
 

i

v 

 

 

Genetic and Epigenetic Regulation of Starvation Resistance in Caenorhabditis elegans 

by 

Amy Katherine Webster 

University Program in Genetics and Genomics 
Duke University 

 

Date:_______________________ 
Approved: 

 
___________________________ 

L. Ryan Baugh, Advisor 
 

___________________________ 
Gregory A. Wray 

 
___________________________ 

Jenny Tung 
 

___________________________ 
Timothy E. Reddy 

 

Dissertation submitted in partial fulfillment of 
the requirements for the degree of Doctor of Philosophy in the University Program in 

Genetics and Genomics in the Graduate School 
of Duke University 

 
2021 

 

 

 

 



 

 

ABSTRACT 

Genetic and Epigenetic Regulation of Starvation Resistance in Caenorhabditis elegans 

by 

Amy Katherine Webster 

University Program in Genetics and Genomics 
Duke University 

 

Date:_______________________ 
Approved: 

 
___________________________ 

L. Ryan Baugh, Advisor 
 

___________________________ 
Gregory A. Wray 

 
___________________________ 

Jenny Tung 
 

___________________________ 
Timothy E. Reddy 

 
 

 

An abstract of a dissertation submitted in partial 
fulfillment of the requirements for the degree 

of Doctor of Philosophy in the University Program in Genetics and Genomics in the 
Graduate School of 

Duke University 
 

2021 
  



 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Copyright by 
Amy Katherine Webster 

2021 
 



 

iv 

Abstract 
Fluctuations in nutrient availability occur for nearly all species, and adaptation to 

endure starvation conditions is essential. Genetic pathways involved in regulating 

starvation resistance are implicated in aging and complex diseases such as cancer, 

diabetes, and obesity in humans. Consequences of experiencing starvation persist later 

in life and subsequent generations, suggesting epigenetic regulation.  However, much is 

still unknown about how starvation resistance is regulated and the contributions of 

different types of regulation. The roundworm Caenorhabditis elegans reversibly arrests 

development in the absence of food and can endure starvation for several weeks. Here, 

we investigate how transcriptional, epigenetic, and genetic regulation impact starvation 

resistance during developmental arrest in C. elegans.  

Gene expression dynamics change quickly during the first few hours of 

starvation, and broadly conserved transcription factors are required for starvation 

survival. However, temporal- and tissue-specific requirements of transcription for 

supporting starvation survival and recovery are largely unknown. In chapter 2, we used 

mRNA-seq combined with temporal degradation of RNA Polymerase II in the soma and 

germline to better understand gene regulation throughout arrest. We find that 

transcription is required in the soma for survival early in starvation but is dispensable 

thereafter, and known transcriptional regulators primarily act early in arrest. In contrast, 

the germline is transcriptionally quiescent throughout starvation, but germline 
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transcripts are relatively stable compared to somatic transcripts. This reveals alternative 

gene-regulatory strategies in the soma and germline during starvation-induced 

developmental arrest, with the soma relying on a robust early transcriptional response 

while the germline relies on mRNA stability to maintain integrity.  

Phenotypic plasticity is facilitated by epigenetic regulation, and remnants of such 

regulation may persist after plasticity-inducing cues are gone, even affecting germ cells 

to impact subsequent generations. However, the relationship between plasticity and 

transgenerational epigenetic memory is not understood. Dauer diapause provides an 

opportunity to determine how a plastic response to the early-life environment affects 

traits later in life and in subsequent generations. In chapter 3, we find that, after 

extended diapause, postdauer worms initially exhibit reduced reproductive success and 

greater interindividual variation. In contrast, F3 progeny of postdauers display 

increased starvation resistance and lifespan, revealing potentially adaptive 

transgenerational effects. Transgenerational effects are dependent on the duration of 

diapause, indicating an effect of extended starvation. In agreement, RNA-seq 

demonstrates a transgenerational effect on nutrient-responsive genes. This work reveals 

complex effects of nutrient stress over different time scales in an animal that evolved to 

thrive in feast and famine. 

Many conserved genes and pathways regulate starvation resistance, but most 

genetic analysis in C. elegans has been restricted to a single genetic background, 
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potentially restricting identification of additional genes. Hundreds of genetically distinct 

wild strains of C. elegans have been whole-genome sequenced and can be used for 

GWAS. In chapters 4 and 5, we implemented two high-throughput sequencing 

approaches, RAD-seq and MIP-seq, to determine relative starvation resistance of over 

100 wild strains over time.  We used GWAS to identify QTL associated with starvation 

resistance, near-isogenic lines to validate QTL, and CRISPR gene editing to modify 

specific genes within QTL. We focused on genes in the insulin receptor-like domain (irld) 

family, as this family has been virtually uncharacterized, but the genes share homology 

with the sole known insulin-like receptor in C. elegans, DAF-2, which is a major regulator 

of starvation resistance. We found that specific variants in two members of the irld 

family confers increased starvation resistance in multiple genetic backgrounds, and this 

is dependent on the transcription factor downstream of insulin signaling, DAF-

16/FOXO. Thus, this work shows that natural genetic variation in novel modifiers of 

insulin-signaling regulates starvation resistance. 
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1. Introduction  
1.1 Starvation resistance and metabolic disease 

Fluctuations in nutrient availability are a fundamental feature of the 

environment experienced by virtually all species and an ancient selective pressure. 

Mechanisms to endure starvation have been identified in a wide variety of species, 

including yeast (MARKWARDT et al. 1995; THOMSSON et al. 2005; GAUCI et al. 2009; 

OHDATE et al. 2010; ANEMAET AND VAN HEUSDEN 2014), plant (DUFF et al. 1991; BASSHAM 

2007; RICHARD-MOLARD et al. 2008; HONIG et al. 2012; WANG et al. 2018), and metazoan 

model systems (BUCKLEY AND RATH 1987; BAUER et al. 2004; BAUGH AND STERNBERG 

2006; FUKUYAMA et al. 2006; CHOI et al. 2011; FUKUYAMA et al. 2012; LUO et al. 2018; 

BAUGH AND HU 2020). Conserved acute responses to starvation in metazoans include 

slowed or halted growth rate, reduced reproductive capacity, altered metabolism, 

increased autophagy, and increased stress resistance. These responses are regulated, at 

least in part, by conserved signaling networks. Further, they highlight the necessary 

trade-off of delaying growth and reproduction in order to prioritize survival and stress 

resistance under certain conditions.  

