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ABSTRACT
Nicotinamide adenine dinucleotide (NAD+) is a crucial molecule that is required for all
living cells in mammals and C. elegans alike. The balance between the oxidized and reduced
forms of NAD+ plays a role in energy transport and has been linked to regulation of multiple
systems in the body. Three lines of research – reduction in NAD+, compromised activity of an
NAD+ consumer, and manipulation of NAD+ biosynthetic precursors have all led to
characteristic phenotypes that will be explored in this paper.
I will show how manipulation of the concentration of NAD+ has led to the discovery of a
novel phenotype in C. elegans called the delayed hatching phenotype. This phenotype is
dependent on the interaction between a genotype and an environmental stimulus to produce
delayed hatching. I have found when NAD+ levels are reduced through the riboside pathway and
animals are grown in an increased level of oxidative stress, the embryos hatch up to 10 days after
being laid in comparison to the wild-type animals hatching in 16 hours.
NAD+ is also a cofactor to many proteins such as sirtuins. Sirtuins are a class of enzymes
that regulate biochemical pathways and play a role in stress response and aging. In this study, I
will show how knocking down two different mitochondrial sirtuins increases the lifespan of C.
elegans in the presence of different food sources of varying pathogenicity. In addition, I will
show how increasing oxidative stress levels affects the observed lifespan extension.
Lastly, manipulation of the biosynthetic precursor of NAD+ such as nicotinamide, a form
of vitamin B3, has an effect on sensory output. When the salvage synthesis pathway of NAD+
production is manipulated, a negative nose touch response rate is observed.
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Chapter 1
Introduction: Delayed Hatching

NAD+ Biosynthesis
NAD+ is a crucial molecule in all animals because it plays a key role in energy
production by converting between its oxidized and reduced form during cellular respiration. In
addition, NAD+ is a coenzyme of a multitude of different reactions that take place in the body
such as multiple steps in glycolysis, alcohol dehydrogenase in the breakdown of alcohol, and
lactate dehydrogenase to convert lactate to pyruvate in the muscle of organisms to name a few.
NAD+ production is tightly regulated and conserved between model organisms to ensure proper
energy production. Regulation of the production and synthesis of NAD+ plays roles in aging,
neurodegenerative diseases, and mental disorders (Johnson & Imai, 2018). In C. elegans, three
distinct pathways are used in the production of NAD+ (Figure 1). They are the de novo synthesis
pathway, the salvage synthesis pathway, and the riboside pathway. Key enzymes that were
investigated in relation to delayed hatching, sensory output, and lifespan extension are
highlighted in Figure 1 of NAD+ synthesis.
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Figure 1. NAD+ Biosynthesis in C. elegans
Key enzymes that will be discussed are highlighted in the figure. The green pathway
represents the riboside synthesis pathway. In the riboside pathway, nmrk-1 converts
nicotinamide riboside to nicotinamide mononucleotide. The riboside pathway feeds into
the salvage synthesis pathway shown in red. NAD+ can be consumed and broken down
by proteins such as sirtuins. Consumer proteins recycle nicotinamide back into the
pathway. In the salvage synthesis pathway, pnc-1 converts nicotinamide to nicotinic acid.
Lastly, de novo synthesis pathway uses tryptophan to feed into the salvage synthesis
pathway. In the pathway, flu-2 is responsible for the conversion of tryptophan to
quinolinic acid.
The delayed hatching phenotype predominantly resides in the riboside synthesis pathway
when nmrk-1 is knocked out, preventing the conversion of nicotinamide riboside (NR) to
nicotinamide mononucleotide (NMN). The nmrk-1 mutant gene (T27A3.6) has drastic effects on
NAD+ levels. Although this enzyme does not directly produce NAD+, it decreases global levels
of NAD+ by 50% when knocked down through metabolomic experiments (McReynolds, 2017).
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Other enzymes in the de novo synthesis pathway and the salvage synthesis pathway were
analyzed to determine if they also display the delayed hatching phenotype. The enzyme flu-2 is
active in de novo synthesis in the conversion of tryptophan (trp) to quinolinic acid (QA) in the
first step of the pathway. In addition, pnc-1 converts nicotinamide (NAM) to nicotinic acid (NA)
in the salvage synthesis pathway.
Also, in the salvage synthesis pathway, the breakdown of NAD+ proceeds through
proteins that consume NAD+. One of the proteins is sirtuins, which will be studied in later
chapters. Sirtuins breakdown NAD+ to NAM and ADP-ribose. NAM is an agonist of the
transient receptor potential vanilloid (TRPV) channel which is responsible for thermo, chemo,
and mechanical sensation. (Rongvaux, Andris, Van Gool, & Leo, 2003; Upadhyay et al., 2016).
NAM can also go back into the salvage synthesis pathway to increase NAD+ levels.

