, Y43F8B.3, and F30H5.3), one out of three of the transcriptional

regulators (hbl-1), and a gene that exhibits chitin binding activity (K04H4.2) (Figure 3B). On day 7 post-

hatching, only one of the DEGs, egl-46, which encodes a transcriptional repressor of neuronal cell

fate,32 exhibited significant neuroprotection upon knockdown (Figure 3C). Thus, the functional character-

ization of individual targets of transcriptomic regulation by dietary response signifies the involvement of

these processes, notably endopeptidase inhibition, in the attenuation of a-syn-mediated neurotoxicity.

In order to determine if these twelve downregulated DEGs impact DA neuron health when they were

knocked down in the absence of a-syn, a DA neuron-specific RNAi strain was utilized that: 1) overexpresses

only GFP under the control of the DA neuron-specific promoter, Pdat-1; 2) has a genetic background that is a

functional null mutant of the dsRNA transporter gene sid-1; and 3) also overexpresses wild-type sid-1 in just

the DA neurons. This strain, similar to the strain used in Figures 3B and 3C but without overexpression of

a-syn, facilitates determining if knockdown of a gene of interest, in and of itself, enhances neurodegener-

ation in an a-syn-independent manner. On day 4 post-hatching, none of the twelve DEGs led to enhanced

Figure 2. Continued

of the DEGs (both up and down regulated) uncovered from worms grown on HB101 vs. OP50 E. coli at the F3

generation.

(D) A table depicting the number and percent of DEGs upregulated and downregulated in worms grown on HB101 E. coli

with human orthologs, with human orthologs that are expressed in DA neurons (verified with CeNGEN), and with human

orthologs that are linked to disease (wormbase.org).
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Figure 3. Functional analysis of DEGs downregulated in worms grown on HB101 E. coli via RNAi knockdown

(A) Color-coded key depicting known or predicted functional classifications of DEGs shown in the bar graphs of panels.

(B and C) DA neurons were scored for degeneration on (B) day 4 and (C) day 7 post-hatching. RNAi was performed in a DA neuron RNAi-sensitive a-syn

model strain (UA196). Gene transcripts knocked down are specified on the x axis, and functional category is depicted in the associated legend (A). Values

represent mean G S.D. (n = 30 worms per group per replicate, 3 independent replicates). One-way ANOVA with Dunnett’s post hoc analysis was used to

compare RNAi knockdowns to empty vector (EV) controls; *p < 0.05, **p < 0.01.

(D and E) DA neurons were scored for degeneration on (D) day 4 and (E) day 7 post-hatching. RNAi was performed in a DA neuron RNAi-sensitive model

strain, in the absence of a-syn (UA202). Gene transcripts knocked down are specified on the x axis, and functional category is depicted in the associated

legend (A). Knockdown of mcu-1 (gray bars) was used as a positive control and is known to enhance dopaminergic neurodegeneration at later time points.

Values represent meanG S.D. (n = 30 worms per group per replicate, 3 independent replicates). One-way ANOVAwith Dunnett’s post hoc analysis was used

to compare RNAi knockdowns to empty vector (EV) controls; ns p R 0.05; *p < 0.05, **p < 0.01; ***p < 0.001.

(F and G) DA neurons were scored for degeneration on (F) day 4 and (G) day 7 post-hatching. RNAi was performed in a systemic RNAi a-syn model (UA44),

where genes have the potential to be knocked down anywhere that sid-1 is endogenously expressed. Gene transcripts knocked down are specified on the x

axis, and gene function category is depicted in the associated legend. Values represent mean G S.D. (n = 30 worms per group per replicate, 3 independent

replicates). One-way ANOVA with Dunnett’s post hoc analysis was used to compare RNAi knockdowns to empty vector (EV) controls; ns pR 0.05; **p < 0.01;

***p < 0.001.

(H and I) DA neurons were scored for degeneration on (H) day 4 and (I) day 7 post-hatching. RNAi was performed in an intestinal-specific RNAi-sensitive a-syn

model (UA310). Gene transcripts knocked down are specified on the x axis, and gene function category is depicted in the associated legend. Values

represent mean G S.D. (n = 30 worms per group per replicate, 3 independent replicates). One-way ANOVA with Dunnett’s post hoc analysis was used to

compare RNAi knockdowns to empty vector (EV) controls; ns p R 0.05; *p < 0.05; **p < 0.01.
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neurodegeneration when knocked down, when compared to EV RNAi controls (Figure 3D). On day 7 post-

hatching, however, three of the twelve DEGs (aqp-2, K04H4.2, and zag-1) enhanced neurodegeneration

when knocked down in the absence of a-syn, indicating that these genes are at least partly involved inmain-

taining DA neuron health (Figure 3E).

Although half of the twelve downregulated DEGs exhibited neuroprotection in a-syn worms when knocked

down specifically in the DA neurons, we wanted to determine if knockdown of the other six DEGs that did

not exhibit neuroprotection would affect neurodegeneration when knocked down in a cell non-autono-

mous manner. To address this, these six genes were targeted by RNAi in a strain that still had a-syn and

GFP overexpressed only in DA neurons but in a wild-type background (vs. sid-1 mutant); we termed this

‘‘systemic’’ knockdown.C. elegans neurons have been previously established as being normally recalcitrant

to RNAi, presumably due to lower levels of sid-1 expression than other somatic cells.33 Therefore ‘‘sys-

temic’’, as defined here, is more precisely described as being sensitive to dsRNA gene silencing every-

where except in the nervous system. On day 4 post-hatching, none of the six DEGs (agr-1, aqp-2,

B0393.5, clec-78, atf-2, and zag-1) that had exhibited a loss of neuroprotective activity when knocked

down in the DA neuron-specific RNAi strain with a-syn were protective when knocked down in the systemic

RNAi strain (Figure 3F). On day 7 post-hatching, however, knockdown of three of these six DEGs, including

aqp-2 (an aquaporin), clec-78 (a predicted carbohydrate and calcium ion binding factor involved in path-

ogen defense response), and zag-1 (a transcriptional regulator), each independently resulted in robust

neuroprotection when compared to EV RNAi controls (Figure 3G). Considering that aqp-2, clec-78, and

zag-1 were only neuroprotective at the later time point, we aimed to gain a better understanding as to

what tissue type was responsible for the temporally distinctive neuroprotection observed when these

genes are depleted.

Since neuroprotectionHB101 is rooted in a bacterial diet that is processed in the gut, we reasoned this organ

to be a logical contributor to neuroprotection, especially since increasing evidence of a connection be-

tween the gut and neurodegeneration has emerged.25,34–38 We approached this by utilizing a modified

version of an established gut-specific RNAi strain that still overexpresses both GFP and human a-syn in

the DA neurons (Figures 3H and 3I). This strain contains a mutation in a primary argonaut protein-encoding

gene, rde-1, that renders animals resistant to RNAi but is also engineered to overexpress wild-type rde-1

under control of the gut-specific nhx-2 promoter39; RNAi knockdown is therefore delimited to the gut in this

strain. None of the three DEGs (clec-78, aqp-2, and zag-1) that were neuroprotective when knocked down

in the systemic RNAi background displayed neuroprotection in the gut-specific RNAi strain when knocked

down on day 4, post-hatching (Figure 3H). However, on day 7 post-hatching, two of these three DEGs,

aqp-2 and zag-1, were significantly neuroprotective following knockdown in the gut-specific RNAi strain

(Figure 3I). Thus, the functional consequences on DA neurons observed with these targets emanate

from the gut. The combined results of these tissue-specific comparative RNAi analyses serve to describe

how dietary distinctions manifest in the cumulative functional effects conveyed by downregulation of spe-

cific genes that contribute to neuroprotectionHB101.