Famines have been documented throughout recorded human history 

(SCRIMSHAW 1987). Within the last 100 years, improved records have elucidated 

physiological responses during starvation, upon recovery, and in subsequent 

generations. Acute starvation responses in humans are largely consistent with other 
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metazoans, as expected with conserved regulation (WANG et al. 2006). However, records 

also document the profound influence of starvation on late-life health, including 

increased risk of complex diseases such as diabetes, obesity, and cancer following early-

life famine (ROSEBOOM et al. 2006; VAN ABEELEN et al. 2012; LIU et al. 2019). Further, they 

provide evidence that effects of starvation on metabolic health may persist multiple 

generations (VEENENDAAL et al. 2013).  

Rates of complex diseases, including diabetes, obesity, and cancer, have 

increased in recent decades, and several hypotheses to explain this increase invoke the 

fact that starvation has historically been a selective pressure. In the U.S., over one-third 

of adults are obese and about 10% have diabetes, and these rates have steadily increased 

since at least the 1960s (BHUPATHIRAJU AND HU 2016). In 1962, Neel noted that diabetes 

was heritable, increasing in frequency in the population, but not adaptive (NEEL 1962). 

To account for this, he proposed the thrifty gene hypothesis, which posits that genetic 

variants selected to survive starvation throughout human evolution confer disease risk 

in modern society when food is abundant. Thus, disease occurs due to a mismatch 

between the environment in which the genome evolved and the current environment. In 

the following decades, however, relatively little variation in disease risk has been 

explained by genetic variation in human GWAS studies (WILLYARD 2014), and there is 

little evidence that the variants affecting disease risk have been under positive selection 

throughout human evolutionary history (WANG AND SPEAKMAN 2016). Thus, while 
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particular genetic pathways are known to underlie disease progression, genetic variation 

has not yet explained the variation in disease risk. It remains possible that advances in 

GWAS to account for polygenic inheritance or include rare variants could help shed 

light on the basis of these complex diseases, especially when adequately taking into 

account environmental factors. However, the more recent ‘thrifty epigenotype 

hypothesis’ proposes that, in fact, the pathways involved in starvation survival are 

broadly conserved and canalized with relatively minor genetic variation (STOGER 2008). 

That is, all humans are susceptible to the environmental mismatch of modern society. 

Stoger proposes a role for epigenetic inheritance to explain diabetes risk given its rate of 

increase in recent years and high heritability. Indeed, theoretical models conclude that 

epigenetic inheritance can contribute to disease heritability (FURROW et al. 2011), and 

examples from famine in human suggest that metabolic disease states can be inherited, 

though little is known about the mechanism in these cases.  

The merits and pitfalls of these and other ‘thrifty’ hypotheses (including the 

thrifty phenotype (HALES AND BARKER 1992) and drifty gene (SPEAKMAN 2008) 

hypotheses) are still debated, and they will likely continue to be modified as additional 

data are acquired. Still, they point to the intimate relationship between the physiological 

responses that occur in times of scarcity and times of plenty, and they suggest pragmatic 

approaches for understanding the biological basis for complex disease. First, the genetic 

pathways that have been described to function in the starvation response in a variety of 
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model systems strongly overlap with the pathways involved in complex non-

communicable diseases in humans (see, e.g., section 1.3) (ASHRAFI 2007; ALFA AND KIM 

2016; GARCIA-JIMENEZ AND GODING 2019). While human GWAS has been of limited 

utility for identifying additional pathways or pathway modifiers affecting these diseases 

and therapeutic targets to treat them, starvation resistance can be readily dissected in 

metazoan models. Second, the apparent contribution of epigenetic inheritance in 

shaping disease risk in response to famine and the conditions of modern life warrants 

attention. The epigenetic effects and gene regulatory mechanisms that occur in response 

to starvation in metazoan models are largely unknown, but this will likely shed light on 

regulation that occurs in humans. In this work, I explore how starvation resistance is 

regulated in the model organism, Caenorhabditis elegans, at transcriptional, epigenetic, 

and genetic levels. In better understanding regulation of starvation resistance, I gain 

insights into this fundamental and broadly conserved trait and gain traction on 

processes that may be affecting human development of complex disease.  

1.2 C. elegans as a model for starvation resistance 

C. elegans is a microscopic roundworm that has been widely used as a model 

organism in genetic research (CORSI et al. 2015). Among its many merits, it is optically 

transparent, facilitating imaging of internal cells in a live animal. It has a generation time 

of approximately three days, making multigenerational experiments feasible on 

relatively short time scales. Most C. elegans are hermaphrodites, producing both sperm 
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and oocytes and capable of self-fertilization to generate approximately 300 progeny. This 

makes maintaining homozygous strains and scaling up to thousands of individuals for 

an experiment relatively straight-forward. Fortuitously, C. elegans also produces rare 

males that can be crossed with hermaphrodites to obtain desired genetic combinations. 

C. elegans was the first animal to have its full genome sequenced, and as a result, many 

known mutants are already available and desired genome edits can be readily made. 

Recently, many natural strains of C. elegans collected from the wild have been whole-

genome sequenced and are available for study of natural genetic variation that may 

underlie traits of interest (COOK et al. 2017). 

C. elegans is adapted to endure starvation conditions throughout its life cycle 

(BAUGH 2013; BAUGH AND HU 2020). Upon hatching as an L1 larva, if food is plentiful, a 

worm will proceed through development in approximately three days to become a 

reproductive adult and live for about two weeks (Figure 1). However, if a worm hatches 

in the absence of food it will remain in a developmentally quiescent state called L1 

arrest. Arrested L1 larvae can survive for several weeks before eventually dying of 

starvation. However, prior to death, L1 arrest is reversible, and L1 larvae that encounter 

food will recover to ultimately become reproductive adults. Reversible developmental 

arrest can occur if food is removed at stages later than L1, leading to L3 and L4 arrest 

(SCHINDLER et al. 2014). Arrested worms are not morphologically distinct compared to 

non-arrested worms. However, C. elegans also can enter a morphologically distinct 
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developmental arrest, called dauer diapause, if they sense high population density or 

low food availability during the L1 stage. Dauer diapause is an alternative to the L3 

stage, and worms can survive months, rather than weeks, of starvation, before 

proceeding with grossly normal development if conditions improve (RIDDLE AND 

ALBERT 1997).  