Embryogenesis and Eggshell layers
C. elegan embryonic development takes place in 16 hours in the lab strain control when
grown on OP50 live E. coli (Deppe et al., 1978). In the 16 hours, the animals proceed through a
number of embryonic stages. The majority of C. elegans are hermaphrodites, and fertilization
occurs in the spermatheca of the animal. The haploid egg and sperm join to create an embryo that
is diploid. The embryo moves to the uterus of the animal and the layers of the eggshell increase
to decrease permeability and increase strength. The embryo then goes through a period of
heightened proliferation and forms a gastrula. The embryo is laid by the animal when it is around
a 30-cell stage in early gastrulation stage and the embryo continues to develop outside the
animal. The animal proceeds from the “lima bean” stage to the comma stage and 2-fold stage. At
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the 2-fold stage, muscle twitches can be observed under a microscope. The animal proceeds to
the 3-fold stage, also known as the pretzel stage, and the increased movement can be more easily
observed (Hardin, 2005). Shortly after, hatching occurs through a process that remains unclear.
Based on other model nematodes, it has been suggested that the animal secretes enzymes through
pharyngeal pumping that enable the eggshell to break down (Barrett, 1976). However, it is not
completely understood how the eggshell is weakened to the point that allows the animal to
escape.
There are six major eggshell layers that ultimately make the eggshell impermeable. The
most outer layer is the vitelline layer, which is found in the oocyte prior to fertilization. The
second layer is a thick chitin layer, which gives the eggshell its shape and structure. Chitin is a
polymer made of β-(1,4)-linked N-acetylglucosamine. The next eggshell layer is the chondroitin
proteoglycan (CPG) layer that is composed of glycosylated proteins. This layer was recently
found in C. elegans and is believed to play a role in keeping the eggshell impermeable. The
innermost three layers are an extraembryonic layer, the permeability barrier, and the periembryonic layer. All six layers combined prevents simple passive transport through the eggshell
(Stein & Golden, 2018). Therefore, the animals in the eggshell have limited nutrients that are
sufficient during the developmental period.

Food Source
C. elegans are grown on bacteria for their food source. We commonly use E. coli OP50
strain that is slightly pathogenic to the animals. A common treatment to the food source is to
UV-irradiate E. coli. The UV-light kills and stops the growth of the E. coli on the agar plate but
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still can sustain development of C. elegans. By killing the food source, the pathogenicity of the
E. coli is decreased because the bacteria can no longer grow and colonize inside C. elegans. At
the same time, dead E. coli does not supply the same metabolites as live food because the E. coli
cells are no longer synthesizing metabolites. Therefore, the nutrients also change along with
pathogenicity. In addition, UV treated food was hypothesized to causes an increase in reactive
oxygen species. Future studies in the lab with dead food have further supported this hypothesis
and will be discussed later in the paper. Oxidative species lead to higher levels of oxidative stress
in the animals. Oxidative stress is defined as the imbalance of the production and removal of
reactive oxygen species. On dead food, the suggested higher levels of oxidative stress on the
animals may cause upregulation of pathways to remove free radicals from the animal (Zhou,
Pincus, & Slack, 2011).
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Chapter 2
Results: Delayed Hatching

Delayed Hatching Phenotype
The delayed hatching phenotype was first observed when nmrk-1 mutant C. elegans were
placed on UV-irradiated dead OP50 food source. The phenotype is characterized by hatching up
to 10 days after being laid. We have also observed a lethality where about 50% of the embryos
never hatch. About 25% of the animals hatch the first day and the next 25% hatch over the
following 10 days (Figure 2). While in the lab, we have noticed that the length of the extension is
variable between experiments which may be a result of the age of the plate or the length of time
before killing the E. coli. The data below is only shown for 5 days as this is still significantly
different than the 1-day hatching observed on lab strain control, N2.
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Figure 2: Delayed Hatching Phenotype
(A) The delayed hatching phenotype on a dead food source. n=133 for N2 and n=154 for
nmrk-1. N2 only hatches on day 1 where a few nmrk-1 hatch up to 5 days after being laid.
(B) The lethality associated with growing nmrk-1 on dead food. 89% of the N2 hatch on
the first day and only 61% of the nmrk-1 hatch over the 5 days.
Since nmrk-1 acts in the riboside pathway of NAD+ biosynthesis pathway, in
collaboration with Josef Blaszkiewicz, I went on to screen other mutants involved in the NAD+
biosynthesis pathway to see if other mutants also demonstrated this phenotype. From Figure 1,
the pnc-1 mutant involved in the salvage synthesis pathway was placed in a dead food
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environment and no significant delayed hatching phenotype was observed. All the animals
hatched on day 1 or day 2 (Figure 3). In addition, a triple mutant with pnc-1, nmrk-1, and flu-2
did not show any significant delayed hatching either when grown on a dead or live food
environment. However, this animal had significant development delays and laid relatively few
animals making it difficult to screen for delayed hatching. The triple mutants also hatched on day
1 or day 2 which is not equivalent to the 5 to 10-day nmrk-1delayed hatching phenotype.

