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Abstract
Nearly all animals live in environments with fluctuations in nutrient availability.
The ability to sense and respond to these changes is essential for survival. Nutrition
impacts physiology immediately, but can also have long-lasting effects across
generations. The nematode Caenorhabditis elegans is particularly well-adapted to thrive in
conditions of variable food availability. Here we find that starvation responses in C.
elegans are largely independent of the larval stage at which worms experience starvation.
Starvation in worms results in shrinkage, delayed growth upon recovery, and ultimately
death. In order to adapt to starvation, metabolism is dramatically altered. At a gross
level, this can be seen in a reduction of mitochondrial genomes and a more fragmented
network of mitochondria.
Insulin-like signaling is a key cell signaling pathway controlling nutrient
responses. We interrogate the role of insulin-like signaling in regulation of the acute
starvation response. We show that daf-16/FoxO restructures carbohydrate metabolism by
driving carbon flux through the glyoxylate shunt and gluconeogenesis and into
synthesis of trehalose, a disaccharide of glucose. Trehalose is a well-known stress
protectant, capable of preserving membrane organization and protein structure during
abiotic stress. Metabolomic, genetic, and pharmacological analyses confirm increased
trehalose synthesis and further show that trehalose not only supports survival as a stress
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protectant, but also serves as a glycolytic input. Further, we provide evidence that
metabolic cycling between trehalose and glucose is necessary for this dual function of
trehalose. This work demonstrates that daf-16/FoxO promotes starvation resistance by
shifting carbon metabolism to drive trehalose synthesis, which in turn supports survival
by providing an energy source and acting as a stress protectant.
In addition to acute changes in response to the nutrient environment, effects can
persist intergenerationally. Maternal effects of environmental conditions produce
intergenerational phenotypic plasticity. Adaptive value of these effects depends on
appropriate anticipation of environmental conditions in the next generation, and
mismatch between conditions may contribute to disease. However, regulation of
intergenerational plasticity is poorly understood. Dietary restriction (DR) delays aging
but maternal effects have not been investigated. We demonstrate maternal effects of DR
in the roundworm C. elegans. Worms cultured in DR produce fewer but larger progeny.
Nutrient availability is assessed in late larvae and young adults, rather than affecting a
set point in young larvae, and maternal age independently affects progeny size.
Reduced signaling through the insulin-like receptor daf-2/InsR in the maternal soma
causes constitutively large progeny, and its effector daf-16/FoxO is required for this
effect. nhr-49/Hnf4, pha-4/FoxA, and skn-1/Nrf also regulate progeny-size plasticity.
Genetic analysis suggests that insulin-like signaling controls progeny size in part
through regulation of nhr-49/Hnf4, and that pha-4/FoxA and skn-1/Nrf function in
v

parallel to insulin-like signaling and nhr-49/Hnf4. Furthermore, progeny of DR worms
are buffered from adverse consequences of early-larval starvation, growing faster and
producing more offspring than progeny of worms fed ad libitum. These results suggest a
fitness advantage when mothers and their progeny experience nutrient stress, compared
to an environmental mismatch where only progeny are stressed. This work reveals
maternal provisioning as an organismal response to DR, demonstrates potentially
adaptive intergenerational phenotypic plasticity, and identifies conserved pathways
mediating these effects.
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1. Introduction
Nearly all organisms experience environments with fluctuating nutrient
availability. Responses to cope with changing nutrient environments are essential for
survival. The effects of diet are far-reaching and impact development, physiology,
lifespan, and reproduction. These effects can even persist across generations 1–8. Further,
the quality and quantity of food consumed can have dramatic effects on health 9.
Therefore, dietary alterations remain one of the simplest non-pharmaceutical
interventions – offering an opportunity to combat disease 10,11.

1.1 Human relevance of diet
Diet and nutrition have been highly influential throughout the course of human
evolution. The innovation of agriculture and mass production of food shifted not only
social structures, but also dietary trends. In contemporary Western societies, food
shortage may seem a thing of the distant past. However, there are many examples of
famine in the modern world – even in civilized countries. One of the more well-known
examples of famine came in the winter of 1944 – 1945 in the Netherlands. A German
embargo at the end of World War II resulted in a severe famine with caloric intake
estimated to be as low as 400 – 800 calories per day at the height of the famine 3,4,12. This
period came to be known as the Dutch Hunger Winter. Another example of famine
brought on by human conflict is the Biafran famine during the Nigerian civil war
between 1967 and 1970 13. In other cases, societal and environmental factors combine to
1

result in famine. The Great Chinese Famine from 1959 – 1961 is one such example.
Environmental changes can rapidly undermine agricultural societies. The potato blight
that swept through Ireland in 1845 – 1852 caused severe loss of potato crops.
Dependence on potatoes as a primary food source caused severe famine and emigration.
Even without disease, changes in climate impact agriculture, like with the Dust Bowl of
the Midwestern United States in the 1930s 14. Therefore, famine and under nutrition is
not only a concern of the past.
Studies of famines converge on a common set of pathologies. Typically,
metabolic disorders arise from times of nutrient stress. In particular, studies have
tracked outcomes in children who experienced famine early in life. Common outcomes
are increased frequencies of diabetes, obesity, and cardiovascular problems 4,13,15,16. Even
increases in cancer have been reported 17,18. Though times of food shortage may pass, the
effects of famine can persist across generations 2,15.
It is hypothesized that mismatch between nutrient conditions can be detrimental
to health. In this case the transition from times of scarcity to times of plenty is thought to
cause metabolic stress, as the body was primed for development under a different set of
nutrient conditions. In particular, a disparity between early life nutrition and later life
nutrition can be detrimental 19,20. The idea of an early life stress impacting physiology or
pathology after some developmental latency period is referred to more generally as the
developmental origins of health and disease hypothesis. If a child experiences nutrient
2

scarcity early in life – either in utero or early in development – but then proceeds to
experience abundant nutrition, they may be more susceptible to adult disease. The
“thrifty hypothesis” was originally proposed in the context of the onset of diabetes 21–23.
The hypothesis suggests that children who are undernourished during development
will be programmed with a “thrifty” metabolism – programmed to store fat and retain
higher blood sugar 24. While these traits might be adaptive when early life experiences
are predictive of later life experience, the environmental mismatch can drive the
progression of disease.

1.2 Caenorhabditis elegans as a model for studying adaptation
to nutrient stress
The roundworm Caenorhabditis elegans is a model system for the study of
nutrition. In the wild, C. elegans likely experience alternating periods of feast and famine
25

. Worms are primarily microbivores, consuming bacteria in rotting or decaying organic

matter. When worms encounter a food source the population will boom. However, the
food will be rapidly depleted, requiring worms to forage for a new food source.
Remarkably, this dispersal can even include transport on snails, insects, or other animal
vectors 25. C. elegans have evolved mechanisms to cope with changing nutrient
conditions.
The dauer form of C. elegans is the most well-known stress resistant larval stage
(Figure 1). Worms enter the dauer state in response to high population density in
conditions of limited food or high temperature 26,27. Pheromones are secreted to allow for
3

synchrony in a population of worms entering dauer 28. Dauer larvae have morphological
changes that make them distinct from other larval forms including a thickened cuticle
with alae, a plug over the mouth, and reduced pharyngeal pumping 27,29. Dauer larvae
store more fat and are longer and skinnier than normally developing larval worms. They
are also resistant to the chemical detergent sodium dodecyl sulfate (SDS) 26. Worms enter
the dauer state as an alternative to the third larval stage (L3) and can survive for months.
In the wild, this time is likely spent foraging for a new food source and more favorable
conditions for reproduction.

Figure 1: Life cycle and developmental arrest states of Caenorhabditis elegans. This
figure was adapted from wormatlas.org and (Baugh 2013).
There are other stages of larval arrest in addition to the dauer larva (Figure 1).
Worms that hatch in the absence of food will enter L1 arrest 30–32. Arrested L1 worms
stop development, but resume development when food is present. Reversible arrest
states in L3 and L4 have also been characterized and similarly pause development until
4

a sufficient food source is present 33. Even after worms have committed to a reproductive
state, there may be a reproductive diapause that accompanies the germline response to
adult starvation 34,35. In contrast to the morphologically distinct dauer form, other larval
arrest forms are not developmentally discrete, but are reversible arrest states of normal
larval stages. However, larval arrest allows for increased starvation resistance. Upon
recovery from larval arrest, lifespan is not dramatically effected, drawing attention as an
“ageless state” 30.
Despite being understood as an ageless state, during larval arrest worms
undergo a number of changes and exhibit several signs of aging. During L1 arrest
mobility of worms decreases and there are increased levels of reactive oxygen species
(ROS), increased mitochondrial fission, and reduced proteostasis 36. During recovery
from starvation the endoplasmic reticulum (ER) unfolded protein response (UPR) is
essential for the reversal of most aging phenotypes to allow for normal development
and lifespan 36. Thus, in addition to serving as a model for nutrient stress, starvationinduced arrest states are likely a system with many parallels to aging. It is difficult to
imagine how a largely post-reproductive trait in an organism without parental care
could be under evolutionary selection. Given the similarities between aging and larval
arrest, it is possible that a primary selective pressure for nematodes in the wild is the
ability to survive starvation and recover to reproduce. Aging could be a pleiotropic
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consequence of this selection. Indeed, examination of genes involved in larval arrest and
aging reveal striking overlap.
While different arrest states have been described and characterized, there has
been no systematic comparison between these states. Chapter 2 presents data directly
comparing L1 and L3 larval arrest states. Chapter 3 further extends the relationship of
starvation responses across developmental stages by comparison of metabolic traits
measured in L1 worms with those reported in dauer larvae. The unique development
and starvation resistance of C. elegans makes it an ideal model organism for the study of
nutrient responses. Importantly, we expect that many discoveries in this simple
eukaryote are conserved in mammals.

1.3 Insulin-like signaling integrates environmental nutrient cues
In order to respond appropriately to an ever-changing environment, organisms
must sense the current conditions. Secondarily, there must be a cell-signaling cascade to
transmit this information to some effector. Years of research have elucidated many genes
and pathways involved in these processes of recognizing and responding to the nutrient
environment. Many genes involved in starvation responses of C. elegans are compiled
and reviewed in (Baugh, 2013). Here I will focus specifically on the role of insulin-like
signaling in regulating responses to nutrition.
The insulin-like signaling pathway of C. elegans is comprised of a single insulinlike receptor, daf-2, which signals through the PI3K phosphorylation cascade to
6

antagonize the nuclear localization of the FoxO transcription factor, daf-16 37–39(Figure 2).
Mutations in daf-2 result in significant lifespan extension 40. The discovery of genetic
control of aging and the exceptionally long lifespan of daf-2 mutants has catalyzed
considerable investment in aging research.
Insulin-like peptide

DAF-2/InsR
Target Cell
AGE-1/PI3K
PDK-1

AKT-1, AKT-2
Nucleus
P

DAF-16/FOXO

Figure 2: Insulin-like signaling in C. elegans. Insulin-like peptides can agonize or
antagonize the sole insulin-like receptor in the worm, DAF-2. Via intermediate
phosphorylation steps, AKT-1 and AKT-2 eventually phosphorylate DAF-16 to exclude
it from the nucleus. This figure was adapted from (Baugh 2013).
While the insulin signaling pathway has garnered much attention as a means of
regulating aging, it has other fundamental biological functions as well. In humans,
pancreatic ß-cells secrete insulin in response to an increase in blood glucose following a
meal. Insulin in the blood binds to receptors in peripheral tissues like muscle and fat,
thereby initiating the signaling cascade that ultimately results in the translocation of
glucose transporters (predominantly GLUT4) to the cell membrane. Once in the cell
membrane, the transporter can shuttle glucose from the bloodstream into cells. The
regulation provided by insulin signaling allows for energy homeostasis across tissues
7

and control of circulating and stored carbohydrates. Disruptions of this dynamic process
can lead to diabetes.
Similarly, in C. elegans, insulin-like signaling is responsible for signaling the
organismal nutrient state. Like in humans, insulin is produced in response to feeding
that activates the pathway. One key difference in worms is the expansion from ten
insulin-like peptides to of a family of 40 insulin-like peptides in the worm 41–45. Like daf-2
with aging, daf-16/FoxO has become known for its role as a stress response transcription
factor. daf-16 acts as a transcriptional regulator to mount a response to abiotic stresses
including osmotic stress, heat, and starvation 46–48.
Another substantial role of insulin-like signaling in C. elegans is to regulate
development. When starved, the ability to arrest development (Figure 1) relies on
insulin-like signaling. Mutants for the daf-2 insulin receptor are constitutively dauer, and
daf-16 mutants fail to properly arrest development 31,33,49–51. It is unclear to what extent
the role of insulin-like signaling in initiating developmental arrest overlaps with the
ability to promote starvation resistance. This is discussed further in chapter 3.
Overall, insulin-like signaling in C. elegans is one of the central pathways
governing both development and responses to nutrient status. Thus, a thorough
understanding of nutrient responses is incomplete without giving consideration to the
role of insulin-like signaling in its establishment. Chapter 3 focuses specifically on the
role of daf-16/FoxO in regulating an early response to acute starvation via transcriptional
8

control of metabolism. Chapter 4 discusses the impact of maternal insulin-like signaling
on progeny size and starvation resistance. Thus, it becomes clear that the insulin-like
signaling pathway is a primary means of establishing both acute and intergenerational
responses to nutrition.

9

2. Hallmarks of starvation in C. elegans
This chapter was modified from a manuscript that is currently in preparation. The
authors are Jonathan D. Hibshman, Tess C. Leuthner, Anthony Hung, David R. Sherwood, Joel
N. Meyer, and L. Ryan Baugh.

2.1 Background
Starvation is a common environmental stress. The nematode C. elegans is
particularly adapted to survive starvation. Worms pause development in response to
starvation 26,30,31,33. Developmental arrest is established via large-scale transcriptional and
metabolic changes 52–54. Arrest or diapause states can occur at different stages during
development.
Worms enter L1 arrest when embryos hatch in the absence of food 30–32. Worms
arrested at the L1 stage rely entirely on maternally provisioned resources for survival
during starvation, but can survive for approximately two weeks depending on
conditions like the contents of the buffer in which they are starved or ambient
temperature 55. C. elegans maintain the remarkable ability to pause growth and
development not just upon hatching, but throughout their lives. Arrest states have also
been characterized at the L3 and L4 stages 33. Additionally, worms are known to enter
dauer diapause in response to harsh conditions 26,27. Notably, dauer larvae are
morphologically unique from other forms, being longer and thinner than normal larvae,
10

and developing a thickened cuticle and a plug over their mouth 26. Dauer larvae also
reduce pharyngeal pumping 27. These morphological changes allow for increased
resistance to insults like exposure to the chemical detergent sodium dodecyl sulfate
(SDS), osmotic stress, desiccation, and other abuses 26,27,56. Despite morphological
differences between dauer and other developmental diapause states, the genetic
architecture governing entry and exit from these arrests seems largely conserved.
Insulin-like signaling, TGF-β, and steroid hormone signaling are some of the main
pathways that have been implicated in this regulation 28,29,31,33,46,49,51,57,58. Even adult worms
may exhibit some arrest-like features. An adult reproductive diapause has been
proposed to explain the shrinkage of the germline and pausing of reproduction 34,35.
Responses to starvation at different developmental stages are likely similar. For
example, metabolic restructuring of dauer larvae and L1 larvae seem to be highly
conserved during starvation (Chapter 3). Although starvation responses are likely
comparable, physiological differences throughout development may confer unique
properties to the starvation response at different stages. While prior reports have
addressed starvation in individual stages, to our knowledge, there is no direct empirical
comparison of starvation responses at different developmental stages.
Mitochondria are dynamic organelles that are integral for energy homeostasis.
Disruptions in normal mitochondrial function can lead to a number of diseases
including many neurodegenerative diseases 59–62. Still, the role of mitochondrial
11

restructuring during starvation remains understudied. During times of nutrient stress
mitochondria are known have morphological changes – often elongating to prevent
autophagic degradation 63,64. However, mitochondria are also a source of membrane for
autophagosomes, suggesting that degradation of mitochondria may be important to
enable autophagy 65,66. Further, limited reliance on the electron transport chain and
mitochondrial metabolism during times of nutrient stress suggest that mitochondria
themselves may be dispensable. We study mitochondrial content and structure during
starvation to better understand changes associated with metabolic restructuring during
energy stress.
We use L1 arrest and L3 arrest as two models for larval starvation for
comparison. We characterize attributes of starvation in C. elegans at these two
developmental stages. During starvation worms decrease in body size, and development
is delayed following extended starvation. Interestingly, worms starved as L3 larvae are
not as severely delayed during recovery as those starved as L1s. Further, mitochondrial
copy number decreases during starvation and the mitochondrial network becomes more
fragmented. These changes are consistent with decreased reliance on mitochondrial
metabolism over long-term starvation. We conclude that starvation during L1 and L3
arrest states results in qualitatively similar physiology, though L3 worms are able to
survive slightly longer and are thereby slightly more robust during recovery as well.

12

2.2 Results
2.2.1 Worms shrink during starvation
We measured the length and volume of worms throughout starvation at two
different developmental stages. L1 larval worms were starved upon hatching. L3 larval
worms were fed ad libitum on plates for 24 hr before being washed away from bacteria
and starved. During both larval stages, worms shrink over the course of long-term
starvation (Figure 3). L1 larval worms quickly reduce length and gradually decrease in
volume over time (Figure 3A,B). L3 larval worms show gradual decreases in both length
and volume (Figure 3C,D). In addition to reduced size over time, starved worms become
less active and have a sickly appearance. In particular, large vacuolar structures appear
over time (Figure 4). It was previously reported that autophagy causes damage to tissues
including the pharynx, thereby impeding recovery from starvation due to impaired
pumping and grinding efficiency 67. Damage to the pharynx and vacuolar structures in
the pharynx can be seen upon extended starvation, consistent with this previous report
(Figure 4A,C). Additionally, starved worms exhibit intestinal distension - an increased
width of the lumen of the intestine (Figure 4B,D).

13
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Figure 3: Worms shrink during starvation. A) L1 length of wild-type worms is plotted
over time during starvation. There is a significant decrease in length over time (p <
0.0001, 1-way ANOVA, n = 4 biological replicates). B) L1 volume of wild-type worms is
plotted over time during starvation. Volume decreases over time (p = 0.01, 1-way
ANOVA, n = 4 biological replicates). C) L3 length is plotted over time during starvation.
Length decreases over time (p = 0.001, 1-way ANOVA, n = 4 biological replicates). (D) L3
volume is plotted over time during starvation. Volume decreases over time (p = 0.01, 1way ANOVA, n = 4 biological replicates). In A-D the mean of each biological replicate is
plotted in black and the mean across biological replicates is plotted in red. Error bars
depict SEM across replicates.
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B

Starved 1 day

Starved 1 day

C

D

Starved 12 days

Starved 12 days

Figure 4: Representative images of starved L3 larvae. A) A representative image of the
pharynx and anterior intestine of an L3 larval worm starved for 1 day. B) A
representative image of the intestine and developing gonad of an L3 worm starved for 1
day. The red bracket indicates the width of the intestinal lumen. C) A representative
image of the pharynx of an L3 worm starved for 12 days shows pathology of starvation.
Red arrows depict vacuolar structures in the pharynx of the worm. D) A representative
image of the midsection of an L3 worm starved for 12 days. The red bracket indicates the
width of the lumen of the intestine. Scale bars in A-D are 20 µm.