 

Figure 1: The C. elegans life cycle. Starvation induces developmental arrest at 
L1, L3, and L4 stages. Environmental conditions in the L1 stage (starvation, crowding, or 
high temperature) trigger the alternative developmental pathway, dauer diapause, as an 
alternative to the L3 stage. Worms were adapted from Caenorhabditis elegans 
hermaphrodite adult-en.svg from Wikimedia Commons by K.D. Schroeder, CC-BY-SA 3.0. 

  

L1

L2

L3

L4

adult

Dauer diapause

~1 mm

embryo

L3 arrest

L4 arrest

L1 arrest



 

7 

Extended L1 arrest and dauer diapause have both been documented to have 

minimal, if any, effect on lifespan upon recovery, making them ‘ageless’ states (KLASS 

AND HIRSH 1976; JOHNSON et al. 1984). Thus, worms that would live two weeks if they 

never arrested development could live for months including the time they are arrested. 

Despite being an ageless state, features of aging have been documented in arrested L1 

larvae, but these are largely reversible upon recovery (ROUX et al. 2016a). In contrast, 

fitness consequences on growth rate and brood size have been documented to persist 

upon recovery from L1 arrest into adulthood and subsequent generations (JOBSON et al. 

2015). Starvation is particularly ecologically relevant, as nutrient availability fluctuates 

in the wild, and C. elegans collected from the wild are often found in the starved dauer 

state (BARRIERE AND FELIX 2005). Given the significance of starvation during 

developmental quiescence for understanding processes as broad as aging and 

intergenerational inheritance, in addition to its ecological relevance, it is of great interest 

to understand how starvation resistance is regulated.  

1.3 Insulin signaling and transcriptional regulation support starvation 
resistance in C. elegans and modify disease risk in humans 

Some advances have been made in understanding how starvation survival is 

regulated during developmental quiescence. Notably, several conserved transcription 

factors are required for starvation survival during L1 arrest, including DAF-16/FOXO, 

SKN-1/Nrf, PHA-4/FoxA, and HLH-30/TFEB (BAUGH AND STERNBERG 2006; ZHONG et al. 

2010; FUKUYAMA et al. 2012; BAUGH 2013; CUI et al. 2013; O'ROURKE AND RUVKUN 2013; 
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KAPLAN et al. 2015; MURPHY et al. 2019; BAUGH AND HU 2020). Transcriptional regulators 

that are part of pathways that ultimately impinge on transcription factors are also 

required for starvation survival, including DAF-18/PTEN and LIN-35/Rb. These 

transcription factors and transcriptional regulators have all been described to function as 

tumor suppressors or oncogenes in human cancers (DANSEN AND BURGERING 2008; 

VORVIS et al. 2016; BASAK et al. 2017; VELEZ-CRUZ AND JOHNSON 2017; CHEN et al. 2018; 

COLLODET et al. 2019), supporting the notion that understanding how an animal 

coordinates extended developmental quiescence will lead to insights into how to 

prevent disease. In addition, they demonstrate the feasibility of using genetics to unravel 

this complex trait and highlight the important role of transcriptional regulation during 

developmental quiescence.  

Insulin-like signaling, which ultimately affects the downstream transcription 

factor DAF-16/FOXO, is among the most well-described pathways regulating starvation 

resistance in C. elegans (BAUGH AND HU 2020) (Figure 2). In the presence of food, 

putative insulin-like agonist peptides are secreted from sensory neurons to promote 

signaling via the insulin-like receptor, DAF-2/InsR, on the surface of target cells. DAF-2 

is the sole known insulin-like receptor in C. elegans, facilitating study of this pathway 

without issues of redundancy. DAF-2 signals through the phosphoinositide-3-kinase 

(PI3K) cascade to phosphorylate DAF-16, excluding it from the nucleus and preventing 

it from activating its target genes. In the absence of agonist peptides, or in the presence 
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of antagonist insulin-like peptides, DAF-2 does not promote this signaling and DAF-16 

enters the nucleus to activate its target genes. DAF-16 target genes affect a variety of 

biological processes; in particular, they affect metabolism to promote gluconeogenesis to 

support starvation resistance (HIBSHMAN et al. 2017). DAF-16 functions cell non-

autonomously to affect whole-body phenotypes like starvation survival (KAPLAN et al. 

2015). Other insulin-like signaling pathway components function in a manner consistent 

with their effect on DAF-16. In particular, reducing insulin signaling by reducing DAF-2 

or AGE-1 increases starvation survival (MUNOZ AND RIDDLE 2003). DAF-18 and LIN-35 

partially depend on insulin signaling for their function (FUKUYAMA et al. 2006; CUI et al. 

2013), and SKN-1 and HLH-30 interact with DAF-16 (LIN et al. 2018; DENG et al. 2020), 

making insulin signaling a key pathway to orient much of the known regulation of 

starvation resistance.  
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Figure 2: Insulin-like signaling pathway in C. elegans. In the presence of food, 
insulin-like agonists promote insulin signaling through DAF-2, triggering a cascade of 
phosphorylation events to ultimately phosphorylate DAF-16/FOXO to exclude it from 
the nucleus. In the absence of food, DAF-16 enters the nucleus to promote expression of 
starvation response genes. 

Insulin signaling in humans shares strong parallels with C. elegans. Reduced 

insulin signaling increases lifespan in virtually every system in which it has been tested 

(FONTANA et al. 2010). Dysregulation of the insulin-signaling pathway leads to diabetes 

and obesity in humans (CZECH 2017). In humans, beta cells in the pancreas release 

insulin, which has strong homology to agonist insulin-like peptides in C. elegans, in 

response to high blood glucose. Insulin receptors, which are homologous to DAF-2, 
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reside on the surface of muscle, liver, fat, or neuronal cells, among others, and respond 

to insulin to trigger glucose uptake (DE MEYTS 2000). Individuals with insulin resistance 

have cells that do not respond appropriately to the amount of insulin circulating, and 

more insulin is required to trigger an equivalent physiological response. Both insulin 

resistance and reduced production of insulin can cause diabetes, which is characterized 

by high blood glucose levels. Insulin resistance is both a cause and consequence of 

obesity, which is often comorbid with type II diabetes. Like in C. elegans, FOXO is 

downstream of insulin signaling and is considered a therapeutic target for treatment of 

diabetes and obesity. Identifying additional genetic regulators of starvation resistance, 

whether dependent or independent of insulin signaling, will likely lead to increased 

understanding of and treatment options for complex diseases in humans.  