Figure 3: NAD+ Biosynthesis Mutants Delayed Hatching Screen
All animals were grown on dead food above. Only nmrk-1 had an observable delayed
hatching up to 5 days. Both pnc-1 and the triple mutant hatched on day 1 or day 2. N=68
for N2, 86 for nmrk-1, 21 for pnc-1, 73 for the triple mutant (pnc-1, nmrk-1, flu-2). All
strains were also tested on live food and all hatched on day 1 and were excluded from the
graph above. This data was produced in collaboration with Josef Blaszkiewicz.
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hch-1 Hatching
The hch-1 gene produces a tolloid/bone morphogenetic protein. hch was previously
characterized as a gene required for normal hatching (Hishida, Ishihara, Kondo, & Katsura,
1996). Although these animals were cited to exhibit delayed hatching, the phenotype was never
fully characterized and no previous results of how long and under what conditions these animals
had delayed hatching was ever analyzed. When we first received these animals in the lab, we
analyzed the differences in appearances of the nmrk-1 mutants and hch-1 mutants. The hch-1
mutants appeared to be in a thinner eggshell in which the animal’s movement inside was easily
visualized. nmrk-1 mutants appear in a much darker eggshell in which movement is not as
obvious and the folding of the animal can best be observed using a high magnification
microscope. The characteristic of the hch phenotype has previously been described as a softening
of the eggshell that actually prevents hatching. It is believed in the hch mutants that the chitin
layer disappears and the proteins are left, trapping the animals for a longer period of time
(Hedgecock, Culotti, Hall, & Stern, 1987).
Once the lab learned about another mutant that potentially had the same phenotype, we
wanted to compare them. Therefore, we used four different strains of hch-1 mutants that had the
gene knocked out and determined the length of the delayed hatching and to see whether it was
also dependent on the environment (Figure 4).
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Figure 4: Delayed Hatching in hch Mutants
(A) Delayed hatching of the CB302 mutant is observed mainly on dead food up to 4 days after
being laid. Most eggs on live food hatch on the second day. The CB302 mutant had n=24 on live
food and n=46 eggs on dead (B) Delayed hatching of the N5672 mutant is observed up to 5 days
on live food and only 3 on dead food. The N5672 mutant had n=31 on live and n=49 on dead.
(C) Delayed hatching of the RB1895 mutant is observed up to 4 days after being laid on both
live and dead food. The RB1895 mutant had n=14 on live and n=29 on dead. (D) Delayed
hatching of the JC201 mutant is observed up to 3 days on live and 4 days on dead. The JC201
mutant had n=58 on live food and n=60 on dead food.
hch mutants were observed to have a delayed hatching of 4 to 5 days long. No lethality
was observed in the hch mutants. In addition, the phenotype is independent of the environment
of the hermaphrodite animal. The difference in the eggshells, delayed hatching extension,
lethality, and the independence of environment suggested the two delayed hatching phenotypes
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were most likely due to separate mechanisms. The lab decided to continue to analyze the delayed
hatching specific to nmrk-1.

Paraquat Supplementation
The delayed hatching phenotype was first only observed on UV-irradiated food source.
Previous studies on dead food in the lab suggested elevated levels of oxidative species in
comparison to live food sources. Another method of increasing reactive oxygen species is to
supplement plates with paraquat. I hypothesized that the phenotype could be replicated on live
OP50 food with paraquat supplementation because it would increase the reactive oxygen species.
When the animals were grown in the presence of 0.1 mM paraquat and live food, the delayed
hatching phenotype was observed and followed a very similar trend to the dead UV-irradiated
food source. An 8-day and 51% lethality delayed hatching phenotype was observed (Figure 5).
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Figure 5: Delayed hatching with Paraquat Supplementation.
(A) All N2 animals hatched on day 1 with n=32. nmrk-1 hatch over 8 days with n=65. (B) 100%
of the N2 animals hatched on day 1 and 49% of the nmrk-1 embryos hatched over 8 days.
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This suggests the level of oxidative stress placed on the animal is a determining factor of
the phenotype for nmrk-1. The phenotype is dependent on paraquat supplementation or dead
food source to increase the reactive oxygen species and observe delayed hatching. It also
supported the hypothesis that higher levels of oxidative species are found on dead OP50 plates.
A second food source commonly used in C. elegans is HT115 E. coli. This strain is
commonly used in RNAi experiments to knock down the expression level of genes of interest.
nmrk-1 and genes encoding other enzymes in the riboside pathway can be knocked down using
this method. Therefore, supplementation with paraquat on HT115 to produce the delayed
hatching phenotype would be beneficial in studying the mechanism of this phenotype if other
protein levels could be manipulated. UV-irradiating an RNAi plate with HT115 did demonstrate
the delayed hatching phenotype. However, UV-irradiating RNAi has an unknown effect on the
efficacy of the genetic knock down. Therefore, supplementation with paraquat could solve the
problem of being able to perform RNAi experiments and get the genetic knock down expected.
Final plate concentrations ranging from 0.005 mM to 1 mM of paraquat were supplemented onto
HT115 E. coli but the phenotype was never replicated. This suggests that the exact amount of
oxidative stress induced into the animal is very specific in order for the phenotype to be
displayed.