hrg-7 is required for HB101 E. coli-induced neuroprotection

Although the vast majority of DEGs identified in the F3 generation were downregulated in response to

growth on HB101 E. coli, 23 other DEGs were upregulated (Figure 2A). Among these DEGs with human or-

thologs, two of themost highly upregulated genes with the strongest adjusted p values of significance were

those encoding a heme-associated endopeptidase, hrg-7 (an ortholog of human CTSE [cathepsin E]), and a

mitochondrial-associated creatine kinase ortholog, argk-1 (Table 1). Endopeptidases have been impli-

cated in the etiology of PD and other neurodegenerative diseases; cathepsins specifically have been shown

to modulate a-syn degradation.40–42 Likewise, mitochondrial creatine kinase has been identified as a po-

tential biomarker for PD, as levels of this protein are decreased in the blood serum of PD patients.43

This is consistent with our observations since there are significantly more argk-1 transcripts in neuroprotec-

tive worms grown on HB101 E. coli, compared to the relatively more neurodegenerative group fed OP50

E. coli.

Since transgenic a-syn worms grown on HB101 E. coli exhibit dopaminergic neuroprotection (Figures 1C

and 1D), we hypothesized that animals harboring genomic mutations in upregulated DEGs would no

longer maintain this neuroprotective capability. To determine if loss of the heme-associated endopepti-

dase encoding gene, hrg-7, in an a-syn background limits neuroprotectionHB101, a-syn worms were crossed
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to hrg-7(tm6801) deletion mutants and then similarly cultivated through the F2 generation (Figure 4A).

NeuroprotectionHB101 was completely lost in a-syn worms harboring the hrg-7(tm6801) mutation (Fig-

ure 4A). This points to the differential expression of hrg-7 in response to a diet of HB101 E. coli as being

necessary for neuroprotectionHB101. Importantly, the HRG-7 protein has been shown to act as a secreted

signaling factor from the intestine to neurons and functions to regulate heme homeostasis.44 Given that

hrg-7 expression is highly upregulated in worms cultivated on HB101, heme homeostasis may represent

a critical process underlying the observed difference in neuroprotection. Significantly, the worm hrg-2

gene, encoding a hypodermal heme-binding membrane protein, exhibited the greatest fold change in dif-

ferential upregulation (4.4-fold increase in transcripts) between animals fed either HB101 or OP50 E. coli

(Table 1). Expression of hrg-2 was previously reported to be substantially increased (>200-fold) in response

to heme deficiency in C. elegans, and hrg-2 functionally complemented a growth defect in a heme-defi-

cient mutant strain of yeast.45

To ascertain whether the creatine kinase gene ortholog, argk-1, independently impacted neuroprotec-

tionHB101, a-syn worms crossed to argk-1(ok2973) deletion mutants were employed in the comparative

transgenerational diet scheme through the F2 generation (Figure 4B). Whereas no protection on either

HB101 or OP50 was observed in the P0 generation, growth on HB101 E. coli remained significantly protec-

tive starting in F1 and persisting through the F2 generation of worms with the argk-1 mutation. In contrast

to the hrg-7 deletion (Figure 4A), this indicates that argk-1 is not essential for the sustained neuroprotection

conferred by an HB101 diet.

Mutations in genes required for dsRNA-induced gene silencing impede HB101-mediated

neuroprotection

The fact that considerably more DEGs were downregulated in response to a diet of HB101 E. coli compared

to genes that were upregulated suggested that an organismal mechanism for gene silencing might be trig-

gered in this scenario. To examine this prospect, a-syn animals were crossed to mutants characterized as

being deficient in distinct aspects of dsRNA-mediated gene silencing inC. elegans (Figure 5A–5E). We first

evaluated if dsRNA transport into cells affected neuroprotectionHB101 by crossing our transgenic a-syn an-

imals to worms mutant in the sid-1 gene. Systemic RNAi defective 1 (SID-1) is a conserved dsRNA trans-

porter that allows for the silencing of genes by dsRNAs originating from outside of target cells, such as

other cells in the animal or exogenous, bacterially produced dsRNAs.46,47 Thus, sid-1mutants are resistant

to RNAi. Using a characterized sid-1mutant previously shown to be resistant to RNAi,48 we found that a-syn

worms with the sid-1(pk3321) mutation did not exhibit neuroprotectionHB101 (Figure 5A), implying that

gene silencing by mobile dsRNAs is critical for the effect of diet. Conversely, to discern if overexpression

of sid-1 in the DA neurons in the same sid-1(pk3321) mutant background was sufficient to rescue

Figure 4. hrg-7 is required for HB101 E. coli-induced neuroprotection

(A and B) DA neurons scored for neurodegeneration on day 7 post-hatching, in the P0-F2 generations. Genotypes tested

were (A) a-syn expressed in the DA neurons of animals with the hrg-7(tm6801)mutation and (B) a-syn expressed in the DA

neurons of animals the argk-1(ok2973) mutation. GFP was co-expressed in the DA neurons of all animals to visualize

neuron morphology and survival. Values represent mean G S.D. (n = 30 worms per group per replicate, 3 independent

replicates). Two-way ANOVA with �Sı́dák’s post hoc analysis was used to compare OP50 (black text) and HB101 (blue text)

E. coli conditions to each other; ns p R 0.05; **p < 0.01.
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neuroprotectionHB101, the DA neuron-specific RNAi strain with a-syn previously used (Figure 3) was em-

ployed to evaluate differences in bacterial diet. In this scenario, the transport of mobile dsRNA into cells

to induce gene silencing is limited exclusively to the DA neurons. Significantly, the capacity for dietary neu-

roprotectionHB101 remained absent in these animals, indicating that SID-1 function, and thus dsRNA trans-

port in cell types other than DA neurons, are essential for the attenuation of a-syn-induced dopaminergic

neurodegeneration associated with HB101-fed animals (Figure 5B).

Figure 5. Mutations in genes associated with dsRNA-mediated gene silencing impede HB101 E. coli-induced

neuroprotection from a-syn toxicity to DA neurons

(A–E) DA neurons scored for neurodegeneration on day 7 post-hatching, in the P0-F2 generations. Neurodegeneration

data corresponding to both the population (top) and individual neuron (bottom) levels are present. Genotypes tested

here include (A) a-syn overexpression in DA neurons with the sid-1(pk3321)mutation, (B) a-syn in DA neuron-specific RNAi

strain with sid-1(pk3321) rescued only in the DA neurons, (C) a-syn in DA neurons of animals with the sid-3(ok973)

mutation, (D) a-syn in DA neurons of animals with the sid-2 (gk505) mutation, and (E) a-syn in DA neurons of animals with

the hrde-1(tm1200) mutation. GFP was co-expressed in the DA neurons of all strains to visualize neuron morphology and

survival. In the population degeneration graphs (top), values represent mean G S.D. (n = 30 worms per group per

replicate, 3 independent replicates). Two-way ANOVA with �Sı́dák’s post hoc analysis was used to compare OP50 (black

text) and HB101 E. coli (blue text) conditions to each other; ns pR 0.05, *p < 0.05. In the individual neuron degeneration

graphs (bottom), the bars represent the distribution of the entire population of 90 worms with the indicated number of

degenerating dopaminergic neurons (0 through 5); the horizontal lines compare the number of worms with zero (yellow),

one (dark yellow), or two (brown) degenerating neurons in OP50 vs. HB101. Values represent mean G S.D. (n = 30 worms

per group per replicate, 3 independent replicates). ns p R 0.05; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; two-

way ANOVA with an uncorrected Fisher’s LSD post hoc test.
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Another established factor involved in gene silencing, sid-3, was also investigated in the context of differ-

ential diet effect. Like sid-1, the sid-3 gene encodes a protein involved in the import of dsRNA but in a

distinct way as it is a cytoplasmic non-receptor tyrosine kinase that functions to prevent clathrin-dependent

endocytosis and thereby impedes internalization membrane proteins.49,50 It has been demonstrated that

sid-3 mutants exhibit reduced sensitivity to RNAi, likely due to increased endocytosis of the SID-1 dsRNA

transporter on plasma membrane surfaces in these animals.49 It therefore follows that when a-syn worms

with the sid-3(ok973) mutation were grown on either OP50 or HB101, neuroprotectionHB101 was lost (Fig-

ure 5C). Although, this loss of neuroprotection in sid-3 mutants was to a lower extent compared to sid-1

mutants, as can be seen in the individual neuron data (Figure 5C). This provides further evidence that

dsRNA-mediated gene silencing is critical for the mechanism underlying dietary neuroprotectionHB101.

