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ABSTRACT

Nicotinamide adenine dinucleotide (NAD+) is a crucial molecule used for many
important cellular processes, including respiration, longevity, and DNA repair. Synthesis and
maintenance of NAD+ levels are necessary for health on an individual-cell and whole-organism
level. Caenorhabditis elegans maintains its NAD+ levels through three biosynthetic pathways.
Deficiencies in these pathways result in a variety of developmental and reproductive phenotypes,
which lead to the discovery of additional roles of NAD+. Recently, a delayed hatching
phenotype was observed in a mutant strain lacking the NMRK-1 enzyme, which functions in the
synthesis of NAD+ from nicotinamide riboside. I characterized this phenotype in an effort to
elucidate its molecular mechanism. I determined that the phenotype was unlike a previously
described delayed hatching phenotype, and that it was associated with deficiency in only one of
the three NAD+ biosynthetic pathways. By observing the rate at which the mutants progressed
through embryogenesis, I showed that the embryogenesis of animals that fail to hatch within the
normal time frame is not affected. Using classical genetic methods, I found that the phenotype
was a maternal effect phenotype, drawing the focus to the mother animal for further study. Using
RNA interference, I determined that the hexosamine pathway was required for the phenotype to
occur. My conclusions led me to develop a model for the mechanism behind the delayed
hatching of the nmrk-1 mutants. These findings are important for determining currently unknown
roles of NAD+ in C. elegans hatching and development.
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Chapter 1. Introduction

NAD+ Function and Biosynthesis
Nicotinamide adenine dinucleotide (NAD+) is a coenzyme that is used for many
important cellular processes. NAD+ functions as an electron carrier for the oxidation-reduction
reactions of cellular respiration as well as a substrate for the longevity-associated sirtuins and
DNA-repair PARP proteins (Belenky et al., 2007). Maintenance of NAD+ levels is necessary to
continue these processes. NAD+ levels decrease with age in humans, leading to a number of
associated pathologies such neurodegeneration and inflammatory diseases (Imai and Guarente,
2014). A wide variety of studies in model systems such as mice and the nematode C. elegans
have indicated that raising NAD+ levels through precursor metabolite supplementation can
ameliorate the effects of age-related diseases and lengthen overall lifespan (Rajman et al., 2018).
These findings have established NAD+ and its metabolism as important therapeutic targets. C.
elegans is a useful model organism for studying NAD+ metabolism, and maintains its NAD+
levels through three pathways (Fig 1).
Many organisms, including humans, can generate NAD+ de novo from the amino acid
tryptophan. C. elegans lack one of the pathway enzymes, a QPRTase, that is present in these
organisms, and so were thought to be unable to synthesize NAD+ in this way (Gossmann et al.,
2012). Recently, however, the de novo pathway was demonstrated to function in C. elegans by
using the UMPS-1 enzyme as a substitute for the missing QPRTase (McReynolds et al., 2016).
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One of the enzymes involved in this multi-step pathway is KYNU-1, encoded by the kynu-1 gene
(Majewski et al., 2016). kynu-1(tm4294) mutants show a decrease in global NAD+ levels and a
decreased brood size in comparison to wild-type animals (McReynolds et al., 2017).
When used by enzymes such as PARPs and sirtuins, NAD+ is broken down to
nicotinamide (NAM) (Cantó et al., 2015). NAM is a form of vitamin B3 that can also be
obtained through the diet, and is recycled back into NAD+ through the salvage synthesis
pathway (Magni et al., 1999; Vrablik et al., 2009, 2011). In C. elegans, NAM is converted to
nicotinic acid (NA) by nicotinamidases including PNC-1. pnc-1(pk9605) loss-of-function
mutants show decreased global NAD+ levels and dysregulated glycolysis, and display a range of
phenotypes including impaired reproductive development and muscle function (Upadhyay et al.,
2016; Vrablik et al., 2009, 2011).
NAD+ can also be synthesized from the vitamin precursor nicotinamide riboside (NR)
through a two-step pathway (Belenky et al., 2007; Chi and Sauve, 2013). NMRK-1 mediates the
first step of the pathway, in which it phosphorylates NR to form nicotinamide mononucleotide
(NMN) (Chi and Sauve, 2013). NMN is converted directly into NAD+ by NMAT-1 and NMAT2, which are also predicted to function in the de novo pathway using nicotinic acid
mononucleotide (NaMN) as a substrate (Magni et al., 1999). nmrk-1(ok2571) loss-of-function
mutants show a 50% decrease in global NAD+ levels (McReynolds, 2017), while nmat2(tm2905) loss-of-function homozygous mutants are sterile due to delayed gonadal development
(Wang et al., 2015).
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Figure 1. NAD+ biosynthetic pathways of C. elegans.
NAD+ levels are maintained in C. elegans by three metabolic pathways. NAD+ can be generated
from tryptophan via the de novo pathway (blue), which is mediated in part by kynu-1. Recycling
of the NAD+ breakdown product NAM through the salvage synthesis pathway (yellow) provides
another way to synthesize NAD+. The pnc-1 gene encodes a nicotinamidase that converts NAM
to NA during salvage synthesis. NAD+ can also be made from nicotinamide riboside through a
two-step pathway (green). The first step of the riboside synthesis pathway is mediated by nmrk1, while the second step is mediated by nmat-1 and nmat-2. The nmat enzymes also catalyze a
step in de novo NAD+ biosynthesis. Dashed arrows indicate abbreviation of multiple steps.