Environment Conditions of the Egg-laying Adult versus the Embryo
When both the hermaphrodite adult and embryo were grown and laid in a dead food
environment, the delayed hatching phenotype was observed. No delayed hatching was observed
on a live food source. At this point, the length of time the adults had to be living on a dead food
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source as well as if both the embryo and the hermaphrodite adult needed to be in a dead food
environment was unknown. I hypothesized that the environment of the egg-laying adult
determined the phenotype because the eggshell was impermeable and where it is laid should not
impact the embryo. To test this hypothesis, the environment of the adult and embryo were
manipulated to determine when the delayed hatching phenotype was observed.
To complete this experiment, I grew adults on a live food source and other animals on a
dead food source for a minimum of two generations. I removed the animals from the respective
food sources and allowed them to lay eggs for 4 hours in the other condition. The embryos laid
on a live food source by adults grown on a dead food source showed the similar delayed hatching
depicted earlier (Figure 6A). The embryos laid on dead food by adults grown on live food do not
have the delayed hatching phenotype (Figure 6B). This was also observed with paraquat
supplementation suggesting again that paraquat could replace dead food conditions.
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Figure 6: Switching the Environment of the Egg-Laying Adult and the Embryo.
(A) Delayed hatching when nmrk-1 are grown on dead food and laid on live food. For N2
n=27 and n=127 for nmrk-1. (B) No delayed hatching is observed when animals are
grown on live food. For N2 n=10 and n=75 for nmrk-1.
Figure 6 provided the first evidence that the phenotype is dependent on the egg-laying
adult. The phenotype was only present when the egg-laying adult is present in an environment
with increased levels of reactive oxygen species.
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Conclusions and Future Directions
As an undergrad team, many trial and error experiments were completed to collect data
on what was actually occurring. After finding that it was the environment of the egg-laying adult
that determined the phenotype, Josef Blaszkiewicz went on to characterize if this was a maternal
effect phenotype. Maternal effect is when the phenotype of an organism, the embryo in this case,
is not determined by the environment it experiences but by the genotype and environment of the
mother. Maternal effect was later confirmed in the phenotype by monitoring the genotype of the
egg-laying adult and the embryos.
Another experiment, performed by Michael DeGennaro, went on to measure the reactive
oxygen species on live food, UV-irradiated food, and paraquat supplemented food. Since the
addition of paraquat to live food was able to replicate the food source, reactive oxygen species
on the dead food appeared to play an important role in producing the phenotype. The experiment
quantified the reactive oxygen species and further suggested that dead food had elevated levels
of reactive oxygen species with similar levels to paraquat supplemented E. coli.
Josef Blaszkiewicz also demonstrated that the animals did not have an extended
embryogenesis but developed in the same time frame as the wild-type animals. Embryos
progressed to the three-fold state within 16 hours but remained trapped for days. Therefore, the
team started to focus on the eggshell of the animal and how it was potentially different.
The toughest layer of the eggshell and the one that provides the structure and shape is the
chitin layer (Stein & Golden, 2018). Chitinase is a glycosylhydrolase that degrades chitin into its
chitooligomers (Javed et al., 2013). The use of chitinase on C. elegan eggshells enables both the
vitelline and chitin layer to be degraded. The eggshell will lose its shape and the animals can be
hatched artificially with this treatment (Sangaletti & Bianchi, 2013). Therefore, using a chitinase
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treatment had the potential of breaking the animals out of the eggshell and could be used to help
determine when lethality of 50% of the embryos occurred.
The nmrk-1 grown in higher oxidative stress environments hatch up to 10 days after
being laid. In addition, 50% of the nmrk-1 C. elegans never hatch. Two models for the lethality
have been proposed. The first model is that the embryos laid are nonviable. The second model is
that the mutants have completed embryogenesis but cannot escape the eggshell and eventually
die due to a lack of nutrients. I hypothesized that these animals die off over the 10 days in the
eggshell and the reason for the increased lethality is due to an inability to escape the eggshell and
hatch. When chitinase treatment was then used to allow the animals to hatch on the first day, we
would therefore expect all the animals to be alive.
However, chitinase treatment did not actually work and the animals could not escape the
eggshell. Some animals would be able to escape the eggshell while others could not. In addition,
the effects of long term chitinase treatment on the animals that escaped earlier than the others
were unknown and could potentially lead to the death of the animal even if it was alive before
treatment. Ultimately, the treatment was not as effective as expected and this pointed us to
thinking that another section of the eggshell was thicker. Elizabeth Eberly is currently looking at
the CPG layer, which with preliminary data appears to be thicker in comparison to the wild-type
animals. This could be the reason why chitinase treatment would not free all the embryos from
the eggshell since another layer persisted through the treatment.
For future experiments, the team wants to go on and analyze the CPG layer and see if we
can rescue the phenotype by knocking down genes responsible for it. In addition, it is still
unknown how these animals survive in the eggshell for 10 days. No food is present and cannot
penetrate the shell. Another future experiment is to try to see if the animals enter a state known
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as L1 arrest. In L1 arrest, animals stop growing when no food is present and then once food is
reintroduced can grow and progress through the rest of the developmental stages without
problems. The team continues to study the phenotype and mechanism by which these animals
escape and survive in this novel C. elegan phenotype.
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Chapter 3
Methods: Delayed Hatching

Delayed Hatching Assay
To complete the delayed hatching assay, 400 L of OP50 E. coli was spotted on
nematode growth media (NGM) plates. The spotted E. coli was allowed to grow for 2 days at
room temperature. Plates were placed in the UV-irradiator for 999 seconds. nmrk-1 animals were
placed on dead food plates and maintained on a dead food plate for a minimum of two
generations. About 6 egg-laying adults were removed and placed on a new dead food plate for 4
hours. After 4 hours, animals were removed and eggs were counted. Each day, hatchlings were
removed and counted until no more eggs were left or until hatching had stopped.

