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Introduction

Per- and polyfluoroalkyl substances (PFAS) are commercially used chemicals known for
their resistance to degradation and widespread usage in various industries (Brase et al. 2021).
Past and ongoing environmental pollution from widespread commercial manufacturing and
continued utilization have caused measurable levels of PFAS in humans due to occupational
hazards, drinking water, and dietary intake (Brase et al. 2021). Past research has indicated the
potential toxicological effects of PFAS accumulation in humans and the environment (Foguth et
al. 2020), resulting in some long-chained PFAS becoming banned while others were voluntarily
replaced by the primary manufacturer in 2001 (US EPA 2000; Foguth et al. 2020). As substances
that do not fully degrade and have the capacity to bioaccumulate (Brase et al. 2021), the lack of
complete understanding on the effects of PFAS on human health is a concern (Foguth et al.
2020). Short-chained PFAS have replaced some long-chained PFAS in the justification that
short-chains will not bioaccumulate in animal tissues and the environment to the same extent as
long-chains (Brendel et al. 2018; Jabeen et al. 2020). However, many gaps in research exist to
determine if the idea is supported (Foguth et al. 2020; Gaballah et al. 2020). Examples of short-
chain PFAS with long half-lives are notable inconsistencies to the conclusion (Foguth et al.
2020), and comparative animal studies and human studies on the potential health impacts of

short-chained PFAS are lacking (Foguth et al. 2020).

One of the short-chained molecules to replace long-chained perfluorooctanoic acid
(PFOA), a type of PFAS, is GenX, the trade name for the ammonium salt of
hexafluoropropylene oxide—dimer acid (HFPO-DA) (Hopkins et al. 2018). The chemical is also
known as 2,3,3,3-tetrafluoro-2-(heptafluoropropoxy)propanoic acid, FRD-903, and undeca- or

perfluoro-2-methyl-3-oxahexanoic acid (Houck et al. 2021). Beneath the umbrella classifications



of PFAS, GenX classified as a perfluoroalkyl ether carboxylic acid (PFECA) in which a carboxyl

group has replaced a fluorine in PFOA (Figure 1).

Figure 1. GenX chemical structure in ammonium salt form (DTXSID40108559) (CompTox)

In 2015, GenX was identified in the Cape Fear River off the coast of North Carolina at
rates above the health advisory level in nearly half of all days surveyed in the study (Strynar et
al. 2015). GenX was later detected in residential water within the Cape Fear River Basin,
downstream of the responsible manufacturing plant (Hopkins et al. 2018). The influx into
residential water is especially concerning since GenX is not removable in wastewater treatment
plants by conventional means (Hopkins et al. 2018). In 2017, raw drinking water from the Cape
Fear River in North Carolina was found to have an average GenX concentration of 631 ng/L,
four times greater than the then-estimated safe level of 140 ng/L (Gaballah et al. 2020). Peak
area counts of the “emerging PFASs,” in this case a mix comprised primarily of two different
three-carbon PFASs (PFMOAA and PFO2HxA), were as high as 160,000 ng/L in finished
drinking water drawn from the Cape Fear River (Hopkins et al. 2018) from chemical degradation
from the parent PFAS compounds into derivative forms. Additionally, the half-life of
hexafluoropropylene oxide dimer acid (HFPO-DA), the GenX species found in the Cape Fear

River Basin, is not yet known in humans (Jabeen et al. 2020). Outside of North Carolina, GenX



has been detected in environmental samples in Ohio and West Virginia of the United States,
Germany, China, the Netherlands, England, South Korea, and Sweden (Conley et al. 2021). The
wide range from manufacturing sites to detection sites indicates that local environmental
exposures are not isolated events. GenX may have the similar potential to become transported
further than the source location and accumulate in organisms and the environment as long-
chained-PFAS have done (Greaves and Letcher 2013). Despite humans and the environment
increasingly becoming exposed to GenX, little information is known regarding its expected

impact on human health and the environment outside of commercial claims.

As a newly developed chemical, literature on GenX has yet to fully develop. However,
early animal model studies indicate similar health effects as PFAS (e.g. Foguth et al. 2020).
Animal models are frequently used to provide a deeper understanding of how a toxicant may
impact humans (Foguth et al. 2020). By referencing animal models in studies on exposure, a
greater understanding of the potential human impact can be developed. From the early research
conducted, GenX has been shown to be a potential developmental toxicant (Thompson et al.
2019; Conley et al. 2021), with negative impacts on pregnancies similar to legacy PFAS in rats
and mice (Blake et al. 2020; Conley et al. 2021). GenX has also been found to disrupt
metabolism and other necessary biochemical pathways, specifically the PPAR signaling
pathways (Conley et al. 2021; Houck et al. 2021), with a decrease in the transport activity of p-
glycoprotein and breast cancer resistance protein in rat models (Cannon et al. 2020). In addition
to protein signaling pathways, GenX was found to significantly upregulate protein coding genes
associated with mitochondrial energy pathways (Cptlb, Cpt2, Acadl, Acadm, Acaa2) and
increase the accumulation of reactive oxygen species (Txnip) in rats (Conley et al. 2021). While

closer species surrogates are needed to fully support the transference of predicted toxicological



effects from animals to humans (Corton et al. 2014), lower order species provide insight into

areas worth investigating (Foguth et al. 2020).

This research paper investigated the effects of GenX exposure on pharyngeal pumping
behaviors, reactive oxygen species (ROS) accumulation in the pharynx, and the selected genetic
regulation after set time exposures to GenX in Caenorhabditis elegans. C. elegans are a common
model organism in toxicology studies due to their low maintenance, short life cycles, and fully
sequenced DNA (Caldwell et al. 2018; Foguth et al. 2020). The C. elegans pharynx consists of
three anatomic units: the corpus, isthmus, and terminal bulb (Figure 2). The pump draws the
bacterial food into the corpus at the anterior end. The food is transferred along the isthmus and
then crushed by the V-shaped grinder located in the terminal bulb before passing into the
intestine for absorption (Hall and Altum 2008). Pharyngeal muscles consist of twenty cells of
eight different divisions and serve to open the lumen for pharyngeal pumping and feeding. The
body-wall muscles of C. elegans contain abundant mitochondria (Kim et al. 2018) as an active
structure responsible for food consumption. The muscle belly and muscle arm to the nerve ring
were the regions of the assessed reactive oxygen species due to the role of the pharyngeal pump

in C. elegans.
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Figure 2. C. elegans Pharynx Diagram (WormAtlas)

Several comparisons suggest an evolutionary relationship between the C. elegans
pharynx and the vertebrate heart to support the C. elegans pharynx serving as an animal model to
the vertebrate heart. Three genes are shared between C. elegans and vertebrates as a part of an
evolutionary conserved mechanism responsible for pharyngeal development and the vertebrate
heart, respectively (Chen and Fishman 1996; Huan et al. 1998; Mango 2007). In development,
both organs rely on NKX transcription factors for their formation (Chen and Fishman 1996;
Okkema et al. 1997). Both the pharynx and the heart have similar electrical circuitry to control
pumping with both using T- and L-type Ca* channels for its action potential (Chen and Fishman
1996; Bernstein and Morley 2006). Both structures’ contractions are synchronized junctions that
couple adjacent muscle cells, and contractions can continue in the absence of neuronal input

(Avery and Horvitz 1989; Bernstein and Morley 2006) with the pumping speed modulated by



neurotransmitters such as acetylcholine and serotonin (Hobson et al. 2003). For these reasons,
data about the effects on the pharyngeal pumping of C. elegans can provide insights into the

potential effects on the vertebrate heart.