2.2.2 Worms recover poorly from extended starvation
It is known that worms are developmentally delayed when recovering from
extended starvation 8,36,55,68. We were curious how recovery from L1 and L3 arrest
compared. When assessing recovery of worms from L3 starvation, size and stage
distribution were measured after 24 hr of recovery. This allows for a total of 48 hr
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development while feeding for both L1 and L3 worms. The L1 worms experienced all
feeding after starvation, whereas the L3 worms were fed for 24 hr both before and after
starvation (Figure 5). We assessed developmental rate by measuring size upon recovery
as well as the distribution of developmental stages.
L1
L1 arrest
24 hr feeding

L3

L3 arrest

48 hr feeding

24 hr feeding
Measure size and developmental stage

Figure 5: Diagram of methods for starvation recovery experiments.
Worms starved as L1 larvae and given 48 hr to feed and recover exhibited a
significant reduction in length as the time of starvation increased (Figure 6A). Delays are
also apparent in analysis of developmental stages, with populations of worms starved
longer having fewer representatives reaching the L4 larval stage (Figure 6B). Similar to
the delayed development of L1 worms following starvation, we find that worm length
and advancement to the L4 larval stage are limited following extended L3 larval
starvation (Figure 6A,C). Interestingly, the reduced growth during recovery of worms
starved as L3 larvae was not as extreme as the developmental delay sustained by worms
starved in the L1 stage (Figure 6A). Though, the difference in initial size of worms
during starvation (L1 are 203 µm and L3 worms are 461 µm on day 1 of arrest, Figure 3)
may explain part of this difference.
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Figure 6: Worms are delayed during recovery from extended starvation. A) Worm
length is plotted after growth upon re-feeding from the indicated time of L1 or L3 larval
starvation. Worms starved at the L1 stage are significantly shorter after 48 hrs recovery
(p = 0.0002, 1-way ANOVA, n = 3 biological replicates). Worms starved at the L3 stage
are also significantly shorter after 24 hr recovery from extended starvation (p < 0.0001, 1way ANOVA, n = 3 biological replicates). There is a significant interaction between the
L1 and L3 reaction norms of size upon recovery from starvation (p = 0.005, 2-way
ANOVA, n = 3 biological replicates). B) The percent of worms reaching at least the L4
larval stage after 48 hr of development from the indicated duration of L1 larval arrest is
plotted. There is a significant reduction in the number of worms that recover to at least
the L4 larval stage (p < 0.0001, 1-way ANOVA, n = 2). C) The percent of worms reaching
at least the L4 larval stage after 24 hr of development from the indicated duration of L3
larval arrest is plotted. There is a significant reduction in the number of worms that
recover to at least the L4 larval stage (p < 0.0001, 1-way ANOVA, n = 2).
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2.2.3 Mitochondrial DNA copy number decreases and mitochondria
accumulate DNA damage and fragment during starvation
During starvation worms undergo a shift to “microaerobic” metabolism 69. This
metabolic change prioritizes catabolism of energy stores and activation of the glyoxylate
shunt and gluconeogenesis. Conversely, oxidative phosphorylation and the electron
transport chain are relatively less active than in fed worms 69. We were curious if these
metabolic changes would be correlated with changes in the quantity of mtDNA or
mitochondrial morphology. Mitochondrial copy number during L1 starvation steadily
decreases over time (Figure 7A). The copy number of mtDNA measured with qPCR is
normalized to the copy number of nuclear DNA similarly measured. After 12 days of
starvation the ratio of mitochondrial to nuclear DNA is reduced to 40% of that at day 1.
This is driven by a change in mitochondrial copy number, as nuclear copy number does
not change significantly over time.
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Figure 7: Mitochondrial copy number decreases during starvation and mtDNA
accumulates DNA damage. A) Mitochondrial DNA copy number relative to nuclear
copy number is plotted over time during L1 starvation. There is a significant reduction
in the relative concentration of mitochondrial DNA (p = 0.002, 1-way ANOVA, n = 3
biological replicates). B) Mitochondrial DNA copy number relative to nuclear DNA copy
number is plotted over time during L3 starvation. There is a qualitative reduction of
mitochondrial DNA content similar to that of starved L1 larvae (p = 0.24, 1-way
ANOVA, n = 3 biological replicates). C) Mitochondrial DNA damage is plotted over time
during starvation. The number of lesions per 10 kb is reported. There is a significant
increase in mtDNA damage over time (p = 0.003, 1-way ANOVA, n = 3 biological
replicates).
As worms develop, mitochondrial biogenesis increases to expand the pool of
mitochondria in order to meet the energetic demands of reproduction. In particular, late
larval development from L3 into L4 larval stages are when this transition primarily takes
place 70,71. Consistent with the beginning of this amplification of mitochondrial content,
we measured approximately twice as many mitochondrial genomes in L3 larvae
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compared to L1 larvae (86 copies per nuclear genome compared to 40). Despite a
difference in the absolute number of mitochondrial genomes, there is a reduction in
mitochondrial content during both L3 and L1 larval starvation (Figure 7A,B). However,
the absolute mtDNA copy number of starved L3 larvae remains higher than that of
starved L1 larvae.
Surprisingly, mitochondrial DNA accumulates damage over the course of longterm starvation. DNA lesions can result from oxidative stress, UV exposure, or other
mutagens. However, starvation is not known to be mutagenic. Yet, starved L1 larvae
gradually accumulate lesions over time (Figure 7C). Although ROS is reported to
increase during long term starvation 36, the causative agent of mtDNA damage during
starvation remains unknown.
Given reduced mitochondrial DNA copy number and increased damage affect
morphology, we were curious if mitochondria also experienced changes in morphology.
We observed the structure of the mitochondrial network throughout the course of
starvation. During L3 starvation the normally elongated networks of mitochondria
become more fragmented over time (Figure 8). The fragmentation of mitochondria is
also a hallmark of aging and has been observed during L1 arrest 36. Over the course of
hours of starvation, fragmentation is noticeable in mitochondria of the body wall muscle
(Figure 8A-E). We specifically quantified several aspects of the mitochondrial network
after 22 - 24 hr of starvation. Both surface area and volume of mitochondria are
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significantly reduced (Figure 8F,G). Additionally, mitochondrial sphericity (a metric of
how close an object approximates a sphere) trends towards an increase over time (p =
0.07). Overall, these observations are consistent with fragmentation of the mitochondrial
network during starvation.

Figure 8: Mitochondria fragment during starvation. A) Representative image of
mitochondria of body wall muscle in unstarved worms (0hr starvation). A’) 4x
magnified section of image in panel A. B) Representative image of body wall muscle
mitochondria after 2 hr starvation. B’) 4x magnified section of image in panel B. C)
Representative image of body wall muscle mitochondria after 16 hr starvation. C’) 4x
magnified section of image in panel C. D) Representative image of body wall muscle
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mitochondria after 24 hr starvation. D’) 4x magnified section of image in panel D. E)
Representative image of body wall muscle mitochondria after 46 hr starvation. E’) 4x
magnified section of image in panel E. Scale bars in A-E are 15 µm. F) Surface area of
mitochondria is plotted in unstarved worms (0 hr starvation) and after 22-24 hr of
starvation (p = 0.02, unpaired t-test, n = 3). G) Volume of mitochondria is plotted after 0
hr and 22-24 hr of starvation (p = 0.02, unpaired t-test, n = 3). H) Sphericity of
mitochondria is plotted after 0 hr and 22-24 hr of starvation (p = 0.07, unpaired t-test, n =
3).

2.3 Discussion
2.3.1 Comparison of L1 and L3 starvation
To directly compare starvation physiology at different developmental stages we
measured several traits of L1 and L3 larval worms during starvation. In general, L1 and
L3 larvae have comparable starvation physiology. Both L3 and L1 larvae shrink during
starvation and exhibit tissue disorganization. Further, both L1 and L3 larvae exhibit
delayed growth following extended starvation as measured by both size and the
developmental milestone of the 4th larval stage. Additionally, there is a reduction in
mitochondrial DNA content independent of developmental stage. These phenotypes are
all consistent with L1 and L3 starvation being qualitatively similar.
It is not surprising that starvation elicits parallel physiological changes at
different developmental stages. However, we do note some differences between L1 and
L3 starvation. L3 larvae survived starvation marginally longer than L1 larvae. Similarly,
L3 larvae recover more rapidly from extended starvation, consistent with the slight
increase in survival. One key difference between these two stages is the source of
nutrient stores. L1 worms rely entirely upon the maternal dowry of resources packaged
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into the embryo. The yolk deposited in the embryo is sufficient to fuel embryogenesis,
but does not support development in the absence of food. However, the ability of L1
worms to survive starvation for approximately 10 days indicates that substantial
nutrient stores remain untapped even following embryogenesis.
Unlike L1 larvae, since L3 larvae are fed for 24 hr before starvation, they can
accumulate energy stores during growth. Thus, they should have accumulated more
nutrient reserves than L1 worms that were never fed. This difference in nutrient stores
could explain the difference in survival and recovery between larval stages. Further, the
rapid decrease of L1 length during starvation compared to a gradual decrease in length
of L3 larvae could indicate the immediacy of the need to tap into nutrient stores and
reduce cell size (and possibly number). Although it is tempting to speculate about how
differences in energy stores could explain these phenotypes, the exact nature of the
differences between energy stores between L1 and L3 remains an open question. In
particular, it is unclear if there is simply more of one energy resource or a different mode
of energy storage or utilization. It is possible that increased fat stores in L3 larvae could
provide fuel to extend survival and cellular integrity during starvation. In addition to fat
storage, regulation of energy homeostasis may occur via control of other processes. For
example autophagy and control of the proteasome may be equally important for
starvation survival 67,72.
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The strong parallels between L1 and L3 larval starvation suggests
generalizability of results between systems. Thus, we suggest that these two models of
starvation in C. elegans may be used interchangeably. There may be advantages to using
one system or another depending on the context of the experiment. For example, RNAi
by feeding can be employed for experiments in which worms have developmental time
to feed before starvation. This method has been used successfully and is adaptable to
large-scale screening efforts 72. L1 larvae have other advantages – namely complete
synchronization upon hatching and therefore the ability to have a very large scale
synchronous culture of starved worms 73. While arrest in later larval stages is also
robust, variation in developmental rate may factor into the stage of arrest 33. When
assessing phenotypes at the cellular of subcellular level, L3 larvae may be preferable to
L1 larvae because they have larger cellular structures. For example, L3 worms have
larger body wall muscle cells with more mitochondria, as seen in Figure 8, which
facilitates visualization and imaging. The ability to move seamlessly between models of
starvation will simplify and hopefully accelerate the study of starvation in worms.

2.3.2 Mitochondria and starvation
Given the reduced metabolic activity of the TCA cycle and electron transport
chain during starvation we suspected that mitochondrial content might be reduced.
Indeed, we found that both L1 and L3 larvae have reductions in mtDNA when starved.
Further, mitochondrial morphology becomes fragmented. Fragmented mitochondria are
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generally thought to be less functional – having a limited membrane potential and being
less able to generate ATP 62,74. It is also likely that damaged mitochondria must be
fragmented in order to be degraded via mitophagy or autophagy 75,76. In fact, fusion of
the mitochondrial network may provide a mechanism to prevent degradation of
mitochondria because elongated networks of mitochondria are too large to be engulfed
by autophagosomes 63,64. However, it has also been shown that mitochondrial
membranes can be repurposed into autophagosome membranes 65,66.
In general, acute fasting or starvation cause elongation of the mitochondrial
network in mammalian cell culture 63,64,77. Therefore, it is surprising that we see the
opposite – fission of the mitochondrial network. However, this phenotype has also been
observed in starved L1 larvae 36. Even in analysis of mouse embryonic fibroblasts (MEFs)
total glucose deprivation or serum starvation caused fission instead of fusion 64. Thus, it
is possible that the exact nature and context of “starvation” has a significant effect on
mitochondrial structure. Further it would not be surprising to see difference between an
in vivo animal model system compared to cell culture. It is possible that organismal
signaling provides a different environment than autonomous cues from a starved cell in
isolation. There may also be tissue-specific differences in mitochondrial responses to the
nutrient environment.
Overall, our observations are in line with a correlation between mitochondrial
copy number and energetic demand. The causal relationship and mechanisms of
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coupling mitochondrial abundance and morphology to nutrient states remains an
exciting area for further research.
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3. daf-16/FoxO promotes gluconeogenesis and trehalose
synthesis during starvation to support survival
This chapter was modified from a manuscript of the same title published in eLife (2017).
The authors are Jonathan D. Hibshman, Alexander E. Doan, Brad T. Moore, Rebecca E. W.
Kaplan, Anthony Hung, Amy K. Webster, Dhaval P. Bhatt, Rojin Chitrakar, Matthew D.
Hirschey, and L. Ryan Baugh.

3.1 Background
Nutrient availability naturally fluctuates, and animals have a variety of
physiological responses that allow them to cope with nutrient stress. Starvation
resistance is critical to evolutionary fitness, and fasting is an important intervention with
broad-ranging effects on aging and disease 10. The roundworm C. elegans often faces
starvation in the wild 25, and it has developmental adaptations that facilitate starvation
survival at multiple points in its lifecycle 28,30,32–34. In particular, dauer larvae develop as
an alternative to the third larval stage in response to high population density and
limited food 28. Notably, dauer larvae form in anticipation of starvation (food is actually
required for dauer development), provisioning fat and developing morphological
modifications that support survival. In contrast, worms that hatch in the absence of food
(E. coli in the lab) remain in a state of developmental arrest known as "L1 arrest" (or "L1
diapause") until they feed 32. Unlike dauer larvae, arrested L1 larvae have no
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morphological modification and are provisioned maternally. C. elegans L1 arrest
provides a powerful organismal model to investigate gene regulatory and metabolic
mechanisms that enable animals to cope with acute starvation.
Insulin-like signaling is a critical regulator of starvation survival during L1 arrest
31,48

. Feeding promotes insulin-like signaling through the receptor daf-2/InsR 43, which

antagonizes the transcription factor daf-16/FoxO 38,78. In the absence of insulin-like
signaling daf-16 is active and promotes developmental arrest and starvation survival 31.
daf-16 promotes developmental arrest by inhibiting the dbl-1/TGF-β and daf-12 steroid
hormone receptor pathways, but these pathways do not affect starvation survival 51,79.
That is, the effects of daf-16 on developmental arrest and starvation resistance are
distinct, and how daf-16 promotes starvation resistance is unknown. daf-16 also promotes
longevity in fed adults 40, and understanding how it does so has received considerable
attention. A variety of studies have identified daf-16 target genes in the context of aging
80–83

84

, resulting in identification of over 3,000 genes affected directly or indirectly by daf-16

. However, these experiments typically examined the effect of constitutive daf-16

activation in fed daf-2/InsR mutant adults rather than conditional effects of daf-16 in
response to nutrient availability. We examined the effect of daf-16 on gene expression in
L1 larvae starved for ~12 hr 51, but this is well after the starvation response is mounted 52,
and this experiment did not include nutrient availability as a factor. Consequently, the

28

immediate-early targets of daf-16 involved in the conditional response to starvation have
not been identified.
Metabolic adaptations in dauer larvae represent a “microaerobic” metabolism,
with reduced reliance on respiration and oxidative phosphorylation, instead oxidizing
fatty acids as fuel for cellular maintenance 53,54,69,85,86. Expression analysis suggests that
dauer larvae are metabolically similar to long-lived daf-2/InsR mutant adults, with
expression of enzymes involved in the glyoxylate shunt (a "shortcut" through the TCA
cycle), gluconeogenesis, and trehalose synthesis up-regulated in both 87–91. However, the
acute starvation response that occurs during L1 arrest or other non-dauer stages has not
been compared to dauer larvae. Given the unique features of dauer larvae, it is unclear if
their metabolic adaptations represent a universal starvation response.
Trehalose is a disaccharide of glucose formed by an α-α, 1-1 glycosidic bond.
Trehalose buffers unicellular and multicellular organisms from osmotic stress,
desiccation, heat stress, and freezing, and it can improve proteostasis 46,56,92–103. Trehalose
is not synthesized in vertebrates, but it confers desiccation tolerance on human cells 104.
In C. elegans, simultaneous disruption of both trehalose 6-phosphate synthase genes (tps1 and tps-2) reduces desiccation tolerance in dauer larvae 56. The glyoxylate shunt also
supports dessication tolerance in dauer larvae 105. However, regulation of these
metabolic adaptations is not understood. Furthermore, it remains unclear what role
trehalose or trehalose synthesis plays in mediating starvation resistance.
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The protective role of trehalose in conditions where water is limiting is attributed
to its function as a compatible solute and its ability to replace water molecules at the
surface of proteins and lipid bilayers, stabilizing polar interactions and preserving
membrane organization and protein structure 56,106,107. We refer to this biochemical
mechanism of trehalose function as that of a "stress protectant". However, trehalose can
also be used as an energy source to fuel glycolysis. For example, trehalose is the primary
circulating sugar in insects, satisfying the high-energy demands of flight 108,109. Given
multiple reported physiological roles of trehalose and variation across taxa, there is
debate over the relative importance of the different roles of trehalose in different
contexts 110,111.
We used a combination of genome-wide expression analysis and metabolomics
to determine the nutrient-dependent effects of daf-16/FoxO in recently hatched L1-stage
larvae of C. elegans. We report that during acute starvation daf-16 promotes carbon flux
through the glyoxylate shunt and gluconeogenesis towards trehalose synthesis, similar
to the metabolic adaptations that occur in dauer larvae. Furthermore, we demonstrate
that this metabolic shift is physiologically significant and supports starvation resistance.
Multiple lines of evidence show that trehalose promotes starvation survival through two
distinct mechanisms: as a stress protectant without being catabolized and as an energy
source for glycolysis. We also show that trehalose and glucose interconvert and that
interconversion is necessary for the dual function of trehalose. This work elucidates how
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daf-16/FoxO promotes starvation resistance, and it reveals a central role of trehalose
metabolism in maintaining organismal energy homeostasis and stress resistance during
acute starvation.