Paraquat Supplementation
Methyl viologen dichloride hydrate 98% was used to create a paraquat solution. Solutions
the produced a final plate concentration of 0.1 mM and 1 mM were produced by dissolving
methyl viologen dichloride hydrate 98% into autoclaved water. NGM plates were again spotted
with 400 L of OP50 E. coli. The spotted E. coli was allowed to grow for 2 days at room
temperature. After the E. coli had grown, plates were spotted with the paraquat solution and left
to dry for a day. nmrk-1 animals were placed on paraquat supplemented plates and maintained
for a minimum of two generations. About 6 egg-laying adults were removed and placed on a new
paraquat supplemented plate for 4 hours. After 4 hours, animals were removed and eggs were
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counted. Each day, hatchlings were removed and counted until no more eggs were left or until
hatching had stopped.

Altering the Environment Assay
400 L of OP50 E. coli was spotted on NGM plates. The spotted E. coli was allowed to
grow for 2 days at room temperature. Half the plates were placed in the UV-irradiator to kill the
food and the rest were left alive. nmrk-1 animals were placed on dead food plates and live food
plates and maintained for a minimum of two generations. About 6 egg-laying adults were
removed and placed on the opposite food source. If the adult was grown in a dead food
environment, eggs were laid on a live food source. If the adult was grown in a live food
environment, eggs were laid on a dead food source. After 4 hours, animals were removed and
eggs were counted. Each day, hatchlings were removed and counted until no more eggs were left
or until hatching had stopped.
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Chapter 4
Introduction: Sirtuins lifespans

Mitochondrial Sirtuins
Sirtuins are a class of NAD+ dependent enzymes that regulate biochemical pathways.
Sirtuins are involved in mono-ADP ribosylation and various deacetylation reactions (Blander &
Guarente, 2004; Denu, 2005). Sirtuins play a role in regulation of a stress response and aging in
yeast and C. elegans (Guarente, 2011; Houtkooper, Pirinen, & Auwerx, 2012). However, the
functions of sirtuins in regulating biochemical pathways remains relatively unclear. When SIR2
(silent information regulator 2) is overexpressed in yeast or sir-2.1 is overexpressed in C.
elegans, a lifespan extension is observed (Kaeberlein, McVey, & Guarente, 1999; Tissenbaum &
Guarente, 2001). Sirtuins are located throughout the animal. The two of interest, sir-2.2 and sir2.3 specifically function in the mitochondria and have 75.3% sequence identity with each other
(Wirth et al., 2013). The two proteins interact with the mitochondrial biotin-dependent enzymes
which include pyruvate carboxylase, propionyl-CoA carboxylase, and methylcrotonyl-CoA
carboxylase (Wirth et al., 2013). However, the biological role of sir-2.2 and sir-2.3 is not fully
understood in C. elegans.
Recently in our lab, knockout of either mitochondrial sirtuins sir-2.2 (tm2673) or
sir-2.3 (ok444) had an observed lifespan extension of more than 25% (Chang, 2016). This
extension of lifespan was on OP50 E. coli. However, sir-2.2 did not have a lifespan extension
when grown on HT115 strain of E. coli and sir-2.3 lived shorter on HT115 than on OP50 by 3
days. Lifespan extension may be diet-dependent. However, to understand how the environments
play a role in the lifespan of sir-2.2 and sir-2.3 mutants, more environments need to be tested.
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The two food sources previously tested have different pathogenicity, which could mean that the
extension is from an immune response in the animals rather than diet-dependence or oxidative
stress response.
C. elegans are often grown on live diets which allows for nutrients and biomolecules
from the bacteria which are short lived to be taken in by the worm. OP50 is a weakly pathogenic
food sources to C. elegans (Yu et al., 2015). Pathogenic food sources are defined as the
capability to cause a disease and both of the live food sources can propagate in the animal.
Although neither of the two strains is the most pathogenic to the animals, it is possible that OP50
is triggering an immune response which is causing the observed lifespan extension (MacNeil &
Walhout, 2013). I hypothesized that the pathogenicity of the food source does not play a role in
lifespan extension in sir-2.2 and sir-2.3 C. elegans.
Previous studies showed that OP50 and HT115 induced undistinguishable basal levels of
expression of innate immune effectors in wild-type animals which would support them being
similarly pathogenic to the animals (Revtovich, Lee, & Kirienko, n.d.). However, it is possible
that the sirtuins mutants may have an immune response to one of the food sources while the lab
strain control does not. The function of sirtuins is not entirely understood, and therefore immune
responses cannot be ruled out based on wild-type behavior. A non-pathogenic food source is
unable to cause a disease and an example is UV-irradiated OP50 or UV-irradiated HT115. The
bacteria are killed and are not able to grow after the treatment, and therefore cannot cause
disease in the worm via colonization.
Sirtuins mutants also have an altered stress response when compared to wild-type
animals. This altered stress response is due to the increase in stress in the animals, which is
believed to induce overcompensation of stress resistant pathways and lead to lifespan extension
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(Chang, 2016). The addition of paraquat to wild-type animals increased lifespan by an average of
3 days but the effect on the already extended sirtuins was unknown (Yang & Hekimi, 2010). It
was hypothesized in the lab that the extension could not be further extended with even higher
stress levels. Experiments were already completed using paraquat supplementation at 0.1 mM
and 1 mM concentrations with these sirtuins mutants and did demonstrate sir-2.2 did not have a
significant extension with the addition of 0.1 mM paraquat and that both sir-2.2 and sir-2.3 had a
longer lifespan in comparison the N2 when grown in the high oxidative stress background of 1
mM. Although results were already predicted on this experiment, more replicates were necessary
to be certain the lifespan effects when increasing the reactive oxygen species with paraquat
supplementation.
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Chapter 5
Results: Sirtuins Lifespans