Mitochondrial toxicity is a method of measuring the impact of a pollutant on
mitochondria, the cellular organelle primarily responsible for energy production and oxygen
consumption within an organism (Zheng et al. 2021). Though reactive oxygen species (ROS) are
essential in many physiological biochemical pathways (Drége 2002) such as immune system
function and basic development processes (Meyers et al. 2018), malformed mitochondria
overproduce reactive oxygen species and cause cellular damage and diseases (Zheng et al. 2021)
such as neurodegeneration from the imbalance of fission and fusion that leads to an accumulation
of structural defects and cell death (Kim et al. 2018). An estimated 1 in 4,300 people are reported
to have a mitochondrial disease (Gorman et al. 2015) that would place them at greater risk of
exacerbating diseases from toxicant exposure (Meyers et al. 2018). Additionally, damage from
mitochondrial toxicity has been reported to pass onto further generations due to genetic
inheritance (Meyers et al. 2018). Little research has been conducted on mitochondrial gene-
environment interactions (Meyers et al. 2018), but gene expression studies are available to study
the impact of toxicants on mitochondria (Zheng et al. 2021). With mitochondria key in multiple
biochemical pathways, phenotypic damage and ROS over- or underproduction causes potential

disfunction within the organelle and potentially the cell and organism, depending on the extent.

Since GenX has been the focus of few studies, comparisons to PFAS neurotoxicity
studies provide information on starting points to potential GenX neurotoxic effects. Similar to
the findings that PFOS increases hyperactivity in C. elegans, PFOS caused dopaminergic

neurotoxicity and neurotoxicity in y-aminobutyric acid (GABA)ergic, serotonergic, and



cholinergic neurons in dosed Caenorhabditis elegans and decreased mitochondria count (Sammi
et al. 2019), which indicates the potential for mitochondrial morphology defects and/or genetic
regulation related to mitochondrial toxicity. Genes of interest related to pharyngeal pumping and
mitochondrial fission and fusion have been selected (Table 1) to determine if GenX causes any

potential effects.

Table 1. Genes of Interest. The table lists protein-coding genes of interest used in assessing
mitochondrial toxicity due to role in pharyngeal pumping and/or mitochondrial health. A brief
description of functions is provided by WormBase.

Gene Description

Drp-1 Predicted to enable GTP binding activity; GTPase activity; and microtubule
binding activity. Involved in apoptotic mitochondrial changes; embryo
development; and mitochondrial fission. Located in mitochondrion. Expressed in
several structures, including germ line; non-striated muscle; preanal ganglion;
rectal muscle; and somatic nervous system. Human ortholog(s) of this gene
implicated in Alzheimer's disease; encephalopathy due to defective mitochondrial
and peroxisomal fission 1; optic atrophy 5; and pulmonary fibrosis. Is an ortholog
of human DNM1L (dynamin 1 like).

Eat-2 Enables acetylcholine-gated cation-selective channel activity. Involved in several
processes, including feeding behavior; positive regulation of multicellular
organismal process; and regulation of eating behavior. Located in neuromuscular
junction and plasma membrane. Part of acetylcholine-gated channel complex.
Expressed in pm4 and pm5. Human ortholog(s) of this gene implicated in several
diseases, including Alzheimer's disease; Lewy body dementia; carcinoma
(multiple); and inflammatory bowel disease (multiple). Is an ortholog of human
CHRFAMT7A (CHRNAY (exons 5-10) and FAM7A (exons A-E) fusion) and
CHRNAY (cholinergic receptor nicotinic alpha 7 subunit).

Eat-18 Involved in chemical synaptic transmission and regulation of pharyngeal pumping.
Predicted to be located in membrane.

Egl-19 | Enables voltage-gated calcium channel activity. Involved in several processes,
including determination of left/right asymmetry in nervous system; positive
regulation of striated muscle contraction; and regulation of pharyngeal pumping.
Located in plasma membrane. Expressed in several structures, including alimentary
muscle; body wall musculature; neurons; preanal ganglion; and tail. Used to study
Duchenne muscular dystrophy. Human ortholog(s) of this gene implicated in
several diseases, including Brugada syndrome 3; Timothy syndrome; and X-linked
recessive disease (multiple). Is an ortholog of human CACNA1C (calcium voltage-
gated channel subunit alphal C); CACNALF (calcium voltage-gated channel
subunit alphal F); and CACNALS (calcium voltage-gated channel subunit alphal
S).




Spe-6 Predicted to enable protein serine/threonine kinase activity. Involved in male
meiosis chromosome separation; regulation of protein localization; and spermatid
differentiation. Predicted to be located in nucleus. Expressed in sperm.

Hypothesis

1. Pharyngeal pumping will significantly increase from GenX exposure.

2. Mitochondrial ROS production will significantly increase from GenX exposure.

3. Gene expression will significantly alter following GenX exposure.

Objectives

1. Determine impact of GenX on the pharyngeal pumping behavior in C. elegans
2. Compare mitochondrial ROS levels in control and GenX treated worms

3. Investigate the selected gene expressions following GenX exposure



Methods
Pharyngeal Pumping

Bristol N2 wild-type worms were synchronized and collected at the L4 stage. They were
then exposed to GenX at 0, 14, 140, 700, 1400, 7000, 14,000, and 71,000 ng/L in K-medium
(0.0032M KClI and 0.051M NacCl) through liquid exposure with OP50 added to prevent
starvation conditions. The first seven concentrations correspond to 0x, 0.1x, 1x, 5%, 10x, 50x,
and 100x, respectively, of the previous North Carolina Department of Health and Human
Services’ estimated safe drinking water equivalent level (DWEL) of 140 ng/L of GenX (The
DWEL calculated for bottle-fed infants based on the reference dose of 0.0001mg/kg/day). The
700 ng/L level approximately corresponds with the average level of 631 ng/L measured in the
unprocessed drinking water of the Cape Fear River (Hopkins et al. 2018), and the 71,000 ng/L
level corresponds to NC DHHS’s prior DWEL based on the European Chemistry Agency’s
derived no effect level (DNEL) of 0.01 mg/kg/day (NC DHHS, 2017). The experimental dosages
for pharyngeal pumping were verified via liquid chromatography-tandem mass spectrometry by

an analytical team at North Carolina State University.

After toxicant exposure, the worms were washed with M9 buffer (3 g KH2PO4, 6 g
Na2HPO4, 5 g NaCl, 1 ml 1 M MgSO4, 1 L H20) four times to remove remnants of the toxicant
and OP50. Then the worms were set on a microscope slide of 2% agarose live to record
movements. Videos were taken at 24, 48, and 72 hours post-treatment in thirty second intervals
using a light compound microscope at 40x magnification and a LasEZ software to record
pharyngeal pump behavior. The terminal bulb was used to count the number of pumps due to the
evolutionary relation to the vertebrate heart and function as responsible for food passing into the
intestines. The iMovie software was used to slow down the original video to half of its original

speed for accurate counting for the pharyngeal pumping. The averages of the thirty seconds were



then doubled to correspond to pumps/min. as the timescale unit. Each worm video was counted
three times and then averaged for the normalized count data for analysis. The pharyngeal pumps

in response to GenX exposure were analyzed using SPSS to determine significant changes.

Calculating GenX Dosages for Exposure for Mitochondrial ROS and Genetic Analysis

The GenX dosages used for the mitochondrial ROS and genetic analysis were created
through the following: The molecular weight of the 97% undecafluoro-2-methyl-3-oxahexanoic
acid (Matrix Scientific (Columbia, SC); CAS [13252-13-6]) is 330.06 g/mol in liquid
suspension. Specific gravity found 1 uL of the solution to weigh 0.0023g. Creating dosage
treatments involved serial dilution from one 25 mL Falcon centrifuge tube to subsequent tubes to

achieve 14 ng/L, 140 ng/L, and 700 ng/L using K-medium as working solution.