C. elegans Embryogenesis

Embryogenesis in C. elegans begins at the single-cell stage inside the uterus of the parent
and continues for approximately 2.5 hours, after which the embryo is laid in the environment at
the 30-cell stage (EA and GC, 1994). Following a continued period of cell proliferation, the
embryo begins to elongate and passes through a series of morphological stages ending in a 3-fold
shape that resembles a larval stage animal. The embryo begins to twitch approximately seven
hours after the first cell division (Sulston et al., 1983). The embryo hatches from its egg
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approximately 13-14 hours after the first cell division, marking the end of embryogenesis
(Sulston et al., 1983). Certain mutant strains undergo an extended embryogenesis period. These
strains have loss of function mutations for enzymes involved in the electron transport chain, such
as clk-1 and isp-1 (Feng et al., 2001; Wong et al., 1995). isp-1 encodes an iron-sulfur protein
involved in mitochondrial electron transport. Loss of this enzyme leads to extended
embryogenesis that can last up to 32 hours, representing an over 50% increase from the wildtype (Feng et al., 2001).

The C. elegans Eggshell and Hatching
Synthesis of the C. elegans eggshell begins immediately following fertilization (Stein and
Golden, 2015). The eggshell is comprised of six layers, with the inside layers being built
sequentially upon the outer layers (Olson et al., 2012). The outermost layer is the vitelline layer.
The second layer is composed of chitin, a polymer made of β-(1,4)-linked N-acetyl-glucosamine
sugars (Johnston et al., 2006; Merzendorfer, 2006). This layer gives support to the eggshell and
maintains its shape. Immediately below the chitin layer is the chondroitin proteoglycan (CPG)
layer (Olson et al., 2012).
The exact mechanism by which C. elegans embryos hatch from the eggshell remains
unknown (Hall et al., 2017). C. elegans embryos begin to pump their pharynx prior to hatching,
and hatching enzymes that digest the eggshell have been described in other species of parasitic
worms (Barrett, 1976; Hall et al., 2017; Perry et al., 1992; Wharton, 1986). Therefore, it is
possible that the embryo secretes certain enzymes which degrade the layers of the eggshell and
allow the embryo to exit. Wild-type C. elegans hatch from their eggs within 11-24 hours post-
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laying (Schafer, 2005; Wood et al., 1980). Delayed hatching up to 30 hours post-laying has been
observed in strains with loss of function alleles for the hch-1 gene. This gene encodes a zinc
metalloprotease that may be involved in the degradation of the eggshell by the embryo (Hishida
et al., 1996).
A dramatically delayed hatching phenotype has been observed in nmrk-1(ok2571)
mutants. The delay extends to ten days post-laying, and is only exhibited when the mutants are
raised on a UV-killed OP50 E. coli food source. Lifespan analysis of nmrk-1 animals hatched
after one day and seven days post-laying showed no significant difference from wild-type
animals raised on UV-killed OP50 (McReynolds, 2017). This phenotype suggests there may be
an unknown role of NAD+ biosynthesis in C. elegans embryogenesis and/or hatching. I aimed to
further characterize this phenotype and determine its molecular mechanism in order to define this
unknown role.

UV-killed Food Sources
In the laboratory, C. elegans are commonly maintained on a diet consisting of the OP50
Escherichia coli strain. When strains are supplemented with additional metabolites or drugs, the
OP50 is often killed with UV treatment to prevent active bacterial metabolism from consuming
or altering the supplements (Brenner, 1974). This lack of bacterial metabolism is also thought to
reduce available levels of nutrients that C. elegans obtain through their diet. Metabolomic
analysis of wild-type C. elegans revealed a significant decrease in NAD+, NA, and NAM levels
in animals raised on UV-killed OP50 relative to those raised on live OP50 (Wang, 2014).
Animals raised on UV-killed OP50 also showed increased levels of Vitamin C, methionine
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sulfoxide, 13-HODE, and 9-HODE, which are biomarkers of mitochondrial oxidative stress
(Finkel and Holbrook, 2000; Niki, 2008; Suzuki et al., 2016; Wang, 2014). Therefore, a UVkilled food source may affect C. elegans by increasing levels of oxidative stress in addition to
reducing the availability of dietary nutrients and metabolites (Wang, 2014; Wang et al., 2015).