1.4 The soma/germline distinction in starvation resistance and 
epigenetic inheritance 

C. elegans have an invariant somatic cell lineage throughout their lifespan 

(SULSTON AND HORVITZ 1977). In early development, the germline also exhibits 

stereotyped development, but by adulthood, the number of germline cells varies worm-

to-worm. The germline is the only tissue in C. elegans with a stem cell niche, and it is 

uniquely susceptible to tumor growth (JOSHI et al. 2010). Early-life starvation renders 

worms more susceptible to germline tumors later in life, analogous to the increased rates 

of cancer following early-life starvation in humans (JORDAN et al. 2019). Upon hatching, 

L1 larvae have 558 cells, including 2 primordial germ cells (PGCs), all of which arrest 
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their cell cycle during L1 arrest. Somatic and germ cells arrest at different points in the 

cell cycle, with somatic cells arresting at the G1/S transition (HONG et al. 1998), and germ 

cells arresting in the G2 phase (FUKUYAMA et al. 2006). Developmental arrest is regulated 

by genetic pathways both overlapping and distinct from those regulating starvation 

resistance. Somatic arrest, like starvation survival, depends on DAF-16, and daf-16 

mutants will prematurely divide certain somatic cells in the absence of food (KAPLAN et 

al. 2015). For germ cell arrest, DAF-18, but not DAF-16, is required. Zygotic 

transcriptional activation occurs at the 4-cell stage in embryos, but germ cells are 

relatively transcriptionally quiescent until food becomes available, highlighting 

alternative transcriptional regulation in the soma and germline early in life (SEYDOUX 

AND FIRE 1994; SEYDOUX et al. 1996; SEYDOUX AND DUNN 1997). These comparisons 

between soma and germline collectively highlight key differences in developmental 

regulation and early transcription across these tissues. However, studies on starvation 

resistance in starved L1s do not typically distinguish between these tissues, instead 

relying primarily on constitutive mutants. Thus, the relative roles of gene regulation in 

soma and germline to support survival over time are largely unknown. 

In addition to its unique regulation during developmental arrest, the germline is 

the only tissue that produces cells that endure into subsequent generations. The soma is 

‘disposable’ each generation, while the germline is considered ‘immortal’. Because of its 

immortal status, the germline has unique mechanisms to maintain its integrity. These 
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include DNA damage checkpoints and exogenous transgene silencing, among others 

(KELLY AND FIRE 1998; O'NEIL AND ROSE 2006). While the germ cells are the only cells 

inherited into the next generation, the extent to which germ cells are impacted by 

environmental conditions has been a widely researched topic in recent years. Animals 

are known to exhibit phenotypic plasticity in response to the environment, but the 

extent to which remnants of plastic responses could impact the germline and be 

inherited is unclear. Many epigenetic marks are erased and reset each generation in 

germ cells (FURUHASHI AND KELLY 2010), suggesting a propensity to minimize 

intergenerational effects. Despite this, recent studies have shown inheritance of both 

maternal and transgenerational effects in response to environmental conditions (JOBSON 

et al. 2015; HIBSHMAN et al. 2016; BURTON et al. 2017; MOORE et al. 2019). 

Transgenerational effects are notable because they endure at least three generations and 

suggest that a signal must be propagated, as the germ cells several generations later 

could not have been directly affected by an environmental stimulus. Previous work has 

shown that starvation can lead to inherited effects in C. elegans, but effects on starvation 

resistance and other fitness-relevant traits have not been documented. Further, 

mechanisms that may promote germline integrity throughout starvation are largely 

unknown, and the adaptive value of transgenerational effects is unclear. 
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1.5 Measuring starvation resistance in hypothesis-driven and high-
throughput approaches 

In order to be considered evolutionarily fit, animals must be able to survive to 

adulthood and produce viable progeny. In the context of C. elegans starvation, worms 

must be able to survive, recover from, and produce progeny following starvation. 

Throughout this work I consider survival, recovery, and progeny production as ‘facets’ 

of starvation resistance. Starvation survival is measured by determining survival curves 

over time throughout L1 arrest for conditions of interest. Worm strains that die quicker 

are considered sensitive, while those that live longer are considered resistant. For 

recovery experiments, growth rate is measured from worms recovering from brief and 

extended starvation. Worms typically grow slower following extended starvation 

compared to a brief starvation (JOBSON et al. 2015), but some strains recover slower or 

faster than expected, suggesting sensitivity or resistance, respectively. For progeny 

production, brood size is measured both for continuously fed worms and for worms 

experiencing extended starvation early in life. Again, because worms typically produce 

fewer progeny after starvation, strains that produce fewer or more progeny than 

expected demonstrate sensitivity or resistance, respectively. Survival, recovery, and 

progeny production will be analyzed among strains that differ either genetically or 

based on environmental manipulation to test specific hypotheses. Cutting-edge genetic 

manipulations will be used to assess gene function, including using CRISPR and the 

auxin-inducible degron (AID) system in C. elegans (PAIX et al. 2015; ZHANG et al. 2015). 
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The approaches outlined for measuring survival, recovery, and brood size are 

amenable to assessment of starvation resistance of individual strains in a hypothesis-

driven manner. However, measuring starvation resistance for many strains to identify 

new genetic variants requires a high-throughput approach. DNA sequencing has 

become less costly in recent years, and various approaches exist to sequence only 

selected parts of the genome. Thus, genetically distinct strains can be pooled together 

and phenotyped by sequencing throughout selection for starvation resistance (DAVEY 

AND BLAXTER 2010; MOK et al. 2017). In this dissertation, I demonstrate the utility of two 

sequencing approaches for high-throughput screening of approximately 100 genetically 

distinct wild isolates of C. elegans, allowing for the determination of genetic intervals 

associated with starvation resistance. Ultimately, I show particular genetic variants 

impinge on insulin-like signaling to affect starvation resistance. 