Food Source Effects on the Lifespan of Sirtuins
To determine the effect of a nonpathogenic food source, live food was used as a control
(Figure 7). These experiments were already completed and sirtuins were expected to have a 25%
lifespan increase in comparison to the lab stain control on OP50 (Chang, 2016). This large of an
increase in lifespan was not observed but the lab strain control still has a significantly shorter
lifespan on live OP50 than sir-2.3. The mean lifespan for sir-2.2 is still higher than the lab strain
control but it was not significantly different.
When the sirtuins were on the HT115, previously, no lifespan extension was observed for
sir-2.2 animals (Chang, 2016). However, in Figure 7, a lifespan extension is observed for both
sir-2.2 and sir-2.3 when compared to N2. In addition, the mean lifespans are very similar
between live OP50 and live HT115, suggesting that any pathogenicity differences between the
two strains is not greatly affecting the lifespans of the two strains.
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Figure 7: Lifespan of Sirtuins on Live Food
(A) sir-2.3 is the furthest curve, followed by sir-2.2 then N2. (B) The mean lifespan
shows N2 has the lowest with 10.6 days, 12 days for sir-2.2, and 12.7 days for sir-2.3.
The difference in mean lifespan is significantly different between N2 and sir-2.3 with a P
value of 0.0045 using One-way ANOVA. The number of animals for panel A and B are
85 N2, 86 sir-2.2, and 85 sir-2.3. (C) sir-2.3 is the furthest curve, followed by sir-2.2
then N2. (D) The mean lifespan shows N2 has the lowest with 10.3 days, 12 days for sir2.2, and 13.2 days for sir-2.3. The difference in mean lifespan is significantly different
between N2 and sir-2.3 with a P value of less than 0.0001 as well as between N2 and sir2.2 with a P value of 0.0029 using One-way ANOVA. The number of animals for panel
A and B are 76 N2, 81 sir-2.2, and 69 sir-2.3.
While running the lifespans on live food, dead food lifespans were also being carried out.
The dead food demonstrated very different trends from the live food source; sir-2.2 even
exhibited a shorter lifespan than N2 in both conditions and sir-2.3 was significantly shorter on
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dead HT115 (Figure 8). N2 animals actually lived the longest in dead food environments than on
live food or with paraquat supplementation.