The Hexosamine Pathway
The hexosamine pathway is composed of four enzyme-mediated reactions that produce
uridine diphosphate N-acetyl-glucosamine (UDP-GlcNAc) from the glycolytic intermediate
fructose-6-phosphate (Fig. 2). GFAT-1 and GFAT-2 catalyze the first reaction, which is the ratelimiting step of the pathway. UDP-GlcNAc is used by the cell for glycosylation reactions that are
involved in cellular signaling and protein folding. It is also a precursor for chitin. An epimerase,
GALE-1, converts UDP-GlcNAc to uridine diphosphate N-acetyl-galactosamine, which is a
precursor for the chondroitin of the CPG layer (Denzel and Antebi, 2015; Olson et al., 2006).
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Figure 2. Glycolysis and the hexosamine pathway.
The hexosamine pathway (green) originates with fructose-6-phosphate produced during
glycolysis (blue) and is used to synthesize the chondroitin and chitin components of the C.
elegans eggshell. Enzymes of interest are denoted in orange.
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Chapter 2. Results

NMRK-1 deficiency results in a novel delayed hatching phenotype
I examined nmrk-1 and hch-1 mutants to determine whether the phenotype exhibited by
nmrk-1 was similar to the one previously described in hch-1 (Fig. 3). 90-100% of eggs laid by
the N2 control and nmrk-1(ok2571) raised on live OP50 hatched within one day post-laying, and
no subsequent hatching was observed. A percentage of eggs laid by nmrk-1(ok2571) raised on
UV-killed OP50 hatched on each day up to 7 days post-laying. Delayed hatching was observed
in each of the hch-1 strains regardless of the food source, with eggs continuing to hatch from 2-4
days post-laying (Fig. 3A). The nmrk-1(ok2571) on UV-killed OP50 also showed a significant
lethality, with 42.4% of the embryos failing to hatch. This lethality was not observed in the
nmrk-1(ok2571) on live OP50, or in the N2 and hch-1 strains on either food source (Fig. 3B). I
also observed morphological differences in the delayed eggs between the strains. While nmrk-1
eggs remaining after 72 hours were visually similar to six-hour old N2 eggs, the hch-1 eggs
remaining after 48 hours had a different appearance. Specifically, the eggs were larger in size
and lacked a visible eggshell, resembling L1 larvae trapped in an expanded oval-shaped area (Fig
3C). Based on these differences, I concluded that the nmrk-1 phenotype was not the same as the
previously described hch-1 phenotype and has not been previously reported.
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A

B

C

Figure 3. The delayed hatching of nmrk-1 is distinct from a previously observed delayed
hatching phenotype.

(A) nmrk-1 mutants on live OP50 do not show delayed hatching, but nmrk-1 mutants on UVkilled OP50 delay hatching up to 7 days post-laying. hch-1 mutants delay at most 4 days postlaying regardless of the food source. Sample sizes are indicated in panel B. (B) 42.4% of nmrk-1
mutants on UV-killed OP50 fail to hatch, but no significant lethality is associated with hch-1
mutants on either food source. **** indicates p ≤ 0.0001 compared to N2 on OP50 using
ANOVA. Error bars represent 95% confidence intervals. (C) Representative images of eggs used
for visual comparison among strains. Left to right: N2 – six hours post-laying, nmrk-1(ok2571) –
72 hours post-laying, hch-1(ut110) – 48 hours post-laying, hch-1(e1907) 48-hours post laying.
Scale bar represents 145 μm.
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Delayed hatching results from deficiency in the NR pathway
To determine whether the delayed hatching exhibited by nmrk-1(ok2571) was pathwayspecific or associated with a general decrease in NAD+ levels, I examined other NAD+
biosynthesis mutants for delayed hatching (Fig. 4). I also performed RNAi knockdowns of nmat1 and nmat-2 in the RNAi-hypersensitive eri-1(mg366) mutant. eri-1 encodes an exoribonuclease
that can interfere with RNAi by degrading foreign double-stranded RNA. The mg366 mutant is
significantly more sensitive to RNAi knockdowns than the N2 wild-type strain (Zhuang and
Hunter, 2011). No delayed hatching was observed for the pnc-1(pk9605), kynu-1(tm4924), and
pnc-1(pk9605);kynu-1(tm4924) strains on live or UV-killed OP50. The pnc-1(pk9605);nmrk1(ok2571) double mutant strain showed no hatching delay on live OP50, but delayed up to five
days post-laying on UV-killed OP50. Unlike the nmrk-1(ok2571) mutants, the nmat2(tm2905)/hT2 strain showed delayed hatching on both live and UV-killed OP50. Similarly, both
the nmat-1 and nmat-2 RNAi knockdowns resulted in delayed hatching up to five days postlaying on a live HT115 food source (Fig. 4A).
No significant lethality was observed for the pnc-1(pk9605) or kynu-1(tm4924) mutants
on live or UV-killed OP50. The pnc-1(pk9605);kynu-1(tm4924) double mutant had no significant
lethality on live OP50, but did exhibit a lethality of 8.9% on UV-killed OP50 (p < 0.05). pnc1(pk9605);nmrk-1(ok2571) also showed no significant lethality on live OP50, but showed a
lethality of 66.7% on UV-killed OP50. nmat-2(tm2905)/hT2 showed lethalities of 59.7% and
52.1% on live and UV-killed OP50, respectively, while the nmat-1 and nmat-2 knockdowns had
lethalities of 11.6% and 27.7%, respectively (Fig. 4B). Based on these results, I concluded that
the phenotype is pathway-specific, in that a deficiency in the riboside synthesis pathway is
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necessary for delayed hatching to occur. In contrast, deficiency in the de novo and salvage
synthesis pathways is not required for the phenotype.
A