1.6 Summary of dissertation 

In this dissertation, I evaluate how gene regulation, transgenerational epigenetic 

effects, and genetic variation function to affect starvation resistance during 

developmental quiescence over varying temporal and spatial scales. I do this using 

innovative approaches in genomics and transcriptomics and careful phenotypic assays. 

In chapter 2, I combine gene expression data with temporal and tissue-specific ablation 

of RNA Polymerase II to elucidate how gene expression dynamics change throughout 

starvation and the extent to which transcriptional regulation in the soma and germline 
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supports survival and recovery. In chapter 3, I demonstrate the proximal and 

transgenerational consequences of extended starvation during diapause on multiple 

fitness-relevant traits, and I use gene expression to understand the relative consequences 

of the current and ancestral environment on plasticity. In chapters 4 and 5, I use two 

different phenotyping-by-sequencing approaches to uncover genetic variation that 

underlies starvation resistance. In chapter 5, I identify particular genetic variants that 

function as novel regulators of insulin-like signaling. Finally, I suggest ideas ripe for 

future investigation to further our understanding of how genetic and environmental 

factors interact to shape starvation resistance and gain a deeper resolution into cell-type-

specific gene regulation.  
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2. Alternative somatic and germline gene-regulatory 
strategies during starvation-induced developmental 
arrest 

This chapter was modified from an in-progress manuscript. The authors are Amy K. 

Webster, Rojin Chitrakar, and L. Ryan Baugh. 

2.1 Background 

Development requires favorable environmental conditions, and diverse animals 

enter a state of developmental arrest in response to unfavorable conditions (MACRAE 

2010). Starvation in particular causes cellular quiescence in cells ranging from yeast to 

human, and some whole animals arrest development in response to inadequate 

nutrition (SU et al. 1996; YAO 2014). Coordinating development with nutrient availability 

requires an organismal signaling network and robust gene regulatory mechanisms, and 

dysregulation of these conserved networks in humans results in disease. However, 

regulatory strategies that allow animals to endure starvation during arrest are not well 

understood. A variety of transcriptional regulators are required, but regulatory 

dynamics have not been well characterized, and it is unclear when in the starvation 

response these factors function. In addition, it is unclear how different tissues respond to 

starvation in an organismal context, though they presumably have different metabolic 

demands, developmental constraints, and organismal functions. With these gaps in 

understanding it is difficult to translate what is known about relatively instantaneous 
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cellular responses to nutrient availability to a better understanding of the integrated 

organismal response.  

In C. elegans, developmental quiescence occurs when environmental cues 

indicate that growth would not be favorable (BAUGH AND HU 2020). In particular, C. 

elegans hatch as L1 larvae, and in the absence of food they arrest development (BAUGH 

2013). They can remain in L1 arrest (or L1 diapause) for weeks, but larvae will resume 

development and proceed through the life cycle if they feed. C. elegans can also enter 

arrest at later larval stages in response to starvation (JOHNSON et al. 1984; SCHINDLER et 

al. 2014). These arrests are distinct from dauer diapause, which results from an 

alternative developmental pathway and enables survival for months in unfavorable 

conditions (KLASS AND HIRSH 1976). L1 arrest has garnered attention because time spent 

in arrest does not shorten lifespan upon recovery, as if it is an “ageless” state (JOHNSON 

et al. 1984). Despite this, worms in L1 arrest exhibit signs of aging, but most of these are 

reversible upon recovery (ROUX et al. 2016b). Many life-history traits are affected upon 

recovery from extended starvation, including brood size and growth rate (JOBSON et al. 

2015), and the effects of extended starvation persist into subsequent generations 

(RECHAVI et al. 2014; JOBSON et al. 2015; WEBSTER et al. 2018).  

L1 arrest is accompanied by changes in gene expression and transcriptional 

regulation, many of which are known to support survival. Gene expression profiles of 

mRNA change rapidly early in L1 arrest (within hours), as the starvation response is 
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mounted (BAUGH et al. 2009). A number of transcriptional regulators, including 

transcription factors, are required to support starvation survival, suggesting a critical 

role of transcriptional regulation (BAUGH AND STERNBERG 2006; ZHONG et al. 2010; 

FUKUYAMA et al. 2012; BAUGH 2013; CUI et al. 2013; O'ROURKE AND RUVKUN 2013; 

KAPLAN et al. 2015; MURPHY et al. 2019; BAUGH AND HU 2020). However, gene expression 

dynamics that occur beyond 24 hours of starvation, and time-of-action of transcriptional 

regulation for supporting survival, are largely unknown.  

Transcriptional regulation in L1 larvae differs between somatic and germline 

tissues. Upon hatching, L1 larvae have 558 cells, two of which are the primordial germ 

cells (PGCs), Z2 and Z3, that give rise to the germ line. Zygotic transcription begins in 

somatic cells as early as the four-cell stage of embryogenesis (SEYDOUX AND FIRE 1994; 

SEYDOUX et al. 1996; BAUGH et al. 2003), whereas transcription is repressed in the P 

lineage that gives rise to PGCs (SEYDOUX AND DUNN 1997). RNA polymerase II (Pol II) 

becomes active in the PGCs later in embryogenesis, but they remain relatively 

transcriptionally quiescent compared to somatic cells. DAF-16/FoxO, DAF-18/PTEN, and 

the AMP-activated kinase AMPK are each required to arrest somatic cell divisions 

during L1 starvation, but DAF-18 and AMPK are also required to arrest germ cell 

divisions though DAF-16 is not (BAUGH AND STERNBERG 2006; FUKUYAMA et al. 2006; 

FUKUYAMA et al. 2012). Likewise, DAF-18 and AMPK are required for the relative 

transcriptional quiescence of germ cells in arrested L1s (DEMOINET et al. 2017; FRY et al. 
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2020). Pol II accumulates at promoters of growth genes during L1 arrest (BAUGH et al. 

2009), where it is poised to initiate transcription in response to feeding (MAXWELL et al. 

2014), but the anatomical site of action is unknown. In both somatic and germline cells, 

transcription increases dramatically upon feeding, facilitating post-embryonic 

development (MAXWELL et al. 2012; BUTUCI et al. 2015; FRY et al. 2020). The extent to 

which somatic and germline gene regulation share common or distinct mechanisms and 

regulatory strategies during developmental arrest is unclear.  