A modified version of the Zheng et al. (2021) procedure (Appendix C) was used to adjust
for the needs of the experimental procedure. Zheng et al. (2021) procedure instructed exposure to
the 0.2 mL 5 mM MitoSOX mitochondrial superoxide indicator dye and toxicant on a NGM agar
plate. Zheng et al. (2021) altered the manufacture instructions of MitoSOX Red from the
advertised live cells to apply to live C. elegans using a higher concentration. MitoSOX working
stock produces 13 uL liquid, and ten tubes are included per ordered package. In early assessment
of experimental design, it was determined that a high volume of MitoSOX Red (ThermoFisher;
USA) would have been needed if the dye was to be incorporated into the NGM agar plate. The
typical size of NGM agar plates used are 15-17 mL of agar, but the size of 3 mL plate was an
option as well for exposure. Based on calculations, the lowest NGM agar exposure would have
required approximately one package tube per 25 exposure plates for the recommended 0.2 mL 5

mM MitoSOX dye:
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0.2 mL MitoSOX __ 0.03 mL MitoSOX
100 mL agar - 15 mL agar

15 mL NGM agar plate:
plate at the maximum

, or 30 uL MitoSOX stock solution per

3 mL NGM agar plate; 22 RLMitoSOX _ 0006 mk MIE0SOX | () 6 yL MitoSOX stock solution X 25
100 mL agar 3mLagar

3mL plates = 15 uL working stock required for 25 plates at the minimum

While using 3 mL NGM plates may have been feasible, the required concentration would
have limited the number of runs in procedure and replicates used. Additionally, the higher
concentration of GenX used would have introduced a higher volume of GenX into the local
biohazardous waste management for 24 hour usage. Liquid exposure to the dye through a 2 mL
tubule for the 24 hours exposure period in a 20°C incubator produced good quality staining
underneath the confocal microscope in preliminary trials. The liquid exposure method to the dye

and toxicant was decided as the method to proceed.

Mitochondrial Reactive Oxygen Species

The Bristol N2 wild-type strain was synchronized following the Pan lab procedure
(Appendix A). After 40-44 hours of growth after synchronization on a NGM plate seeded with
0.25 mL of OP50 in a 20°C incubator, the worms were young adults in L3 stage. The worms
were washed with M9 four times in a 2 mL tube with a centrifuge to separate worms from liquid

and prevent loss of worms.

For the control group, 2 uL working solution of MitoSOX Red, 1 mL of M9, and 10 uL
of OP50 were applied to the washed C. elegans within the 2 mL tube for the dye exposure of 24
hours. For the treatment groups, the 14, 140, and 700 ng/L of GenX dosage, respectively by
assigned treatment group, was additionally added during the stage for toxicant and dye exposure

simultaneously.

After exposure, the tube was centrifuged and washed with M9 four times to remove the

external dye. The C. elegans were then added to a NGM plate with 0.5 mL of OP50 to rest for an

11



hour and allow the remanent of MitoSOX Red to clear from the gut. After an hour, the C.
elegans were washed with M9 three times before being placed via a 15 uL droplet onto a
microscope slide with 4% agarose pad and 10 uL of 10 mM levamisole (Figure 3). Using a worm
pick as advised by Zheng et al. (2021) procedure was attempted in early testing but determined
to be a constraint. While not using the pick did not allow the precise choice of worms, collecting
worms through using the pipette allowed for a greater concentration of worms to choose adults

for imaging from the microscope slide.

A

(_|~— Nail polish
— Coverslip

ST

Glass slide VS G —» Agarose pad
§ watata ——» Bead solution
’M—f—%»—> Worm

Figure 3. lllustration of C. elegans in vivo positioning on microscope slide (Sarasija and
Norman 2018)

The worms were imaged using a Zeiss LSM 800 Confocal microscope, often within an
hour but at maximum four hours, after producing the microscope slides. The time constraint
between slide making and imaging is due to the importance of scanning the worms while they
are alive. The MitoSOX Red binds to a reactive oxygen species while the worms are alive. In
preliminary attempts, the image quality was found to be poor within 24 hours, likely as the
worms began to die. Additionally, levamisole may affect mitochondria after a period of time
(Smith et al. 2015). Imaging soon after plating the worms was made a priority in collecting

images, and no images were collected after four hours had elapsed.

Settings for the microscope and adjustments for image quality and retention of pixels
were calibrated for each worm before imaging to ensure effectiveness for later analysis. The

imaging underneath the confocal microscope focused on the pharyngeal bulb up to the

12



pharyngeal-intestinal valve (Figure 2) at 40x oil. The resulting images were stored in the original
file format by the Zeiss LSM 800 Confocal microscope as CZI files and will be stored on a USB

thumb drive in the Pan lab for future referencing.

Imagel is a Java-based, open-source software analysis tool for images with the capacity
to measure fluorescence within images. Following Bankhead (2014)’s guidelines, the files were
converted from CZlI files to TIFF files to prevent the compression and loss of pixel data that may
result from other file conversions such as from CZI to JPEG. The confocal microscope was used
to convert the individual files from each z-stack into a folder which were stored on the thumb
drive. Worth noting to the analysis quality is the process of conversion from CZI to TIFF

displays the images as grayscale while keeping the red, blue, and green color system data intact.

As a fluorescent image, the data collected from the samples is based on pixels within the
image representing the light emitted by the sample (Bankhead 2014; e.g. Figure 7). For
analyzing z-stack images, sum projections (in which all of the pixels located in an xy space are
summed together into one image) and maximum intensity projections (in which images are
compared and only the largest xy pixels are displayed) were options for handing stacks after
consolidation into one stacked image. Maximum intensity projections was chosen to eliminate
the potential impact of using a different number of slices per stacked image (Bankhead 2014).
All of the images were used in the creation of a stack for a complete image of the worm rather
than selecting to filter certain images. Removing background influence in the images’ region of
interest was done by ImageJ’s program with the rolling ball radius set at 100 pixels as the
threshold, following the Bankhead (2014) description for determining rolling ball threshold
(Appendix E). The data was measured by ImageJ in the units of mean fluorescence intensity

(mfi).
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Gene Assessment

Bristol N2 wild-type worms were used in genetic analysis procedures to assess potential
impact of GenX on mitochondrial toxicity and pharyngeal pumping genes. C. elegans were
grown on NGM plates seeded with OP50 until the majority were at L4 stage though different
stages were not excluded to provide variety to age. The worms were washed in M9 four times to
remove remnants of OP50 and then exposed to respective concentration of GenX in K-medium
in a 21°C incubator for 24 hours. After 24 hours, the worms were washed four times in M9 to
remove remnants of exterior GenX and OP50. The worms were allowed to rest on a NGM plate
seeded with 0.25 mL of OP50 for an hour to recover from stress conditions. After an hour, the
worms were washed four times to remove remnants of OP50 from the liquid and then established

genetic analysis procedures using RNA extraction, RT-PCR, and gqRT-PCR (Appendix F).

A mitochondrial toxicity gene used is drp-1. Meyer et al. (2017) and Kim et al. (2018)
have used drp-1, which provides comparison to other toxicity studies. Pharyngeal pumping genes
used were eat-2, eat-18, and egl-19. (Avery and You 2018). Eat-2 and eat-18 are related to the
nicotinic acetylcholine receptor and are necessary for rapid pharyngeal pumping. Egl-19 is
related to the L-type calcium channel that regulates all muscle excitation and contraction (Avery
and You 2018). Spe-6 was also tested as a preliminary study suggested reproductive toxicity

impacts upon GenX exposure.
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» N2 worms collected off existing plate

« Washed with M9 buffer four times, shaken in synchronize solution,
and washed five times. Remaining eggs are incubated at 22°C at 90
rpm in horizontal tube for 16-18 hours

C.elegans | : : o :
Synchronized Grown on NGM plate seeded with OP50 in a 22°C incubator until

at L4 stage approximately 44 hours later

» Worms collected and washed with M9 buffer four times

« Worms dosed with set concentration of GenX, and dye if
Dosed with applicable, in liquid exposure with OP50 for 24 hrs

GenX

» Washed with M9 buffer four times to remove GenX, OP50, and dﬁ
if applicable
« For pharyngeal pumping, place on NGM plate with OP50 and
allow set time interval to pass before collection and recording on
agar slide.
SolechlERSiElel « For ROS and genetic analysis: Allowed to rest for an hour before
collection, washing five times with M9 buffer,.and initiation of
respective procedures )