B

Figure 4. Hatching patterns of additional NAD+ biosynthesis mutants and knockdowns.

(A) Loss of enzymes in the salvage and de novo NAD+ biosynthesis pathways did not result in
delayed hatching. Loss of nmat-1 or nmat-2 leads to delayed hatching on both live and UV-killed
food sources. Sample sizes are indicated in panel B. (B) No significant lethality was observed for
mutants in the salvage and de novo pathways. nmat-2/hT2 and nmat RNAi knockdowns showed
significant lethality regardless of food source, while pnc-1(pk9605);nmrk-1(ok2571) only
showed lethality on UV-killed OP50. **** = p ≤ 0.0001, * = p ≤ 0.05 compared to N2 on live
food source using ANOVA. Error bars represent 95% confidence intervals.
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NMRK-1 deficiency does not affect the rate of embryogenesis
Delayed hatching has been previously observed in electron transport chain mutants such
as isp-1(qm150) due to a slowed rate of embryogenesis (Feng et al., 2001). I hypothesized that
the nmrk-1(ok2571) embryos that did not hatch within the normal time frame exhibited a delayed
embryogenesis similar to isp-1(qm150). I raised N2, nmrk-1(ok2571), and isp-1(qm150) animals
on UV-killed OP50, and examined the progression of their embryos through the morphological
stages of embryogenesis (Fig. 5A-B). At six hours post-laying, 93% of N2 embryos were in the
three-fold embryonic stage, while only 47.7% of the isp-1(qm150) embryos were at the same
stage at that time. 92% of nmrk-1(ok2571) embryos were at the three-fold stage six hours postlaying, with no significant difference between nmrk-1(ok2571) and N2 (Fig. 5C). I observed the
nmrk-1(ok2571) eggs for an additional 24 hours to confirm that some of them were exhibiting
delayed hatching. From this data, I conclude that the rate of embryogenesis of nmrk-1(ok2571) is
not significantly affected during delayed hatching.
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Figure 5. nmrk-1 embryos develop at a normal rate.

(A) Progression of N2 embryos through selected stages of embryogenesis. (B) Diagram of assay
for normal vs. delayed embryogenesis. Strains were maintained on UV-killed OP50. Eggs were
observed hourly for six hours post-laying. (C) At six hours post-laying, the percentage of nmrk1(ok2751) embryos in the three-fold stage was significantly higher than isp-1(qm150), but not
significantly different from N2. **** = p < 0.0001 compared to N2 using ANOVA. Error bars
represent 95% confidence intervals.
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The nmrk-1 delayed hatching phenotype is a maternal effect phenotype

An experiment conducted by Nicole LaGanke, another member of the Hanna-Rose
Laboratory, determined that the mother animal had to be raised on a UV-killed food source for
delayed hatching to occur. This finding, along with the conclusion that embryogenesis is not
significantly affected in the nmrk-1(ok2571) mutant, led to the hypothesis that the phenotype was
a maternal effect phenotype. If supported, this would suggest that the molecular mechanism
behind delayed hatching involved the mother animal rather than the embryo. To determine
whether or not the phenotype was maternal effect, I conducted genetic crosses to obtain embryos
with genotypes distinct from the mother, and characterized their hatching to determine which
genotype was more influential (Fig. 6). I chose the PD9753 ccls9753 I strain to cross into nmrk1(ok2571) for this assay. The strain contains a transgene on chromosome I that drives the
expression of GFP. The nmrk-1 locus is also located on chromosome I, and so I could track the
location of the functional nmrk-1 allele by observing GFP expression in the progeny.
A

B

Figure 6. Genetic crosses used for maternal effect assay.

(A) nmrk-1(ok2571) hermaphrodites were crossed with ccIs9753 I males to produce GFPexpressing nmrk-1(ok2571)/+ progeny. ⚥ denotes a hermaphrodite animal, ♂ denotes a male
animal. (B) The GFP-expressing heterozygous progeny were allowed to self-fertilize, producing

15

progeny with three possible genotypes. 75% of the progeny expressed GFP had at least one
functional nmrk-1 allele, while 25% did not express GFP and were homozygous for the ok2571
allele.