Here we performed mRNA-seq on starved L1 larvae over twelve timepoints 

spanning the entirety of L1 arrest. We found that gene expression dynamics continue 

changing throughout starvation, with a rapid initial response followed by a long 

relatively slow response. Target analysis suggests that known transcriptional regulators 

mostly act early in starvation, but large numbers of germ line-expressed genes are 

relatively up-regulated late in arrest. We used the auxin-inducible degron (AID) system 

to degrade AMA-1/Pol II in the soma and germ line. We found that transcription in the 

soma, but not in the germ line, is required to support starvation survival. This 

requirement is strongest early in L1 arrest and then wanes, consistent with a critical role 

of transcription in mounting the starvation response. Late in starvation, transcription of 

thousands of genes continues in the soma as a way of maintaining the initial starvation 

response. In contrast, the germ line is transcriptionally inactive throughout arrest, and 

the relative increase in expression of germline-enriched genes is primarily driven by 
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greater relative transcript stability rather than transcription. Collectively, our results 

suggest that the soma and germline use distinct regulatory strategies to support 

organismal fitness during starvation-induced developmental arrest.  

2.2 Results 

We performed mRNA-seq on whole, starved L1 larvae over time to determine 

gene expression dynamics throughout L1 arrest. The time series started approximately 2 

hours prior to hatching (-2 hr) to capture the onset of starvation and extended 12 days 

beyond that (Figure 3A). Because expression dynamics slow within 12 hours (BAUGH et 

al. 2009), we collected time points densely early in arrest and sparsely late in arrest 

(Figure 3A). ~50% of larvae hatched between 0 and 2 hours, and ~80% were hatched by 4 

hours (Figure 3B), reflecting consistent synchrony and staging. About 80% of larvae 

were still alive at 8 days, but survival dropped to about 30% at 12 days (Figure 3C). 

Thus, the time series spans the entirety of L1 arrest, from hatch to death. 
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Figure 3: Gene expression changes deep into starvation. A. Time points 
collected for mRNA-seq time series. B. Hatching efficiency of all replicates at early time 
points. C. Survival of all replicates at late time points. D. Principal Component Analysis 
of RNA-seq data for all time points and replicates. E. Rate of change of gene expression 
based on Euclidean distance. F. Differentially expressed genes as a function of the false-
discovery rate. 

2.2.1 Gene expression dynamics throughout starvation 

We performed principal component analysis (PCA) as an initial evaluation of 

expression dynamics. Biological replicates clustered together, as expected, and time 

points were ordered based on the duration of L1 arrest (Figure 3D). A rapid response to 

starvation was evident in the early hours after hatching, as expected (BAUGH et al. 2009). 

However, time points including day 1 and beyond were clearly distinct from earlier time 

points, revealing that gene expression dynamics continue changing late in starvation. 

Nonetheless, PCA suggests that the rate of change in gene expression decreases over 

time. For example, although the absolute difference in PCA space between 0 and 2 hours 
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is comparable to the difference between 8 and 12 days, these changes occurred over 2 

hours and 4 days, respectively. We measured the rate of change between adjacent time 

points and found that it decreases dramatically during starvation, with a major 

inflection around 24 hours (Figure 3E). These results demonstrate a rapid early response 

to starvation followed by a much slower late response extending until death.  

Strikingly, the vast majority of genes are differentially expressed during 

starvation. Over 85% of detected genes (14,034 genes) were differentially expressed at a 

false-discovery rate (FDR) of 0.05, and over 35% (6,027 genes) were differentially 

expressed at a highly stringent cutoff of 10-30 (Figure 3F). These results demonstrate the 

profound effect of starvation on gene expression. 

Despite the pervasive effects of starvation, cluster analysis revealed relatively 

simple temporal patterns. The clustering algorithm used produced 129 clusters among 

the 6,027 most significantly affected genes, but many of them are distinguished by 

relatively minor differences in timing or include only a few genes. The ten largest 

clusters include about two-thirds of genes, and they show the predominant expression 

patterns present in the full dataset, which broadly consist of genes monotonically 

increasing or decreasing in relative expression (Figure 4). The most complex common 

pattern is an increase followed by a decrease with a single peak early in starvation (e.g., 

clusters 5, 9, and 10), and other more complex patterns are either very rare or absent 

(Figure 4B; Figure 5). These observations suggest the gene regulatory network 
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controlling the starvation response is relatively shallow compared to developmental 

regulatory networks. 

 

Figure 4: Expression analysis reveals temporal patterns of regulatory activity. 
A. Z-score-normalized expression dynamics over time for the ten largest clusters. B. 
Heatmap of all clustered genes (FDR < 10-30), sorted by cluster similarity and color-coded 
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by z-score. Colored bars to the left correspond to genes in clusters shown in A. C-F. 
Gene expression dynamics for known targets of important transcriptional regulators. 
Number of genes included is inset on each graph. Lines indicate the mean z-score and 
99% confidence intervals for all genes in each group. To the right of each graph, -log10 
enrichment p-values are plotted for the top ten clusters. 
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Figure 5: Cluster analysis reveals dominant temporal patterns of gene 
expression. Z-scores over time for all genes included in Clusters 1-85 are shown, which 
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includes all clusters with 5 or more genes. Clusters 86-129 are not shown, each of which 
has fewer than five genes. 