Next, we wanted to determine if HB101 E. coli may be altering expression of endogenous dsRNAs within

C. elegans, or alternatively, if these bacteria were an actual source of dsRNAs that accessed tissues of

C. elegans to induce the observed neuroprotectionHB101. To address this, we crossed a-syn worms to sid-2mu-

tants. The SID-2 protein functions to transport dsRNAs from the lumen of the intestine into the intestinal cells

themselves.51,52 Therefore, sid-2 mutant worms are largely resistant to bacterial-derived dsRNA feeding.52

When sid-2mutants overexpressing a-syn in the DA neurons were fed either OP50 or HB101 for three gener-

ations, neuroprotectionHB101 was not observed (Figure 5D). This suggests that the previously observed neuro-

protectionHB101 was a likely result of dsRNAs originating from the bacteria themselves. Although this effect is

novel in the specific context of a-syn-induced dopaminergic neurodegeneration, precedent exists for E. coli-

derived small RNAs impacting C. elegans physiology, including processes such as chemosensation and

longevity.53,54 Likewise, small RNAs from theC. elegans pathogen, Pseudomonas aeruginosa, have been iden-

tified as triggers of transgenerational and heritable avoidance behavior.55,56

To determine if defects in RNAi and gene silencing influence neuroprotectionHB101 in another mechanistic

manner, transgenic a-syn worms were crossed to animals mutant for hrde-1. HRDE-1 is an argonaut

protein involved in RNAi; maintenance of heritable, transgenerational gene silencing by small interfering

RNAs (siRNAs) is mediated through the germline and is hrde-1 dependent.57,58 Due to the established

function of HRDE-1, we hypothesized that neuroprotectionHB101 would not be observed in hrde-1mutants,

due to the transgenerational nature of the phenomenon. Alternatively, any neuroprotectionHB101 that was

exhibited would be unable to persist. Interestingly, when a-syn worms with the hrde-1(tm1200) deletion

mutation were examined for differential dietary effects, in contrast to growth on OP50, neuroprotection

was observed in animals grown on HB101 in the initial P0 generation; an effect not observed in a-syn-

only worms in the wild-type background or with any other mutation tested herein (Figure 5E). Moreover,

this initial HB101-induced neuroprotection was lost and did not persist in the subsequent F1 and F2 gen-

erations (Figure 5E).

Along with the results obtained using the sid (systemic RNAi-defective) mutant strains, these combined

data implicate the C. elegans dsRNA-mediated gene silencing machinery as being mechanistically critical

for the selective dietary influence on dopaminergic neuroprotection afforded by growth on HB101 E. coli.

Consequently the neuroprotection observed is an outcome of substantial organismal transcriptional re-

programming, evidenced by way of the differential regulation of gene expression that has been revealed

(Figure 2). The mechanistic significance of these genes is bolstered by the evolutionary conservation

between the worm and human proteins they encode and the functional consequences on dopaminergic

neurodegeneration discerned.

DISCUSSION

Distinctions in nutrient and energy content of dietary choices can have drastic and far-reaching conse-

quences for overall health and can dictate the predisposition to a variety of life history traits and disease

states. Recent research integrating human microbiome analysis with clinical datasets strongly indicates

that changes in gastrointestinal bacterial flora coincide with pathogenesis among PD patient populations

and can be impacted by medications.59,60 While important and exciting, the myriad of familial, pharmaco-

logical, dietary, epigenetic, and aging-associated influences involved in such human studies represent a

daunting task to interpret. Moreover, experimental strategies aimed at mechanistically addressing the

topic of dietary influences across generational barriers are inherently challenging to implement in mamma-

lian systems given the complexities associated with controlling for numerous variables, in addition to the

time and cost involved.
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At first glance, it is tempting to underestimate the putative outcomes that might be expected from the

overt simplicity of an analysis that consists of growing statistically robust numbers of isogenic nematodes,

under tightly controlled conditions (temperature, time, synchronized age, bacterial density, etc.), where

the primary experimental variable evaluated is limited to one of two bacterial food sources—of the

same genus and species (E. coli). The fact that this study identified numerous, evolutionarily conserved fac-

tors associated with neuroprotection selectively conferred by feeding animals HB101 E. coli illustrates just

how complex and intricate an organismal response can be elicited by even a subtle microbial change in

diet. Specifically, this is reflected by the altered expression of hundreds of genes coordinately yielding a

benefit for DA neurons in the context of a-syn toxicity.

The data presented here implicate small RNAs originating from HB101 themselves as a cause and/or

trigger for neuroprotection. Evidence for this comes from the observation that C. elegans sid-2 mutants,

which are unable to import dsRNAs originating from within the lumen of the worm intestine,51,52 do not

exhibit neuroprotectionHB101 (Figure 5D). It is also likely that siRNAs, specifically, are the type of bacte-

rial-derived small RNAs responsible for neuroprotectionHB101 since hrde-1 mutants, in which transgenera-

tional inheritance of siRNAs is blocked,57 displayed neuroprotection initially in P0 animals that was elimi-

nated in subsequent generations (Figure 5E). Our original observation showing that an initial generation

(P0) of transgenic a-syn worms reared on HB101 does not exhibit neuroprotection, but that the decedents

of these animals are protected (Figures 1C and 1D), indicates that a priming period may be involved for

subsequent neuroprotection to emerge. Therefore, since the hrde-1mutation was immediately protective

in the P0 generation, this perhaps indicates that, in the absence of HRDE-1 argonaut activity, the transcrip-

tional response to HB101 was more robustly impacted by siRNAs originating directly from HB101,

compared to when HRDE-1 function is intact. In fact, a recent study suggests that HRDE-1 simultaneously

acts to initiate heterochromatin silencing and stimulate small-RNA amplification.61 Here we hypothesize

that dsRNAs originating from HB101 itself silence target genes in worms, which leads to neuroprotection.

However, it is apparent from numerous experiments (Figures 1C, 1D, 4B, and 5) that the silencing from

these dsRNAsmust be inherited and presumably amplified for neuroprotection to rise to the level of detec-

tion with our neurodegeneration assays. Taking this into consideration, hrde-1 mutants may exhibit an

enhanced heterochromatin state in the P0 generation, and therefore genes may be silenced to a larger de-

gree compared to when hrde-1 is wild-type. Moreover, dsRNAs may be more abundant in hrde-1mutants.

This may at least partially explain the HB101-induced neuroprotection in the P0 generation in hrde-1

mutants.