3.2 Results
3.2.1 daf-16/FoxO promotes the glyoxylate shunt, gluconeogenesis
and trehalose synthesis
We performed genome-wide expression analysis to determine immediate effects
of daf-16/FoxO activity in L1-stage larvae upon starvation. We used a "double-bleach"
procedure to ensure synchronized hatching 32,52. We measured expression in wild-type
(WT) and daf-16 mutant larvae shortly after hatching with and without food (E. coli
HB101, Figure 9). These data compare favorably with a published time series of WT
gene expression using the same staging procedure 52, confirming a robust effect of
nutrient availability and that the samples represent recently hatched larvae (Figure 10).
Nutrient availability had a substantially larger effect on mRNA expression than
genotype, with approximately 4,000 genes displaying differential expression between
fed and starved conditions in both WT and daf-16 mutants (Figure 11A; false-discovery
rate (FDR) < 0.05). Given the daf-16 mutant phenotypes during L1 starvation (starvationsensitive and arrest-defective), it was surprising that daf-16 mutants did not have a
larger effect on the starvation response (Figure 9), with only 650 genes affected in
starved larvae (Figure 11A). That is, the starvation response was largely intact in daf-16
mutants (Figure 9, Figure 10A,B). This result demonstrates that other pathways are
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critical for the starvation response, and it is consistent with capturing relatively early,
direct effects of daf-16. Indeed, DAF-16 binds approximately half of the genes affected by
it during starvation based on modENCODE ChIP-seq results (hypergeometric
enrichment P = 3.3E-8) 112 (Figure 11B), suggesting direct regulation of these genes.
Notably, daf-16 had much less of an effect on fed larvae, affecting only seventeen genes
(Figure 11A). This is consistent with daf-16 functioning in starved but not fed larvae,
where it is localized to the cytoplasm due to antagonism from insulin-like signaling 113.
Moreover, the differential effect of daf-16 in fed and starved larvae confirms that we
captured the effects of conditional regulation by daf-16.
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Figure 9: Gene expression of fed and starved WT and daf-16 larvae. 5177 genes with
significant differences in expression between any condition are depicted on the y-axis.
Yellow indicates an increase in expression and blue indicates a decrease in expression
based on z-score, normalized to the average across all conditions.
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Figure 10: Gene expression analysis of fed and starved larvae. A) PCA clusters the
expression data reported here near the 3 hr time points of fed and starved larvae from a
previously published data set with emphasis on temporal resolution 52. B) Log2 foldchange of sod-3 relative to fed WT worms is plotted. C) Time course expression data of
metabolism genes included in Figure 1F is shown. Data were mined from a pre-existing
data set 52. Average expression is depicted at each time point. For each gene, the 2-way
ANOVA interaction P-value for condition x time is shown. Genes with significantly
different expression between WT and daf-16 (Figure 1) are noted in red.
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Figure 11: daf-16/FoxO regulates expression of carbohydrate metabolism genes in
response to starvation. A) Principal component analysis (PCA) of 5,177 genes
differentially expressed in any of four pairwise comparisons or with a significant
interaction between genotype and condition (FDR < 0.05). The number of differentially
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expressed genes in each pairwise comparison is shown along the line connecting
conditions. Mean expression values from three independent biological replicates were
used. B) Overlap of genes differentially expressed during starvation in daf-16 mutants
compared to WT and targets of DAF-16 binding from modEncode ChIP-seq data
(annotated in Tepper et al., 2013). C) Genes with a significant interaction between
genotype and condition (FDR < 0.05, n = 103) were hierarchically clustered. Genes along
the y-axis are colored in each condition based on their z-score and normalized to the
average across all conditions. D) Gene Ontology (GO) terms enriched among 103 genes
that display a significant interaction between genotype and condition (FDR < 0.05) are
plotted by -log10 P-value. The number of genes for each GO term is listed to the right of
each bar. E) A schematic of carbohydrate metabolism based on McElwee et al. 2006.
Differentially expressed genes in daf-16 compared to WT during starvation are in red
(adjusted FDR < 0.05). F) Log2 gene expression relative to fed WT is plotted for genes
depicted in D, with the exception of pfk-1.2, gpd-1, enol-1 and pck-3, each of which did not
have consistently detectable expression levels. Means and standard deviations of three
biological replicates are shown.
Expression analysis suggests that daf-16/FoxO has a pervasive effect on central
carbon metabolism in response to starvation. We used a two-factor analysis to formally
identify genes with a significant interaction between condition (fed vs. starved) and
genotype (WT vs. daf-16). This analysis addresses our experimental design explicitly, but
it has less statistical power than a pairwise test, and it identified only 103 genes that are
regulated by nutrient availability in daf-16-dependent fashion (FDR < 0.05). As a
positive control, this stringent statistical analysis identified the superoxide dismutase
gene sod-3, a known direct target of DAF-16 47,114 (Figure 10C, interaction FDR = 0.002).
Like sod-3, the majority of these 103 genes were up-regulated by starvation in WT but
not in daf-16 mutants (Figure 11C). Gene ontology (GO) term enrichment analysis for
these 103 genes revealed substantial bias towards metabolism terms, particularly
carbohydrate metabolism (Figure 11D). A schematic of carbohydrate metabolism shows
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16 enzymes that are differentially expressed between WT and daf-16 during starvation
(Figure 11E in red). Notably, fifteen of these differentially expressed genes were downregulated in daf-16 mutants (all but tre-5), and ChIP-seq suggests DAF-16 binds each of
them 112, suggesting DAF-16 directly activates transcription of these metabolic genes
during starvation. Time-series analysis revealed variation in dynamics of these daf-16regulated metabolic enzymes but broadly confirmed sustained up-regulation during L1
starvation (Figure 10D) 52.
daf-16/FoxO appears to promote metabolic flux through the glyoxylate shunt,
gluconeogenesis, and trehalose synthesis in response to starvation. icl-1, the gene
encoding the isocitrate lyase/malate synthase enzyme essential for the glyoxylate shunt,
was up-regulated during starvation in daf-16-dependent fashion (Figure 11F). Many
glycolysis enzymes are bidirectional and also catalyze the reverse gluconeogenic
reactions, but several genes are exclusive to glycolysis or gluconeogenesis, allowing us
to infer how gene expression changes affect carbon flux. Hexokinase and pyruvate
kinase catalyze unidirectional glycolytic reactions, and none of the five genes encoding
these two enzymes were affected by daf-16. In contrast, the gluconeogenic enzymes
pyruvate carboxylase (pyc-1) and phosphoenolpyruvate carboxykinase (PEPCK, pck-1
and pck-2) were up-regulated during starvation in WT but not daf-16 mutants. Trehalose
synthesis genes tps-1, tps-2, and gob-1 were also up-regulated during starvation in daf-16dependent fashion (Figure 11F). Collectively, these results suggest that increased flux
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through the glyoxylate shunt and gluconeogenesis provides glucose for trehalose
synthesis.
daf-16/FoxO-dependent changes in metabolic gene expression during L1
starvation translate into changes in carbon metabolism. We conducted targeted
metabolomics for panels of amino acids, organic acids, and acyl carnitines using the
same experimental design as for expression analysis. Principal component analysis of
these data showed that metabolic profiles are significantly affected by nutrient
availability in WT, but the difference between conditions is reduced in daf-16 mutants
(Figure 12A), consistent with daf-16 activity contributing to the difference between
conditions in WT. However, none of the individual metabolites targeted for analysis was
significantly affected by genotype during starvation after correction for multiple testing
(Figure 13). We suspect our inability to detect significant individual differences is due to
lack of statistical power since an apparent effect on the overall metabolic profile was
observed (Figure 12A). In contrast, non-targeted metabolomic analysis revealed a 5.7fold increase in disaccharide levels during starvation in WT but a mere 1.8-fold increase
in daf-16 mutants (Figure 12B). Because expression of trehalose synthesis genes was
increased during starvation in daf-16-dependent fashion (Figure 11), we suspected this
peak was due to increased trehalose levels. Indeed, specifically measuring trehalose in a
biochemical assay revealed a 3.9-fold increase in WT during starvation and a mere 1.5fold increase in daf-16 mutants (Figure 12C). Time-series analysis revealed a difference in
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trehalose levels between fed and starved larvae within 4 hr of hatching (Figure 12D).
These results demonstrate that the metabolic gene expression changes caused by daf-16
during L1 starvation are physiologically significant, with the net effect of increasing
steady-state levels of trehalose.
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Figure 12: daf-16/FoxO shifts metabolic flux and increases trehalose synthesis during
starvation. A) PCA of targeted metabolomic analysis fed and starved WT and daf-16 L1
larvae shows separation by condition but not by genotype. 80% confidence ellipses are
included with seven biological replicates. B) Disaccharide levels were measured in nontargeted metabolomic analysis. Mean and standard deviation of log2 fold-change
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relative to fed WT is plotted for four biological replicates (Pint = .05, n = 4, 2-way
ANOVA). C) Trehalose levels were measured in a biochemical assay, and log2 foldchange relative to fed WT is plotted for four biological replicates (Pint = 0.003, n = 4, 2way ANOVA). D) Trehalose content in fed (gray) and starved (orange) worms is plotted
over time. Fed and starved conditions are significantly different (P = 0.01, n = 2, 2-way
ANOVA). Mean and SEM of two biological replicates is shown.
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Figure 13: Metabolomic analysis of WT and daf-16/FoxO worms during feeding and
starvation. Targeted panels of metabolites are plotted as log2 fold-changes relative to the
WT fed condition. Metabolites profiled include A) organic acids, B) amino acids, C)
short and medium chain acyl carnitines (C2 – C14), and D) long chain acyl carnitines
(C16 – C22).

3.2.2 The glyoxlyate shunt and gluconeogenesis support starvation
survival
The metabolic shift mediated by daf-16/FoxO promotes starvation resistance. We
measured L1 starvation survival of mutants that specifically affect glycolysis,
gluconeogenesis and the glyoxylate shunt (Figure 14A, Table 1). daf-16 mutants were
extremely sensitive to starvation, as expected 31. Consistent with our hypothesis that
gluconeogenesis contributes to starvation survival, the phosphoenolpyruvate
carboxykinase mutant pck-1 was sensitive to starvation, though not to the same extent as
daf-16. The glyoxylate shunt is disrupted in icl-1/isocitrate lyase/malate synthase
mutants, and icl-1 mutants were also starvation-sensitive, consistent with the glyoxylate
shunt feeding into gluconeogenesis during starvation. In contrast, we hypothesized that
glycolysis is less important to starvation survival than gluconeogenesis based on daf-16dependent changes in gene expression (Figure 11). Indeed, survival of pyruvate kinase
(pyk-1) mutants, which specifically affect glycolysis, was indistinguishable from WT
(Figure 14A, Table 1). These results are consistent with the glyoxylate shunt and
gluconeogenesis being particularly important to starvation survival.
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Figure 14: Fed and starved larvae differ in their reliance on the glyoxylate shunt and
glycolysis. A) Starvation survival curves are plotted for WT, daf-16, icl-1, and pck-1
mutants. Here and throughout logistic regression is used to fit survival curves. See Table
1 for median survival and statistics. B) Worm length after 48 hr of feeding on E. coli
OP50 on plates is plotted for WT, daf-16, icl-1, and pck-1 mutants. Mean and standard
error of the mean (SEM) of three biological replicates is shown. pck-1 and pyk-1 were
significantly different than WT (P = 0.001, P = 0.002, unpaired t-test, n = 3). daf-16 or icl-1
were not different than WT (P = 0.23, P = 0.24, unpaired t-test, n = 3). Double asterisks
indicate P < 0.01 compared to WT. C) Normalized dose response curves for 2-deoxy-Dglucose (2-DG) in fed and starved larvae are plotted. D) Normalized dose response
curves for 3-mercaptopicolinic acid (3-MPA) in fed and starved larvae are plotted. C and
D) Larvae were fed HB101 E. coli lysate in liquid culture and their length was measured
after 48 hr (black) or they were starved and survival medians were determined from
logistic regressions of survival curves (orange). These data are normalized within each
replicate as a percentage of control (no drug) animals. The x-axis is log transformed.
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Table 1: Comprehensive table of starvation survival statistics in Chapter 3. ^These
experiments had day 1 normalized to 100% survival for curve-fitting and statistical
analysis to account for lethality in pck-1 and tre-3. *These calculations include 3 replicates
from the α-α and α-β trehalose experiment.
Candidate metabolic
mutants^

Average median
survival (days)

StDev
(days)

n

p-value vs.
WT S-basal

WT S-basal

12.2

1.4

8

N/A

daf-16 (mgdf47) S-basal

4.8

0.8

8

3.0E-09

icl-1(ok531) S-basal

8.8

0.9

4

0.0013

pck-1 (ok2098) S-basal

7.2

1

3

3.1E-04

pyk-1 (ok1754) S-basal

11.3

0.5

4

0.23

Average median
survival (days)

StDev
(days)

n

p-value vs.
WT S-basal

11.4

1.6

4

N/A

WT 0.1mM 2-DG

10

0.7

3

0.24

WT 0.5mM 2-DG

13.3

0.9

4

0.078

WT 1mM 2-DG

12.4

1.3

4

0.34

WT 5mM 2-DG

12.6

1.9

4

0.37

WT 10mM 2-DG

12.5

2.3

4

0.45

WT 20mM 2-DG

11.1

2.2

4

0.84

WT 50mM 2-DG

7.8

2

4

0.029

WT 100mM 2-DG

6.2

1.5

4

0.003

Average median
survival (days)

StDev
(days)

n

p-value vs.
WT S-basal

WT S-basal

12.7

1.3

3

N/A

WT 0.1mM 3-MPA

12.9

1.4

3

0.91

WT 0.5mM 3-MPA

13.8

2.7

3

0.57

WT 1mM 3-MPA

12.2

3.6

3

0.82

WT 5mM 3-MPA

8.2

2.8

3

0.063

WT 10mM 3-MPA

6.8

2.3

3

0.017

WT 20mM 3-MPA

2.7

0.7

3

2.9E-04

2-deoxy-D-glucose
addition
WT S-basal

3-Mercapto- picolinic
acid
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Average median
survival (days)

StDev
(days)

n

p-value vs.
WT S-basal

p-value vs. tps1 (ok373); tps-2
(ok526) S-basal

12.2

0.9

4

N/A

0.0056

5

0.6

4

1.2E-05

1.4E-04

tps-1(ok373) S-basal

9.3

0.3

4

8.8E-04

0.6

tps-2(ok526) S-basal

10.5

1.3

4

0.071

0.28

tps-1(ok373); tps-2
(ok526) S-basal

9.5

0.9

4

0.0056

N/A

Average median
survival (days)

StDev
(days)

n

p-value vs.
WT S-basal

12

1.1

5

N/A

WT 1mM trehalose

11.7

0.7

2

0.69

WT 10mM trehalose

11.6

0.7

2

0.66

WT 20mM trehalose

16.2

2.5

2

0.02

WT 50mM trehalose

21.9

2.2

5

2.1E-05

WT 100mM trehalose

26.3

2.5

3

2.5E-05

WT 200mM trehalose

25.4

2.3

3

2.8E-05

WT 500mM trehalose

24.1

1

3

5.2E-06

Average median
survival (days)

StDev
(days)

n

p-value vs.
WT S-basal

p-value vs. daf2 (e1370) Sbasal

WT S-basal

13.5

2.3

4

N/A

2.1E-04

daf-2(e1370) S-basal

34.7

3.6

3

2.1E-04

N/A

tps-1(ok373); tps-2
(ok526) S-basal

10.6

2.6

4

0.15

0.013

tps-1(ok373); tps-2
(ok526); daf-2 (e1370)
S-basal

23.9

2.6

3

0.0021

1.4E-04

Trehalose synthesis
mutants
WT S-basal
daf-16 (mgdf47) S-basal

Exogenous trehalose
addition
WT S-basal

Insulin signaling
mutants
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Average median
survival (days)

StDev
(days)

n

p-value vs.
WT S-basal

p-value vs.
daf-16 (mgDf47)
S-basal

12

0.8

3

N/A

9.5E-05

22.5

0.7

3

7.4E-05

1.5E-06

daf-16 (mgDf47) S-basal

4

0.2

3

9.5E-05

N/A

daf-16 (mgDf47) 50mM
trehalose

6.5

1

3

0.0019

0.015

Average median
survival (days)

StDev
(days)

n

p-value vs.
WT S-basal

p-value vs. WT
50mM
trehalose

WT S-basal

10.8

1.5

8

N/A

2.9E-09

WT 50mM trehalose

32.3

1

3

2.9E-09

N/A

tre-1(ok327); tre-5
(ok612); tre-2(ok575);
tre-3(ok394); tre-4
(gk298765) S-basal

11.4

1.9

8

0.5

3.0E-08

tre-1(ok327); tre-5
(ok612); tre-2(ok575);
tre-3(ok394); tre-4
(gk298765) 50mM
trehalose

19.7

0.4

3

4.0E-06

3.6E-05

Average median
survival (days)

StDev
(days)

n

p-value vs.
WT S-basal

p-value vs. WT
50mM α-α
trehalose

14

0.4

3

N/A

3.6E-06

33.5

0.8

3

3.6E-06

N/A

26.9

1.9

3

3.2E-04

0.0051

Average median
survival (days)

StDev
(days)

n

p-value vs.
WT S-basal

p-value vs. WT
50mM α-α
trehalose

13

1.5

7

N/A

1.2E-04

11.8

0.9

4

0.53

0.0015

28

7

7

1.2E-04

N/A

19.2

2.6

4

5.9E-04

0.041

Insulin signaling
mutants
WT S-basal
WT 50mM trehalose

Trehalase quintuple
mutant

α-β trehalose addition
WT S-basal
WT 50mM α-α
trehalose
WT 50mM α-β
trehalose

Trehalose and 2deoxy-D-glucose
WT S-basal*
WT 20mM 2-DG
WT 50mM α-α
trehalose*
WT 50mM α-α
trehalose 20mM 2-DG
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n

p-value vs.
WT S-basal

p-value vs. WT
50mM
trehalose

p-value vs. tps1 (ok373); tps-2
(ok526) 50mM
trehalose

0.9

9

N/A

1.8E-09

1.5E-09

26.8

3.6

9

1.8E-09

N/A

6.1E-04

WT 50mM maltose

25.8

2.5

5

2.6E-09

0.59

5.7E-04

WT 100mM glucose

23.1

10.4

6

2.7E-10

0.91

8.2E-05

tps-1(ok373); tps-2
(ok526) S-basal

9.3

0.9

6

1.2E-04

3.1E-08

8.7E-09
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Glycolysis is relatively more important to fed larvae than starved. We measured
size (length) after 48 hr of larval growth in well-fed metabolic mutants (Figure 14B). In
contrast to their effect on starvation survival, daf-16 and icl-1 mutants did not have a
significant effect on growth rate. These results are consistent with daf-16 and the
glyoxylate shunt being relatively starvation-specific. However, pck-1 and pyk-1 mutants
grew relatively slowly. These results suggest that fed larvae rely more on glycolysis than
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starved larvae, and that gluconeogenesis is important to fed and starved larvae.
Furthermore, like daf-16, the differential effects of pyk-1 and icl-1 on starvation survival
and larval growth suggest their phenotypes are not simply due to general sickness.
Pharmacological analysis corroborates the results of genetic analysis of metabolic
mutants. We assayed the effect of the glycolytic inhibitor 2-deoxy-D-glucose (2-DG) in
starved and fed larvae, measuring survival and growth rate, respectively. Dose response
curves for starvation survival and growth rate are clearly distinct (Figure 14C, Table 1).
Doses of 2-DG up to 20 mM had no effect on starvation survival (P = 0.84, unpaired ttest, n = 4) but inhibited growth (P = 0.0002, unpaired t-test, n = 3). These results are
consistent with larvae relying more on glycolysis for growth when fed than survival
when starved. 3-mercaptopicolinic acid (3-MPA) is an inhibitor of PEPCK and therefore
gluconeogenesis in plants and mammals 115,116, and we expect it to do the same in C.
elegans. 3-MPA reduced starvation survival and growth comparably (Figure 14D).
Similarity in 3-MPA dose response curves corroborates results with pck-1 mutants
(Figure 14A,B), suggesting that gluconeogenesis is relatively important in fed and
starved larvae. In summary, genetic and pharmacological analyses suggest that a shift in
metabolism away from glycolysis toward the glyoxylate shunt and gluconeogenesis is a
physiologically significant aspect of adaptation to starvation.
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3.2.3 Trehalose supports starvation survival
Trehalose synthesis promotes starvation survival. Trehalose-6-phosphate
synthase catalyzes the first step of trehalose synthesis by converting glucose-6phosphate and UDP-glucose into trehalose 6-phosphate, and two genes (tps-1 and tps-2)
encode this enzyme in C. elegans 117. tps-1 mutants were starvation-sensitive, and tps-2
mutants were marginally sensitive (P = 0.07, Figure 15A). A tps-1; tps-2 double mutant
was also starvation-sensitive, but no more sensitive than the tps-1 single mutant. These
results suggest that elevated levels of trehalose, or trehalose synthesis itself, supports
starvation survival.
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Figure 15: Trehalose supports starvation survival and regulation of its synthesis
partially explains the effects of insulin-like signaling on starvation resistance. A)
Starvation survival curves are plotted for WT, tps-1, tps-2, tps-1; tps-2, and daf-16. B-C,EF) Representative Ptps-1::GFP (BC14885) and Ptps-2::GFP (BC14876) worms either fed or
starved for ~12 hr are shown with false coloring to depict relative fluorescent intensity
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according to the calibration bar. Scale bars are 50 µm. D,G) Boxplots indicate the
distribution of average pixel intensity per worm in each reporter background in fed and
starved worms. Each point represents an individual worm sampled from one of three
biological replicates. Ptps-1::GFP was significantly brighter during starvation (P = 0.04,
unpaired t-test, n = 3). Ptps-2::GFP intensity was not different between fed and starved
worms (P = 0.50, unpaired t-test, n = 3). H) Trehalose levels of WT, tps-1, tps-2, and tps-1;
tps-2 are plotted. tps-1 and tps-2 each had reduced levels of trehalose compared to WT (P
= 0.05, P = 0.01, unpaired t-test, n = 4). The double mutant was significantly different
from WT and each single mutant (P = 0.001, P = 0.01, P = 0.03, unpaired t-test, n = 4). I)
Median survival time is plotted for a worms exposed to a range of concentrations of
trehalose in the buffer in which worms are starved. The dashed line indicates median
survival of control animals. J) Trehalose content 1 day after hatching is plotted for
worms exposed to a range of concentrations of trehalose in S-basal (n = 12). The dashed
line indicates trehalose content of control animals. K) L1 larval size is plotted for WT
worms with and without trehalose supplementation. Worms starved for 8 days are
shorter than worms starved for 1 day (P = 1.3E-05, unpaired t-test, n = 5). Worms
supplemented with trehalose remain larger after 8 days of starvation (Pint = 0.007, 2-way
ANOVA, n = 5). L) Starvation survival curves are plotted for WT, tps-1; tps-2 (4
biological replicates), daf-2, and tps-1; tps-2; daf-2 (3 biological replicates). There is a
significant interaction by 2-way ANOVA between median survivals (Pint = 0.02). M)
Starvation survival curves for WT and daf-16 with and without 50 mM trehalose
supplementation. N) Trehalose content is plotted for N2 and daf-16 with and without 50
mM trehalose supplementation (n = 7). Mean and SEM of biological replicates are
plotted in H-K and N.
Reporter gene analysis confirmed transcriptional up-regulation of tps-1 and tps-2
during L1 starvation and suggested that induction occurs in the intestine. Using
promoter-GFP fusions 118, we observed significant up-regulation of Ptps-1::GFP in whole
L1 larvae when starved compared to fed (Figure 15B-D). In contrast, up-regulation of
Ptps-2::GFP during starvation was not significant in whole larvae (Figure 15E-G). Lack of
significance may be due to absence of regulatory elements in the reporter gene or wholeworm analysis, with tissue-specific differences being obscured. Indeed, each reporter
was visible primarily in hypodermis and neurons in fed L1 larvae, and expression
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appeared to be induced specifically in the intestine in response to starvation (Figure 15BF; Figure 16). Ptps-1::GFP had at least some visible intestinal expression in 75% of fed
larvae but clear intestinal expression in 100% of starved larvae, with apparently
increased intensity (n = 44 and 31 worms, respectively). Likewise, Ptps-2::GFP was
visible in the intestine of 19% of fed larvae and 90% of starved larvae (n = 32 and 30
worms, respectively). These results suggest trehalose synthesis is up-regulated in the
intestine of starved L1 larvae.
Hibshman et al. Figure 4 - supplement 1
A

B

Ptps-1::GFP

Ptps-2::GFP

Figure 16: tps-1 and tps-2 are primarily expressed in hypodermis and intestine during
starvation. A) A representative example of a worm carrying a Ptps-1::GFP reporter
(BC14885) starved for 24 hr. B) A representative example of a worm carrying a Ptps2::GFP reporter (BC14876) starved for 24 hr. A and B) Fluorescent and DIC images were
merged. Scale bars are 20 µm.
tps-1 and tps-2 both contribute to trehalose synthesis in starved L1 larvae. Each
single mutant had significantly reduced trehalose content with some residual trehalose
(Figure 15H). In contrast, trehalose levels were at background in the tps-1; tps-2 double
mutant, which was significantly different from each single mutant. These results show
that tps-1 and tps-2 both contribute to trehalose synthesis during L1 arrest (Figure 15A).
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Supplementation of otherwise starved L1 larvae with trehalose in the buffer
increases survival substantially. 1 mM (not shown) and 10 mM supplementation did not
affect survival, but 20 mM significantly increased survival with a clear dose response
that reaches a maximum around 50 mM (Figure 15I, Table 1). 50 mM and higher
concentrations of trehalose doubled survival during L1 arrest. The dose response for
survival was mirrored by measurement of internal levels of trehalose after
supplementation, also reaching a maximum around 50 mM (Figure 15J). This result
confirms that larvae can internalize trehalose from the buffer, and it suggests that
saturation of internalization limits the effect of supplementation on survival. L1 larvae
decrease in length during starvation, but worms supplemented with 50 mM trehalose
are longer than control worms after eight days of starvation (Figure 15K). Reduction in
the rate of shrinkage during starvation further supports the conclusion that trehalose
supports starvation resistance.
Changes in insulin-like signaling act through trehalose synthesis to affect
starvation survival. L1 starvation survival analysis of tps-1; tps-2; daf-2 triple mutants
revealed quantitative epistasis between tps-1; tps-2 and daf-2 (Figure 15L, Table 1, 2-way
ANOVA Pint = 0.02). This genetic interaction is consistent with daf-2/InsR mutants
increasing starvation resistance by up-regulating trehalose synthesis via DAF-16.
Likewise, supplementing starvation-sensitive daf-16/FoxO mutants with 50 mM
trehalose significantly increased survival, but not to the extent of WT (Figure 15M, Table
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1, 2-way ANOVA Pint < 0.0001). Supplementation of daf-16 mutants with 50 mM trehalose
increased internal trehalose levels to WT levels without supplementation (Figure 15N),
despite supplementation incompletely restoring survival of daf-16 (Figure 15M). This
result together with incomplete suppression of daf-2 starvation resistance by tps-1; tps-2
(Figure 15L) indicates that insulin-like signaling affects more than just trehalose
synthesis to regulate starvation resistance.