2.2.2 Known transcriptional regulators mostly act early in starvation 

Previous studies have identified regulators of L1 starvation survival, including 

transcription factors and signaling molecules that affect transcription factor activity 

(BAUGH AND STERNBERG 2006; ZHONG et al. 2010; FUKUYAMA et al. 2012; BAUGH 2013; 

CUI et al. 2013; O'ROURKE AND RUVKUN 2013; KAPLAN et al. 2015; MURPHY et al. 2019; 

BAUGH AND HU 2020). However, critical times of action for these regulators are 

unknown. We determined expression profiles of known targets (direct and indirect) of 

critical regulators to shed light on when they are most active. We focused our analysis 

on DAF-16/FoxO, DAF-18/PTEN, LIN-35/Rb, and HLH-30/TFEB because loss of each 

severely compromises starvation survival and genome-wide expression data for each 

mutant in L1 arrest is available  (CUI et al. 2013; TEPPER et al. 2013; KAPLAN et al. 2015; 

MURPHY et al. 2019; FRY et al. 2020). Target gene sets were expressed at their highest 

levels at different times after hatching, with DAF-16, DAF-18, and some HLH-30 targets 

peaking between 6 and 12 hours of arrest, and LIN-35 and other HLH-30 targets peaking 

between two and four days of L1 arrest (Figure 4C-F), consistent with relatively early 

and late function, respectively. SKN-1/Nrf and AMPK targets were identified in later 

developmental stages without starvation, but these targets exhibit peak expression very 

early in L1 arrest as if these factors also contribute to the early starvation response 

(Figure 6D-E). In general, positive targets (genes down-regulated in the mutant) peaked 
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after hatching and declined in expression deep into arrest. Negative targets typically 

declined immediately upon hatching, and in some cases later increased in relative 

expression deep into arrest (e.g., LIN-35). Like the global dynamics of the starvation 

response (Figure 3E), these patterns suggest that the transcriptional response to 

starvation is largely mounted early. However, they also raise the possibility that 

transcriptional repression of genes expressed in fed larvae is compromised late in 

starvation. 
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Figure 6: Temporal dynamics of additional transcriptional regulators. A-E. 
Average Z-scores over time for all genes included in clustering from the indicated 
regulator and cited dataset are plotted. Error bars show the 99% confidence interval 
surrounding the mean.  
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2.2.3 Differential regulation of germline and somatic genes deep into 
developmental arrest 

Three of our six largest clusters (clusters 2, 4, and 6) were expressed at relatively 

low levels upon hatching, exhibited peak expression levels beyond four days of 

starvation, and either maintained or increased expression levels up to 12 d of starvation. 

Such late increases in relative expression made us wonder about the function and 

regulation of these genes. We found a surprising enrichment of these clusters with genes 

expressed in several tissues related to reproduction, including “germ line”, “gonad 

primordium”, and “reproductive system” (Figure 7A) (ANGELES-ALBORES et al. 2016). 

Although we assayed whole worms, we wanted to determine if genes typically 

expressed in the soma or germ line exhibited distinct expression patterns. We used 

single-cell RNA-seq data from embryos to define gene sets enriched in somatic or 

primordial germ cells (PGCs) (PACKER et al. 2019). PGC-enriched genes were largely 

expressed at peak levels late in starvation (Figure 7B), and this was robust to defining 

PGC enrichment with increasing stringency (Figure 8). In agreement, the PGC gene set 

was overrepresented in seven clusters, including clusters 2, 4, and 6, all of which were 

stable or increasing over time during starvation. In contrast, soma-enriched genes 

tended to be over-represented in clusters with peak expression within the first few hours 

of starvation (clusters 1, 3, 5, and 7). Collectively, these results indicate that PGC-

enriched genes tend to increase in relative expression throughout arrest, while soma-

enriched genes tend to peak early and decrease.   
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Figure 7: Somatic and germline genes have different patterns of regulation 
during starvation. A. Tissue enrichments for clusters 2, 4, and 6, which have peak 
expression late in starvation. Germline-related tissues are highlighted in pink. B-E. Z-
scores over time are plotted for all individual genes in the indicated group and clustered 
dataset. The number of genes is inset on each graph. Genes are color-coded (see legend) 
by cluster if the cluster is enriched in the gene group with all other genes in grey. B,E. 
Cluster enrichment color-coded if hypergeometric p < 0.01. C,D. Cluster enrichment 
color-coded if hypergeometric p < 0.05. F. Venn diagram of germ line-enriched genes 
plotted in B and genes with active (hypergeometric p = 1) or docked (hypergeometric p = 
2.4 x 10-7) Pol II. G. Venn diagram of soma-enriched genes plotted in B and genes with 
active (hypergeometric p = 1.0 x 10-7) or docked (hypergeometric p = 0.90) Pol II. 
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Figure 8: Relative increase in germline gene expression is robust to increased 
stringency in defining germline genes. A. Z-scores of all germline-enriched genes 
included in clustering are plotted over time. The number of genes plotted is indicated on 
the inset of each graph. Genes are color-coded by cluster if that cluster is enriched 
(hypergeometric p < 0.05) in the gene group. 

We extended our analysis with a pair of published datasets examining 

expression in PGCs sorted from L1-stage larvae (LEE et al. 2017). The first dataset 

includes genes differentially expressed between embryonic and fed L1 PGCs. As 

expected for maternal genes subject to transcript decay in developing L1 larvae, genes 

down-regulated between embryonic and L1 PGCs were over-represented in clusters that 

decrease in expression within hours of hatching (clusters 1 and 3), though they were also 

enriched in clusters that increase late (clusters 4 and 6) (Figure 7C). In contrast, of the 33 

clustered genes that go up in L1 PGCs relative to embryonic PGCs, 19 were part of the 

late clusters 2, 4 and 6, and cluster 2 was significantly over-represented with 10 genes 

(Figure 7C). The second dataset from Lee et al. examines expression in PGCs sorted from 

fed and starved L1 larvae. Most genes are down in starvation in this PGC-specific 

dataset, and these genes were over-represented among clusters with peak expression 
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within the first few hours of L1 arrest (clusters 1, 5, and 8), though the late-peaking 

cluster 6 was also enriched (Figure 7D). In contrast, six of the seven genes that are up-

regulated in starved L1 PGCs exhibited peak expression late in arrest, including three 

genes significantly enriched in cluster 2 (Figure 7D). Together these observations suggest 

that genes with differential expression in L1 PGCs, due to either developmental 

regulation or starvation, show similar patterns early in L1 arrest in our whole-animal 

data, as expected. However, they also further support the conclusion that many 

germline genes increase in relative expression levels deep into starvation. 