Figure 4. Vertical chevron list of different methods’ timelines
Data Analysis

For ROS, data analysis was conducted with SAS Enterprise Guide 8.3. Linear regression
ANOVAs with least squared means post-hoc tests were selected to analyze the statistical
differences among treatment levels with the significance level of p<0.05 and Tukey-Kramer test.
Linear regression was chosen to compare the control and three treatments and allow for pairwise
comparison with a conservative approach in rejecting the null hypothesis. Additionally, the
Tukey-Kramer method tends towards conservative in uneven sample sizes, which avoids Type |
errors from occurring due to the different observations of the treatments in the mitochondrial
reactive oxygen species fluorescence experiments (Hayter 1984).
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After the genes of interests were run through for RNA extraction, RT-PCR, and qRT-
PCR (Appendix F) with a minimum of three biological replicates per treatment. Individual
replicate samples were removed as an outlier if they fell outside of two standard deviations of the
mean. The removal of outliers outside of two standard deviations was used to eliminate the
influence of a data point falling outside of the 95" percentile on the calculation of an average
from the data present. The replicates from the gRT-PCR plate were then averaged by RT-PCR
sample to prevent pseudoreplication (Hulbert 1984) from occurring since the replicates from the

same RT-PCR origin sample were not independent from each other.

Fold change was calculated using the formula below (Formula 1) to calculate the change

in regulation as compared to control for each sample concentration:

1

2Treatment Ct—Control Mean

= Fold change

Formula 1. Fold change formula for calculating fold change of a sample
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Results

Pharyngeal Pumping Behavior Assay

After 24 hours of GenX exposure, the average pumping rate for control, 14, 140, 700,
1,400, 7000, 14,000, and 71,000 ng/L were 167, 199, 217, 239, 180, 201, 210, and 177 times per
minute, respectively (Figure 4). Compared to the vehicle control, the pumping rates were
significantly increased in 14, 140, 700, 1,400, 7,000, and 14,000 ng/L GenX treatment groups by
19% (p<0.001), 30% (p<0.001), 43% (p<0.001), 8% (p<0.05), 20% (p<0.001), and 26%

(p<0.001), respectively.

After 48 hours of GenX exposure, the average pumping rate for control, 14, 140, 700,
1,400, 7000, 14,000, and 71, 000 ng/L were 167, 266, 237, 254, 177, 187, 185, and 197 times per
minute, respectively (Figure 5). Compared to the vehicle control, the pumping rates were
significantly increased in 14, 140, 1,400, 7,000, 14,000, and 71,000 ng/L GenX treatment groups
by 59% (p<0.001), 42% (p<0.001), 52% (p<0.001), 12% (p<0.01), 11% (p<0.05), and 18%

(p<0.001), respectively.

After 72 hours of GenX exposure, the average pumping rate for control, 14, 140, 700,
1,400, 7000, 14,000, and 71,000 ng/L were 212, 248, 241, 267, 224, 226, 199, and 200 times per
minute (Figure 6). Compared to the vehicle control, the pumping rates were significantly
increased in 14, 140, 700, 1,400, and 7,000 ng/L GenX treatment groups by 17% (p<0.001), 14%
(p<0.001), 26% (p<0.001), 6% (p<0.05), and 7% (p<0.05), respectively. On contrast, the
pumping rates were significantly decreased in 14,000 and 71,000 ng/L treatment groups by 6%

(p<0.05) and 6% (p<0.05), respectively.
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Figure 6. Box-and-whisker chart of pharyngeal pumps per minute 24 hours post-treatment.
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Pharyngeal Pumping of C. elegans

285 I
265 [

245 - |
225 -

== 1 + o
o =
165 -
145 -

125 T T T T T T T 1
control  14ng/L  140ng/L 700ng/L 1400ng/L 7000ng/L 14000ng/L71000ng/L

pharyngeal pumps per minute

Figure 8. Box-and-whisker chart of pharyngeal pumps per minute 72 hours post-treatment.
Mitochondrial Reactive Oxygenation Species

The fluorescence intensity of the metacarpus, terminal bulb, and whole pharynx were
measured as regions of interest. Compared with control, the fluorescence intensity of the first
bulb was decreased in the 14 ng/L and 140 ng/L treatment groups by 12.1% and 30.3%,
respectively. The decrease in the 140 ng/L group was statistically significant (p<0.0459). The
ROS fluorescence intensity of the first bulb was increased by 3.5 % in the 700 ng/L group, but

the increase is not significant. Compared with control, the fluorescence intensity of the terminal
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bulb was decreased in the 14 ng/L and 140 ng/L treatment groups by 2.6% and 26%,
respectively. The 700 ng/L treatment caused an insignificant increase of 2%. Within the overall

pharynx, the 14 ng/L and 140 ng/L treatments decreased fluorescence by 10.1% and 28.5%,

respectively, and 700 ng/L increased fluorescence by 2.2%.

Treatment 140 ng/L was the only treatment significantly different from the control group
The treatment significantly decreased mean fluorescent intensity in the metacorpus (p<0.0459)
(Appendix H1) and overall pharyngeal pump (p<0.0391) (Appendix H2). No significance

differences were found in assessing the terminal bulbs between the other different treatments nor
the control (0.1092<p<0.9971).

Control
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Figure 9. Select representations of mitochondrial reactive oxygen species images
Genetic Analysis

Compared with control, drp-1 was down regulated > 2-fold in 140 ng/L treatment group.
The eat-18 gene displayed >2-fold upregulation in all treatment groups: 14, 140, and 700 ng/L.
The egl-19 gene was upregulated > 2-fold in 140 ng/L treatment. Last, spe-6 was upregulated >
2-fold in all treatment groups. Statistically, eat-18 was the only gene with significant results in
significant upregulation and differentiation of treatment. Compared to control, the significant

differentiations were 14 ng/L (p<0.0007), 140 ng/L (p<0.0011), and 700 ng/L group (p<0.0007).

Using ANOVA general linear analysis with Tukey adjustment, drp-1 was not significant
at 14 ng/L (p<0.766), 140 ng/L (p<0.323), or 700 ng/L (p<0.383) compared to the control. The

general linear model did not significantly fit (F-value = 1.34, p<0.2931).

The general linear model fit eat-18 with great significance (F-value = 21.79, p<0.0003).
Eat-18 was not significant at 14 ng/L (p<1.0) or 140 ng/L (p<0.966), but 700 ng/L was

determined to be significant (p<0.0007) after Tukey adjustment.

Egl-19 did not significantly fit the general linear model (F-value = 1.07, p<0.402). 14

ng/L (p<0.998), 140 ng/L (p<0.537), and 700 ng/L (p<0.995) were not found to be significant.

Spe-6 did not significantly fit the general linear model (F-value = 1.78, p<0.201). 14 ng/L

(p<0.167), 140 ng/L (p<0.486), and 700 ng/L (p<0.509) were not determined to be significant.
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Gene 14 ng/L GenX 140 ng/L GenX 700 ng/L GenX
Drp-1 0.905 0.436 0.598

Eat-18 | 8.377 70.730 1018.031
Egl-19 | 0.785 3.304 1.470

Spe-6 110.166 80.240 84.173

Figure 10. Genes of interest and fold change means
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Figure 11. Drp-1 fold change means of 14, 140, and 700 ng/L of GenX
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Figure 12. Egl-19 fold change means of 14, 140, and 700 ng/L of GenX
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Figure 13. Spe-6 fold change means of 14, 140, and 700 ng/L of GenX
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Discussion

The aims of the thesis were to develop a better understanding of the effects of GenX as a
potential toxicant becoming more frequent in the environment and its exposure to humans.
Neurological toxicity behavior in the form of pharyngeal pumping was used to determine if the
excitatory effects of legacy PFAS apply to GenX and were found to have significantly
substantive evidence. Potential symptoms mitochondrial toxicity in the form of semi-quantitative
recordings of reactive oxygenation species and genetic analysis of genes of interest were

assessed as well with areas of further investigation identified.