Unmated nmrk-1(ok2571) animals raised on UV-killed OP50 showed delayed hatching
up to seven days post-laying (Fig. 7A). I crossed ccls9753 I males with nmrk-1 hermaphrodites
to generate embryos heterozygous for nmrk-1(ok2571) and observed them for delayed hatching.
The eggs produced from the cross showed a delay up to four days post-laying. I then raised the
heterozygous animals on UV-killed OP50 and examined the hatching of their progeny. No
hatching delay was observed for these eggs, even though 25% were expected to be homozygous
for the ok2571 allele. The percentage of homozygous ok2571 progeny was confirmed to be as
expected by observing the progeny for GFP expression.
I also examined the associated lethality for each of the conditions (Fig 7B). 40.9% of the
eggs laid by unmated nmrk-1(ok2571) mutant mothers failed to hatch, while 37.7% of the eggs
laid by nmrk-1(ok2571) mothers mated with ccIs9753 I failed to hatch. There was no statistically
significant difference between these two groups. However, only 1.7% of the eggs laid by
heterozygous nmrk-1(ok2571)/+ mothers failed to hatch, even though 25% of them were
homozygous for the ok2571 allele. From this data, I concluded that the delayed hatching
exhibited by nmrk-1(ok2571) was a maternal effect phenotype.
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A

B

Figure 7. nmrk-1 delayed hatching is a maternal effect phenotype.

(A) Mother animals that are homozygous for the ok2571 allele lay eggs that exhibit delayed
hatching, regardless of the genotype of the embryo. Mother animals that are heterozygous for
ok2571 lay eggs that do not exhibit delayed hatching, regardless of the genotypes of the
embryos. All strains were maintained on UV-killed OP50. Sample sizes are indicated in panel B.
⚥ denotes a hermaphrodite animal, ♂ denotes a male animal. (B) Heterozygous eggs laid by a
mother homozygous for ok2571 exhibit a lethality with no statistically significant difference
from eggs laid by an unmated homozygous mutant mother. Eggs laid by a heterozygous mother
show a significantly lower lethality than those laid by homozygous mutant mothers. **** = p <
0.0001 compared to nmrk-1 unmated control using ANOVA. Error bars represent 95%
confidence intervals.

The hexosamine pathway is required for nmrk-1(ok2571) delayed hatching
My conclusions from the embryogenesis and maternal effect experiments led me to
hypothesize that an abnormal eggshell was involved in the phenotype rather than an abnormal
embryo. Electron microscopy images of wild-type and nmrk-1(ok2571) eggs were obtained by
Elizabeth Eberly, an undergraduate in the Hanna-Rose Laboratory, in collaboration with the PSU
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Microscopy Facility. These images showed that nmrk-1(ok2571) eggs laid by mothers raised on
UV-killed OP50 had a thickened CPG eggshell layer, while the chitin layer appeared to be
unaffected. The chondroitin contained in the CPG layer is synthesized by the hexosamine
pathway, which produces aminosugars that are also used for protein glycosylation, cellular
signaling, and chitin biosynthesis (Denzel and Antebi, 2015). Therefore, I hypothesized that this
pathway was required for delayed hatching to occur.
I used RNA interference to knock down the expression of hexosamine pathway enzymes
in nmrk-1(ok2571) mutants on a UV-killed food source. I then examined their eggs for delayed
hatching (Fig. 8). I used an empty vector non-specific knockdown and an sms-1 knockdown as
controls. sms-1 encodes a sphingomyelin synthase unrelated to NAD+ metabolism and eggshell
synthesis, and its knockdown is not associated with sterility or lethality (Huitema et al., 2004;
Kamath et al., 2003). The empty vector knockdown showed hatching at five days post-laying,
while the sms-1 knockdown exhibited delayed hatching up to four days post-laying. In contrast,
the gfat-1 and F21D5.1 knockdowns showed no hatching after one day post-laying, while the
gfat-2 knockdown showed no hatching after two days post-laying (Fig. 8A).
I also analyzed the lethality associated with each of the knockdowns (Fig. 8B). 90% of
the empty vector knockdown eggs ultimately failed to hatch, while only 17% of the sms-1
knockdown eggs failed to hatch. Both of these results were not consistent with the roughly 50%
lethality seen in nmrk-1(ok2571) on UV-killed OP50 (Fig. 3B), and may be due to the small
sample sizes for each of the groups. No lethality was observed for the gfat-1 and gfat-2
knockdowns. 6% of the F21D5.1 knockdowns failed to hatch. Although the lethality results were
inconclusive due to the unexpected behavior of the control knockdowns, the fact that no hatching
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beyond 2 days post-laying was observed for any of the hexosamine pathway knockdowns led me
to conclude that the pathway plays an essential role in the occurrence of delayed hatching.
A

B

Figure 8. Knockdown of hexosamine pathway enzymes restores normal hatching.