3.2.4 Trehalose functions as a stress protectant and an energy
source to support survival
We used a variety of approaches to distinguish between possible physiological
roles of trehalose in supporting starvation survival. Trehalose is known to preserve
membrane organization and protein structure during various forms of abiotic stress
56,94,96,97,104,119

. It is possible that trehalose functions similarly as a stress protectant during

starvation, preserving integrity of proteins, membranes or other cellular components to
support survival. It is also possible that trehalose serves as a carbon source during
starvation to provide energy via glycolysis in support of survival. Notably, these two
hypothetical roles of trehalose are not mutually exclusive.
Catabolism of trehalose and use as an energy source requires trehalase activity.
We disrupted trehalase activity to test the relative contributions of trehalose to
starvation survival as an energy source and a stress protectant. Reporters for tre-2, tre-3,
tre-4 and tre-5 were expressed in relatively distinct patterns (Figure 17A-D). No
individual trehalase mutant significantly altered starvation survival (Figure 17E, Table
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1). We generated a tre-1; tre-5; tre-2; tre-3; tre-4 quintuple mutant to eliminate all
trehalase activity. We confirmed that the quintuple mutant has elevated trehalose levels
(Figure 18A), consistent with a failure to catabolize trehalose. Surprisingly, starvation
survival of the trehalase quintuple mutant was not significantly different than WT
(Figure 18B, Table 1). However, starvation survival of the quintuple mutant was only
partially extended by supplementation with 50 mM trehalose compared to WT (Figure
18B, Table 1). This intermediate effect is consistent with a role as stress protectant, but it
also suggests that trehalose, at least when supplemented exogenously, must be
metabolized in order to maximally support survival.
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Figure 17: Controls for experiments where trehalose catabolism is prevented. A-D)
Representative images of transcriptional reporters of tre-2 (BC14863), tre-3 (BC12475),
tre-4 (BC15383), and tre-5 (BC14865), are shown for worms starved for ~12 hr. Scale bars
are 20 µm. E) Starvation survival curves of trehalase single mutants are plotted. F)
Endogenous trehalose content is plotted for S-basal buffer containing known
concentrations of α-α trehalose and α-β trehalose. α-α trehalose but not α-β trehalose is
detected.
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Figure 18: Trehalose has dual function as energy source and stress protectant during
starvation. A) Trehalose content is plotted for WT and trehalase quintuple mutant with
and without 50 mM trehalose supplementation. tre-1; tre-5; tre-2; tre-3; tre-4 mutants
have significantly higher levels of trehalose than WT (P = 0.04, unpaired T-test, n = 4).
While WT worms have higher corporeal trehalose upon supplementation (P = 0.004,
unpaired T-test, n=4), trehalose content does not significantly change in tre-1; tre-5; tre-2;
tre-3; tre-4 mutants (P = 0.57, unpaired T-test, n=4). B) Starvation survival curves are
plotted for WT and the trehalase quintuple mutant with and without 50 mM trehalose
supplementation. C) Trehalose content is plotted for WT worms with and without
supplementation of 50 mM α-α trehalose or 50 mM α-β trehalose (n = 7).
Supplementation with 50 mM α-α trehalose increased corporeal trehalose (P = 0.007,
unpaired T-test), but supplementation with 50 mM α-β trehalose did not significantly
affect trehalose levels compared to control worms in S-basal (P = 0.13, unpaired T-test).
D) Starvation survival curves are plotted for WT with and without supplementation
with 50 mM α-α trehalose or 50 mM α-β trehalose. E) Starvation survival curves are
plotted for WT with or without 20 mM 2-DG and with or without 50 mM trehalose
supplemenation. F) Trehalose content in WT worms during starvation is plotted.
Endogenous trehalose content decreases over time (P = 0.03, ANOVA, n = 4). Mean and
SEM are plotted.
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Supplementation with a non-hydrolyzable form of trehalose corroborated
genetic ablation of trehalase activity. In contrast to naturally occurring α-α trehalose, α-β
trehalose cannot be hydrolyzed by trehalases but should retain function as a stress
protectant. We confirmed that the biochemical assay we use to measure trehalose levels
does not detect α-β trehalose (Figure 17F). In contrast to α-α trehalose, supplementation
with 50 mM α-β trehalose did not significantly increase internal α-α trehalose levels
(Figure 18C), indicating that α-β trehalose is not substantially converted to α-α trehalose
in vivo. Nonetheless, supplementation with 50 mM α-β trehalose increased starvation
survival (Figure 18D). This clearly suggests a role for trehalose as a stress protectant.
However, 50 mM α-β trehalose did not increase survival to the same extent as α-α
trehalose (Figure 18D). Consistent with the results of trehalose supplementation in the
trehalase quintuple mutant, this intermediate effect suggests that trehalose functions as
a stress protectant but also must be metabolized to maximally support survival.
Trehalose is used for glycolysis to support starvation survival. Inhibiting
glycolysis with 20 mM 2-DG did not affect starvation survival of WT (Figure 14C, 18E).
However, 20 mM 2-DG reduced survival in worms supplemented with 50 mM trehalose
(Figure 18E). This intermediate effect of trehalose supplementation in worms with
inhibited glycolysis further supports the conclusion that trehalose is used as an energy
source during starvation. Metabolism of trehalose would presumably cause a decrease
in levels as it is catabolized and resources to synthesize more of it are depleted. Indeed,
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trehalose levels decreased over time during extended L1 starvation (Figure 18F),
consistent with it being used as an energy source. In summary, multiple lines of
evidence suggest trehalose functions as both a stress protectant and an energy source
during L1 starvation.

3.2.5 Dual function of trehalose requires interconversion of trehalose
and glucose
Trehalose supplementation does not fully complement the tps-1; tps-2 mutant.
tps-1; tps-2 had reduced starvation survival, as expected (Figure 15A,K), and trehalose
supplementation increased survival (Figure 19A). However, survival of tps-1; tps-2 with
supplementation was less than WT with supplementation. Trehalose supplementation
also increased heat shock survival on the first day of L1 arrest, and again survival of tps1; tps-2 with supplementation was less than WT with supplementation (Figure 19B). This
discrepancy in survival between genotypes with supplementation was reconciled by
measuring corporeal trehalose levels with and without supplementation. The tps-1; tps-2
mutant had no detectable trehalose (Figure 19C), as expected (Figure 15H), consistent
with it being null for trehalose synthesis activity. 50 mM trehalose supplementation
increased WT levels, as expected (Figure 15N), but had no effect on tps-1; tps-2 (Figure
19C). This result reveals that trehalose synthesis is required to maintain an internal pool
of trehalose even with supplementation, as if ingested and possibly endogenous
trehalose is rapidly catabolized during starvation. Given the inability of the tps-1; tps-2
mutant to maintain significant levels of internal trehalose, we believe the trehalose
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supplemented in the medium is used primarily as an energy source but does not itself
substantially contribute to survival as a stress protectant. Consequently,
supplementation of tps-1; tps-2 with trehalose produces an intermediate survival effect,
analogous to other conditions where its function as a stress protectant and an energy
source are uncoupled (Figure 18).
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Figure 19: Interconversion of trehalose and glucose promotes resistance to starvation
and heat. A) Logistic regression survival curves are plotted for WT and tps-1; tps-2
supplemented with a variety of sugars. B) Heat shock survival on the first day of L1
starvation is plotted for WT, tps-1; tps-2 and daf-16 with and without supplementation
with 50 mM trehalose, 100 mM glucose and 50 mM maltose. C) Trehalose content is
shown for WT and tps-1; tps-2 supplemented with different sugars on the first day of L1
starvation. With the exception of maltose supplementation, all conditions measured
were significantly different from the WT control (P < 0.001, unpaired t-tests, n = 7).
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Synthesis of trehalose from other sugars supports starvation survival and heat
resistance. Supplementation with 50 mM maltose or 100 mM glucose extends starvation
survival to the same extent as 50 mM trehalose (Figure 19A). 100 mM glucose was used
because trehalose and maltose are disaccharides of glucose. Supplementing tps-1; tps-2
mutants with maltose or glucose also increased starvation survival but not to the same
extent as supplementation in WT. Furthermore, maltose and glucose supported heat
shock survival, but not to the same extent in tps-1; tps-2 as WT (Figure 19B). We
hypothesized these sugars increase survival because they are used to fuel glycolysis and
synthesize trehalose, both of which contribute to survival. Indeed, supplementation with
glucose increased endogenous trehalose levels in WT, comparable to trehalose
supplementation, but not in tps-1; tps-2 (Figure 19C). Maltose supplementation also
increased trehalose levels in WT, but to a lesser extent. Thus, we conclude that sugars
supplemented in the medium of otherwise starved larvae interconvert between glucose
and trehalose, that trehalose synthesis is necessary to maintain high steady-state levels
of trehalose even with supplementation, and that in the absence of trehalose (re-)
synthesis sugar supplementation contributes to survival primarily as an energy source.
Gene expression analysis corroborates the conclusion that trehalose synthesis is
necessary for the full physiological effect of trehalose supplementation. We sequenced
mRNA from WT and tps-1; tps-2 mutants on the first day of L1 starvation with and
without 50 mM trehalose supplementation. Notably, the gene expression profile
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associated with the trehalose synthesis defect of the tps-1; tps-2 mutant is not fully
complemented by trehalose supplementation: 116 genes were differentially expressed in
tps-1; tps-2 compared to WT when both were supplemented with trehalose (Figure 20A).
285 genes were differentially expressed in response to trehalose supplementation in WT,
but only 99 genes were affected by supplementation in tps-1; tps-2. That is, there was a
common response to supplementation in the two genotypes, but it was dampened in the
mutant so the two expression profiles remained distinct (Figure 20B, Figure 21). This
incomplete effect of supplementation in tps-1; tps-2 on gene expression is analogous to
the effect of supplementation on survival (Figure 19A), and it too suggests that
conversion of supplemental trehalose into glucose and back into trehalose is necessary
to produce a complete physiological effect.
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Figure 20: Trehalose fuels cell division in permissive conditions. A) PCA of WT and
tps-1; tps-2 gene expression with and without 50 mM trehalose. The number of
differentially expressed genes between each condition is indicated on the connecting
lines. B) A venn diagram shows significant overlap between genes changing in response
to trehalose in both WT and tps-1; tps-2 (FDR < 0.05). The genes changing in tps-1; tps-2
are largely a subset of those that also change in WT. C) –log10 P-values are plotted for
GO terms enriched among genes with differential expression between tps-1; tps-2 and
tps-1; tps-2 with 50 mM trehalose supplementation. The number of genes contributing to
each GO term is listed beside each bar. D) The number of hypodermal seam cell
divisions per worm after 4 days of L1 starvation is shown for WT and daf-16. Mean and
SEM of 3 replicates is plotted. E) The percentage of worms with M-cell divisions after 8
days of L1 starvation is shown for WT and daf-16 in control buffer (n = 6) and
supplemented with 50 mM α-α trehalose (n = 6) or 50 mM α-β trehalose (n = 3). Worms
were in S-basal (with ethanol and cholesterol). Mean and SEM are plotted. F) The
percentage of worms with M-cell divisions after 8 days of L1 starvation is shown for daf16 and tps-1; tps-2; daf-16 worms supplemented with 100 mM glucose or 50 mM
trehalose. tps-1; tps-2; daf-16 worms have fewer divisions than daf-16 mutants (P = 0.005,
unpaired t-test, n = 4). Supplemental trehalose and glucose promote cell division in daf16 worms (P = 0.01, 0.04 respectively), but do not significantly effect divisions in tps-1;
tps-2; daf-16 mutants.
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3.2.6 Trehalose fuels cell division in permissive conditions
Expression analysis provided an opportunity to identify genes whose expression
is affected by use of trehalose as an energy source during starvation. The effects of
trehalose supplementation in tps-1; tps-2 mutants suggest that supplementary trehalose
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functions as an energy source rather than a stress protectant in this background (Figure
19). We examined the set of genes differentially expressed in tps-1; tps-2 mutants in
response to trehalose supplementation, and they are enriched for GO terms related to
DNA synthesis and replication (Figure 20C), an energetically expensive process. All
eight genes driving this association were up-regulated by trehalose supplementation.
We hypothesized that trehalose is used as an energy source to fuel DNA synthesis and
possibly cell division. We examined two cell lineages that divide during the L1 stage in
fed larvae. Hypodermal seam cells of the V lineage divide about 5 hr after hatching with
food 120. daf-16 mutants fail to arrest seam cell divisions during L1 arrest if they are
supplemented with ethanol, but penetrance is incomplete and divisions are much slower
than in fed larvae 31,51. We potentiated cell division using a daf-16 mutant without
ethanol, and we found that trehalose supplementation promoted seam cell division in
these permissive conditions (Figure 20D). The M mesoblast cell lineage begins dividing
about 9 hr after hatching in fed larvae 120. Like the seam cells, M lineage cell divisions
occur in daf-16 mutants during L1 arrest if supplemented with ethanol 31,51,121. Trehalose
supplementation did not promote M lineage divisions in otherwise starved WT larvae,
even with ethanol, but the number of M lineage divisions was increased by α-α
trehalose supplementation in daf-16 mutants (Figure 20E, Figure 22). daf-16 mutants
supplemented with α-α trehalose were also more likely to have multiple M lineage
divisions: 16% had two or more divisions (at least 4 cells), compared to 6% in daf-16
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without supplementation (n = 1200 and 1205 animals, respectively). Furthermore,
supplementation with non-hydrolyzable α-β trehalose did not promote M lineage
division (Figure 20E), confirming that this effect on cell division reflects use of trehalose
as a glycolytic input.

Figure 22: Representative images of M-cell divisions. Representative images depict M
mesoblast cells of daf-16 worms supplemented with 50 mM trehalose. Worms with 1 cell
(A), 2 cells (B), 4 cells (C), and 8 cells (D) are shown. GFP and DIC images were taken at
100x and scale bars are 20 µm.
Endogenous trehalose promotes cell division in permissive conditions. Mutation
of tps-1 and tps-2 in a daf-16/FoxO background reduced the number of M-cell divisions
with ethanol but no trehalose supplementation (Figure 20F, P = 0.005, unpaired t-test, n =
4), suggesting endogenous trehalose promotes cell division in permissive conditions.
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Like trehalose supplementation, glucose supplementation promoted M lineage divisions
in daf-16 with ethanol (Figure 20F, P = 0.04, unpaired t-test, n = 4). However, in tps-1; tps2; daf-16 mutants these sugars had no effect on cell division (Figure 20F). This result
shows that cell divisions promoted by sugar supplementation require endogenous
trehalose synthesis, implying that supplementary sugar must be converted to trehalose
to promote cell division.

3.3 Discussion
We sought to determine how daf-16/FoxO promotes resistance to acute
starvation. We found that daf-16 rapidly activates transcription of metabolic enzymes
that shift carbon flux toward the glyoxylate shunt and gluconeogenesis to drive
trehalose synthesis (Figure 23). These transcriptional changes lead to increased levels of
trehalose in the first hours of starvation, and this shift in metabolic flux confers
starvation resistance. That is, disruption of the glyoxylate shunt, gluconeogenesis, or
trehalose synthesis reduces starvation survival while supplementation with trehalose
increases survival. We provide multiple lines of evidence that trehalose has dual
physiological functions to support survival, serving as a stress protectant and an energy
input for glycolysis. Active trehalose synthesis is required to maintain a pool of
trehalose during starvation, even with trehalose supplementation, suggesting
interconversion of trehalose and glucose is necessary for full physiological function.
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Hibshman et al. Figure 8
Trehalose
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Starvation
Trehalose
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Trehalose
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Figure 23: Model for metabolic adaptation to acute starvation. daf-16/FoxO
transcriptionally up-regulates enzymes involved in the glyoxlyate shunt,
gluconeogenesis, and trehalose synthesis to drive an increase in production of trehalose.
Trehalose functions as a stress protectant and an energy source to promote survival.

3.3.1 daf-16/FoxO shifts central carbon metabolism during starvation
We define a set of early targets of daf-16/FoxO in the ecologically and
developmentally relevant context of L1 starvation 32. We show that enzymes of the
glyoxylate shunt, gluconeogenesis, and trehalose synthesis are transcriptionally upregulated during L1 starvation. These findings corroborate expression analysis of dauer
larvae, suggesting a conserved starvation response across developmental stages despite
unique features of dauer larvae 69,87,105,122. Furthermore, we show that changes in
expression have physiological consequence, affecting trehalose levels and starvation
resistance. We provide evidence that starved larvae are sensitive to disruption of the
glyoxylate shunt, which feeds into gluconeogenesis, in contrast to fed larvae.
Conversely, starved larvae are relatively insensitive to disruption of glycolysis, in
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contrast to fed larvae. Thus, metabolic flux shifts from the TCA cycle and electron
transport chain to the glyoxylate shunt and from glycolysis to gluconeogenesis during
starvation. We show that this metabolic shift culminates in increased levels of trehalose,
and that trehalose supports starvation survival. Expression of icl-1, the isocitrate
lyase/malate synthase enzyme central to the glyoxylate shunt, is up-regulated by
starvation at other developmental stages as well 123, suggesting the metabolic shift we
describe is part of a general starvation response rather than being specific to L1 or dauer
larvae. Critically, we show that this metabolic shift is under direct regulation of insulinlike signaling via DAF-16/FoxO. That is, DAF-16 binds directly to the tps-1 promoter as
well as the fourteen other metabolic enzymes whose transcription is activated by daf-16
112,114,124

. Mammals do not synthesize trehalose, but mammalian FOXO1 also up-regulates

gluconeogenesis during nutrient stress, suggesting broad conservation of the effects of
insulin-like signaling on metabolic adaptation 125,126.
Intermediary metabolism is subject to extensive post-translational regulation 127,
and such regulation likely reinforces the patterns of transcriptional regulation we
describe for L1 starvation. Though the changes in mRNA abundance we report are
statistically significant with concerted effects on carbon metabolism, in many cases the
fold-changes are relatively modest. It is likely that these patterns of transcriptional
regulation are reinforced by post-translational control, possibly even under the control
of insulin-like signaling. Indeed, enzymes involved in glycolysis and gluconeogenesis
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are known to be subject to post-translational modification 128. Thus, the expression
patterns we report are consistent with the changes in metabolic flux observed during
starvation, but transcription is unlikely to be the sole cause for these physiological
changes. The integration of transcriptional and post-translational regulation of
metabolism during starvation is an exciting area for further research.
We show that trehalose synthesis is an effector mechanism by which reduced
insulin-like signaling and daf-16/FoxO activity promote starvation resistance. Disruption
of trehalose synthesis reduces starvation survival, and supplementation of otherwise
starved worms with trehalose increases survival. We also show that trehalose synthesis
is required for heat resistance during L1 starvation, and that supplemental trehalose
increases resistance. Extended starvation survival of a daf-2/InsR mutant depends on
trehalose synthesis, indicating that daf-16/FoxO-dependent induction of the three
enzymes that mediate trehalose synthesis (tps-1, tps-2 and gob-1) contributes to
starvation resistance and likely cross-tolerance to other stressors such as heat, high salt
and freezing 32. However, disruption of trehalose synthesis does not completely
eliminate increased survival of daf-2 mutants. Likewise, trehalose supplementation of a
daf-16 mutant increases survival, but not to the level of WT worms supplemented with
trehalose. We believe supplementation of daf-16 mutants with trehalose does not have
more of an effect on survival because induction of tps-1 and tps-2 is abrogated by
disruption of daf-16, and trehalose synthesis is necessary for the full physiological effect
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of supplementation. Furthermore, these results imply that trehalose synthesis is not the
only effector of reduced insulin-like signaling and DAF-16 activation, suggesting
functional contribution of other DAF-16 targets to starvation resistance. Nonetheless,
trehalose synthesis is a potent target of DAF-16 with substantial effects on starvation
physiology.