This study shows statistical differences in the pharyngeal pumping rate between control
and majority of the treatment levels across all cross-sectional timepoints. Pharyngeal pumping
had a sensitive response to GenX exposure, and the stimulatory effect of GenX on pharyngeal
pumping is consistent across most treatment groups. At the first testing time point of 24 hr post-
treatment, the pumping rate was increased significantly, even at the lowest dosage group of 14
ng/L. The pumping rate was significantly increased in six out of seven treatment groups at 24-
hour post-treatment and significantly increased in six and five treatment groups at the 48 and 72
hour post-treatment, respectively. Although the extent of the increase did not follow a dose-
response relationship across the whole dosage range, at the 24- hour post-treatment the pumping
rate is increased by 19% to 30% and then to 43% for 14, 140, and 700 ng/L treatment groups,

indicating dose-response relationship may exist in a relatively narrow dosage range.

Temporal response patterns were shown in some dosage groups. In 14 ng/L group, the
pumping rate was increased by 19% compared to control at the 24-hour post-treatment point time
and then increased further by 59% at the 48 hour post-treatment. Similarly in 140 and 700 ng/L

treatment groups, the pumping rates were increased until 48 hour post-treatment time point. The



pumping rate increases in the higher dosage ranges of 7,000 to 71,000 ng/L were not as
significant as the lower dosage range of 14 to 700 ng/L. The result indicates that cytotoxic
effects may offset some of the stimulatory effects in higher dosages and potentially time as well.
While five treatment groups still displayed significant higher pumping rate as compared to
control at 72-hour post-treatment, the increases were not as significant as the 24- and 48-hour

time points, suggesting a tendency to return to normal as the recovery time prolongs.

Pharyngeal pumping is associated with M1, M2, M3, M4, MC, MI motor neurons, NSM
neurosecretory neurons, and 11, 12, 13, 14, 15, 16 interneurons (WormAitlas et al. 2018), and
multiple genes are associated with pharyngeal pumping mechanisms (WormAtlas et al. 2018).
Many of these genes code for the same or similar receptor proteins. Additionally, like the heart in
higher organisms, the C. elegans pharynx is a neuromuscular pump that responds to a variety of
neural and myoid regulators including neurotransmitters and neurohormonal and enteric signals
with classic neurotransmitters including acetylcholine, glutamate, and serotonin also supporting a
higher pumping rate in C. elegans (Hall and Altum 2008). Eat-18 and eat-2 are interactor
overlapping genes (WormBase). Eat-18 codes for a small single-pass transmembrane protein,
EAT-18, expressed in the pharyngeal muscle, likely by directly binding to the nicotinic
acetylcholine receptor EAT-2 for which EAT-18 is necessary for the proper targeting or function
of most or all of them. EAT-18 is necessary for M4 to TB muscle transmissions while EAT-2 is

thought to be less necessary (Avery and You, 2018).

The mechanism of GenX-induced high pumping rate is currently unclear. In other PFAS
studies, long-chained PFAS were found to increase acetylcholine in chordates and invertebrates
(Yuan et al. 2018; Foguth et al. 2020). GenX may act upon one of the acetylcholine receptors or

generate a similar excitatory signal as legacy PFAS have done. The upregulation at 700 ng/L for
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eat-18 indicates that EAT-18 is being produced in higher concentration, causing the increase in
pharyngeal pumping. Investigation into genes related to other neurotransmitters would provide a

better understanding of the mechanisms causing hyperactivity in greater detail.

The lack of significant results from egl-19 indicates that the gene related to the calcium
channel regulating muscle excitation and contraction of C. elegans (Avery and You 2018) is not
affected by the tested range of GenX dosages. The result provides support that human orthologs
implicated in Brugada syndrome 3, Timothy syndrome, and multiple X-linked recessive diseases
(WormBase 2023) are not expected to result from exposure to GenX. Similarly, the lack of
significant response to the range of GenX dosages tested in drp-1 indicates that the human
ortholog gene DNM1L and genes implicated in several diseases including Alzheimer's disease,
defective mitochondrial and peroxisomal fission-related encephalopathy, optic atrophy, and

pulmonary fibrosis (WormBase 2023) are potentially not affected by exposure to GenX.

The conservative skewing of Tukey adjustment may account for the discrepancy between
high fold changes but insignificant differences. A higher replicate count with even treatment
numbers would allow for adjustment based on arithmetic means rather than least squares means
may cause egl-19 to become statistically significant with p<0.05 remaining as the Type 1 test.
Evaluating the genes of interest that indicate significance and potential significance based on
fold change means, as well as evaluating mitochondrial genes to assess mitochondrial toxicity,
would be valuable in assessing GenX effects as an environmental toxicant and potential

alternative genetic expressions.

The reactive oxygen species fluorescence results were not as expected. Energy
demanding neurons and muscle cells like those in C. elegans pharynx contain high mitochondria

volumes. Mitochondria are the major generator of endogenous reactive oxygen species (ROS)
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including superoxide anions, hydrogen peroxide, and hydroxyl radicals (Zang et al. 2014).
Superoxide anions can be converted to hydrogen peroxide by the mitochondrial superoxide
dismutase, a process conserved from nematodes to higher organisms. According to the free
radical theory of aging, increased respiration and oxygen consumption will result in increased
mitochondrial ROS production and consequent cellular damages (Zang et al. 2014) Although it is
hypothesized that enhanced pharyngeal pumping should require more energy and thus increased
mitochondrial respiration and oxygen consumption, the MitoSOX Red staining findings did not
suggest an increase in mitochondrial ROS production. It is possible that GenX facilitates
effective energy expenditure of cells that allows for high energy production without excessive
ROS resulting. Performing the experiment again with more experience of the procedure, positive
and negative controls, and assessment of fluorescent measurement methods would provide more
insight into the precision of the results.

While a trend of reactive oxygenation species did not emerge in response to the increase
in pharyngeal pumping, the significant decrease in ROS at the 140 ng/L treatment level is worth
evaluating further to understand what reaction may be occurring to cause a decrease and
determine if the mechanism. In the pharyngeal pumping results, exposures higher than 700 ng/L
(14,000 ng/L, 7,000, 14,000, and 71,000 ng/L) across all timepoints resulted in a decrease in
pumping. The drop in trend is possibly due to a stress response (Bar-Ziv et al. 2020). An
unfolded protein response of the mitochondria and/or an oxidative stress response would
potentially explain the reduction of activity at the expose dose rising above the levels found in
the Cape Fear River Basin. Further research into mechanisms evaluating the response is needed

however to determine.
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In future experiments, some changes would improve the quality of the research.
Preforming a lifespan assessment would allow evaluation of the effects of toxicant exposure on
long-term survival. If the lifespan of the C. elegans is shorter than control, the expenditure of
energy from increased pharyngeal pumping supports the theory of reactive oxygen species on
aging. The lack of significant increases in reactive oxygen species fluorescence is potentially
from effective reactive oxygen species usage. A significantly shortened or lengthened lifespan
compared to a control would allow for a better concept of the effects on the overall health of the
C. elegans in the broader conceptualization. In the reactive oxygen species experiment, the
positive control of paraquat should be used (Ray et al. 2015) to allow comparison between a
positive control and the treatments. EtAc as a negative control also would be recommended in

future experiments to reference (Ray et al. 2015).