Furthermore, since sid-1 and sid-3 mutants abolish dopaminergic neuroprotectionHB101 (Figures 5A and

5C), this suggests that dsRNAs are imported into cells and silence the target genes that subsequently

lead to neuroprotectionHB101. More specifically, the cells that these dsRNAs directly affect are unlikely to

be the DA neurons themselves, given the results described in Figure 5B, demonstrating that neuroprotec-

tionHB101 does not occur when sid-1 expression is selectively restored to the DA neurons but remains

mutant in all other tissues, thereby preventing systemic sensitivity to RNAi. We recently reported that

SID mutants provide neuroprotection in the same transgenic model used in this study and, in addition,

modulate dsRNA-induced neurodegeneration.62 Whereas that prior analysis focused on the effect of

sid-1-dependent changes in gene expression, without varying bacterial food sources, we observed no

overlap between genes identified as effectors of a-syn-induced dopaminergic neurodegeneration in

that former study with the DEGs reported herein.

So, while we provide further evidence that SID mutants and, by extension, the process of dsRNA-mediated

gene silencing modulate the susceptibility to a-syn-induced neurodegenerative states; this current study

establishes newfound, inciting factors underlying the organismal response surrounding neuroprotec-

tion—and how it is differentially modulated by microbial food sources.

One of the most intriguing results from this investigation was the observation that worms reared on the

neuroprotective HB101 E. coli for multiple generations, but then transferred to OP50 E. coli for growth

and reproduction of a subsequent generation, still retained the neuroprotectionHB101 acquired by their an-

cestors (Figures 1C and 1D). This persistence of neuroprotection in the absence of the trigger (HB101) al-

ludes to an inheritance of epigenetic signal(s) for at least one subsequent generation. This may either come

in the form of dsRNAs themselves or as a consequence of dsRNA action. Perhaps a multi-generational diet

of HB101 alters the global pattern of histone post-translational modifications such as methylation or
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acetylation, thereby changing the epigenetic landscape and leading to a neuroprotective phenotype in the

context of this study. Indeed, small non-coding RNAs have been shown to augment the epigenetic land-

scape in this way.63 Neuron to germline transmission of endogenous siRNAs has already been demon-

strated in C. elegans, representing a means by which sensory signaling and behaviors can be inherited

in a transgenerational manner.64,65 Additional investigations involving small RNA transcriptomic analyses

may provide clarity about the specific type(s) of molecular factors involved in transmission of an HB101-

dependent neuroprotective signal.66 While our focus here is on dopaminergic neuron degeneration (in

the context of PD); experimental strategies that delve into RNA editing or processing, or chromatin mod-

ifications, such as methylation or acetylation site differences, could potentially discern relevant epigenetic

marks or modifiers associated with the heritability of the neuroprotection observed.67,68

The preponderance of transcriptional repression uncovered in the HB101-dependent neuroprotective

response is indicative of altered transcription factor activity. Thus, it was significant to also find that knock-

down of both the hbl-1 and egl-46 genes in DA neurons of a-syn worms led to neuroprotection (Figures 3B

and 3C). Both of these genes facilitate transcription factor binding activity, and their depletion could, in

turn, decrease the abundance of other transcripts characterized as downregulated in worms grown on

HB101 E. coli. Three other targets (aqp-2, clec-78, and zag-1) originating from the downregulated tran-

scriptomic dataset did not induce neuroprotection when knocked down only in DA neurons of a-syn worms

(Figures 3B and 3C). However, dopaminergic knockdown of these same targets systemically induced robust

neuroprotection (Figure 3G). Of course, other genes among the hundreds of DEGs identified likely influ-

ence neuroprotection; the independent contribution of these three conserved genes alone amounts to

a substantial impact on DA neuron survival. Indeed, evidence already exists for an aquaporin in humans,

AQP4, as being implicated in PD.69 Both aqp-2 and zag-1 also provided neuroprotection when knocked

down solely in the gut; therefore, neuroprotection resulting from systemic knockdown is at least partially

due to the depletion of these transcripts in this tissue. In contrast, since knockdown of clec-78 did not

modulate neurodegeneration in the gut-sensitive RNAi strain, the systemic knockdown of this target likely

confers neuroprotection through another tissue type (Figure 3I). The spatial and temporal distinctions sur-

rounding transcriptional repression of these, and other modulators of neuroprotection, necessitate further

functional delineation.

In considering the extensive downregulation of >500 genes (�1/40 of the C. elegans genome) stemming

from transcriptomic profiling of dopaminergic neuroprotectionHB101, the paucity of upregulated DEGs

modulated appeared comparatively minor to those in which expression was diminished (Figure 2D and Ta-

ble 1). However, among this more limited set of genes, the beneficial effects derived from HB101 were

revealing, particularly with respect to being dependent on HRG-7 function, as in the a-syn background,

hrg-7 mutants abolished the protection previously observed (Figure 4A). Although neuroprotectionHB101

did not depend on the function of the worm mitochondrial creatine kinase ortholog, ARGK-1, the genome

of C. elegans is predicted to encode at least seven arginine kinase-like proteins.70 Thus, loss of ARGK-1

kinase activity could be masked, or potentially compensated for, by one or more of these paralogs.

Evidence of ARGK-1-dependent extension of C. elegans lifespan71 and the activity of mammalian creatine

kinase in bolstering mitochondrial energetics suggest that the correlation between dopaminergic neuron

survival and argk-1 upregulation likely has functional significance. While a specific role for creatine kinase/

ARGK-1 in response to changes in bacterial diet (or microbiota in humans) remains to be discerned, the

substantial increase of argk-1 transcripts ascertained is a contribution to neuroprotection that warrants

further investigation.

At least partial corroboration of these transcriptional alterations in response to a diet of HB101 can be

found in a prior study characterizing phenotypic and transcriptional changes in response to differential

bacterial diets in C. elegans.24 This report used N2 animals at the L4 larval stage reared on either OP50

or HB101 for 30+ generations, as opposed to this study which used animals overexpressing a-syn in DA

neurons at day 6 post-hatching reared on OP50 or HB101 for 4 generations. Despite these differences,

this study performed by Stuhr and Curran found both argk-1 and hrg-7 to be significantly upregulated in

worms grown on HB101 (log2foldchange = 4.83, adj. p value = 4.28E-10 and log2foldchange = 2.83, adj.

p value = 4.26E-08, respectively). Likewise, Stuhr and Curran also found B0393.5, atf-2, and mlt-11 to be

significantly downregulated in worms grown on HB101 (log2foldchange = 3.28, adj. p value = 4.26E-08;

log2foldchange = 2.26, adj. p value = 0.02; log2foldchange = 4.59, adj. p value = 2.74E-24, respectively),

as discerned in our study. These correlations reinforce the results of our transcriptomic findings and fortify
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the notion that the processes and factors we have identified as functional effectors of DA neuroprotection

from a-syn-mediated neurotoxicity are valid modifying factors originating from a dietary distinction.

Importantly, HRG-7 has been shown to be secreted from the intestine in C. elegans and localized to distal

tissues, including head neurons.44 HRG-7 secretion functions to regulate heme homeostasis, specifically

during heme starvation.44 Therefore, it is interesting to speculate that HB101 causes an imbalance in

heme levels, in turn promoting the upregulation of hrg-7 transcription. Similarly, the differential increase

we observed in hrg-2 expression in animals fed HB101 correlates with published evidence that demon-

strated that this additional, endoplasmic reticulum (ER)-associated, hypodermal heme-binding protein

was robustly upregulated in response to heme deficiency.45 HRG-7 secretion from the intestine is regu-

lated by DBL-1, a ligand involved in the transforming growth factor b (TGF-b) signaling pathway, and a

signal that is dependent on DBL-1 function originating from neurons.44,72 In an innovative use of

C. elegans as a screening platform to evaluate putative probiotic bacteria, DBL-1 was also identified as

an essential regulatory factor required for Lactobacillus sp. to confer resistance to pathogenic methicil-

lin-resistant Staphylococcus aureus (MRSA), the leading cause of hospital-acquired infections andmortal-

ity.73 Nevertheless, dbl-1 was not a DEG uncovered in this study, having approximately the same average

number of transcripts in worms cultivated on either OP50 or HB101 (available at GEO Dataset Series:

GSE210005). Of course, this does not preclude steady-state levels of DBL-1 as sufficient in effecting

HRG-7 secretion.