(A) Hatching patterns of control and hexosamine-targeting RNAi knockdowns. Sample sizes are
indicated in panel B. (B) A high lethality was observed for the empty vector control group, while
hexosamine pathway knockdowns led to little or no lethality. **** = p < 0.0001, *** = p <
0.001, ** = p < 0.01 using ANOVA. Color indicates which control group was used for
comparison. Error bars represent 95% confidence intervals.
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Chapter 3. Discussion

In this study, I characterized the delayed hatching phenotype of the nmrk-1(ok2571)
mutant in an effort to determine its molecular mechanism. Comparing the hatching pattern of the
nmrk-1(ok2571) mutants with those of the hch-1 strains led me to conclude that the nmrk-1
phenotype is distinct from the previously described delayed hatching. One significant difference
between the two was that nmrk-1(ok2571) required a UV-killed OP50 food source to exhibit the
phenotype, while the hch-1 strains showed delayed hatching regardless of their food source.
Additionally, the delayed hatching exhibited by nmrk-1(ok2571) is associated with a 42.4%
lethality, while no significant lethality is seen in the hch-1 strains.
We hypothesized that the UV-killed food source affected the nmrk-1(ok2571) animals by
increasing mitochondrial oxidative stress levels and decreasing available precursor metabolites
(Wang, 2014; Wang et al., 2015). To investigate the oxidative stress component of this
hypothesis, Nicole LaGanke supplemented wild-type animals and nmrk-1(ok2571) mutants on a
live food source with paraquat, which is commonly used to increase oxidative stress levels in
vivo (McCarthy et al., 2004). The wild-type mutants still showed normal hatching when paraquat
was present, but the nmrk-1(ok2571) mutants displayed a delayed hatching phenotype identical
to that seen on a UV-killed OP50 food source. Michael DeGennaro, another undergraduate in the
Hanna-Rose Laboratory, measured levels of reactive oxygen species in nmrk-1(ok2571) raised
on live and UV-killed OP50 using the fluorescent chemical DCFDA. The levels of reactive
oxygen species in the animals raised on UV-killed OP50 were consistent with those seen in
animals supplemented with paraquat. The results of these experiments suggest that increased
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oxidative stress is required for delayed hatching in nmrk-1(ok2571) mutants, and that this
condition is fulfilled by raising the animals on UV-killed OP50.
The differences in appearance between the nmrk-1(ok2571) and hch-1 eggs also suggest
that they do not share a mechanism for slowing the hatching process. hch-1 encodes a zinc
metalloprotease that may be used to degrade one or more of the layers of the eggshell (Hishida et
al., 1996). Without this enzyme, it is possible that part of the eggshell was unable to be degraded
within the normal time frame. This is consistent with the expanded appearance of the hch-1 eggs
and their lack of a defined eggshell – while the thick chitin layer may have been successfully
degraded, the remaining layer or layers were strong enough to confine the embryo for a short
period of time, albeit without the strong support provided by the chitin. nmrk-1(ok2571) eggs,
however, retain their original size and defined boundary. This does not eliminate the possibility
of the nmrk-1(ok2571) embryos being unable to break down the chitin layer of the eggshell, but
it does indicate that a mechanism different from that of hch-1 is involved.
The screen of additional NAD+ biosynthesis mutants led me to conclude that the delayed
hatching phenotype requires a deficiency specifically in the riboside synthesis pathway. No
delayed hatching was observed for the pnc-1(pk9605) or kynu-1(tm4924) mutants, which are
deficient in the salvage and de novo biosynthesis pathways, respectively. The pnc-1(pk9605);
kynu-1(tm4924) double mutant is deficient in both of these pathways, and also shows no
hatching delay. The only mutants that did show delayed hatching were deficient in the riboside
synthesis pathway. This suggests there may be an unknown specific role for this pathway in C.
elegans reproduction.
Unexpectedly, the nmat-2(tm2905)/hT2 mutant and nmat RNAi knockdowns showed
delayed hatching on live food as well as UV-killed food, unlike the nmrk-1(ok2571) mutant. One
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possible explanation for this is that the NMAT enzymes function in the de novo pathway in
addition to the riboside synthesis pathway, and the predicted large decrease in global NAD+
exaggerates the phenotype such that it no longer requires a UV-killed food source. However, a
similar decrease in NAD+ levels is expected for the pnc-1(pk9605);kynu-1(tm4924) strain, which
is deficient in both de novo and salvage synthesis. This double mutant does not exhibit delayed
hatching, suggesting that delayed hatching does not result from a general decrease in global
NAD+. nmat-1 and nmat-2 are orthologs of the human genes NMNAT1 and NMNAT3, which
function in the nucleus and mitochondria, respectively (Berger et al., 2005). If the C. elegans
NMAT proteins localize to the mitochondria, their loss may result in a significant deficiency in
the mitochondrial NAD+ pool. Therefore, delayed hatching may be dependent on a decrease in
mitochondrial, rather than cytoplasmic, NAD+ levels, in addition to an increase in mitochondrial
oxidative stress.
A mitochondrial NAD+ deficiency requirement for delayed hatching could also explain
why the phenotype is not exhibited by nmrk-1(ok2571) on a live food source. NMRK-1 produces