Similarly, assessing the potential for inheritable mitochondrial damage from GenX in C.
elegans throughout generations would provide insight into the effects from long-term in parent
organisms (Gorman et al. 2015). Providing a low dosage during L1 stage to L4 stage
development would simulate changes in a developing organism. In this manner, the potential of
GenX acting as a development toxicant in C. elegans as it had in pregnant rats in Conley et al.
(2021) may be assessed. Testing the effects of GenX during C. elegans development may
provide a useful assessment for its own sake. Combining the experiment with syncing laid eggs
from the exposed parents and testing changes in mitochondria using lifespan assessment,
mitochondrial morphology, ROS fluorescence, and genetic changes would provide insight into
the long-term effects of GenX as a mitochondrial toxicant with the future to impact future

generations.
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In addition, the significant decrease in reactive oxygen species at 140 ng/L in the
metacorpus and pharynx as a whole is worth investigating. In the 48- and 72-hour time points of
pharyngeal pump data, a decrease in the trend at 140 ng/L occurred (Figure 6; Figure 7). The
decrease at 140 ng/L may indicate a rescue mechanism is occurring within the C. elegans to
correct for effects of GenX in longer time points of exposure. The difference in scale between
the potential rescue response at 140 ng/L and at concentrations higher than 700 ng/L implies that
the highest dosages cause a shutdown while 140 ng/L cause efforts to mitigate before the trend

increases with 700 ng/L. The peculiarity is another question worth understanding.

While the study itself is only a small contribution to the larger effort to identify potential
effects of GenX and the diminutive forms created in its degradation, the research provides a basis
for further research into mitochondrial toxicity of GenX in particular and GenX as a toxicant as a
whole before the chemical grows to wider usage with potentially similar harm created as the
legacy long-chained PFAS before it. With the potential effects described comes the reality that
human exposure for several years has already occurred within communities without scientific
evidence to justify the commercial claims of no harm from widespread exposure. While results
in the study indicate that GenX may cause significant effects with human exposure, the
uncertainty from the lack of research has already caused fear in exposed residents of
communities. Further research remains necessary to either dispel the uncertainty or provide
answers for what is to be expected in short- and long-term health effects from exposure. In
addition, the research provides new fields into mitochondrial toxicity worth investigating to

understand the mechanisms involved in dosage response.
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Appendices

Appendix A: Synchronization of C. elegans established Dr. Xiaoping Pan Laboratory
Methodology

Synchronization solution: 2 mL of NaOH, 5 mL of commercial bleach, 17 mL of autoclaved
H20

1. The C. elegans from a strain are collected from established and populated NGM plates
seeded with OP50. The plate is held in a tilt and the worms are washed off the plate with
5 mL M9 buffer solution. The worms are pipetted into a 15 mL Falcon tube.

2. The worms are centrifuged and washed with M9 twice. The liquid down to the 1 mL line
is removed. M9 is refilled to 5 mL for a complete wash.

3. The M9 in the Falcon tube is reduced to 1 mL. 5 mL of synchronization solution is added
to the Falcon tube.

4. The Falcon tube is shaken for 6-10 minutes with the purpose of dissolving adults and

leaving only eggs. The state of dissolution is checked beneath a dissecting microscope
through the clear plastic tube. Once only eggs remain, the next step is initiated.

5. The eggs within the tube are quickly centrifuged and washed with M9 four times to
remove synchronization solution over the course of washes.

6. After five washes, the Falcon tube containing eggs is placed in an incubator for 16 to 18
hours at 21 degrees Celsius at 80-90 rpm. When the eggs have hatched, the lack of food
in the solution arrests development. Within the time period, all the eggs will have
hatched, and the worms remain in the same development phase of L1. Past the eighteen
hour time point, the worms are likely to starve and die.

7. After the 16-18 hour time point, the Falcon tube is centrifuged until only 1 mL of M9
containing the hatched worms remains. A NGM plate is seeded with 25 uL of E. coli
OP50 as food to prevent starvation stress. The 1 mL containing stage L1 worms are
pipetted onto the NGM plate and allowed to grow for 40-44 hours until L4 larval stage
had been reached.



Appendix B: Nematode culture and maintenance
M9 buffer: 3 g KH2PO4, 6 g Na2HPO4, 5 g NaCl, 1 ml 1 M MgSO4, H20to 1 L
K-medium: 2.36 g KCL, 3 g NaCl in 1 L of ddH20 (Boyd et al. 2012)

NGM plate: 3 g of NaCl, 2.5 g of peptone, 17 g of agar, and 975 mL of ddH.O

1.
2.
3.

Mixed well with a stir bar and then autoclaved at 121°C for 20 minutes.

Mixture allowed to cool to 55°C on hot plate with stir bar stirring mixture.

Added 1 ml cholesterol (5mg/ml in ETOH), 1 ml CaCl; (1M), 1 ml of MgSQOa (1M) and
25 ml of potassium phosphate (PH 6) in respective order.

The mixture was left to mix at 55°C on hot plate with the use of a stir bar as mixture
pipetted into 10 cm petri dishes (25 mL) to cool and solidify before sealing with wax
strips.

Plates were left under fume hood overnight, and plates were screened to remove any form
of growth before storage in 4°C walk-in freezer.



Appendix C: Zheng et al. (2021) “Evaluations of Environmental Pollutant-Induced
Mitochondrial Toxicity Using Caenorhabditis elegans as a Model System”

Mitochondrial ROS Detection

1. Grow synchronous L4 nematodes on NGM plates spread with OP50 and 10 uM MitoSOX Red
for 24 h. (Note: All fluorescent studies are suggested to perform at 20 C in dim light.)

[Make 5 mM of MitoSOX stock solution using one of the ten packaged vials and 13 uL of
DMSO. The stock solution becomes the working solution with M9. Dilute to 10uM working
solution for exposure by adding 5uL stock:2.5mL M9 or 4uL:2mL M9 solution.

Stock solution should keep if stored at 4C in refrigerator. Working solution keeps in less time.]

2. Collect the young adult nematodes (Note: after 24 h from the above step, the nematodes turn
into young adults) and expose with the environmental pollutant of interest.

Recommended Exposure Method:

[Expose 2500 synchronized L4 nematodes (40-44 h after sync) with 25 pL liquid exposure
solutions, respectively, in 500 pL reaction system for 2 h at 20 C (Due to the difference in
sensitivity and size, 5000 L1 nematodes are roughly equal to 2500 L4 nematodes in 500 puL
reaction system containing 25 uL of 20x exposure solutions.).

Remove toxicants with two washes using 85 mM NaCl (If solid exposure is preferred, i.e., the
toxicant is mixed in plates for prolonged exposure, the doses should be 10 folds less than liquid
exposure.)]

3. Recover the exposed nematodes on NGM plates containing OP50 for 1 h. (Note: This step is
also important for the clearance of residual dye in their guts.)

4. Pick the nematodes to a droplet of 1 mM levamisole on the coverslip. (Note: Nematode can be
anesthetized by 1 mM levamisole.)

5. Mount the coverslip onto a microscope slide containing a 4% agarose pad.
6. Label strains and conditions of the experiments.

7. Examine fluorescent intensity in the posterior pharyngeal bulb of the nematodes with 510 and
580 nm (excitation/emission) wavelengths.

8. Quantify fluorescent intensity using Fiji software to unveil the effect of environmental
toxicants on mitochondrial ROS. (Note: Otherwise, genetic-modified C. elegans strains could be
used directly, without fluorescent staining. These include nematodes which harbor
mitochondrial-targeted roGFP, HyPer, and mt-cpYFP for monitoring redox state changes,
peroxide, and superoxide contents, respectively. Those nematodes give instantaneous readouts
and fluctuate based on mitochondrial redox levels [19-21]. Furthermore, MitoTimer reporter
strain changes fluorescence from green to red under mitochondrial stress, therefore could
demonstrate mitochondrial damage under physiological and pathological conditions in vivo

[22]).



Mitochondrial Gene Expression and Modifications Assessment

1.

~

Conduct three freeze and thaw cycles on the nematodes with liquid nitrogen to
breakdown cuticles and release RNA (2500 L4 nematodes per exposure are adequate for
gRT-PCR to generate reproducible results).

Isolate mRNA with TRIzol following manufacturer’s protocol (Life Technologies, USA).
Determine the concentration and purity (A260/A280 and the A260/A230 ratio) of the
isolated RNA by a NanoDrop 2000 spectrophotometer.