3.3.2 Dual function of trehalose to support starvation survival
Genetic, pharmacological, and biochemical approaches reveal dual function of
trehalose as a glycolytic input and stress protectant. The glyoxylate shunt and trehalose
synthesis are required for desiccation tolerance in dauer larvae 56,105. Likewise, mutants
with reduced insulin-like signaling are resistant to osmotic stress, and disruption of tps-1
and tps-2 suppresses this effect 46. In addition, trehalose supplementation improves
viability during cryopreservation of C. elegans (Kevin O'Connell, personal
communication; see Worm Breeder's Gazette). These results suggest that trehalose
supports viability in conditions where water is limiting, as in other organisms. Trehalose
functions as such a stress protectant by preserving membrane organization and protein
structure 56,106,107. Supplementation of starved L1 larvae with non-hydrolyzable α-β
trehalose increases survival, suggesting similar function as a stress protectant during
starvation, despite ample water. However, supplementation with α-β trehalose does not
increase survival to the extent that hydrolyzable α-α trehalose does, suggesting
catabolism of trehalose and use as a glycolytic input also contributes to starvation
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survival. Likewise, trehalose supplementation in worms with all five trehalase genes
mutated extends survival, providing additional evidence of trehalose function as a stress
protectant. However, extension of survival is limited in the quintuple mutant compared
to WT, further showing that catabolism of trehalose is necessary for its full effect. In
addition, pharmacological inhibition of glycolysis limits the increase in survival
provided with trehalose supplementation in WT, consistent with the glucose produced
by catabolism being used for glycolysis. By uncoupling the effects of trehalose, these
results provide multiple lines of evidence that supplemental trehalose supports
starvation survival by functioning as an input for glycolysis as well as a stress
protectant. These results also indicate that starvation survival requires maintenance of
molecular and cellular integrity as well as adequate energy. Furthermore, analysis of the
trehalose synthase double mutant and trehalase quintuple mutant show that cycling of
glucose and trehalose is necessary for the dual function and complete physiological
effects of trehalose.
The relative physiological significance of endogenous trehalose as an energy
source and a stress protectant is difficult to discern. The trehalose synthase double
mutant, which lacks trehalose entirely, is starvation sensitive, but it is unclear if its lack
of function as a stress protectant, an energy source, or both is responsible. In contrast,
the trehalase quintuple mutant, which maintains abnormally high levels of trehalose
(higher than those observed in WT with supplementation) but cannot catabolize it for
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energy, survives starvation similar to WT. This result suggests that abnormally high
levels of trehalose and the inability to catabolize it offset each other in their effects on
survival. We did observe a reduction in endogenous trehalose levels relative to protein
content during long-term starvation, consistent with depletion of it as an energy source.
Furthermore, endogenous trehalose (inferred from the tps-1; tps-2 mutant) promotes cell
division in a permissive background, presumably reflecting function as an energy
source. However, disruption of glycolysis had a relatively minor effect on starvation
survival. Notably, we assessed survival in laboratory conditions, without examination of
other organismal properties, like movement or foraging behavior, that could be
supported by glycolysis and contribute to survival in the wild.

3.3.3 A paradox of sugar synthesis during starvation
It is somewhat surprising that gluconeogenesis is up-regulated during
starvation. One might naively imagine that sugars are catabolized for energy during
starvation and that fat and other nutrient stores are more directly utilized for energy
than by fueling synthesis of sugar. That is, a cycle of sugar synthesis and catabolism
during starvation is seemingly futile. Function of trehalose as a stress protectant during
starvation provides some resolution to this paradox, but up-regulation of
gluconeogenesis during starvation also occurs in mammals 125, though they do not
produce trehalose. In humans, fasting and starvation induce hepatic gluconeogenesis 129,
and dysregulation of hepatic glucose production is a hallmark of diabetes 130–132. Glucose
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produced in the liver is circulated to other organs with high-energy demand such as
skeletal muscle and the brain. Thus, in mammals, glucose transport between organs
resolves the paradox of sugar synthesis during starvation.
We speculate that in nematodes trehalose is synthesized in the hypodermis and
intestine during starvation and transported to other organs to satisfy energy demand.
Indeed, insects transport trehalose instead of glucose: trehalose synthesized in the fat
body is circulated through the hemolymph to fuel flight and other metabolic processes
108,109,133–136

. Given the apparent absence of a glucose-6-phosphatase enzyme in C. elegans,

there has been speculation that trehalose is the primary transport sugar 87. We observe
expression of tps-1 and tps-2 in the intestine and hypodermis, which are also fat depots
and primary sites of energy storage 137. The phosphatase gob-1, which converts trehalose
6-phosphate to trehalose, is also expressed in the intestine 138. In addition, catabolism of
trehalose in neurons may support glycolysis and neuronal function during starvation 139,
which may be required for appropriate foraging behavior and adaptation to starvation
in the wild 140. In summary, we propose conservation of an integrated organismal
response to starvation among nematodes, insects and mammals that is defined by FoxO
transcription factors promoting carbon flux from fatty acids through gluconeogenesis to
produce sugar that is transported throughout the animal to support glycolysis.
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4. Maternal diet and insulin-like signaling control
intergenerational plasticity of progeny size and
starvation resistance
This chapter was modified from a manuscript of the same title published in PLOS
Genetics (2016). The authors are Jonathan D. Hibshman, Anthony Hung, and L. Ryan Baugh.

4.1 Background
Developmental physiology can be profoundly influenced by maternal
environment. Mismatch between conditions during early development and later in life is
thought to contribute to disease 20,141,142. For example, children of malnourished mothers
have low birth weight and increased risk of diabetes, obesity, and cardiovascular disease
4,12,143,144

. Although these effects appear maladaptive, early-life metabolic reprogramming

could increase fitness if future conditions are appropriately anticipated. For example, the
"thrifty phenotype" is characterized by nutrient rationing and increased fat storage,
which in theory is adaptive in poor conditions though posing disease risk in rich
conditions 23. Potentially adaptive maternal effects of environmental conditions have
been described for a variety of organisms including the American bellflower, daphnia,
beetles, and roundworms 145–149. It has been reported that C. elegans fed a calorie
restricted diet produce larger embryos and that these progeny are less likely to form
dauer larvae, a developmental diapause in the third larval stage caused by high
population density, limited nutrient availability and high temperature 150. Despite
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documentation of potentially adaptive maternal effects, molecular mechanisms for
intergenerational phenotypic plasticity are generally not understood.
Dietary restriction (DR), a non-pathological reduction in caloric intake, increases
lifespan in many organisms including S. cerevisiae, C. elegans, Drosophila, and mammals
11,151–154

. DR also extends reproductive lifespan in C. elegans, but it typically reduces total

fecundity 154–156. Insulin-like signaling has pleiotropic effects in C. elegans, affecting aging,
developmental arrest, metabolism, stress resistance, and associative memory 39. Despite
its dramatic effects on lifespan, insulin-like signaling is generally not thought to be
required for lifespan extension in DR 40,157,158. However, there is substantial variation in
conditions used for DR, and insulin-like signaling is involved in certain cases 159,160. The
transcription factors PHA-4/FoxA and SKN-1/Nrf are required for DR to extend lifespan
in C. elegans 161,162. The C. elegans nuclear hormone receptor nhr-49 is an Hnf4α homolog
that regulates fat metabolism and the response of the adult hermaphrodite germline to
starvation 34,163,164. Potential roles of insulin-like signaling, pha-4/FoxA and skn-1/Nrf in
consequences of DR beyond lifespan have not been examined.
We report here characterization of the maternal effects of DR in C. elegans.
Consistent with previous reports, we show that DR delays reproduction but increases
progeny size 150. We demonstrate maternal effects of reduced insulin-like signaling and
show that insulin-like signaling mediates effects of nutrient availability on maternal
provisioning, regulating intergenerational phenotypic plasticity. We provide evidence
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that nhr-49/Hnf4, pha-4/FoxA, and skn-1/Nrf also regulate provisioning in response to
nutrient availability. Furthermore, we demonstrate that progeny of DR worms grow
faster and are more fertile following extended starvation upon hatching as larvae, as if
phenotypic plasticity buffers them from starvation in anticipation of adverse conditions.

4.2 Results
4.2.1 Dietary restriction reduces adult size and delays reproduction
We used two different systems to impose DR throughout postembryonic
development. Food intake is limited by reduced pharyngeal pumping in eat-2 mutant
worms, providing a genetic model of DR on solid media with E. coli OP50 as food 165.
Adult eat-2 mutants appeared smaller and less opaque than adult wild-type (WT)
worms, consistent with DR (Figure 24A,B). Quantitative image analysis revealed that
eat-2 mutants were 23% shorter than WT at 96 hr of postembryonic development with a
50% reduction in volume (2621 µm3 and 5254 µm3, respectively) (Figure 24E). These
results confirm that the eat-2 mutant had a significant effect on growth and adult size.
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Figure 24: DR reduces adult size and early fecundity. A,B) Representative adult worms
after 96 hr in culture for WT and eat-2(ad465) are shown. C,D) Representative adult
worms cultured in AL or DR for 96 hr (starting from L1 arrest) are shown. Scale bars in
A-D are 200 µm. E) Adult length (96 hr after L1 arrest) is plotted for WT and eat2(ad465). F) Adult length (96 hr after L1 arrest) is plotted for AL and DR. Mean and SEM
are plotted in E and F (*p<0.05, paired t-test, n=3 and 4, respectively). G,H)
Representative DAPI-stained worms cultured in AL or DR conditions for 96 hr are
shown. Scale bars are 20 µm. I) The average proportion of worms with at least one
embryo in utero is plotted against time in culture (starting from L1 arrest). Data are from
sampling 5 independent biological replicates. J) The number of offspring laid after 96 hr
in AL or DR culture is plotted (*p=0.02, paired t-test, n=3). Data are pooled and
presented as a boxplot reflecting the quartiles. Whiskers extend to the lowest and
highest data points within 1.5x the interquartile range. Outliers appear as dots, and
diamonds depict the mean value of the pooled data
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Controlled dilution of bacteria in liquid culture enables careful control of food
availability (Figure 25A), providing a second model of DR 166. Liquid media did not
support bacterial growth (Figure 25B), and worms were cultured at low density (1
worm/100 µL), such that that bacterial density remained constant (Figure 25C). Worms
fed ad libitum (AL) in liquid culture held embryos in the uterus and appeared bloated at
96 hr of postembryonic development (Figure 24C). As gravid adults, worms in DR
appeared smaller, and their embryos were more ordered within the uterus (Figure 24D).
Similar to eat-2 mutants, WT worms in DR did not grow to be as large as worms fed AL.
Adult worms at 96 hr of postembryonic development in DR were 17% shorter than
worms fed AL with a 46% decrease in volume (3766 µm3 and 7019 µm3, respectively)
(Figure 24F). Volume of worms grown in liquid culture is likely affected by the
increased number of embryos held in utero.
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Figure 25: A liquid culture system for DR. A) Schematic of DR by food dilution in
liquid culture. Worms are grown in standard conditions on plates with OP50 and then
bleached to obtain embryos. Embryos are hatched in buffer so they enter L1 arrest for
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synchronization. Arrested L1 larvae are added to culture flasks at a very low density of
10 worms/mL so that they do not reduce bacterial density during culture. E. coli HB101
is used for liquid culture to avoid flocculation. Worms are cultured at 20°C with shaking
and typically harvested at 96 hr to collect their embryos for phenotypic analysis. B)
Optical density at 600 nm (OD600) is plotted for different densities of HB101 over time
in S-complete, showing that density is roughly constant. C) OD600 is plotted of 1:4
dilutions of AL and DR cultures with worms at 0 and 96 hr of culture. There is not a
significant change in bacterial density in either AL or DR (p=0.10, p=0.19 respectively,
paired t-test, n=3). The data points obscure SEM bars.
Reproductive development was affected in liquid culture DR. DR reduced the
size of the gonad and the number of germ cells it appears to contain (Figure 24G,H), as
reported 167. Onset of reproduction was also affected. 50% of worms fed AL had at least
one fertilized embryo in utero after 54 hr in culture (Figure 24I). DR worms did not reach
this point until 63 hr. DR also affected production of early progeny. At 96 hr in liquid
culture, AL worms produced an average of 95 progeny, while DR worms produced 58
progeny on average (Figure 24J). Although delayed onset of reproduction presumably
limits early fecundity, total brood size is also reduced in some DR models 154,156.

4.2.2 Dietary restriction increases progeny size
Progeny size was increased in both DR models. eat-2(ad465) embryos were 5%
longer than wild-type (WT) (Figure 26A). Diluting E. coli HT115 or HB101 in liquid
culture increased progeny embryo length 4% (Figure 26B-C, Figure 27A). These
relatively modest increases in embryo length are more striking in light of decreased
maternal size (Figure 24A-F). Embryonic development is constrained by the egg case,
and though embryogenesis includes elongation, the size and shape of the embryo does
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not change. Indeed, increased embryo length translated into increased L1-stage larval
length (during arrest, before growth commences) across a range of bacterial densities
(Figure 26C, Figure 27B). We defined 25 mg/mL HB101 as ad libitum (AL) and 3.1 mg/mL
(an eight-fold dilution) as DR. DR significantly increased progeny embryo length but
width was not affected (Figure 26D). Embryos from AL mothers had an average aspect
ratio (width/length) of 0.641 compared to 0.616 for DR progeny (p=0.0003). Nevertheless,
cross-sectional area of embryos was significantly increased (Figure 26E), indicating that
increased embryo length affects overall embryo size. Taken together these results
indicate that progeny size can be evaluated as embryo or L1 larval length. Comparable
differences in progeny size using DR in liquid culture with HB101 or HT115 dilution
and an eat-2 mutant on solid media with OP50 demonstrates that the response to
nutrient availability is not sensitive to E. coli strain or DR model.
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Figure 26: DR increases progeny size. A) Progeny embryo length for WT (N2) and eat2(ad465) (*p=0.02, paired t-test, n=4). B) Progeny embryo length as a function of HT115
density (**p=0.002, ANOVA, n=5). C) Progeny embryo length is plotted against L1
length across a range of HB101 densities. D) AL and DR progeny embryo length is
plotted against width for individual embryos (AL, n= 648; DR, n=358), with density
plotted along each axis. Embryo length is significantly affected (p=0.0007, paired t-test,
n=7) but width is not (p=0.28, paired t-test, n=7). E) Embryo cross-sectional area is
plotted for AL (25 mg/ml HB101) and DR (3.1 mg/ml) progeny (**p=0.006, paired t-test,
n=7). F) Delayed development of DR animals does not explain the progeny size increase.
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L1 length is plotted for AL and DR progeny as a function of maternal age. Diet and
maternal age both affect progeny L1 length (pdiet=0.0001 and pmat.age=0.006, 2-way
ANOVA, n=3), but there is no interaction between these two factors (pint=0.41). G)
Schematic for experiment in H. H) Progeny L1 length as a function of time of exposure
to DR for mothers transferred between conditions. Mothers were cultured for 96 hr total.
Late life DR (AL to DR) is necessary and sufficient for production of longer L1 larvae
(pint=0.0014, 2-way ANOVA, n=4). Mean and SEM are plotted for A,B,E,F,H.
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Figure 27: Progeny of DR mothers are longer as embryos and L1 larvae. A) Embryo
length increases with reduced maternal HB101 (*p=0.01, 1-way ANOVA, n=4). B)
Progeny L1 length increases with reduced maternal HB101 (***p<0.0001, 1-way ANOVA,
n=6). Mean and SEM are plotted in A and B.
Because DR delays development (by approximately 14% based on Figure 24I),
differences in developmental age between chronologically synchronous populations of
AL and DR worms could account for differences in progeny size. We measured progeny
L1 length throughout early adulthood to address this possibility. Progeny L1 length
increased between 72 and 96 hr in culture, indicating that maternal age influenced
progeny size (Figure 26F). However, DR mothers consistently produced larger progeny
than AL mothers. Increasing, rather than decreasing, progeny size with maternal age
during early adulthood demonstrates that developmental delay does not explain the
effect of DR on progeny size. Nonetheless, it is interesting to discover an additional
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influence on progeny size, further supporting the conclusion that progeny size is subject
to variation.
We wondered when nutrient availability is assessed. Perturbations of larval
development can affect reproduction and lifespan 5–7,168, suggesting a physiological set
point is established that affects reproduction independent of conditions experienced
during adulthood. Alternatively, nutrient availability could affect progeny size
relatively late in development (during oogenesis), suggesting current nutrient status is
assessed. To address this question, we transferred worms from AL to DR and DR to AL
every 24 hr during 96 hr of culture (Figure 26G). Worms that experienced DR later in
development had longer L1 progeny than worms that experienced DR earlier (Figure
26H). Exposure to AL or DR for only the last 24 hr in culture (young adulthood) caused
production of relatively short or long L1 progeny, respectively. These data suggest
nutrient status is sensed in real time, with a relatively immediate effect on oocyte
provisioning.