NMN, which is the main cytosolic precursor of mitochondrial NAD+ synthesis (Chi and Sauve,
2013; Nikiforov et al., 2011). Loss of nmrk-1 function could lead to a significant decrease in
NMN levels. and subsequently mitochondrial NAD+ levels. NMN could potentially be generated
by degradation of cytosolic NAD+ produced from other NAD+ precursors. On a live food
source, nmrk-1(ok2571) animals may have enough dietary access to these precursors to indirectly
maintain a critical amount of NMN. On UV-killed food, however, access to these dietary
precursors is limited, and the necessary amount of NMN to sustain mitochondrial NAD+ levels
may be impossible for nmrk-1(ok2571) to achieve. This hypothesis could be tested by using
molecular cloning to generate NMAT proteins fused to GFP, creating a transgenic C. elegans
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strain with the translational fusion, and observing them with fluorescent microscopy to determine
where the proteins localize in the cell.
RNAi knockdowns were conducted due to the lack of availability of an nmat-1 mutant
strain. The knockdowns did result in a phenotype, but it appeared to be weaker than in the
mutant strains in terms of lethality. This is most likely due to an incomplete knockdown of nmat
expression.
A statistically significant lethality was observed in the pnc-1(pk9605);kynu-1(tm4924)
double mutant. This was the only statistically significant lethality detected for non-riboside
synthesis mutants. This double mutant is deficient in both the salvage synthesis and de novo
pathways, and the combined lack of both of those pathways may be responsible for the lethality
observed. A very large lethality was seen in the pnc-1(pk9605);nmrk-1(ok2571) mutants on UVkilled OP50 (Fig. 4B). I predict that the combined deficiency in the salvage synthesis and
riboside synthesis pathways leads to a large decrease in global NAD+, which when combined
with the hatching delay leads to the increased lethality observed for this strain.
During the assay to determine the rate of embryogenesis in the nmrk-1(ok2571) mutant, I
chose to report the percentage of animals in the three-fold stage at six hours post-laying. The
three-fold stage is easily distinguished from the other stages and is the last observable stage
before hatching. I chose six-hours post-laying because nearly all of the N2 control eggs reached
the 3-fold stage by that point. While I expected that the nmrk-1 delayed hatching phenotype
would be due to extended embryogenesis, my data did not support my prediction. The data
clearly show that the animals are developing normally and then surviving in the eggshell until
hatching or death. This long-term survival without access to an external energy source can be
explained by the embryos entering the L1 arrest stage, which is normally used by L1 hatchlings
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to survive when they hatch in the absence of food (Baugh, 2013). The results from this assay
have led me to consider that the phenotype may be due to production of an abnormal eggshell
rather than an abnormal embryo.
The data from the maternal effect assay showed that the mother animal must be
homozygous for the ok2571 allele for the hatching delay to occur. No eggs laid by heterozygous
nmrk-1 animals showed delayed hatching or a large degree of lethality. This indicates that the
nmrk-1 gene is haplosufficient for normal hatching. The eggshell of each embryo is synthesized
by the mother animal following fertilization (Schafer, 2005). This coupled with the maternal
effect nature of the phenotype lends further support to the hypothesis that an abnormal eggshell
is involved.
I attempted to further test this hypothesis by using a chitinase treatment to artificially
hatch the nmrk-1(ok2571) eggs (Appendix A). I predicted that the significant lethality associated
with delayed hatching would be absent when the eggs were artificially hatched if the embryos
were developing normally. However, I was limited by the fact that the chitinase was lethal for a
significant number of the larvae that hatched in its presence. Ultimately, I was unable to develop
an optimal protocol that allowed the chitinase to hatch the eggs but did not kill the embryos upon
hatching. The electron microscopy images of wild-type and nmrk-1(ok2571) eggs obtained by
Elizabeth Eberly suggested that the CPG layer, rather than the chitin layer, was affected, and so I
chose not to pursue this experiment further.
The results of the hexosamine pathway RNAi knockdown led me to conclude that the
hexosamine pathway plays a crucial role in the delayed hatching phenotype. The controls that I
used did not show the results that I expected in terms of lethality, but did show delayed hatching
that the hexosamine pathway knockdowns did not. I believe that the unexpected lethality results
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were due to the small sample size for each of the groups. Additional replicates of this experiment
are necessary in order to confirm my conclusions. I will also target the gna-2 and C36A4.4
genes, which also function in the hexosamine pathway (Fig. 2), in future iterations of the
experiment. This hypothesis can also be tested using metabolomics-based flux analysis. By
feeding the animals glucose labeled with C13, the net flow of metabolites through pathways such
as glycolysis and the hexosamine pathway can be monitored. An increased flux through the
hexosamine pathway in nmrk-1(ok2571) raised on UV-killed OP50 relative to wild-type or nmrk1(ok2571) raised on live OP50 would support my hypothesis that the hexosamine pathway is
upregulated during delayed hatching.