Reverse-transcribe cDNA from RNA using High Capacity cDNA Reverse Transcription
kit following manufacturer’s protocol. Briefly, prepare 2 X reaction mix using the kit’s
components according to the protocol. Dilute 1 pg RNA to 10 pL solution with RNase-
free water. Then mix the 10 pL of 2 X reaction mix with 10 uLL RNA This would result in
0.5 pg of cDNA per 10 pL. The recommended cDNA transcription protocol is: 25 °C 10
min, 37 °C 2 h, 85 °C 5 min, and stop at 4 °C.

Prepare PCR mix according to Tagman gene-expression assay probes protocol. 3 puL of
cDNA generated above is added to 5 pL of the Tagman probles, followed by 1.5 puL
water to makeup 10 pL system. The 10 pL system could be scaled up to 50 pL per tube.
Run gPCR on the BioRad Real-time system. The recommended qPCR protocol is
TagMan standard protocol (1 h 30 min).

Normalize the target gene expression to the relatively stable expression gene tha-1.
Determine the relative mRNA levels of gene of interests with the 2--2T method.
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Appendix D. List of Primers for Genes of Interest. List of genes and their corresponding forward
and reverse primers.

Genes | Forward Primer (5°>3") Reverse Primer (5°>3)

Drp-1 | AGTGCGGATGACTGACTGG GCACGTTGGTTCTGGGATTG
Eat-2 TGTTGGAGGATCAGGCGAAG ACCTTGTAAGCAGGCGTAGG
Eat-18 | CCCAACCTTTCCAGAATGCG GCTCGGGAACTCGATGACAC
Egl-19 | AGGCTGTTAGCATGGTTTGG TCCAAGAGACACCACACACC
Spe-6 | TGGCTTTGTCGAGACGTGAA CGGGATGATTTTGCCCTCCT




Appendix E: ImageJ Settings for Assessment based on Bankhead (2014) Instructions for
Assessing Fluorescence in Z-stacks

1. Convert the CZI image file into a folder of TIFF image files using ZEN 2.5 (blue
edition)’s image processing interface.

2. On ImageJ freeware, go to File -> Open -> locate and open all TIFF files of the folder
created.

3. On ImageJ, open Image -> Stacks -> Images to Stacks. Title the name after the original
data to keep information clear.

4. On ImageJ, open Image -> Stacks -> Z Project... It is going to automatically be set to
Max Intensity, so hit Okay. ROS in image is set at Max Intensity now.

5. Saved the Max Intensity image in its dosage folder. The previous image without Max
Intensity is deleted.

6. For analyzing ROS in C. elegans, we are looking at two distinct structures in the
pharyngeal bulb. Referencing the ZEN pro images may be helpful in identifying the
parts.

7. You will be taking three measurements: first bulb (metacorpus), second bulb (terminal

bulb), and the overall pharyngeal pump (buccal cavity to end of terminal bulb). The bulbs
are rough circles along the pharyngeal pump and used for food processing and a heartbeat
equivalent.

A L2 larva

Metacorpus Terminal
cavity Procorpus Isthmus pub

8. You will need to remove the background lighting of the image to stabilize any difference
of the microscope. To do this, go to ImageJ’s Process -> Subtract Background...

9. Specify 100 pixels and check Disable smoothing.

10.  With the background removed, set measurements you will be taking by going to ImageJ’s
Analyze -> Set Measurements. Set to record min and max gray values, mean gray value,
median, and display label.

11.  Use the polygon selection on the toolbar to pinpoint measurements and record
measurements.



12.

13.

14.

For the overall pharyngeal bulb, measure from the point of the terminal bulb and go to
the buccal tip. Try to keep the measurement lines within the body wall of the worm to
remove background influence on the measurements.

Once those three measurements have been taken, record the mean, max, and median for
each section.

Record measurements from every clear image taken of worms.
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Appendix F: Zhang Lab Procedure for RNA Extraction, RT-PCR, and qRT-PCR from BIO6000
Biochemistry Course (Spring 2022)

RNA Extraction:

Three biological replicates of worms were collected from each treatment group and frozen at -
80°C until ready for RNA extraction. Once ready, 400pL of Lysis/Binding buffer was added into
each 2mL centrifuge tube containing the worms on ice. Sonicate each tube for 30 seconds using
an Ultrasonic Converter on ice. Then add 40pL of miRNA Homogenate Additive to the tissue
making sure to mix well either by vortexing or inverting tube several times before leaving the
mixture on ice for 10 minutes. Then 400 pL of Acid-Phenol: Chloroform or matching that of
previous mMiRNA homogenate was added into the lysate. Vortex for another 30 to 60 seconds,
then centrifuge for 5 minutes at 10,000 x g at room temperature making sure to separate aqueous
and organic phases. 300uL of aqueous phase was then collected and transferred into a fresh tube.
Once transferred, 375 pL of 100% ethanol was added to the aqueous phase and mixed
thoroughly by vortexing or inverting. For each sample, place a Filter Cartridge into a Collection
Tube and pipet the lysate/ethanol mixture into a Filter Cartridge. Centrifuge for roughly 15
seconds at RCF 10,000 x g (10,000 rpm) to pass the mixture through the filter. Discard flow
through and repeat until all lysate/ethanol mixture is through the filter. 700 pL of miRNA Wash
Solution 1 was then added into the Filter Cartridge and centrifuged for 5 — 10 seconds to pull
solution through the filter and then discard flow through again. A second wash of 500 pL of
Wash Solution 2/3 was then used to wash through the filter again and centrifuged before
discarding flow through. Finally, a third wash will then be repeated with Wash Solution 2/3.
After discarding flow through and replacing the filter back into collection tube, centrifuge again
for 1 minute to remove any residual liquid solutions from the sample before transferring to a new
collection tube. Then apply 50 pL of pre-heated (95°C) nuclease-free water to the center of filter
and close the cap and centrifuge for 30 seconds at max speed to recover RNA. If necessary,
gently centrifuge again at low speed to make sure all collection sample is at the bottom of tube
before measuring RNA concentration and quality using NanDrop-1000 based on the absorbance
ratio of A260/280 and A260/230. Measurements below 1.8 for A260/280 and 2.0 for A260/230
were discarded due to contamination. Then RT-PCR was performed or store at -20°C or below
until ready to be used.

RT-PCR via TagMan® MicroRNA Reverse Transcription Kit:

Calculated volumes of 1ug of RNA sample and nuclease-free water needed per 15 uL RT
reaction for each sample were made. Our 15 pL RT reaction included set amounts of RNase
inhibitor (0.19 pL), 100 mM dNTPs (0.15 pL), 10X Reverse Transcription Buffer (1.50 pL),
Multiscribe™ Reverse Transcriptase (1.00 pL), and primer mix (1.00 pL) along with calculated
RNA sample and nuclease-free water. Once the reaction completed, the tubes were then gently
mix and centrifuge to force the products to the bottom of tube (2000 rpm for 10 seconds) and
then incubate tube on ice for 5 minutes and kept on ice until ready to load into thermal cycler.
Once loaded in the thermal cycler, the process was as followed for RT-PCR: 30 minutes at 16°C,
30 minutes at 42°C, 5 minutes at 85°C, and will then hold at 4°C. After reverse transcription, 80
ML DNase free water will then be added into each RT-PCR product and then mixed before
performing gRT-PCR or storing at -20°C or below until ready.

gRT-PCR:



Previous RT-PCR product will first need to be diluted with nuclease-free water before using.
Using 96-well microplates, each well will be prepared by mixing in the following: 6 pL of
nuclease-free water, 10 pL of SYBR Green PCR Master Mix, 2 uL of the RT-PCR (after
diluting), and lastly 1 pL of forward and reverse primer specific to gene of interest. After loading
each well of a 380-plate qRT-PCR plate, the microplate will then be sealed and centrifuged
before loading for gRT-PCR using the 7300 Real-Time PCR System (Applied Biosystem). Run
time of QRT-PCR is as the following: 10 minutes at 95°C for enzyme activation, 45 cycles of 15
second at 95°C to allow for denaturing along with 60 seconds at 60°C to allow for annealing.
Once done, tha-1 was used as the reference gene [18].
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Appendix G: Summary Statistics of Reactive Oxygen Species