4.2.3 Maternal insulin-like signaling in the soma regulates progeny
size
Reduction of insulin-like signaling increases progeny size, similar to DR. The sole
C. elegans insulin-like receptor daf-2/InsR signals through the phosphoinositide 3-kinase
signaling pathway to antagonize the forkhead box O transcription factor daf-16/FoxO,
excluding it from the nucleus 38,78. When cultured on plates (AL conditions), daf-2/InsR
mutants and daf-2 RNAi phenocopy DR with respect to embryo length and cross85

sectional area without affecting adult body size (Figure 28A-B, Figure 29). daf-16/FoxO
mutant embryo length and area are comparable to WT on plates. Mutation of daf-16 and
daf-16 RNAi fully suppressed the daf-2 mutant large-embryo phenotype. Thus, daf16/FoxO is epistatic to daf-2/InsR, suggesting the canonical insulin-like signaling
pathway regulates progeny size. To isolate maternal effects of reduced insulin-like
signaling we crossed WT males (carrying a fluorescent GFP reporter) into WT and daf-2
mutant hermaphrodites (Figure 28C). Homozygous daf-2 mutant mothers produced
heterozygous cross progeny that were longer as embryos than homozygous cross
progeny from WT mothers (p=0.009). Thus, reduced maternal insulin-like signaling is
sufficient to induce production of larger embryos.
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Figure 28: Maternal insulin-like signaling mediates the effect of diet in liquid culture
on progeny size. A-B) Progeny embryo length for a variety of genotypes and RNAi
treatments is plotted. C) Progeny embryo length for self and cross progeny resulting
from crossing WT GFP+ males with WT and daf-2 hermaphrodites is plotted. A-C)
**p<0.01, ****p<0.0001, paired t-test, n=3. D-F) Progeny embryo length is plotted for daf-2
RNAi in ppw-1 and rrf-1 backgrounds (D), daf-2 and daf-16 RNAi in the eat-2 DR system
(E) and daf-2, daf-16, and double mutants in the liquid culture DR system (F). pint
indicates the p-value for the interaction term from a 2-way ANOVA for the two strains
plotted. Mean and SEM are plotted for A-F. Note the expanded scale of the y-axis in E.
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Figure 29: Reduced insulin-like signaling increases embryo area without altering
adult size. A) Cross-sectional area of embryos is plotted for a variety of genotypes. daf2(e1370) mutant embryos have significantly greater area than WT (p<0.001, paired t-test,
n=3) and daf-16;daf-2 double mutants (p<0.001, paired t-test, n=3). daf-16(mgDf47) single
mutants and daf-16;daf-2 double mutants are not significantly different from WT. B)
Cross-sectional area of embryos is plotted for WT and daf-2 mutants with and without
RNAi of daf-2 and daf-16. daf-2 RNAi increases embryo area (p=0.01, paired t-test, n=3),
consistent with the increased area of daf-2 mutant embryos fed empty vector bacteria
(p=0.003, paired t-test, n=3). daf-16 RNAi in a daf-2 mutant background suppresses the
increase in embryo area (p<0.001, paired t-test, n=3). C) Adult length is plotted for a
variety of genotypes after 96 hr of culture (starting from L1 arrest). Length of WT worms
is not significantly different from that of daf-2 (p=0.49, paired t-test, n=3), daf-16 (p=0.24,
paired t-test, n=3), or daf-16;daf-2 double mutants (p=0.069, paired t-test, n=3). Mean and
SEM are plotted for A-C.
Insulin-like signaling can function in a variety of anatomical sites, including the
soma and germline, depending on the phenotype assayed 169–172. ppw-1 and rrf-1 mutants
are generally deficient for germline and somatic RNAi, respectively 173,174. Somatic daf-2
knockdown in the ppw-1 mutant is sufficient for production of large embryos (p=0.02),
but germline daf-2 knockdown in the rrf-1 mutant did not significantly affect embryo
size (Figure 28D). The rrf-1 mutant actually maintains some capacity for RNAi in the
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soma 175, and lack of effect of daf-2 RNAi in the mutant suggests somatic daf-2
knockdown is not at a sufficient level or in the appropriate location to drive changes in
progeny size. These data suggest that insulin-like signaling in the soma but not the
germline regulates progeny size.

4.2.4 Insulin-like signaling is required for progeny-size plasticity in
response to food dilution
We wondered if insulin-like signaling mediates progeny-size plasticity in
response to nutrient availability or if it affects progeny size independently. We used a
paired t-test to compare L1 size between conditions in each mutant, with a significant pvalue suggesting an effect of diet on the strain (plasticity). However, a non-significant ttest does not imply no effect of diet on length. We also used a two-way ANOVA to test
each mutant for a difference from WT with respect to progeny-size plasticity,
interpreting a significant interaction term (pint) as evidence that a particular strain
exhibits a different reaction norm than WT. daf-2 RNAi in the eat-2 background produces
exceptionally large embryos (Figure 28E). eat-2(ad465); daf-2(RNAi) embryos are
significantly larger than eat-2 embryos fed empty vector and WT embryos fed daf-2
RNAi (p=0.002 and p=0.005, respectively), revealing additivity of eat-2(ad465) and daf-2
RNAi. daf-16 RNAi suppressed plasticity in the eat-2 system (pint=0.05), but suppression
was incomplete in that there was a modest residual effect of the eat-2 mutant with daf-16
RNAi (p=0.04; Figure 28E). Together these results suggest that eat-2 and insulin-like
signaling affect progeny size independently.
89

Though eat-2 is a popular genetic model for DR, different eat mutants are
pleiotropic and affect more than pharyngeal pumping 165. In contrast to the eat-2 system,
daf-2/InsR mutants did not display progeny-size plasticity in response to food dilution in
liquid, and DR did not enhance the daf-2 large-embryo phenotype (Figure 28F). These
results suggest that insulin-like signaling mediates the effect of diet on progeny size. daf16/FoxO mutants also did not display plasticity with food dilution, with mutant
embryos being smaller than WT in AL and DR (Figure 28F). The daf-16; daf-2 double
mutant embryos also did not display plasticity and were smaller than WT in AL and DR,
confirming that daf-16 is epistatic to daf-2 in liquid culture as on plates (Figure 28A-B and
Figure 29A-B). These results further support the conclusion that nutrient availability acts
through insulin-like signaling to affect progeny size, despite its relative lack of
importance in the eat-2 system.

4.2.5 skn-1/Nrf, pha-4/FoxA and nhr-49/Hnf4 are required for progenysize plasticity
Other genes known to regulate responses to nutrient stress are required in
addition to insulin-like signaling for progeny-size plasticity. RNAi of pha-4/FoxA and
skn-1/Nrf abolished plasticity in the eat-2 system, causing eat-2 embryos to be shorter
(p=0.007 and p=0.02, respectively; Figure 30A). RNAi of nhr-49 also abolished plasticity
in the eat-2 system, causing WT embryos to be longer (p=0.04). Likewise, nhr-49/Hnf4
mutants did not display plasticity with food dilution, with larger mutant embryos than
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WT in AL (p=0.02; Figure 30B). In AL conditions on plates, nhr-49 mutants produced
longer embryos and worms overexpressing nhr-49 had shorter embryos (p=0.03, p=0.01,
Figure 31A). These changes in embryo length were independent of adult length (Figure
31B). These results suggest that pha-4/FoxA, skn-1/Nrf and nhr-49/Hnf4 are each required
for progeny-size plasticity in response to nutrient availability, with nhr-49 activity
limiting size and pha-4 and skn-1 activity increasing size.
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92

A

B

*

*

1400

56

1200

55

1000

Adult length (μm)

Progeny embryo length (μm)

57

*

54
53
52

800
600
400
200

9

9
r-4

O
E

W

r-4
nh

nh

T

9
r-4
nh

O
E

nh

r-4

9

W
T

0

Figure 31: nhr-49/Hnf4 activity reduces embryo length independent of adult length. A)
Overexpression (OE) of nhr-49 reduces embryo length (p=0.034, paired t-test, n=4) and
loss-of-function nhr-49 mutation increases embryo length (p=0.014, paired t-test, n=4) in
AL conditions on plates with OP50. B) Adult length at 96 hr is reduced in an nhr-49 lossof-function mutant (p=0.02, paired t-test, n=3) but not when nhr-49 is overexpressed
(p=0.10, paired t-test, n=3). Mean and SEM are plotted.
We wondered if insulin-like signaling acts through or is affected by pha-4/FoxA,
skn-1/Nrf or nhr-49/Hnf4 to regulate progeny size. We exposed daf-2 mutants, which
have constitutively large embryos, to pha-4, skn-1, nhr-49, or daf-16 RNAi. daf-16 RNAi
suppressed the large size of daf-2 embryos on plates (Figure 28C), as expected (Fig 28A,B
and Figure 29A,B). pha-4 and skn-1 RNAi did not suppress the daf-2 large-embryo
phenotype. Lack of suppression suggests that pha-4 and skn-1 function independently or
upstream of insulin-like signaling. nhr-49 RNAi increased embryo size in WT, as
expected (Figure 30A,B), but it did not enhance the large-embryo phenotype of daf-2
(Figure 30C). Lack of enhancement suggests nhr-49 and daf-2 function in the same
pathway.
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We extended epistasis analysis with an nhr-49 mutant. nhr-49 mutant embryos
produced on plates were significantly larger than WT (p=0.02; Figure 30D), as expected
(Figure 30C and Figure 31A). daf-16 RNAi did not suppress this large-embryo phenotype
(p=0.03; Figure 30D). Lack of suppression suggests daf-16 does not act downstream of
nhr-49 to regulate embryo size. Together with the results of nhr-49 RNAi in the daf-2
background (Figure 30C), these results suggest that nhr-49 functions downstream of
insulin-like signaling. However, the effect of nhr-49 on embryo size is smaller than that
of daf-2, suggesting daf-16 regulates additional effectors as well. skn-1 RNAi also does
not suppress the large-embryo phenotype of nhr-49 mutants (p=0.03), suggesting it does
not function downstream of nhr-49. pha-4 RNAi reduces embryo size in WT and nhr-49,
but there is no interaction between genotype and RNAi, suggesting the effect of nhr-49
on progeny size also does not depend on pha-4 (Figure 30D). Together with the results of
skn-1 and pha-4 RNAi in the daf-2 background (Figure 30C), these results suggest that
skn-1 and pha-4 function in parallel to insulin-like signaling and nhr-49 to regulate
progeny size.

4.2.6 Dietary restriction buffers progeny from starvation
We wondered how persistent the maternal effects of DR are and if they are
possibly adaptive. We did not observe a grandmaternal effect of nutrient availability on
F2 progeny size (Figure 32A). That is, the effects of nutrient availability in a given
generation override the effects from the previous generation. We also measured F1
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progeny length after 48 hr of development on plates (AL conditions). There was no
detectable difference in progeny length after 48 hr of development (Figure 32B),
suggesting the differences in size observed for embryos and L1 larvae dissipate during
postembryonic development in rich conditions. Likewise, there was also no effect on
progeny adult lifespan (Figure 32C). These results suggest that the effects of maternal
diet are transient and do not have a fitness consequence when progeny are cultured in
rich conditions.
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Figure 32: Maternal nutrient availability does not affect F2 embryo size, late larval
size of progeny, progeny adult lifespan or progeny L1 starvation survival. A) Size of
embryos produced by progeny of AL or DR mothers is plotted for worms grown in AL
and DR conditions. Diet of the F1 progeny, but not their mothers (P0) impacted embryo
size (F2 generation) (p=0.02 in both cases, paired t-test, n=3) B) Length after 48 hr of
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postembryonic development (L4-stage larvae) is not significantly different for progeny
of AL and DR worms that were not starved (p=0.72, paired t-test, n=10). C) Survival of
adult worms on plates with OP50 is plotted over time. Progeny of DR worms do not
have significantly altered lifespan (p=0.58, log-rank test, 342 AL animals and 320 DR
animals pooled from 3 biological replicates). Although statistics were done on pooled
data the mean and SEM of 3 biological replicates are plotted. D) Survival of starved L1
larvae is plotted over time. Progeny of DR worms do not exhibit any difference in L1
starvation survival (p=0.34, t-test on median survival, n=4). Mean and SEM of 4
biological replicates are plotted.
We wondered if DR progeny have a potential fitness advantage in conditions of
nutrient stress. We previously showed that extended L1 starvation subsequently delays
growth and reduces fertility 8. Progeny of AL and DR worms showed no difference in L1
starvation survival when survival is scored as the ability to move to food (Figure 32D).
However, this assay is not as sensitive as measuring growth or reproduction after
recovery from starvation. We therefore starved AL and DR progeny for 8 d as L1 larvae,
then cultured them on plates and measured growth and fertility. Animals that
experienced 8 d L1 starvation were 29% shorter after 48 hr postembryonic development
and had 21% fewer progeny than controls (Figure 33A,B), confirming the effects of
extended L1 starvation 8. After 1 d of L1 starvation and 48 hr of postembryonic
development (1 d of starvation was used for synchronization), DR progeny were 4%
longer than AL (p=0.05; Figure 33A). After 8 d of starvation, DR progeny were 9% longer
than AL (p=0.008). Furthermore, after 8 d of starvation, DR progeny produced 11% more
offspring than AL (p=0.001; Figure 33B). Two-way ANOVA revealed a significant
interaction between maternal diet (AL or DR) and progeny starvation (unstarved control
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or starved 8 d) on progeny brood size (pint=0.0068). These results suggest a fitness
advantage to progeny of DR worms when they hatch in the absence of food.
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Figure 33: DR and reduced maternal insulin-like signaling buffer progeny against L1
starvation. A) Average length after 48 hr of postembryonic development of AL and DR
progeny that were starved for 1 d or 8 d as L1 larvae is plotted (10 biological replicates
with grand mean and SEM in black; *p=0.05, **p=0.008, paired t-test, n=10). B)
Cumulative brood size on plates is plotted for AL and DR progeny that were not starved
(control) or starved for 8 d as L1 larvae (**p=0.001, unpaired t-test on total brood size,
n=3); C) Cumulative brood size is plotted for cross progeny that were starved for 8 d as
L1 larvae. GFP+ males were mated with WT (blue) or daf-2 hermaphrodites (green)
(*p=0.03, unpaired t-test, n=3). D) Natural Isolates demonstrate variability in progeny
plasticity. L1 length is plotted for AL and DR progeny of N2 and four wild isolates. N2
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Having shown that insulin-like signaling mediates effects of maternal diet on
progeny size (Figure 28), and that increased size is correlated with a fitness advantage
when progeny encounter L1 starvation (Figure 33B), we wondered if maternal insulinlike signaling regulates the ability of progeny to resist starvation. Using genetic crosses,
we found that after 8 d of L1 starvation heterozygous cross-progeny from homozygous
daf-2 mutant mothers produced 15% more progeny than homozygous cross-progeny
from WT mothers (p=0.03, Figure 33C). Brood sizes are smaller in Figure 33C than 33B
due to the GFP reporter used to mark cross progeny, but this effect is controlled for.
These results support the conclusion that maternal diet acts through insulin-like
signaling in the mother to buffer progeny from the reproductive costs of L1 starvation,
contributing to a fitness advantage in conditions of nutrient stress.

4.2.7 Natural variation of progeny-size plasticity
We wondered if wild isolates of C. elegans display progeny-size plasticity similar
to the WT reference strain (Bristol N2), so we cultured wild isolates in AL and DR
conditions and measured progeny L1 length. We found that CB3191 displayed
significant plasticity (p=0.006) comparable to N2 (pint=0.83) (Figure 33D). JU775 and
TR403 displayed significant plasticity as well (p=0.03 and p=0.04, respectively), but not
to the same extent as N2 (pint=0.06 and pint=0.02, respectively). The Hawaiian strain
CB4856 did not exhibit plasticity (p=0.81), responding significantly differently than N2
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to DR (pint=0.003). Observation of progeny-size plasticity among wild strains suggests it
is not a domestication artifact of N2, as seen for other phenotypes 176.
Because the Hawaiian strain, CB4856, did not display progeny-size plasticity, we
tested whether maternal DR buffers progeny from the reproductive costs of L1
starvation in this strain. As expected (Figure 33B), we reproduced the effect of maternal
diet on progeny brood size following 8 d L1 starvation in N2, with a significant
interaction between maternal diet (AL or DR) and progeny starvation (unstarved control
or starved 8 d) on progeny brood size (pint=0.03; Figure 33E). However, as for progeny
size, maternal diet did not affect progeny fertility after 8 d L1 starvation in CB4856, with
AL and DR progeny displaying a similar reproductive cost following 8 d starvation
(pint=0.83). These results show that natural variation of intergenerational plasticity affects
progeny size and starvation resistance, extending the correlation between these two
traits from N2 and daf-2 mutants to CB4856. Our analysis of wild isolates suggests that
genetic differences among strains modify their response to nutrient stress, affecting the
reaction norm of intergenerational plasticity.

4.3 Discussion
It is well established that an individual's diet affects their phenotype. In humans,
maternal diet also influences progeny phenotype 1. Given a shared blood supply,
maternal effects of diet are not surprising in placental mammals. However, in
invertebrates, embryonic development is relatively independent of the mother and
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uterine environment after fertilization. Nonetheless, we show in C. elegans that maternal
diet affects progeny as well, resulting in intergenerational phenotypic plasticity (Figure
34A). Though DR worms are smaller and produce fewer progeny, they produce larger
progeny. Effects on progeny size are relatively modest but robust in that size is affected
by two different models of DR with liquid and solid media, with three different food
sources, and in some wild isolates. Maternal age and various mutants also affect
progeny size, further demonstrating plasticity in this trait. Moreover, progeny of DR
mothers are buffered from starvation in the first larval stage, with increased growth and
fertility compared to AL progeny following starvation, and we show that maternal
insulin-like signaling controls this apparent fitness advantage. Larval starvation is likely
common in the wild and preceded by limited nutrient availability to the mother,
suggesting intergenerational plasticity is adaptive.
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Figure 34: Model for the impact of maternal diet on progeny size and starvation
resistance. A) Mothers that experience conditions of dietary restriction are smaller and
produce fewer but larger embryos and L1 progeny. Progeny of DR mothers are resistant
to developmental delay and reduced brood size after recovery from extended L1
starvation. B) daf-2/InsR acts through daf-16/FoxO in the soma to regulate embryo size.
nhr-49 is repressed by daf-16 in DR, and nhr-49 functions in AL to reduce progeny size.
skn-1 and pha-4 are active in DR and function in parallel to insulin-like signaling and
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nhr-49 to increase progeny size. Insulin-like signaling is required to increase progeny
size in food dilution DR but not the eat-2 genetic model (dashed line).

4.3.1 Maternal insulin-like signaling regulates intergenerational
plasticity
We provide genetic evidence that somatic maternal insulin-like signaling
regulates oocyte provisioning in response to nutrient availability. Maternal effects of
nutrient availability have been described for C. elegans and Drosophila, but nothing was
known about their regulation 5–7,150. While studies in Drosophila have focused on parental
larval diet 5–7, we show that limited food during adulthood, but not larval development,
alters provisioning to similarly produce larger offspring. This suggests that diverse
invertebrates have qualitatively similar but developmentally distinct responses to
nutrient availability. We used genetic crosses to demonstrate a maternal effect of insulinlike signaling on progeny size, supporting the conclusion that insulin-like signaling
regulates oocyte provisioning. We also used genetic crosses to demonstrate that the
effects of maternal insulin-like signaling extend beyond progeny size to regulate the
ability of progeny to retain fertility after extended L1 starvation. Germline- and somaspecific RNAi of daf-2/InsR suggest that insulin-like signaling functions somatically to
regulate progeny size. Somatic site of action suggests nonautonomous function,
implying that insulin-like signaling regulates soma-to-germline signaling, though the
nature of such a signaling pathway is unclear.
Insulin-like signaling mediates progeny-size plasticity in an explicit model of DR
involving dilution of food in liquid culture. That is, mutations affecting daf-2/InsR and
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daf-16/FoxO abolished plasticity, rendering progeny constitutively large and small,
respectively. Creating DR conditions by food dilution is well controlled and free of
confounding effects. Nonetheless, we complemented this DR model using the popular
eat-2 genetic model of DR. eat-2 encodes a nicotinic acetylcholine receptor subunit that
affects pharyngeal pumping 165,177, and there are caveats that suggest cautious
interpretation of eat-2 results. For example, eat-2 mutants are possibly pleiotropic 157,165,
and in contrast to food dilution, which is conditional, mutant animals have experienced
DR continuously for many generations, possibly confounding immediate and epigenetic
effects of DR. Though eat-2 mutants produced large progeny as with food dilution, daf-2
RNAi and eat-2 mutation had additive effects on progeny size, and daf-16 mutation did
not completely abolish plasticity in the eat-2 system. These results suggest that DR in the
eat-2 system does not act through insulin-like signaling. The discrepancy in the relative
importance of insulin-like signaling in these two DR models is not surprising given
caveats of the eat-2 system and results of aging studies, which show that the importance
of insulin-like signaling to lifespan extension by DR depends on the DR model 160. In
particular, daf-16/FoxO null mutation completely abolishes lifespan extension by food
dilution but not eat-2 mutation (daf-2/InsR mutants are not null and therefore difficult to
interpret) 157,159,160, consistent with our results for progeny size. In any case, our results
clearly demonstrate that directly manipulating nutrient availability (food dilution) acts
through insulin-like signaling to alter maternal provisioning.
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4.3.2 A regulatory network that controls aging also regulates progeny
size
Homeostatic regulators pha-4/FoxA, skn-1/Nrf and nhr-49/Hnf4 are each required
for progeny-size plasticity (Figure 34B). Disruption of pha-4 or skn-1 suppressed the eat-2
large-embryo phenotype, suggesting that they function in this DR model to increase
progeny size. Such a role is analogous to their role in aging in that they are required for
DR to increase lifespan in the eat-2 system 161,162. The relatively small size of embryos
resulting from disruption of pha-4 or skn-1 suggests that they promote increased size in
DR, analogous to their activity increasing lifespan in DR. Disruption of nhr-49 abolished
progeny-size plasticity in the food dilution and eat-2 DR systems. nhr-49 loss of function
increased progeny size and overexpression decreased progeny size, suggesting that, in
contrast to pha-4 and skn-1, nhr-49 limits progeny size in AL.
Genetic epistasis analysis suggests that the regulatory network comprised of
insulin-like signaling, pha-4/FoxA, skn-1/Nrf and nhr-49/Hnf4 that regulates lifespan also
controls maternal provisioning and progeny size. Our results suggest that nhr-49
functions downstream of insulin-like signaling. Likewise, nhr-49 functions downstream
of daf-16 to delay aging in germ cell-ablated worms 164. Our results suggest that pha-4
and skn-1 function in parallel to insulin-like signaling and nhr-49. Consistent with our
results, pha-4 and skn-1 are thought to regulate aging in parallel to insulin-like signaling
160

, though their relationship to nhr-49 in the context of aging has not been addressed.