HRG-7 is also predicted to have endopeptidase activity, consistent with other DEGs related to endopep-

tidase function being increased in response to a diet of HB101 E. coli (Table 1). It is therefore unlikely to be

coincidental that mlt-11, Y43F8B.3, and F30H5.3, which all encode endopeptidase inhibitors, are downre-

gulated in response to a diet of HB101 E. coli. It is also notable that nep-8 was among the few genes with

conserved human orthologs upregulated (Table 1); human neprilysin (NEP) is an integral membrane

protein and metalloendopeptidase with wide substrate specificity, including the degradation of the neuro-

toxic amyloid-beta (1–42) peptide associated with Alzheimer’s disease.74 In general, increased endopep-

tidase activity (or diminished inhibition), and therefore a concomitant increase in the hydrolysis of proteins,

represent a multitude of potential effectors with respect to which specific proteins could be degraded and

contribute to neuroprotection, including a-syn itself. Notably, we previously discovered that another

conserved lysosomal endopeptidase, cathepsin D, protects against a-syn aggregation and neurotoxicity.41

This functional association has since been further confirmed through identification of human genetic var-

iants in the CTSD gene of patients with PD.40

Since C. elegans is a heme auxotroph, it is fascinating to consider the conservation of heme or iron import,

export, and trafficking proteins that are encoded in the worm genome and have been shown to function

in vivo.75,76 We previously demonstrated a requirement for evolutionarily conserved genes encoding

iron exporter homologs, fpn1.1 (ferroportin) and F25D5.3 (hephaestin), in conferring neuroprotection

from a-syn-dependent dopaminergic neurodegeneration in C. elegans.77 Conversely, depletion of

SMF-3, the worm homolog of the human iron importer, DMT1, enhanced dopamine neuron loss, but it

was rescued by treatment with the iron chelator, desferoxamine. The prevalence and multifactorial effects

of iron dyshomeostasis and ferroptosis in neurodegenerative conditions highlight the imperative for

directed therapeutic development.78 Strides in the identification of small molecules that combat the con-

sequences of brain hemorrhage led to the realization that the efficacy of iron chelators in treatment was a

result of their activity on a class of oxygen-sensing prolyl hydroxylase enzymes that contain iron rather than

a more general sequestration of cellular iron load.79 This therapeutic effect was independent of hypoxia-

related pathway activation and was instead mediated through activating transcription factor 4 (ATF4), a

transcriptional regulator of the integrated stress response (ISR).80 The ISR is initiated by phosphorylation

of eIF2a, a pivotal translational regulator induced by overexpression of misfolded proteins, including

a-syn, as well as in response to bacterial pathogens that trigger the innate immune response. The

heme-regulatory inhibitor (HRI) is an eIF2a kinase that functions in response to heme deprivation, oxidative

stress, and at a signaling axis for protein folding and solubility. With relevance for PD, the silencing of HRI

expression resulted in endogenous a-syn accumulation in neuroblastoma cell cultures.81 Interestingly,

another protein involved in phosphorylation of eIF2a is PKR, a kinase that was originally characterized

for being uniquely activated by dsRNA binding.82 The convergence of heme signaling, proteostasis, neuro-

degeneration, and bacterially induced transcriptional response, in a manner that is also dependent on

small RNA transport, opens a new window into the dynamics of epigenetic regulation of neuroprotection.
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The collective outcomes of this research bring to light the importance that exogenous sources of epige-

netic signals, including bacterial, have on neurodegeneration. Susceptibility to PD, like most diseases, in-

volves the dysregulation or inherent deficiency of protective mechanisms that function to buffer cells and

organisms from changes in environmental conditions and exposures. The dopaminergic system, in partic-

ular, functions within tightly regulated parameters that allow for exquisite response and adaptation to

external influences. The same mechanisms underlying this biological responsiveness are likely pivotal in

explaining the differential capacities of individuals to withstand pathogenic challenges.83 As the expand-

ing deluge of human genomic data becomes more systematically parsed for functional significance, appli-

cation of invertebrate models will be invaluable for corroboration of organismal responses to microbial ef-

fectors, by using worms or flies engineered to evaluate the consequences of conserved genomic variants.84

Likewise, the plethora of descriptive metagenomic datasets emerging in the characterization of human gut

microbiome dysbiosis in PD calls for increasingly well-defined and carefully controlled strategies,85 in addi-

tion to a next level of functional scrutiny be applied to assign metabolic mediators of neuronal activity and

survival. The fact that the diet of C. elegans can be experimentally delimited to defined bacterial sources

allows for rigorous, carefully controlled analyses to be conducted as an in vivo proxy, or predicate, for the

evaluation of constituent bacteria as well as their secondary products of metabolism. The impunity with

which neurodegenerative diseases continue to devastate millions demands a sense of urgency in address-

ing this worldwide burden. The foundation provided here serves to inform the design of necessary follow-

up studies in mammalian models of PD, for purposes of corroboration, application and, hopefully, inspira-

tion—to hasten discovery.

Limitations of the study

The RNA isolation for transcriptional analysis was conducted in animals that were fed either HB101 or OP50

E. coli at the P0 and F3 generations, as outlined in the STAR Methods. This essentially represents a ‘‘snap-

shot’’ in the temporal sense, with respect to DEGs identified (Figure 2). Costs limited additional time points

being analyzed, and, ideally, we would have also liked to profile transcription after the switch from one bac-

terial source to the other (Figures 1C and 1D) as these data might reveal contributors to the persistence of

neuroprotection into a final generation. Additionally, the RNAi knockdown studies conducted to examine

the contribution of individual DEGs were limited in scope to a subset of targets that were downregulated in

response to a diet of HB101 E. coli that had human orthologs (twelve genes in total). While this bias is

readily justified in terms of our end goals, it would be valuable to have knockdown data on all downregu-

lated genes for purposes of comparison and to potentially reveal other mechanistic insights. The same

could be said for the functional analyses performed on upregulated targets; however, the two upregulated

DEGs evaluated (argk-1 and hrg-7) were far and away the most significant out of the eight upregulated

DEGs with human orthologs. An obvious limitation to our strategy is our choice of bacterial strains. It is sig-

nificant to note that numerous studies from other worm labs have evaluated pathogenic bacteria, putative

probiotic strains, and a variety of other logical choices based on the known literature for the human micro-

biome. We would like to expand our efforts to include specific strains that have been shown to be elevated

in PD patient stool samples and compare those to age-matched and/or twin-derived samples. Neverthe-

less, in considering the plentiful outcomes of even our limited, but simplified and rigorously controlled

comparisons, we would anticipate that interpreting results from increasingly complex, albeit more repre-

sentative microbiota, would be challenging.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