SAS summary statistics of each treatments’ measured mean and median of the first bulb
(metacorpus), second bulb (terminal bulb), and overall pharyngeal pump

Treatment
0

140

700

N Obs
17

Variable

First_Bulb_Mean
First_Bulb_Median
Second_Bulb_Mean
Second_Bulb_Median
Overall_Pump_Mean
Overall_Median

First_Bulb_Mean
First_Bulb_Median
Second_Bulb_Mean
Second_Bulb_Median
Overall_Pump_Mean
Overall_Median

First_Bulb_Mean
First_Bulb_Median
Second_Bulb_Mean
Second_Bulb_Median
Overall_Pump_Mean
Overall_Median

First_Bulb_Mean
First_Bulb_Median
Second_Bulb_Mean
Second_Bulb_Median
Overall_Pump_Mean
Overall_Median

Label

First Bulb.Mean
First.Bulb.Median
Second Bulb.Mean
Second.Bulb.Median
Overall Pump.Mean
Overall. Median

First Bulb.Mean
First.Bulb.Median
Second Bulb.Mean
Second.Bulb.Median
Overall Pump.Mean
Overall. Median

First Bulb.Mean
First.Bulb.Median
Second Bulb.Mean
Second.Bulb.Median
Overall Pump.Mean
Overall.Median

First Bulb.Mean
First.Bulb.Median
Second Bulb.Mean
Second.Bulb.Median
Overall Pump.Mean
Overall. Median

Strain=N2

Mean

91.8409412
80.8235294
113.7440588
111.0000000
94.7792941
89.0000000

80.6771250
81.5000000
110.7536250
106.7500000
85.2178750
80.8750000

64.0474615
57.6923077
84.0283077
76.3076923
67.7645385
59.5384615

95.0148750
94.5000000
116.0741250
113.2500000
96.8881250
93.0000000

Std Dev

30.6706975
34.3988286
39.5866870
42.2684871
29.5982202
31.1106895

17.7842742
18.8300671
18.0634429
17.8785586
14.3738233
16.4180867

28.3401770
29.5250871
41.2072161
43.1458469
28.3873609
28.7506968

28.3138604
34.1592907
20.4723022
26.2120474
24.2570629
27.8772821

Variance

940.6916851
1183.28
1567.11
1786.63

876.0546371

967.8750000

316.2804073
354.5714286
326.2879688
319.6428571
206.6067950
269.5535714

803.1656308
871.7307692
1698.03
1861.56
805.8422564
826.6025641

801.6746933

1166.86
419.1151578
687.0714286
588.4051027
777.1428571

Range

103.2630000
113.0000000
131.3140000
138.0000000
101.7800000
108.0000000

55.8150000
60.0000000
54.7860000
53.0000000
43.6740000
54.0000000

83.8440000
90.0000000
119.4110000
132.0000000
83.1220000
89.0000000

87.7380000
103.0000000
61.9970000
85.0000000
73.6500000
80.0000000

Lower 95%

N CL for Mean

17
17
17
17
17
17

@ 00 0o 0

76.0715236
63.1372837
93.3904625
89.2675493
79.5612935
73.0043595

65.8090997
65.7576699
95.6522088
91.8031510
73.2010580
67.1491360

46.9216640
39.8504761
59.1270362
50.2349180
50.6102280
42.1645894

71.3438953
65.9421183
98.9588520
91.3361800
76.6087129
69.6940089

Upper 95%
CL for Mean

107.6103587

98.5097751
134.0976551
132.7324507
109.9972947
104.9956405

95.5451503
97.2423301
125.8550412
121.6968490
97.2346920
94.6008640

81.1732591
75.5341393
108.9295792
102.3804666
84.9188489
76.9123337

118.6858547
123.0578817
133.1893980
135.1638200
117.1675371
116.3059911



Appendix H. ANOVAs of Reactive Oxygen Species
Figure 1. ANOVA of metacorpus bulb, or “first bulb”, of ROS treatments

Linear Models
The GLM Procedure

Least Squares Means
Adjustment for Multiple Comparisons: Tukey-Kramer

Strain=N2

Treatment | First_Bulb_Mean LSMEAN | LSMEAN Number

0 91.8409412 1
14 80.6771250 2
140 64.0474615 3
700 95.0148750 4

Least Squares Means for effect Treatment
Pr > |t| for HO: LSMean(i)=LSMean(j)

Dependent Variable: First_Bulb_Mean

ifj 1 2 3 ES
1 0.7858 = 0.0459 @ 0.9933
2 0.7858 0.5494 = 0.7326
3 0.0459 | 0.5494 0.0784
S 0.9933 0.7326  0.0784

Figure 2. ANOVA of terminal bulb, or “second bulb” of ROS images

Linear Models
The GLM Procedure

Least Squares Means
Adjustment for Multiple Comparisons: Tukey-Kramer

Strain=N2

Treatment | Second_Bulb_Mean LSMEAN | LSMEAN Number

0 113.744059 1
14 110.753625 2
140 84.028308 3
700 116.074125 4

Least Squares Means for effect Treatment
Pr > |t] for HO: LSMean(i)=LSMean(j)
Dependent Variable: Second_Bulb_Mean
ilj 1 2 3 4
1 0.9971 = 0.1092  0.9986
2 0.9971 0.3302 = 0.9899
3 0.1092 = 0.3302 0.1853

4 0.9986 = 0.9899 | 0.1853



Figure 3. ANOVA of overall pharyngeal pump of ROS images

Linear Models
The GLM Procedure

Least Squares Means
Adjustment for Multiple Comparisons: Tukey-Kramer

Strain=N2

Treatment = Overall_Pump_Mean LSMEAN A LSMEAN Number

0 94.7792941 1
14 85.2178750 2
140 67.7645385 3
700 96.8881250 4

Least Squares Means for effect Treatment
Pr > |t] for HO: LSMean(i)=LSMean(j)

Dependent Variable: Overall_Pump_Mean

ifj 1 2 3 S
1 0.8326 = 0.0391 | 0.9977
2 0.8326 0.4632  0.8129
3 0.0391 | 0.4632 0.0821
B 0.9977 | 0.8129  0.0821
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Appendix 1. ANOVA results of significant genes of interest
Figure 1. ANOVA results of eat-18 by treatment in genetic analysis

One-Way Analysis of Variance
Results

The ANOVA Procedure
Dependent Variable: Fold_change Fold change

Genes=eat-18

Source DF | Sum of Squares | Mean Square F Value | Pr>F
Model 3 2219018.001 739672.667 21.79 ' 0.0003
Error 8 271541.684 33942.710

Corrected Total | 11 2490559.685

R-Square @ Coeff Var | Root MSE @ Fold_change Mean
0.890972 = 67.07350 184.2355 274.6770

Source DF Anova SS | Mean Square | FValue Pr>F
Treatment 3 | 2219018.001 739672.667 21.79 | 0.0003



Figure 2. ANOVA analysis of eat-18 significance between treatments and control in genetic
analysis
Linear Models
The GLM Procedure
Least Squares Means
Adjustment for Multiple Comparisons: Tukey

Genes=eat-18

Treatment = Fold_change LSMEAN @ LSMEAN Number

0.000 1.67033 1
14.000 8.37667 2
140.000 70.73000 3
700.000 1018.03100 4

Least Squares Means for effect Treatment
Pr > |t| for HO: LSMean(i)=LSMean(j)

Dependent Variable: Fold_change

ifj 1 2 3 4
1 1.0000 | 0.9658 = 0.0007
2 1.0000 0.9744 = 0.0007
3 0.9658 | 0.9744 0.0011
4 0.0007 | 0.0007 @ 0.0011

Treatment = Fold_change LSMEAN 95% Confidence Limits

0.000 1.570333 | -243.715640 | 246.856307
14.000 8.376667 @ -236.909307 & 253.662640
140.000 70.730000 @ -174.555974 | 316.015974
700.000 1018.031000 | 772.745026 @ 1263.316974
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