Together the results of our genetic analysis and published work on aging portray a
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common regulatory network mediating effects of nutrient availability on lifespan,
maternal provisioning, and progeny size.
Our work raises the very interesting question of how this regulatory network
translates maternal nutrient availability into effects on progeny size and the ability to
cope with nutrient stress. Reduced insulin-like signaling increases fat stores 178,179,
suggesting a role for fat. In addition, DR embryos have relatively large lipid droplets 180,
suggesting altered provisioning. nhr-49 and skn-1 regulate the distribution of fat between
the germline and soma. nhr-49 controls oxidation and desaturation of fat in response to
germline cues 163,164, and fat allocation shifts from soma to germline in eat-2 mutants and
skn-1 gain-of-function adults 181. We speculate that DR increases relative allocation of fat
to the germline, bolstering provisioning and buffering progeny from nutrient stress.

4.3.3 Progeny quality and starvation resistance
Reproduction is typically thought to occur at the expense of somatic maintenance
and lifespan 11,182. Using fecundity as a proxy for reproductive output simplifies analysis
of this putative trade-off, but it does not fully reflect biological complexity. Our findings
suggest an additional trade-off between progeny quantity and quality in that DR
mothers produce fewer but larger progeny that cope better with early-life starvation.
These observations demonstrate the importance of progeny quality as an additional
metric for reproductive fitness 182.

104

Our work raises the question of what it means to be starvation resistant. We
assayed three different adverse effects of L1 starvation: death or other loss of mobility,
growth rate during recovery, and fertility. Maternal DR affected the last two of these
effects but not the first. It is tempting to equate starvation resistance with survival,
assayed by movement, but from a physiological, ecological and evolutionary perspective
resistance should be evaluated in terms of recovery and reproductive fitness. Indeed,
larvae lose the ability to recover from starvation before they lose the ability to move.
Furthermore, mutants have been identified that dramatically compromise the ability to
recover from L1 starvation though survival itself is not affected 36. By assaying adverse
effects of L1 starvation in these different ways we were able to identify a biologically
significant effect of maternal DR on starvation resistance that we would have missed if
we considered resistance only in terms of immediate survival.

4.3.4 Evolutionary significance of intergenerational plasticity
Fitness consequences of maternal effects hinge on anticipation of conditions. The
"thrifty phenotype" hypothesis proposes that children of mothers malnourished during
pregnancy are programmed to store more energy in anticipation of limited nutrient
availability 21–23. When challenged with starvation upon hatching, DR progeny
subsequently grew faster and had more offspring than AL progeny. We did not find a
putative fitness effect in DR progeny grown in AL without experiencing starvation.
Thus, we observe a similar contingency as for the thrifty phenotype: fitness
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consequences of maternal diet depend on environmental conditions experienced by
progeny. Theory and in vitro evolution of C. elegans suggest that anticipatory maternal
effects underlie adaptation to regularly alternating environments 183. We speculate that
eggs produced during DR regularly hatch in the absence of food, as a result of
populations experiencing resource limitation prior starvation. Furthermore, we show
using genetic crosses that insulin-like signaling in the mother regulates the ability of her
progeny to cope with nutrient stress. These results suggest that maternal insulin-like
signaling controls metabolic programming and anticipation of environmental conditions
in progeny. We propose that this intergenerational and potentially adaptive function of
insulin-like signaling is conserved in other animals.
We found the reaction norm for intergenerational plasticity varies among wild
strains, with some displaying no plasticity at all. The ecology of C. elegans is coming to
light but remains poorly understood in that we do not understand the dynamics of
nutrient conditions or how they vary for different populations 25. Natural variation in
intergenerational plasticity suggests existence of genetic variants that influence the trait,
which will be interesting to identify. It is intriguing to speculate that such natural
variation reflects evolutionary adaptation to different niches, but future work is
necessary to determine the causes and significance of such phenotypic variation.
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5. Summary and open questions
5.1 Conclusions
5.1.1 Larval starvation is physiologically similar independent of
developmental stage
Characterization of starvation pathology and physiology in L1 and L3 larvae
reveals significant similarity. While not surprising, this confirms that starvation likely
induces similar pathologies and evokes comparable responses in C. elegans independent
of developmental stage. Notably, the dauer larva was not included in this study but
would provide an interesting counterpoint to other stages of larval arrest given its
unique development and extraordinary capacity for stress resistance. In fact, the
metabolic shifts described in Chapter 3 suggest a conserved response of trehalose
synthesis in L1 larvae as reported in dauer larvae 56,69.
We report that L1 and L3 larvae both shrink during starvation and have
developmental delays upon recovery. There is also a reduction in mitochondrial DNA
content during starvation independent of larval stage. These findings suggest that when
studying starvation responses, at least L1 and L3 starvation may be used
interchangeably given the general similarity between systems. This will allow for studies
of starvation responses to be compared independent of larval stage and for experiments
to be designed at either developmental stage to facilitate data collection and analysis.
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5.1.2 daf-16/FoxO restructures metabolism in response to acute
starvation
daf-16/FoxO is an essential component of the starvation response in C. elegans, but
the primary targets of daf-16/FoxO during starvation have been elusive. In chapter 3, we
show that a primary effect of daf-16/FoxO during larval starvation is to restructure
carbohydrate metabolism. Transcriptional changes promote carbon flux through the
glyoxylate shunt, gluconeogenesis, and synthesis of trehalose, a disaccharide of glucose.
A variety of experimental approaches confirm these coordinated metabolic shifts and
increased synthesis of trehalose. We demonstrate that trehalose supports starvation
survival as both a stress protectant and a glycolytic input. We also provide evidence that
interconversion of trehalose and glucose is necessary for dual function of trehalose.
Thus, daf-16/FoxO promotes acute starvation resistance via transcriptional regulation of
carbohydrate metabolism enzymes. This change shifts carbon metabolism to drive
trehalose synthesis. In turn, trehalose promotes survival by functioning as an energy
source and a stress protectant.

5.1.3 Effects of diet persist intergenerationally
It is becoming widely accepted that information from a mother’s environment
can be transmitted to her offspring. In theory, the way mothers provision offspring can
be beneficial or pathological depending on whether the environments of the mother and
her offspring match. We find that roundworms fed a nutrient restricted diet produce
fewer but larger offspring. These offspring recover better from starvation, growing faster
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and having increased fertility. Thus, we find that worms are more likely to thrive after
early-life starvation if their mothers have been preconditioned with limited nutrient
availability. We describe a genetic network that mediates effects of a mother’s diet on
the size and starvation resistance of her offspring. The same genes required to extend the
lifespan of worms fed a restricted diet are also required for the differential maternal
provisioning we describe. In particular, insulin-like signaling, pha-4/FoxA, skn-1/Nrf,
and nhr-49/Hnf4 function in the mother to transmit information about her diet to her
offspring. Our work underscores the impact of maternal diet on reproductive health,
with consequences for offspring physiology. The conserved genetic network controlling
such effects of diet across generations is likely relevant to human diseases related to
nutrient sensing and storage.

5.2 Mitochondria as a nexus of metabolic control during
starvation
One of the primary functions of mitochondria is to regulate cellular metabolism.
Because metabolism is restructured during starvation it is not surprising to discover that
mitochondria also undergo changes. Specifically, a reduction of mitochondrial DNA and
a fragmented morphology suggested a reduction in mitochondrial content consistent
with reduced electron transport chain activity. An increase in mitochondrial DNA
damage is somewhat surprising given the absence of exposure to any known DNAdamage inducing agent. It is possible that ROS production during starvation could cause
DNA lesions 36. Further, it is intriguing to imagine that the mtDNA damage sustained
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during starvation could contribute to the growth delay upon recovery. In fact, worms
with mtDNA lesions from exposure to UVC exhibit a similar growth delay upon
recovery 75.
The regulation of mitochondrial DNA copy number, morphology, and DNA
damage accumulation during starvation provides an exciting avenue for continued
research. Specifically, testing for a role for macroautophagy, mitophagy, and fission and
fusion processes will be revealing. I predict that mitochondria are catabolized for energy
and membranes used for autophagy during starvation. Thus, inhibition of autophagy or
mitophagy could decrease the rate at which mitochondria are lost during starvation.
Preventing loss of mitochondria could improve the rate of recovery from starvation at
the expense of survival during starvation.
Experimentally, these ideas can be tested by measuring starvation survival,
growth rate following starvation, and mitochondrial DNA copy number and damage
during starvation in mutants for autophagy, mitophagy, and mitochondrial dynamics.
Initially, the following mutants or RNAi knockdown worms could be screened: atg-18,
bec-1, unc-51, dct-1, pdr-1, pink-1, fzo-1, eat-3, and drp-1 75,184. Additionally the drug 3methyladenine (3-MA) can be used to inhibit autophagy, which could provide a
secondary means of confirming phenotypes associated with reduced autophagy 75.
It will also be informative to further characterize changes during starvation
associated with mitochondria in order to draw links between changes in quantity and
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morphology with metabolic outputs. For example, we expect worms to have reduced
respiration and ATP during starvation. Eventually, the goal is to go beyond correlating
these traits and genetically or pharmacologically prevent mitochondrial changes during
starvation and determine which physiological responses are driven by mitochondrial
changes. Further, it will be interesting to drive mitochondrial dysfunction or
fragmentation in fed worms to determine the extent to which mitochondrial content and
structure can be an indicator of nutrient status.

5.3 Is trehalose a transported sugar?
Analysis of the role of trehalose in supporting starvation survival suggests that it
is synthesized primarily in the intestine and hypodermis. In order to coordinate
organismal homeostasis, trehalose may play a similar role to glucose in mammals –
functioning as a circulating sugar. Insects are known for the use of trehalose as a
primary transport sugar in the hemolymph, providing another example of what could
potentially be an alternative evolutionary mode of coordinating energy homeostasis.
Trehalose has been previously suggested to be a transported sugar given the absence of
a glucose-6-phosphatase 87. We have a particularly well-suited experimental system to
test the hypothesis of trehalose transport.

5.3.1 Site of action of trehalose production
Transcriptional reporters suggest that tps-1 and tps-2 are expressed primarily in
the intestine and hypodermis during L1 starvation (Figures 15,16). If this is correct, we
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would expect that tissue-specific rescue of trehalose synthesis could rescue the survival
defect of worms unable to synthesize endogenous trehalose. To test this hypothesis I
have begun to create tissue-specific rescue strains for tps-1.
5.3.1.1 Tissue specific rescue of tps-1
My current experimental approach is to generate a fusion construct with a tissue
specific promoter driving expression of GFP::tps-1 cDNA. Fusion PCR has been
employed so far to generate a rescue construct under the native tps-1 promoter. Notably,
thus far the approach has centered around tps-1 rescue rather than tps-2 rescue given the
seemingly greater role that tps-1 plays in contributing to starvation survival (Figure 15AG), though redundancy between enzymes may complicate this analysis (Figure 15H).
The primary sites of interest for rescue based on expression patterns are the intestine
(ges-1 promoter) and hypodermis (col-12 promoter). After these constructs have been
generated they can be used to transform mutant worms. I have already established a
triple mutant strain carrying tps-1(ok373); tps-2(ok526); unc-119(ed4) via standard genetic
crosses. An unc-119 mutation allows for selection for rescue of successful transformants
with either co-bombarded (or co-injected) unc-119 rescue plasmid pDPMM051. It is also
possible to append the unc-119 rescue construct to the same fusion product as the tps-1
transgene.
Measuring starvation survival in these strains will inform the site of action for
trehalose synthesis. We expect that worms with the ability to synthesize trehalose in the
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intestine and/or hypodermis will have starvation survival rescued to that of WT worms.
Also measuring trehalose levels of the worm will be informative of the tissue in which
trehalose is typically synthesized. Expression of tps-1 is likely necessary but not
sufficient for trehalose production. In addition to appropriate enzyme expression,
metabolic precursors (UDP-glucose and glucose 6-P likely from gluconeogenesis) must
be present for effective trehalose synthesis. In other words, expression of tps-1 in tissues
without other metabolic adaptation will be insufficient for trehalose production.
5.3.1.2 Site of action of daf-16/FoxO regulation of trehalose synthesis
Given the role we describe for daf-16/FoxO in the regulation of metabolic
restructuring during starvation, it is likely that the tissue or tissues in which daf-16
functions will also be the site of trehalose synthesis. Thus, we can utilize pre-existing
strains with daf-16 rescued in tissues including the intestine (NK1232), hypodermis
(NK1229), neurons (NK1234), on the daf-16 promoter (NK1228), no promoter (NK1128),
and muscle (NK1127). Of note, the muscle rescue is not an integrated line. Measuring
trehalose production in these different strains will give a picture of the tissue in which
daf-16 functions to drive trehalose synthesis during starvation. Ideally, measuring
trehalose levels in these daf-16 tissue specific rescue lines will align and corroborate the
functional site of action of tps-1 rescue.
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5.3.1.3 Testing tissue non-autonomy of trehalose as a fuel for M-cell division
We have demonstrated that trehalose can effectively fuel cell division in the
permissive background of a daf-16 mutant. The function of trehalose as a fuel source in
this context provides an experimental system in which to test tissue non-autonomy of
trehalose. We expect that trehalose is synthesized primarily in hypodermis and intestine,
yet it is able to fuel division of cells beyond these tissues. Thus, it may be transported to
carry out this function. We can test this explicitly by rescuing the trehalose synthesis
defect of tps-1; tps-2 mutants in a tissue specific manner as outlined above. In this case
rescue of tps-1 in the M cell will also be included as a control for cell-autonomous effects
of trehalose synthesis. I have already established a daf-16; tps-2; unc-119; ayIs7[Phlh8::GFP]; tps-1 line via standard genetic crosses. This line can be transformed with the
constructs described. Scoring M-cell divisions in strains with tps-1 rescued will indicate
if intestinal or hypodermal rescue of trehalose synthesis is sufficient to drive division of
the M cell, thereby suggesting transport of trehalose.

5.3.2 Screening for trehalose transporters
If indeed, trehalose is a transported sugar, we would expect there to be a
transporter that could shuttle trehalose across cell membranes. A primary glucose
transporter, fgt-1, has been identified in C. elegans that also has the ability to transport
trehalose when expressed in Xenopus oocytes 185,186. In other organisms, trehalose
transporters are better characterized 119,187. Additionally, fgt-1 is the top protein BLAST
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hit based on sequence homology to the Drosophila trehalose transporter. Thus fgt-1 is a
top candidate to test for trehalose transport. While heterologous expression systems like
the Xenopus oocyte have great strengths, we are interested primarily in testing for
trehalose transport in whole worms. This will allow for more detailed analysis of which
tissues are the source and sink for trehalose distribution.
Additionally, we will screen other candidate genes for starvation survival and
the ability to incorporate exogenous trehalose. Table 2 outlines several of these
candidates as identified by sequence similarity to known glucose and trehalose
transporters 186,188. Specifically, the experimental design will focus on the ability or
inability of mutants to absorb trehalose or glucose from the buffer by measuring
corporeal trehalose. Additionally, starvation survival can be used as a functional
physiological phenotype. Under the same conditions of 1) a control with no sugar
supplementation, 2) glucose supplementation, or 3) trehalose supplementation we
expect worms that are defective for trehalose transport to be unable to incorporate
environmental trehalose and derive the survival benefits of trehalose supplementation.
Table 2: Putative trehalose transporters in C. elegans. The following genes have been
identified in previous reports and by sequence similarity with known insect trehalose
transporters 186,188.
ORF name

Common Name and/or allele

H17B01.1

fgt-1 (tm3161)

Y51A2D.4

hmit-1.1 (tm3301)

Y51A2D.5

hmit-1.2 (tm3196)

M01F1.5

hmit-1.3 (tm3205)

C35A11.4

tm3186
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F14E5.1

tm3206

K09C4.1

ok2855

K09C4.5

gk571

R09B5.11

ok1759

T08B1.1

tm6176

Y39E4B.5

gk848

F53H8.3

ok3175

F13B12.2

tm3398

Y61A9LA.1

tm3303

K08F9.1

gk347893

Y37A1A.3

tm3271

An alternative approach is to develop a worm strain in which trehalose can be
visualized in vivo. Such approaches have already been implemented in single-cell
organisms, but ability to visualize trehalose in a multicellular animal would allow
analysis of tissue distribution of trehalose 189,190. Existing plasmids like Tre-C04 that have
been effectively validated in bacteria could be modified for worm expression by
appending an appropriate promoter depending on the desired site of expression – likely
ubiquitous expression 190. An unc-54 3’UTR should be added to the end of the transgene
construct to promote stability in the worm. Creating a worm with an in vivo trehalose
sensor could allow for screening of genes or compounds that regulate appropriate tissue
distribution of trehalose.
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5.4 What makes progeny of DR mothers resistant to starvation?
5.4.1 Compositional differences in embryos
While we describe genetic regulation of plasticity in progeny size and starvation
resistance, there is still an open question of what compositional differences in progeny
could cause these changes. For example, maternal provisioning of more fat could lead to
the increase in size and starvation resistance in progeny. This is a compelling hypothesis
given the somatic depletion and germline enrichment of fat in DR worms 181. However, it
is also possible that differential provisioning of other molecules such as glycogen or
trehalose could provide another basis for increased starvation resistance. Another
possibility is that rather than an increase in provisioning of a particular energy store,
there is a wholesale proportional increase in embryo provisioning. Perhaps delayed
ovulation could allow for a longer time for cytoplasmic flow and endocytic
accumulation of cytoplasm and nutrients 191,192.
A targeted screening approach of measuring fat, trehalose, glycogen, or other
compounds in embryos may prove useful. However, discovery of novel mechanisms
will be facilitated by use of an unbiased method for detection such as mass
spectrometry. Specifically comparing embryos and L1 larvae from AL and DR mother
will likely provide candidate molecules and cell signaling pathways for further study.
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5.4.2 Leveraging natural variation to map loci involved in
intergenerational plasticity
We describe variation in progeny plasticity amongst natural isolates of C. elegans.
In particular, the Hawaiian strain CB4856 does not display plasticity. Because of this
difference between strains, genetic mapping may be used to identify loci involved in
regulation of the phenotype. Panels of recombinant inbred lines (RILs) are available,
representing a diversity of combination of the WT and CB4856 genetic backgrounds.
These strains can be pooled and sequenced to determine allelic enrichment or depletion
in different selective environments. I am interested in utilizing this approach to test for
plasticity in response to maternal diet.
In order to map loci associated with progeny plasticity, a set of 67 N2 x CB4856
RILs will be pooled for experimentation. This pool will be bleached and added to AL
and DR liquid cultures. A baseline sample will also be collected for sequencing to
determine allelic frequencies within the population. Per the established method, after 96
hr in culture, the liquid cultures will be bleached. To implement a selection for plasticity
4 samples will be collected. Embryos from the bleach from liquid cultures will be fed
and allowed to reproduce for 4 days to allow for DNA sequencing to reflect progeny
production of these two samples (not starved AL, not starved DR). Another portion of
the population will be starved in culture for 8 days and then similarly allowed to grow
and reproduce so DNA from the population will provide an indirect readout of brood
size for these samples (starved AL, starved DR). Ultimately, we are interested in alleles
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that are required for larger broods following 8 days of starvation and are therefore
enriched in the starved DR sample. Loci overrepresented in not starved samples
compared to the baseline are likely to be generic regulators of brood size. If this
approach successfully identifies loci associated with plasticity, fine mapping and reverse
genetic analysis will be employed to validate the analysis and identify causative alleles.

5.5 Future Outlook
This dissertation describes immediate and intergenerational effects of changes in
nutrition. Genes and pathways were identified that mediate these responses. Insulin-like
signaling in particular was a major subject of study. Moving forward it will be
interesting to test for similar results in mammalian models to validate some of the
predictions of the proposed models. There are many subtleties in responses to diet.
Incorporation of the many levels of regulation of nutrient responses, including
transcriptional regulation, metabolic restructuring, post-translational modifications, and
even epigenetic adaptations provide promise for active research in years to come.
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Appendix A
A.1 Chapter 2 Materials and Methods
A.1.1 Measuring worm length
To measure length and volume of starved worms, images of worms were taken
with a ZeissDiscovery.V20 stereomicroscope. Magnification of images was adjusted
depending on the size of the worms. To measure size of worms following recovery from
starvation, starved worms were plated on 10 cm NGM plates seeded with OP50 E. coli
on the day indicated. After 24 hr for L3 or 48 hr for L1, the worms were washed off the
plates, washed in virgin S-basal, and plated on unseeded 10 cm NGM plates and
imaged. All images were analyzed with the WormSizer plugin for FIJI 193.