Figure 8: Lifespan of Sirtuins on Dead Food
(A) sir-2.3 is the furthest curve, followed by N2 then sir-2.2. (B) The mean lifespan
shows sir-2.2 has the lowest with 10.9 days, 12.7 days for N2, and 13.2 days for sir-2.3.
The difference in mean lifespan is not significantly different using One-way ANOVA.
The number of animals for panel A and B are 19 N2, 24 sir-2.2, and 25 sir-2.3. (C) N2 is
the furthest curve, followed by sir-2.2 then sir-2.3. (D) The mean lifespan shows sir-2.3
has the lowest with 10.6 days, 11.8 days for sir-2.2, and 13 days for N2. The difference in
mean lifespan is significantly different between N2 and sir-2.3 with a P-value of 0.0427
using One-way ANOVA. The number of animals for panel A and B are 25 N2, 29 sir-2.2,
and 23 sir-2.3.
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Oxidative Stress Effects on the Lifespan of Sirtuins
The lifespan extension of sir-2.3 was significant when compared to wild-type animals in
both 1 mM and 0.1 mM conditions (Figure 9). The animals in the 1 mM conditions have shorter
lifespans than animals grown on live or dead food, suggesting that this high of levels of oxidative
stress have a negative effect on the animals. The animals in the 0.1 mM condition also appear to
have shorter lifespans than both the live and dead food conditions which was not expected.
Previous studies showed that N2 should actually live on average 3 days longer in a 0.1 mM
condition. This suggests that something in the experiment altered the lifespan since it does not
compare properly to published results. Overall, the same trend as live food demonstrates that sir2.3 continues to have a lifespan extension over N2. This finding supports the notion that mutants
are better able to handle higher stress levels than N2 due to upregulation of stress response
pathways.
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Figure 9: Lifespan of Sirtuins with Paraquat Supplementation
(A) sir-2.3 is the furthest curve, followed by sir-2.2 and N2 around the same area. (B)
The mean lifespan shows sir-2.2 has the lowest with 7.8 days, 7.9 days for sir-2.3, and
9.9 days for sir-2.3. The difference in mean lifespan is significantly different between N2
and sir-2.3 with a P value of 0.0078 and also significantly different between sir-2.2 and
sir-2.3 with a P-value of 0.0037 using One-way ANOVA. The number of animals for
panel A and B are 41 N2, 42 sir-2.2, and 51 sir-2.3. (C) sir-2.3 is the furthest curve,
followed by N2 then sir-2.2. (D) The mean lifespan shows sir-2.2 has the lowest with 9.2
days, 9.7 days for N2, and 11.5 days for sir-2.3. The difference in mean lifespan is
significantly different between N2 and sir-2.3 with a P-value of 0.0153 using One-way
ANOVA. The number of animals for panel A and B are 41 N2, 48 sir-2.2, and 55 sir-2.3.
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Conclusions and Future Directions
Ultimately the lifespan extension was observed on live OP50 and HT115. On both food
sources, the mean lifespan of the sirtuin mutants was greater than wild-type animals. In addition,
the mean lifespans are very similar between live OP50 and live HT115.This suggests that the diet
dependence previously suggested may not be as important as first thought since similar results
are produced in both environments. However, this data does not demonstrate the same 25%
extension of lifespan that was previously observed. In addition, the mean values of all three
strains are much lower than recorded previously.
Published OP50 N2 lifespan has ranged from a mean of 14 to 18 days (Gusarov et al.,
2013; Kwon, Lee, & Lim, 2016). None of the lifespans conducted had a mean greater than 13
days for wild-type controls and some had even less. This makes me consider the experimental
design and strains that I used. Lifespans are very sensitive to the amount of food on the plate, the
number of animals on the plate, the temperature and the date the plates were poured. All of these
could have played a role in the lower lifespans observed in the data. These were accounted for in
the experimental design by controlling where the animals were kept, how many plates were left
to dry, but the slightest variation between experimenters could have an effect on lifespans. Lower
mean lifespans are observed for all three strains then compared to previous results, not pointing
to a lack of extension but potential experimental error.
Next, the dead food results were not what was expected at all. The number of animals
tested in the dead food experiments are much lower due to errors with the UV machine that kills
the E. coli on the plates because it was not functioning as expected over the entire lifespan of the
animals. The entire E. coli lawn was not dead and therefore the results were discarded because
small sections of live food on the plate could have big impacts on the lifespan. The finding that
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N2 has a greater lifespan on dead food than on live food was actually expected because UVirradiated E.coli is less pathogenic to the animal and as the previous delayed hatching results
suggest, dead food may increase oxidative stress levels to trigger activation of stress pathways
similar to 0.1 mM paraquat conditions (Sutphin & Kaeberlein, 2009). Ultimately more
replications need to be completed to understand the data and if the lifespan of the sirtuin mutants
truly decreased and was lower than wild-type on dead food.
The replicates for the paraquat supplementation demonstrate the expected results of the
sirtuins continuing to have an increased lifespan in comparison to wild-type. However, these
numbers are significantly lower and the 3-day extension previously published for N2 on 0.1 mM
condition is not observed. Again, this leads me to believe that something was decreasing the
lifespan that was not accounted for or expected.
Future directions include more replicates on the dead food sources to analyze the trends
between replicates. As of right now, the trends are very unexpected but could just be one
replication that the N2 animals lived longer than the sirtuin mutants on a dead food source. To
determine if the pathogenicity actually effects the lifespan, the mean between the live and dead
food for the two sources would then be analyzed. Ultimately, more replicates are needed to get a
more accurate depiction of the lifespan on dead food.
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Chapter 6
Methods: Sirtuins Lifespans

Lifespan Assays Testing Pathogenicity
Lifespan assays were conducted at 20°C on standard NGM plates with 200 µl of E. coli
OP50 live and dead plates or HT115 live and dead plates. The spotted E. coli was allowed to
grow for 2 days at room temperature. Animals were synchronized using a timed egg lay or an
egg preparation (Sulston, J., & Hodgkin, 1988). 30 L4 animals were placed on a single plate at
the start of the assay and moved to new plates every day. To assess survival, worms were
prodded with a platinum wire every day and scored as dead if non-responsive. Worms with that
went missing, had internal hatching or an “exploded” phenotype were censored.