OP50-1 E. coli CGC Cat# WBStrain00041971

OP50 E. coli CGC Cat# WBStrain00041969

HB101 E. coli CGC Cat# WBStrain00041075

HT115 E. coli CGC Cat# WBStrain00041079

Chemicals, peptides, and recombinant proteins

Trizol ThermoFisher Scientific Cat# 15596026

chloroform MP Biomedicals Cat# 0219400280

ampicillin G-Biosciences Cat# RC-020

IPTG ENZO Biochem Cat# 582-001-G025

Critical commercial assays

RNeasy Micro Kit Qiagen Cat# 74004

iScript Reverse Transcription Supermix Bio-Rad Laboratories Cat# 1708840

IQ SYBR Green Supermix Bio-Rad Laboratories Cat# 1708880

Deposited data

RNA sequencing (whole-worm, mRNA) Gene Expression Omnibus (GEO)

https://www.ncbi.nlm.nih.gov/geo/

Dataset Series: GSE210005

Experimental models: Organisms/strains

C. elegans: UA44 (Figures 1,2,3): (baIn11[Pdat-1:: a-syn

(human, wild-type), Pdat-1::GFP])

Caldwell Lab WB Cat# WBStrain00047167

C. elegans: UA196 (Figures 3,5): (baIn11[Pdat-1::a-syn

(human, wild-type), Pdat-1::GFP] ; baIn33 [Pdat-1::sid-1,

Pmyo-2::mCherry]; sid-1(pk3321))

Caldwell Lab WB Cat# WBStrain00035179

C. elegans: UA202 (Figure 3): (vtIs7 [Pdat-1::GFP]; baIn36

[Pdat-1::sid-1, Pmyo-2::mCherry]; sid-1(pk3321))

Caldwell Lab WB Cat# WBStrain00047168

C. elegans: BY250 (Figure 1): (vtIs7 [Pdat-1::GFP]) Dr. Randy Blakely WB Cat# WBStrain00004027

C. elegans: UA310 (Figure 3): (baIn11[Pdat-1:: a-syn

(human, wild-type), Pdat-1::GFP]; rde-1(ne219); kbIs7

[Pnhx-2::rde-1, rol-6(su1006)]

Caldwell Lab N/A

C. elegans: UA415 (Figure 5): (baIn11[Pdat-1::a-syn

(human, wild-type), Pdat-1::GFP]; sid-1(pk3321))

This study N/A

C. elegans: UA416 (Figure 5): (baIn11[Pdat-1::a-syn

(human, wild-type), Pdat-1::GFP]; sid-3(ok973))

This study N/A

C. elegans: UA439 (Figure 5): (baIn11[Pdat-1::a-syn

(human wild-type), Pdat-1::GFP];dyf-2;ZK520.2(gk505))

This study N/A

C. elegans: UA440 (Figure 4): (baIn11[Pdat-1::a-syn

(human, wild-type), Pdat-1::GFP]; argk-1(ok2973))

This study N/A

C. elegans: UA438 (Figure 4): (baIn11[Pdat-1::a-syn

(human, wild-type), Pdat-1::GFP]; hrg-7(tm6801))

This study N/A

C. elegans: UA441 (Figure 5): (baIn11[Pdat-1::a-syn

(human, wild-type), Pdat-1::GFP]; hrde-1(tm1200))

This study N/A

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Guy A. Caldwell (gcaldwel@ua.edu).

Materials availability

All C. elegans strains used in this study are available from the lead contact upon request.

Data and code availability

d RNA-seq data have been deposited in the Gene Expression Omnibus (GEO) and are publicly available as

of the date of publication. Accession numbers are listed in the key resources table.

d This paper does not report original code.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Oligonucleotides

RT-qPCR primer: a-synuclein, (human wild-type cDNA)

Forward 5’ - ATGTAGGCTCCAAAACCAAGG - 3’

Fisher Scientific N/A

RT-qPCR primer: a-synuclein, (human wild-type cDNA)

Reverse 5’ - ACTGCTCCTCCAACATTTGTC - 3’

Fisher Scientific N/A

RT-qPCR primer:snb-1 Forward 5’ -

CCGGATAAGACCATCTTGACG - 3’

Fisher Scientific N/A

RT-qPCR primer: snb-1 Reverse 5’ -

GACGACTTCATCAACCTGAGC - 3’

Fisher Scientific N/A

RT-qPCR primer: tba-1 Forward 5’ -

ATCTCTGCTGACAAGGCTTAC - 3’

Fisher Scientific N/A

RT-qPCR primer: tba-1 Reverse 5’ -

GTACAAGAGGCAAACAGCCAT - 3’

Fisher Scientific N/A

RT-qPCR primer: ama-1 Forward 5’ -

TCCTACGATGTATCGAGGCAA - 3’

Fisher Scientific N/A

RT-qPCR primer: ama-1 Reverse 5’ -

CTCCCTCCGGTGTAATAATGA - 3’

Fisher Scientific N/A

Recombinant DNA

pPdat-1::a-syn::unc-54 3’UTR Caldwell Lab N/A

pPdat-1::GFP::unc-54 3’UTR Caldwell Lab N/A

pCFJ90 Frøkjaer-Jensen et al., 200886 Addgene, Plasmid #19327

pPdat-1::sid-1::unc-54 3’UTR Caldwell Lab N/A

pPdat-1::GFP Dr. Randy Blakely N/A

pPnhx-2::rde-1 Dr. Kevin Strange N/A

Software and algorithms

GraphPad Prism 9.0 GraphPad Software Dotmatics, Inc. https://www.graphpad.com/

MetaMorph Molecular Devices https://www.moleculardevices.com/

HISAT2 version 2.1.0-beta Kim et al., 201987 N/A

HTSeq version 0.6.1 Anders et al., 201588 N/A

DESeq2 version 1.10.1 Anders and Huber, 201089 N/A

WormCat Holdorf et al., 202090 http://www.wormcat.com/

R N/A https://www.r-project.org/

CFX Manager Software Bio-Rad Laboratories https://www.bio-rad.com/

GeNorm N/A https://genorm.cmgg.be/
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d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT PARTICIPANT DETAILS

C. elegans strains

Experimental nematodes were reared and maintained on either OP50-1, OP50, HB101, or HT115 E. coli at

20�C under standard laboratory conditions.12 The hrg-7(tm6801) mutant strain, which strain UA438 was

derived from, was a gift from Dr. Iqbal Hamza, University of Maryland. Integrated transgenic strain

BY250 (vtIs7 [Pdat-1::GFP]) was a gift from Randy Blakely (Florida Atlantic Univ.). UA202 (vtIs7 [Pdat-1::GFP];

baIn36 [Pdat-1::sid-1, Pmyo-2::mCherry]; sid-1(pk3321)) is derived from BY250. Three a-syn neurodegenera-

tion models were used in this study: UA44 (baIn11[Pdat-1:: a-syn (human, wild-type), Pdat-1::GFP]), UA196

(baIn11[Pdat-1:: a-syn (human, wild-type), Pdat-1::GFP] ; baIn33 [Pdat-1::sid-1, Pmyo-2::mCherry];

sid-1(pk3321)), and UA310 (baIn11[Pdat-1:: a-syn (human, wild-type), Pdat-1::GFP]; rde-1(ne219); kbIs7

[Pnhx-2::rde-1, rol-6(su1006)]. Integrated transgenic lines crossed to UA44 include: UA415 (baIn11

[Pdat-1::a-syn (human, wild-type), Pdat-1::GFP]; sid-1(pk3321)), UA416 (baIn11[Pdat-1::a-syn (human, wild-

type), Pdat-1::GFP]; sid-3(ok973)), UA439 (baIn11[Pdat-1::a-syn (human, wild-type), Pdat-1::GFP]; dyf-

2;ZK520.2(gk505)), UA440 (baIn11[Pdat-1::a-syn (human, wild-type), Pdat-1::GFP]; argk-1(ok2973)), UA441

(baIn11[Pdat-1::a-syn (human, wild-type), Pdat-1::GFP]; hrde-1(tm1200)), and UA438 (baIn11[Pdat-1::a-syn

(human, wild-type), Pdat-1::GFP]; hrg-7(tm6801)).