Figure 9. Model for nmrk-1(ok2571) delayed hatching.
When mitochondrial NAD+ pools are depleted and under conditions of oxidative stress,
increased metabolic flux through the hexosamine pathway leads to an overproduction of CPG by
the adult mother animal. This overproduction leads to a thickened eggshell layer (green), that
takes 1-7 days for embryos to either hatch from or die due to starvation.
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Chapter 4. Materials and Methods
Nematode strains and maintenance
C. elegans strains were maintained under standard conditions at 20˚ C (Brenner, 1974) on
live OP50, UV-killed OP50, or live HT115 E. coli. UV-killed OP50 plates were prepared by
treating plates in a GS Gene Linker UV Chamber (BioRad, Hercules, CA) for 600 seconds
(Vrablik et al., 2009, 2011). The following strains were used: N2, nmrk-1(ok2571), JC210 hch1(ut110), NJ672 hch-1(e1907), RB1895 hch-1(ok2447), CB3202 hch-1(e1734), pnc-1(pk9605)
(Vrablik et al., 2009), kynu-1(tm4924), HV771 pnc-1 (pk9605);kynu-1(tm4294), HV744 pnc-1
(pk9605);nmrk-1(ok2571), nmat-2(tm2905), eri-1(mg366), PD9753 ccls9753, and isp-1(qm150).
pnc-1(pk9605) was crossed into kynu-1(tm4294) to generate a homozygous double mutant strain
named HV771. pnc-1(pk9605) was crossed into nmrk-1(ok2571) to generate a homozygous
double mutant strain named HV744. nmat-2(tm2905) was provided by the Mitani laboratory, and
was outcrossed three times against N2. The outcrossed balanced strain was named HV843. The
tm2905 allele is homozygous sterile and was balanced with hT2, a balancer for C. elegans
chromosomes I and III. The hT2 balancer causes pharyngeal expression of GFP, and is
homozygous lethal (McKim et al., 1993). All other strains were obtained from the CGC.
Delayed hatching phenotypic analysis
Mixed stage animals were transferred and maintained on live OP50, UV-killed OP50, or
live HT115. 5-10 gravid adult animals were transferred to new plates spotted with the
corresponding food source. Four hours later, the animals were removed, and eggs on the plates
were counted. Every 24 hours, new hatchlings were counted and removed, and the number of
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eggs remaining on the plate was recorded. I report the percentage of remaining eggs that hatched
each day as well as the total percentage of eggs that ultimately hatched.
RNA interference
The nmat-1 and nmat-2 RNAi clones were from the C. elegans RNAi Library (Source
BioScience, Nottingham, UK). L4 eri-1 animals were transferred to RNAi plates, and their
progeny were allowed to reach adulthood. The eggs laid by these adults were scored for delayed
hatching.
The sms-1, gfat-1, gfat-2, and F21D5.1 RNAi clones were from the C. elegans RNAi
Library (Source BioScience, Nottingham, UK). IPTG was added to 0.4 mM to overnight liquid
cultures and cultures were shaken at 37˚C for two hours before spotting on RNAi plates. The
bacteria were UV-killed by treatment in a GS Gene Linker UV Chamber (BioRad, Hercules, CA)
for 600 seconds (Vrablik et al., 2009, 2011). L4 nmrk-1(ok2571) animals were transferred to
RNAi plates, and their progeny were allowed to reach adulthood. The eggs laid by these adults
were scored for delayed hatching.
Embryogenesis analysis
N2, nmrk-1(ok2571), and isp-1(qm150) animals were maintained on UV-killed OP50. 10
gravid adult animals of each strain were transferred to new plates. Four hours later, the adults
were removed and the number of eggs was counted. Every hour for the following six hours, the
number of embryos in each embryonic stage was counted. I report the percentage of embryos in
the three-fold embryonic stage at six hours post-laying.
Generation of males by RNA interference and heat shock
Gravid ccls9753 I adults were transferred to and maintained on RNAi plates with the
him-5 RNAi clone from the C. elegans RNAi Library (Source BioScience, Nottingham, UK). L4
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animals were transferred to new RNAi plates and heat shocked for 6 hours at 30 ˚C. The progeny
of these animals included males, which were isolated and used for genetic crosses.
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Appendix A. Additional Figures

Figure 10. Chitinase treatment effectively digests the C. elegans eggshell.
nmrk-1(ok2571) animals were raised on a UV-killed OP50 food source. Gravid adults were
collected and lysed with sodium hypochlorite to isolate eggs. The eggs were collected by
centrifugation and washed with M9 buffer to remove the sodium hypochlorite and then were
divided between two separate tubes. After a period of 7 hours in which the embryos could
progress through embryogenesis, chitinase solution was added to one of the tubes and the tubes
were incubated for 30 minutes before washing to remove the chitinase. After 24 hours, the
remaining eggs were plated and counted. ** = p < 0.01 compared to Untreated group using
unpaired t-test.
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