Lifespan Assays Testing Oxidative Stress Response
Lifespan assays were conducted at 20°C on standard NGM plates with 200 µl of E. coli
OP50 live plates. The spotted E. coli was allowed to grow for 2 days at room temperature.
Paraquat solution was prepared with methyl viologen dichloride hydrate 98% at concentrations
to produce a final place concentration of 0.1 mM and 1 mM when 80 µl were spotted on the
plate. Plates were spotted with 80 µl of H2O, 0.1 mM paraquat, and 1 mM paraquat a day before
they were used. Animals were synchronized using a timed egg lay or an egg preparation
(Sulston, J., & Hodgkin, 1988). 30 L4 animals were placed on a single plate at the start of the
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assay and moved to new plates every day. To assess survival, worms were prodded with a
platinum wire every day and scored as dead if non-responsive. Worms with that went missing,
had internal hatching or an “exploded” phenotype were censored.
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Chapter 7
The Role of Nicotinamide in Sensory Output

Nicotinamide Background
Nicotinamide (NAM) is a metabolite that is a form of vitamin B3. NAM is naturally
found in C. elegans when it is derived from NAD+. Before starting the experiment, three roles of
the TRPV channel and NAM were known to relate to sensory output of the animal. TRPV
channels are ion channels that participate in thermo, mechano and chemo-sensation. First, NAM
is an agonist to the TRPV channels in C. elegans. Second, TRPV channels are known to play a
role in sensory regulation in the C. elegans, as they are located in the sensory neurons. Lastly,
the TRPV channels play a role specifically in nose touch response because of their location near
the head (Upadhyay et al., 2016). What is unknown is whether this metabolite and the salvage
synthesis pathway is connected to sensory output. I hypothesized that varying the physiological
NAM concentrations in vivo through manipulation of the salvage synthesis pathway, would have
a negative effect on nose sensory output of C. elegans.

Experimental Design
To assess the sensory output of C. elegans, the nose touch assay was performed. The
assay places a thin hair in front of the C. elegan being observed and allows the worm to crawl
into the hair. Three responses were possible. First, the worm could demonstrate a reversal, which
is when the worm touches the hair and reverses immediately after coming in contact. This
demonstrates a strong sensory response to the hair. Second, the worm could come in contact with
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the hair and withdraw from the thin hair in a jerking motion. This is still considered a response,
as the worm reacts to the hair. The third option is no response, which is when the worm comes in
contact with the hair and does not move away from it.
Each C. elegan is touched 10 times with an interval of 1 minute between repetitions and
the responses were recorded. The data was then compared to the control in each experiment. To
vary metabolites in the salvage synthesis pathway and potential NAM concentrations, mutant
strains were tested. In addition, strains were tested in live and dead food conditions. A dead food
condition does not allow the C. elegan to take up the same precursor metabolites up from the
environment produced from the E. coli and may also alter the reactive oxygen species in the
animal.
The strains included the lab strain control N2 which is able to break down NAD+ to NAM
in the salvage synthesis pathway through consumer proteins. The next strain is pme-1. pme-1 is
known to block the conversion of NAD+ to NAM in the salvage synthesis pathway, and therefore
the amount of NAM is expected to decrease in the animal. Next, pnc-1 was analyzed which
normally functions to breakdown NAM to NA and when this enzyme is missing, a buildup of
NAM is expected.

Results
I worked on this project with Josef Blaszkiewicz. We compiled the data we each obtained
and compared the observed sensory response to ensure similar results were being collected since
the assay is very sensitive. In Table 1, the indicated touches column accounts for the fact that
each animal was tested 10 different times.
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Table 1: Compiled Data for Sensory Response
Strain

Food type

Average
Sensory
Response
Rate (%)

Standard
Deviation

Number of
animals
tested

Indicated
touches

N2

Live

91.16

11.66

103

1030

N2

Dead

60.55

20.41

90

900

pme-1

Live

82

14.36

20

200

pme-1

Dead

52.33

16.75

30

300

pnc-1

Live

69.77

22.10

43

430

pnc-1

Dead

35.48

18.59

31

310

The data was then graphed. Figure 10 provides data on how live and dead food along
with altering the salvage synthesis pathway affects sensory output. Statistical significance
comparing each set of data was determined using the unpaired t-test.
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Figure 10: Salvage Synthesis Pathway Effect on Nose Touch Response
The difference in nose touch response rate between the same strain on live and dead food is
statistically significant with a P value = 0.0001 using the unpaired T test for all three strains
above. In addition, the difference in response between all the strains on live food is statistically
significant. When comparing pme-1 and N2 on live food, the P value is equal to 0.0025. When
comparing pnc-1 and N2 on live food the P value is 0.0001.
Overall, Figure 10 demonstrates that from live to dead food has a significant effect on the
sensory output. In addition, pme-1, which is hypothesized to decrease NAM levels, has a
significant drop in sensory output. The pnc-1 mutants also have a negative effect on nose touch
response and is significantly different from wild-type.
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Conclusions and Future Directions
The conclusion from the experiments is that animals in a dead food environment have a
decrease in sensory output. In all three conditions, a significant decrease in nose touch response
is seen when comparing live and dead food sources. In addition, it appears that manipulation on
the salvage synthesis pathway also has a negative impact on sensory output. Both pme-1 and
pnc-1 have a significantly decreased nose touch response when compared to N2.
A future experiment to guarantee that NAM levels are either increasing or decreasing in
these two mutants would be to perform metabolomics. This data would better suggest that it is
specifically the NAM that is affecting the sensory output. In addition, a future experiment that
conducts metabolomics on dead versus live food could provide information on what specific
metabolite is changing and could be connected to the decrease in sensory output. Ultimately, all
that can be concluded is that a negative nose touch response is observed on a dead food source as
well as when the salvage synthesis pathway is disrupted.
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