Bacterial culture growth conditions

All experiments involving OP50 and HB101 E. coli were performed by using OP50 and HB101 grown for 10

and 5 hours respectively in LB liquid cultures shaking at 200 rpm at 37�C. For RNAi experiments, HT115

E. coli was grown for 16-18 hours in LB liquid cultures shaking at 200 rpm at 37�C. Please see the ‘‘method

details’’ section that follows for more detailed information regarding experimental procedures.

METHOD DETAILS

Bacterial growth curve analysis

Standard aseptic microbiology techniques and practices were used to obtain growth curve data. To deter-

mine the growth rate of both OP50 and HB101 E. coli, both optical density at 600nm (OD600) and Colony

Forming Unit (CFU)s/mL data were collected as the bacteria grew in liquid culture (LB) starting immediately

following inoculation (t=0 hours) and every 2 hours after, for 16 hours (9 time points). LB plates were

streaked using the quad streak technique with both OP50 and HB101 E. coli and allowed to grow at

37�C for 14.5 hours to generate spatially separated colonies. After this incubation period, single colonies

of either OP50 or HB101 E. coli were used to inoculate 6mL of LB in 10mL culture tubes. This was done in

triplicate for both OP50 and HB101 E. coli. During the 16 hours of growth, the culture tubes were shaken at

200 rpm at 37�C. The OD600 at each time point was determined using a spectrophotometer (Thermo Sci-

entific Genesys 10vis), and this was accomplished by vortexing each liquid culture tube thoroughly, and

then dispensing 0.1mL into a 1.5 mL semi-micro disposable cuvette. 0.9mL of LB was then dispensed

into the cuvette to bring the total volume to 1mL. This 1:10 dilution was used to obtain the OD600 using

the spectrophotometer. To calculate the actual OD600 of the undiluted liquid cultures, the values were

multiplied by 10, for each of the 3 replicates. The CFUs/mL were determined immediately following the

acquisition of OD600 data by dispensing 0.1mL of each liquid culture from each replicate into the very

left most column of a 96 well plate. Then 0.09mL of LB was dispensed into the 5 columns to the right of

the left-most column containing the fully concentrated (100) liquid cultures. 10-fold serial dilutions were

then performed using a multi-channel pipette, which involved mixing the 100 liquid cultures by pipetting

up and down 30 times, then aspirating 0.01mL and dispensing this into the 0.09mL of LB in the columns

directly to the right. This same process was performed for the next 4 columns containing LB but starting

with the more dilute liquid culture, producing 10-fold serial dilutions ranging from 100-10-5. 5mL of each

of these dilutions, for each replicate, of both OP50 and HB101 E. coli, was dispensed onto separate LB

plates. The plates were stored at 4�C to limit bacterial growth until the 9th and final time point plate was

generated, at which time the plates were incubated at 37�C for 14 hours. The number of CFUs produced

from each replicate was divided by 5 (corresponding to the volume of liquid culture dispensed onto the LB

plates; 5 mL) and then multiplied by the dilution factor to obtain the CFUs/mL for each replicate, for each

timepoint, for both OP50 and HB101 E. coli. Only dilutions producing between 30-300 colonies were used.
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Differential diet experiments

These methods pertain to the transgenerational experiments. The following set of procedures were per-

formed to make all plates destined for egg lays and maintenance. All plates were made fresh, the day

before intended use. To first generate spatially separated bacterial colonies, LB plates were streaked using

the quad streak technique with both OP50 and HB101 E. coli and allowed to grow at 37�C for 14.5 hours.

After this incubation period, single colonies of either OP50 or HB101 E. coli were used to inoculate 6mL of

LB in 10mL culture tubes. The OP50 E. coli liquid cultures were grown at 37�C and shook at 200 rpm for

5 hours, and the HB101 E. coli liquid cultures were grown in the same manner for 10 hours. This is in accor-

dance with the results of the growth curve analysis, which indicated that both the OD600 and CFUs/mL were

equivalent for both bacterial types at these time points. 200mL of each liquid culture was dispended onto

NGM plates and allowed to dry in a biological safety cabinet. Once dry, the plates were incubated at 37�C
for 14 hours. The plates were allowed to cool to room temperature before they were used for either egg lays

or transfers.

To ensure that well-fed worms were used for all experiments, egg lays were performed on OP50-1 E. coli

plates (same bacterial type as maintenance stock plates) to obtain large amounts of well-fed gravid adults.

Before worms were transferred to either OP50 or HB101 experimental plates to initiate experimental egg

lays, gravid adults from OP50-1 egg lay plates were washed 3 times with water in glass conical tubes via

centrifugation. This same water-washing procedure was also preformed to obtain populations for gener-

ations in which the bacterial food source was switched from HB101 to OP50 E. coli (after the F3 generation,

Fig. 1C). For all egg lays and transfers to maintain or initiate generations, only plates with smooth, uncon-

taminated bacterial lawns were used. Great care was taken to ensure that the type of bacteria (OP50 vs.

HB101) was the only independent variable in these experiments.

RNAi experiments: Plates and bacterial growth conditions

RNAi plates were made by adding ampicillin and Isopropyl b-D-1 thiogalactopyranoside (IPTG) at a final

concentration of 100 mg/mL and 1 mM respectively to Nematode Growth Media (NGM). RNAi bacteria

(HT115 E. coli) containing either the empty L4440 feeding vector or this same vector containing sequences

anti- to target genes desired to be knocked down were grown in LB media with the addition of ampicillin at

a final concentration of 100 mg/mL at 37�C while shaking for 16-18 hours. RNAi bacteria were seeded onto

RNAi plates and allowed to fully dry in a biological safety cabinet. Plates were then incubated at 20�C over-

night to allow for dsRNA induction prior to initiating egg lays.

Dopaminergic neurodegeneration analysis

Worms were age synchronized by performing 3-5-hour egg lays. All worms were kept at 20�C for the dura-

tion of each experiment. The extent of neurodegeneration was determined for each replicate by placing

worms in a 6 mL drop of 10 mM levamisole (dissolved in 0.5x S Basal buffer) on a glass coverslip. This

drop of levamisole on the coverslip was inverted and placed on a 2% agarose pad made on a microscope

slide, immobilizing worms to aid in visualization. Using a Nikon Eclipse E600 epifluorescence microscope

with the addition of a Nikon Intensilight C-HGFI fluorescent light source, the 6 DA neurons in the anterior

head region of worms (4 CEPs and 2 ADEs) were scored for the extent of neurodegeneration by using GFP

fluorescence as a proxy, and each worm was scored as either normal or degenerative. Normal DA neurons

retain complete GFP fluorescence in all 4 CEP and 2 ADE neurons, while neurons that have a loss of or

incomplete GFP expression are categorized as degenerative.91,92 Worms were considered normal only if

all 6 DA neurons in the head region had completely intact cell bodies and dendritic processes. Worms

were considered degenerative if at least 1 out of the 6 DA neurons was absent, had broken dendritic pro-

cesses, or exhibited cell body abnormalities. All experiments consisted of 3 biological replicates, and each

biological replicate consisted of 30 worms. Statistical significance between groups was determined with

GraphPad Prism Software.

Neuron image acquisition

Images of DA neurons were obtained by placing worms in a 6 mL drop of 10 mM levamisole (dissolved in

0.5x S basal Buffer) on a glass coverslip. This drop of levamisole on the coverslip was inverted and placed

on a 2% agarose padmade on a microscope slide, immobilizing worms to aid in visualization. Fluorescence

microscopy was performed with a Nikon Eclipse E800 epifluorescence microscope equipped with an
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Endow GFP HYQ filter cube. Images were captured using a Cool Snap CCD camera (Photometrics) with

Metamorph software (Molecular Devices).