A.1.2 Mitochondrial copy number and DNA damage
Mitochondrial and nuclear copy number and DNA damage were determined
using the quantitative and long-range amplification PCR methods as previously
described 194. On days 1, 3, 6, 9, and 12 of both L1 and L3 starvation survival
experiments, individuals were picked into lysis buffer with proteinase K at a
concentration of one animal per 10uL of buffer, and frozen at -80 ˚C. After lysis (65 ˚C
for one hour, then 95 ˚C for 15 minutes), lysate was used immediately or stored at -80 ˚C
until further use to preserve the integrity needed for LA-PCR. We then followed Basic
Protocol 1 and 2 in Gonzalez-Hunt et al. to calculate mitochondrial and nuclear DNA
damage and genome copy number, respectively 194. Experiments were repeated at least
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three times, and two technical replicates were collected at each time point for each
experiment.

A.1.3 Mitochondrial Morphology
The SJ4103 strain was used to visualize mitochondria in the body wall muscle of
starved L3 worms. Fed worms were washed from plates 24 hr after plating synchronous
arrested L1s. Starved worms were sampled over time and representative images were
taken over time on a XXX confocal microscope. The images were analyzed using Imaris
software and 3-dimensional recreations were built from z-stacks. Objects identified by
the program were assessed for surface area, volume, and sphericity, according to the
default algorithms of the program.

A.1.4 Strains
The Bristol N2 strain was used for all experiments except to visualize
mitochondria. SJ4103 zcIs14[myo-3::GFP(mit)] was utilized for observations of
mitochondria in muscle tissue.

A.2 Chapter 3 Materials and Methods
A.2.1 Nematode culture and strains
The N2 Bristol strain was used and is referred to as wild-type (WT). Worm stocks
were maintained according to standard culture methods with nematode growth
medium (NGM) and OP50 E. coli. Strains used include: GR1307 daf-16(mgDf50), PS5150
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daf-16(mgDf47), BC14885 dpy-5(e907); sEx14885, BC14876 dpy-5(e907); sEx14876, PD4667
ayIs7[Phlh-8::GFP], LRB101 daf-16(mgDf50); ayIs7[Phlh-8::GFP], RB766 icl-1(ok531),
RB1688 pck-1(ok2098), VC1265 pyk-1(ok1754), tps-1(ok373), tps-2(ok526), tps-1(ok373); tps2(ok526), tps-1(ok373); tps-2(ok526); daf-2(e1370), RB728 tre-1(ok327), RB789 tre-2(ok575),
RB1400 tre-3(ok394), LRB327 tre-4(gk298765) (2x backcrossed VC40057), RB806 tre5(ok612), LRB334 tre-1(ok327); tre-5(ok612); tre-2(ok575); tre-3(ok394); tre-4(gk298765),
BC14863 dpy-5(e907); sEx14863, BC12475 dpy-5(e907); sIs11667, BC15383 dpy-5(e907);
sEx15383, BC14865 dpy-5(e907); sEx14865, PS4657 syIs78[Pajm-1::AJM-1::GFP and unc119+], LRB240 daf-16(mgDf50); syIs78[Pajm-1::AJM-1::GFP], tps-1(ok373); tps-2(ok526); daf16(mgDf50); ayIs7[Phlh-8::GFP].

A.2.2 Microarray
Embryos of WT (N2) and GR1307 daf-16(mgDf50) worms were subjected to a
double-bleach procedure to isolate staged embryos as described elsewhere 52,73. Embryos
were cultured in S-basal for 16 hr at 20 °C, washed with S-basal by centrifugation and
frozen in liquid nitrogen. At this collection time, all embryos had hatched and L1 larvae
had been arrested for 2-4 hr. RNA was isolated using TRIzol (Invitrogen) according to
the manufacturer’s specifications. RNA was further purified using RNeasy micro kit
(Qiagen). Spectrophotometry was used to assess RNA purity and concentration, and gel
electrophoresis was used to confirm its integrity. 100 ng total RNA was amplified and
labeled as cRNA using the MessageAmp II-Biotin Enhanced kit (Ambion) according to
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the manufacturer’s protocol. Molecular weight and concentration of the biotin-labelled
cRNA product was assessed with an Agilent BioAnalyzer and spectrophotometer. 12.5
µg of cRNA was fragmented, hybridized to the C. elegans expression array (Affymetrix),
and scanned according to the manufacturer’s instructions.
Microarray data were analyzed using the LIMMA package in R. Each probe set
was mapped to WS180 as in 52. Normalized log2 GCRMA values were used to assess
significance of expression changes with the LIMMA/GCRMA empirical Bayes test.
Genes significantly different between conditions were hierarchically clustered with
Euclidian distances using Gene Cluster 3.0 (Figure 1 – figure supplement 1). This same
group of genes was used for principal component analysis (Figure 1A).

A.2.3 Metabolomics
To measure metabolites in WT and daf-16/FoxO mutant worms, both strains were
grown on 10 cm NGM plates with OP50 E. coli. These populations were bleached to
isolate embryos. Embryos were arrested in S-complete and were either maintained in Scomplete (starvation) or had 25mg/mL HB101 E. coli added to culture upon hatching
(fed). Worms were washed in S-basal and flash frozen in 0.6% formic acid. Worms were
lysed by sonication with a Bioruptor at 4 °C for 15 min with 30 s on, 30 s off at high
power. Sonicated samples were stored at -80 °C.
To extract metabolites, all samples were thawed on ice and then sonicated on ice,
using ten 30 s on-off pulses at 30% power using a Series 60 Sonic Dismembrator (Model
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F60, Fisher Scientific). An aliquot was saved for total protein analysis via bicinchonic
acid (BCA) Assay (Sigma). Remaining sample was mixed with acetonitrile (1:1 ratio),
vortexed, and divided in a 5 parts. Three parts of the sample was used for the
quantification of amino acid and acyl carnitine, one part for organic acids, and from the
remaining 1 part sample equivalent to 500 ug of protein was used for non-targeted
metabolomics analysis. Amino acids and acylcarnitines were analyzed using MS/MS as
previously described 195,196 and organic acids were quantified using GC/MS as described
in 197. Non-targeted metabolomics analysis was performed using GC/MS metabolomics
as described in 198: Raw data were normalized to protein levels, and converted to log2
fold change values relative to fed WT worms.

A.2.4 Starvation survival
Embryos were isolated by standard hypochlorite treatment and arrested at a
density of 1/µL in virgin S-basal (no ethanol added) in glass test tubes. Tubes were kept
on a roller drum at 21-22 °C. For survival experiments with 2-deoxy-D-glucose, 3mercaptopicolinic acid, trehalose, glucose, and maltose, these compounds were added to
virgin S-basal before addition of embryos. To score survival, 100 µL samples of each
culture were plated next to a lawn of OP50 E. coli on 6 cm NGM plates. The total number
of worms plated (Tp) was counted after plating and 2 days later the number of worms
alive and able to move to the bacterial lawn (Ta) was scored. Survival was calculated as
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Ta/Tp, logistic survival curves were fit to the data, and median survival time was
calculated 51,68,199.

A.2.5 Trehalose measurement
We used the Megazyme Trehalose Assay Kit (K-Treh) to measure levels of
trehalose in worms. Briefly, washed worms were flash frozen in 100 µL 0.6% formic
acid. Worms were sonicated for lysis, as with metabolomics analysis. Samples were split
for protein analysis and trehalose analysis. Trehalose was measured according to the
protocol provided with the Megazyme kit. Absorbances were measured on a Nanodrop.
Protein concentration was quantified with a Qubit protein assay kit (Thermo Fisher
Scientific). Levels of trehalose were normalized to protein. Normalizing trehalose
content by worm number instead of protein concentration provided qualitatively similar
results.

A.2.6 Worm size measurements
The Wormsizer plugin for FIJI was used to measure the length of worms 193.
Length after 48hr of development was measured in several genotypes and in the
presence of a range of 2-deoxy-D-glucose and 3-mercaptopicolinic acid concentrations
(Figure 3B-D). Length of starved L1 larvae was similarly measured (Figure 4K). Worms
were washed in S-basal, plated on unseeded 10 cm NGM plates and imaged on a Zeiss
Discovery.V20 stereomicroscope. Images were processed with Wormsizer.
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A.2.7 Fluorescent reporter analysis
To quantify fluorescence of Ptps-1::GFP and Ptps-2::GFP strains (Figure 4B-G)
images were acquired at 40x with consistent exposure times (400 ms) on a Zeiss
Imager.A1 outfitted with an Axiocam 506 Mono. Analysis was conducted in Fiji by
outlining worms and calculating the average pixel intensity per worm. Background was
subtracted from these measurements. Figure 4D,G show the distribution of relative
intensities of individual worms from 3 independent biological replicates. P-values were
calculated from unpaired t-tests on the mean fluorescent intensities from 3 biological
replicates. Reporter strains were observed at 100x to determine sites of expression.

A.2.7 Heat shock
Embryos were obtained through standard hypochlorite treatment and arrested in
16 mm glass tubes with virgin S-basal buffer and virgin S-basal with addition of various
sugars. L1 worms in liquid culture were kept at 35 °C for 9 hr with shaking at 180 rpm.
As with starvation survival, 100 µL aliquots were plated onto 6cm plates with NGM and
OP50. The total number of worms plated (Tp) was counted. After 2 days the total
number of worms alive (Ta) was scored. Survival was calculated as Ta/Tp.

A.2.8 RNA-seq
N2 and tps-1; tps-2 worms were cultured on standard NGM plates seeded with
OP50. Cultures were bleached to isolate embryos, which were suspended 1/µL in virgin
S-basal or virgin S-basal with 50 mM trehalose. Samples were flash frozen on liquid
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nitrogen 24 hr after bleach. RNA was extracted with trizol and chloroform. Libraries
were prepared using the NEBNext Ultra RNA Library Prep Kit for Illumina (E7530) with
500 ng of RNA per library and 12 cycles of PCR. Libraries were sequenced using
Illumina HiSeq4000, acquiring single end 50 bp reads. Bowtie was used to map reads 200.
EdgeR was used to assess differential expression from count tables 201. An ANOVA-like
test in EdgeR identified 750 genes with variability across conditions (FDR < 0.05). These
were hierarchically clustered with Euclidian distances using Gene Cluster 3.0 (Figure 7 –
figure supplement 1). Pairwise comparisons between conditions were calculated with
the edgeR exact test. Genes different in any pairwise comparison were included in PCA
(Figure 6C).

A.2.9 GO term analysis
The GOrilla gene ontology enrichment analysis and visualization tool was
utilized to determine significant enrichment of processes, functions, and components 202.
In each case, a list of differentially expressed genes was tested against the background
set of detected genes.

A.2.10 Cell division analysis
The PS4657 and LRB240 strains were used to visualize seam cells. The number of
cell divisions after 4 days of starvation in virgin S-basal was scored on a Zeiss Imager.A1
compound microscope. The ayIs7[Phlh-8::GFP] transgene was used to visualize M cells
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in different genetic backgrounds, and divisions were scored after 8 days of starvation in
S-basal buffer (with ethanol and cholesterol added).

A.2.11 Statistical Analysis
Statistics were calculated based on independent biological replicates performed
on different days with all experimental methods performed independently of other
replicates. Statistical analysis was performed in Microsoft Excel and R Studio. Statistical
tests and the number of replicates are described when P-values are reported.
Throughout the figures a single asterisk indicates P < 0.05, double asterisks indicate P <
0.01, and triple asterisks indicate P < 0.001.

A.3 Chapter 4 Materials and Methods
A.3.1 Liquid culture system for dietary restriction
HT115 and HB101 strains of E. coli were grown in LB with streptomycin in 5 mL
starter cultures used to inoculate 0.5 L cultures in TB. Starter cultures were grown for ~6
hr at 37°C and the larger 0.5 L cultures were grown overnight (approximately 16-20 hr)
with shaking. Bacteria were pelleted by centrifugation and resuspended at 250 mg/mL in
S-complete buffer to prepare 10x stocks, and these stocks were stored at 4°C and used
within several weeks. The 10x stocks of bacteria were diluted in S-complete for liquid
culture experiments 203. HB101 is considered the standard bacteria for use in liquid
culture, as OP50 is on plates. OP50 is known to clump in liquid. Based on optimization
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of embryo and L1 length differences from a dilution series (Fig 1C), AL was defined as
25 mg/mL (determined to be 7.5x108 cfu) HB101 and DR was defined as 3.1 mg/mL
(determined to be 8.75x107 cfu), an eight-fold dilution of AL.
Progeny size was determined for a dilution series of E. coli HT115 (Fig 2B), but
HB101 was used in all other instances. HT115 was prepared with the same protocol as
HB101. Optical density at 600 nm (OD600) was measured with a spectrophotometer.
Initial measurement confirmed that over time bacteria do not grow in S-complete culture
(S1 Fig). Subsequently OD600 was measured in 1:4 dilutions to ensure measurements
were in the linear range of measurements. Absorbance readings were consistently
around 0.7-0.8 for AL and 0.09-0.1 for DR (S1 Fig).
Worms fed E. coli OP50 on NGM plates were bleached and progeny were
arrested as L1 larvae by hatching in virgin S-basal buffer (no ethanol or cholesterol). L1
larvae were added to liquid cultures at a density of 1 worm/100 µL (S1A Fig). At this
density, worms did not consume enough bacteria in culture over the 96 hr culture
period to significantly alter the density of bacteria (S1C Fig). This density is comparable
but slightly reduced from the 15 worms/mL density used in a similar system for DR in
liquid culture 166. Worms were cultured in Erlenmeyer flasks at 20°C with shaking at 180
rpm. After 96 hr in culture, worms were collected by centrifugation and embryos
(progeny) were harvested by standard hypochlorite treatment. Because they were grown
in liquid, eggs that had been laid but not hatched survived hypochlorite treatment and
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were included in the progeny cohort. This is different from collecting worms from plates
for hypochlorite treatment, where eggs stick to the solid media and only those that are in
utero are harvested.

A.3.2 Culture on solid media
Standard techniques for culture on plates with nematode growth media (NGM)
was used for the genetic model of DR (eat-2 mutant vs. WT), all RNAi experiments, and
phenotypic analysis of progeny. Stationary cultures of E. coli OP50 were used to seed
NGM plates to produce a lawn prior to plating embryos or larvae, except for RNAi
experiments, which used HT115 carrying different RNAi plasmids (see below). Plates
were always incubated at 20°C.

A.3.3 Reproductive onset and brood size
To measure reproductive onset (Fig 1I), worms were grown in AL and DR
conditions. Worms were sampled at the indicated times. At each timepoint a 10 mL
sample of the culture was centrifuged and nearly all of the supernatant was removed.
The remaining volume was plated onto unseeded NGM plates. Worms were scored with
a stereoscope to determine if they were carrying fertilized embryos. Worms with at least
one fertilized embryo in utero were considered reproductive.
Early fecundity of P0 worms was measured after 96 hr in liquid culture in
slightly modified AL and DR conditions (Fig 1J). To measure brood size of individual
animals, single L1 worms were added to 1 mL cultures of AL (25 mg/mL HB101) or DR
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(3.1 mg/mL HB101) in 12 mL round bottom polystyrene tubes at 20°C with shaking at
220 rpm. After 96 hr of growth, each culture was diluted with ~5 mL virgin S-basal and
centrifuged at 3000 rpm for 1 min. Nearly all supernatant was removed, the remaining
volume was plated on an unseeded 6 cm NGM plate, and the number of progeny
present was counted with a stereoscope.
To determine progeny brood size (Fig 5B,E), progeny were harvested from
worms grown in AL or DR conditions by hypochlorite treatment after 96 hr in culture.
Progeny were either plated immediately after hypochlorite treatment as embryos
(control) or as arrested L1 larvae (starved 8 d) onto NGM plates seeded with OP50. To
isolate embryos from crosses (Fig 5C) mothers were transferred to fresh plate at 8-12hr
intervals and embryos were washed from plates. Arrested larvae were prepared by
culturing embryos from hypochlorite treatment or embryo harvest in virgin S-basal at 1
worm/µL for 8 d. After 48 hr on plates, 25 worms per condition were singled onto 6 cm
NGM plates seeded with a small lawn of OP50. Worms were transferred to fresh plates
at 24 hr intervals, and the number of offspring was counted 2 days after removal of the
mother.

A.3.4 Measuring embryo and larval size
Progeny were collected by hypochlorite treatment of worms after 96 hr of
culture. Embryo length measurements are constant during development due to the rigid
eggshell, so developmental stage is not a confounding factor. To measure embryo size,
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embryos were plated onto unseeded 10 cm plates with NGM agar. These were imaged
with a Zeiss Discovery.V20 stereomicroscope with a 10x objective (KSC 190-975). The
images were analyzed using FIJI and calibrated to a micrometer. Lengths of embryos
were measured both manually and by automatically thresholding embryos and
calculating the long axis from ellipse fitting. Area and width measurements were also
generated by thresholding. Specifically, background was subtracted, images were
thresholded, they were converted to binary, holes were filled, and then particles were
analyzed. This analysis was done in batch and the results were manually curated to
ensure only quality embryo images were used.
Size of L1 larvae and worms cultured for 48 or 96 hr (starting from L1 arrest) was
measured using the Wormsizer software 193. Worms were washed with S-basal and
plated on unseeded 10 cm NGM plates. These were imaged with a Zeiss Discovery.V20
stereomicroscope and magnification was adjusted based on the stage of the worms.
Representative images of adult worms were taken at 10x on a Zeiss AxioImager
compound microscope.

A.3.5 RNA interference
RNAi bacteria (HT115) were grown at 37°C in starter cultures of LB with
tetracycline. Starter cultures were used to innoculate 0.5 L TB with tetracycline and these
large cultures were incubated overnight (approximately 16-20 hr). Bacteria were
concentrated to 250 mg/mL and frozen in S-complete with 15% glycerol at -80°C.
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Bacteria were thawed and plated on NGM with 25 µg/mL carbenicilin and 1 mM IPTG.
Bacterial clones from the OpenBio RNAi library were used. RNAi plasmids were
confirmed by sequencing.

A.3.6 Crosses
The SJ4103 mitochondrial GFP reporter strain was used as a source of males to
mark cross progeny. Males were initially generated by heat shocking worms and
backcrossing was used to expand and maintain the population. Males were mated to
WT or daf-2 hermaphrodites and only fluorescent cross progeny were selected for
analysis in Fig 4C and Fig 5C.

A.3.7 Lifespan
To measure progeny lifespan (S2B Fig), progeny of AL and DR worms were
harvested by hypochlorite treatment after 96 hr in culture. Progeny were picked as
young adults onto fresh plates and moved every other day to a new plate to isolate them
from their offspring. Six plates of 20 worms per condition were set up at the beginning
of each experiment and plates were blinded. Survival was scored over time and worms
that disappeared were censored. Three independent biological replicates were
consistent, so data were pooled to generate a log-rank p-value using the OASIS program
basic survival analysis 204.
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A.3.8 Starvation Survival
To measure starvation survival (S2C Fig), embryos were collected with
hypochlorite treatment of AL and DR cultures and embryos were suspended at a
density of 1/µL in 10 mL virgin S-basal in 25 mm glass test tubes on a tissue culture
roller drum at 21-22°C. Arrested L1 worms were plated onto 6 cm plates beside the
OP50 lawn, and the total number of worms plated (Tp) was counted. Two days later the
total number of worms alive on the plate was scored (TA). Survival was defined as TA/Tp
at each timepoint. Survival curves and statistics were calculated as previously described
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. Briefly, curves were fit to each biological replicate, median survival was determined,

and an unpaired t-test was used to contrast average median survival between groups.

A.3.9 Strains
The Bristol N2 strain was used and is annotated as wild-type (WT). The
following strains and mutant alleles were also used: AGP24f glmEx5[Pnhr-49::nhr49::GFP + Pmyo-2::mCherry], CB1370 daf-2(e1370), CB3191, CB4856, DA465 eat-2(ad465),
GR1309 daf-16(mgDf47);daf-2(e1370), JU775, NL2098 rrf-1(pk1417), NL2550 ppw-1(pk2505),
PS5150 daf-16(mgDf47), SJ4103 zcIs14[myo-3::GFP(mit)], STE68 nhr-49(nr2041), and
TR403.

A.3.10 Statistical Analysis
Unpaired t-tests were used for analysis of starvation survival (S2C Fig) and total
brood size (Fig 5B,C). Paired t-tests were used for image-based analysis of progeny size
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to account for systematic variation in conditions from trial to trial. Each reference to n
indicates the number of independent biological replicates. Such replicates used
independent cultures prepared and assayed on different days.
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