Transcriptomic analysis

RNA was isolated from the strain UA44 and cultivated on either OP50 or HB101 E. coli at day 6 post-hatch-

ing, at both the P0 and F3 generations. 3 separate replicates were isolated for each group. Large quantities

of worms were obtained by performing 2-hour egg lays with 20-30 gravid adults on 100 mm NGM plates

seeded with either OP50 or HB101 E. coli. All worms destined for RNA isolation were grown at 20�C. Start-
ing at day 4 post-hatching, worms were transferred to 100 mm fresh seeded plates to prevent starvation

andmixing of target worms and progeny. At day 6 post-hatching, for each group, for each replicate, worms

were transferred to an unseeded NGM plate. Great care was taken to only transfer target worms and to

avoid carryover of embryos. Worms were washed off unseeded plates with 0.5x M9 into sterilized glass

conical tubes. Worms were washed 4 times with 0.5x M9 to reduce bacteria in samples. After the 4th

wash, worms were purged for 20 minutes to reduce the number of bacteria in the gut of the worms, and

this was done by rocking the tubes back and forth on a nutator. Worms were then washed 2 times with dou-

ble-distilled deionized water to rid of any remaining bacteria. Worms were then transferred to 1.5 mL

RNAse-free low protein-binding microcentrifuge tubes and as much supernatant was removed as possible.

500 mL of Trizol (ThermoFisher Scientific) was then added to each tube, and then immediately vortexed for

30 seconds and placed in liquid nitrogen until frozen completely. Tubes were then thawed at 37�C. This
freeze/thaw process was then performed the same way 6 more times. After the last thaw, all tubes were

vortexed for 30 seconds and then put on ice for 30 seconds. This vortex/ice process was then performed

the same way 7 more times. All tubes were then allowed to incubate at room temperature for 5 minutes.

Then 100 mL of chloroform (MP Biomedicals) was added to each tube, and each tube was immediately in-

verted continuously for 15 seconds. The tubes were then allowed to incubate at room temperature for 5 mi-

nutes to allow for phase separation. The tubes were then centrifuged for 15 minutes at 4�C at 12,000 rpm.

The top aqueous phase from each tube was then transferred to new 1.5 mL RNAse-free microcentrifuge

tubes, and an equal volume of RNAse-free 70% ethanol was added to each tube andmixed by gentle inver-

sion. At this point, the aqueous phase mixed with ethanol was subjected to the protocol outlined in the

Qiagen RNeasy Micro Kit, and reagents andmaterials from this kit were used for the remainder of the isola-

tion. Ultimately, RNA was eluted with 35 mL of RNAse-free water.

RNA samples were sent to the Novogene Corporation, Inc. (Sacramento, CA) for eukaryotic mRNA-

sequencing. Novogene also performed bioinformatic analysis to determine DEGs, along with transcript

levels, log2fold changes, and adjusted and non-adjusted p-values. An Illumina Novaseq platform was

used for a paired-end 150 basepair sequencing strategy (short reads) to sequence cDNA libraries corre-

sponding to RNA samples. Transcript expression levels were determined using the RPKM (Reads Per

Kilobases per Million reads) method.93 Data were filtered by removing adaptors and low-quality reads. Bio-

informatic analysis was done using HISAT2, version 2.1.0-beta87, with a parameter of ‘‘mismatch=2’’ to map

samples to the N2 reference genome (ftp://ftp.ebi.ac.uk/pub/databases/wormbase/parasite/releases/

WBPS13/species/caenorhabditis_elegans/PRJNA13758/caenorhabditis_elegans.PRJNA13758.WBPS13.

genomic.fa.gz). The resultant BAM files from HISAT2 were input for quantification of reads with HTSeq,

version 0.6.1, with parameter ‘‘-m union’’.88 Differentially Expressed Genes (DEGs) were extracted using

DESeq2 version 1.10.1 in R.89 Significance was determined if the p-adjusted value was less than 0.05. DE-

Seq2 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’’

(Kolde, 2015). Gene ontology (GO) analyses were created usingWormCat bioinformatics resource90 Genes

that were significantly up- or down-regulated as determined by an adjusted p-value of less 0.05 were used

in the analysis. All RNA-seq data can be accessed through the Gene Expression Omnibus (GEO) Dataset

Series: GSE210005.

Real-time quantitative PCR

Total RNA was isolated from 100 young adult (a-syn + OP50, a-syn + HB101: day 4 post-hatching) animals

from each group using TRI reagent (Molecular Research Center). Genomic DNA contamination was

removed from samples with 1 ml of DNaseI (Promega) treatment for 60 minutes at 37�C, then with DNase

Stop solution for 10minutes at 65�C. cDNAwas synthesized with 1mg of RNA using the iScript Reverse Tran-

scription Supermix for RT-qPCR (Bio-Rad) following the manufacturer’s protocol. RT-qPCR was performed

using IQ-SYBR Green Supermix (Bio-Rad) with the Bio-Rad CFX96 Real-Time System. These reagents and
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procedure are like previously described.94,95 Reactions consisted of 7.5 ml of IQ SYBR Green Supermix,

200 nM of forward and reverse primers, and 5 ng of cDNA, to a final volume of 15 ml. The thermocycling

conditions were as follows: polymerase activation and DNA denaturation for 3 minutes at 95�C, then 35 cy-

cles of 10 seconds at 95�C, 30 seconds at 60�C., A melting curve analysis was performed after the final cycle

using the default setting of CFX96 Real-Time System. For each targeted gene, single melt peaks were

observed. The PCR efficiency for each primer pair was calculated from standard curves generated using

serial dilutions: Ea-syn = 99.0%, Esnb-1 = 99.8%, Etba-1 = 99.5%, Eama-1 = 103.1%. The expression levels of

a-syn were normalized to three reference genes: snb-1, tba-1, and ama-1. The NTC and NRT controls ex-

hibited no amplification. All reference genes used were analyzed by GeNorm and passed for target stabil-

ity. Each group tested consisted of 3 independent biological replicates, each consisting of 3 technical rep-

licates, for each target gene tested. Data analysis was executed by the Gene Expression Module of CFX

Manager software. The following primers (shown 5’ to 3’) were used:

a-syn Forward: ATGTAGGCTCCAAAACCAAGG

a-syn Reverse: ACTGCTCCTCCAACATTTGTC

snb-1 Forward: CCGGATAAGACCATCTTGACG

snb-1 Reverse: GACGACTTCATCAACCTGAGC

tba-1 Forward: ATCTCTGCTGACAAGGCTTAC

tba-1 Reverse: GTACAAGAGGCAAACAGCCAT

ama-1 Forward: TCCTACGATGTATCGAGGCAA

ama-1 Reverse: CTCCCTCCGGTGTAATAATGA

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analysis was performed with GraphPad Prism Software (Version 9.0.0). Specific statistical de-

tails for each individual experiment can be found in the figure legends associated with each figure. When

analyses were performed with data containing multiple days, comparing every group to every other group,

a Two-Way ANOVAwas used with Tukey’s post hoc analysis. When analyses were performed with data con-

taining multiple days or generations, comparing only groups within the same day to each other, a Two-Way

ANOVA was used with �Sı́dák’s post hoc analysis. When analyses were performed with data containing a

single day or generation, and there were only two groups, an unpaired, two-tailed t-test was used.

When analyses were performed with data containing a single day or generation, with more than two groups

and only comparing back to a control, a One-Way ANOVA was used with Dunnett’s post hoc analysis. For

all statistical analyses, significance was defined as follows: ns PR 0.05, * P < 0.05, ** P < 0.01, *** P <0.001,

**** P < 0.0001.
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