Their temporal patterns of expression made us wonder whether germ line and 

soma-enriched genes are associated with active transcription during L1 arrest. We 

previously defined gene sets early in L1 starvation in which Pol II is ‘active’ or ‘docked’ 

(MAXWELL et al. 2014). Active genes accumulate Pol II downstream of the transcription 

start site, have evidence of elongation activity and mRNA expression, and are enriched 

for starvation-response genes. In contrast, docked genes are 'poised' in that they 

accumulate Pol II just upstream of the transcription start site, have little to no elongation 

activity or mRNA expression, and tend to be immediately up-regulated during recovery 

from starvation. We found that genes with active Pol II early in starvation are enriched 

with clusters with peak expression early, mid-way, and late in starvation (clusters 1 and 

5, 9, and 4 and 6, respectively) (Figure 7E). In contrast, genes with docked Pol II were 

enriched for the late-peaking cluster 4 alone (Figure 7E). These associations between 
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active Pol II and high early expression and docked Pol II and low early expression 

satisfy expectation, but it was surprising to see that so many docked genes increase 

relative expression late in starvation. This prompted us to ask whether there was 

significant overlap between differentially expressed germ line-enriched genes and genes 

with docked Pol II. We found significant enrichment between differentially expressed 

somatic genes and active but not docked Pol II, consistent with active transcription of 

somatic genes early in starvation. We also found significant enrichment between 

differentially expressed germ line-enriched genes and docked but not active Pol II 

(Figure 7F-G). This observation is consistent with germ cells being largely transcriptional 

quiescent early in starvation, as expected, and it suggests that the apparent up-

regulation of germline and docked genes late in starvation are related phenomena.  

2.2.4 Early somatic but not germline transcription supports starvation 
resistance 

What accounts for the increase in relative expression of germline genes deep into 

L1 arrest? One possibility is that germline genes are actively transcribed late. Such 

transcription could be part of a late starvation response, or it could reflect de-repression 

in the germ line or even soma. Consequently, transcription of these genes could promote 

or compromise starvation resistance, respectively. In contrast, transcription of germline 

genes could remain largely quiescent throughout L1 arrest, and somatic transcriptional 

output could wane, but germline transcripts could have greater stability and therefore 

increased relative expression levels. The latter model predicts that transcription of 
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germline genes does not affect starvation resistance and that early somatic transcription 

is more important to resistance than late transcription.   

To address these questions, we used the auxin-inducible degron (AID) system to 

selectively degrade the large subunit of Pol II, AMA-1. We used CRISPR to tag AMA-1 

with a degron (Figure 9A), and we combined this allele with somatic (Peft-3::TIR1) or 

germline (Pgld-1::TIR1) transgenes to enable auxin-dependent degradation of AMA-1 in 

those tissues (ZHANG et al. 2015; KASIMATIS et al. 2018). There was a dramatic reduction 

in hatching efficiency when 0.1 mM auxin was added to Peft-3::TIR1; ama-1::AID 

embryos (Figure 9B), consistent with the embryonic arrest caused by transcription 

inhibition (EDGAR et al. 1994; POWELL-COFFMAN et al. 1996). These embryos hatched 

normally when only solvent was added (ethanol), and wild-type (N2) and Peft-3::TIR-1 

embryos hatched at high frequency when auxin was added. When auxin was added to 

Pgld-1::TIR1; ama-1::AID embryos, they developed and hatched, consistent with the germ 

line being dispensable to embryonic development and largely transcriptionally 

quiescent. Post-embryonic development depends on somatic and germline transcription, 

and auxin treatment caused larval growth arrest in Peft-3::TIR1; ama-1::AID worms and 

sterility in Pgld-1::TIR1; ama-1::AID worms, as expected. Together these results suggest 

that the AID system is effective at selectively degrading AMA-1 in the soma or germline 

throughout development. 
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Figure 9: Early somatic transcription supports starvation survival, but germline 
and late somatic transcription are dispensable. A. Design of ama-1 degron strain 
referred to as ama-1::AID. The degron and 3x-FLAG sequence were inserted at the C-
terminus of the endogenous ama-1 locus. B. Embryonic hatching efficiency of Peft-
3::TIR1; ama-1::AID and control strains with different doses of auxin. T-tests between 
Peft-3::TIR1; ama-1::AID (n = 4) and each control strain (n = 2) were performed for each 
dose. ***p < 0.001, **p < 0.01 compared to each control.  C. Experimental design for 
survival and recovery experiments. Auxin addition to Peft-3::TIR1; ama-1::AID degrades 
AMA-1 in the soma; auxin addition to Pgld-1::TIR1; ama-1::AID degrades AMA-1 in the 
germline. Ethanol (EtOH) addition and auxin addition to Peft-3::TIR1 and Pgld-1::TIR1 
are controls. D. Western blot of Peft-3::TIR1; ama-1::AID after 36 hours of arrest without 
auxin exposure, and with and without auxin exposure at 132 hours of arrest. For 132 
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hours samples, auxin or ethanol exposure began at 36 hr. Total protein for the 
corresponding part of the gel is shown to the right. The full western blot and total 
protein gel including two additional biological replicates are shown in Figure 10. E. 
Body length of worms after 48 hours recovery with food following exposure of arrested 
L1s of the indicated strains to auxin or EtOH for one hour. Linear mixed-effects model 
with conditions as fixed effect and replicate as random effect. ***p < 0.001, **p < 0.01, n.s. 
not significant.  F. Representative images of the gonadal cells scored in G. G. Number of 
gonadal cells in larvae of indicated genotypes recovered with food for 24 hours 
following L1 arrest. Prior to recovery, L1s arrested for 12 hours were exposed to 24 
hours of auxin or ethanol, or embryos immediately post-bleach were exposed to 48 
hours of auxin or ethanol, both in the absence of food. T-tests, ***p < 0.001. H-I. Survival 
at 12 days of L1 arrest following constant exposure of indicated genotypes to auxin or 
ethanol at indicated time point. F. Pairwise t-tests were performed for Peft-3::TIR1; ama-
1::AID + auxin compared to Peft-3::TIR1; ama-1::AID + EtOH and Peft-3::TIR1 + auxin at 
each time point. *p < 0.05 in both t-tests. One-way ANOVA across all time points for 
Peft-3::TIR1; ama-1::AID + auxin, ***p < 0.001.  
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Figure 10: AMA-1 protein is degraded upon auxin addition during L1 arrest in 
Peft-3::TIR1; ama-1::AID background. A. Western blot probed with anti-FLAG to 
visualize presence of AMA-1. Expected size of phosphorylated AMA-1 including the 
degron and 3xFLAG tag is ~218-258 kD. B. Total protein gel corresponding to Western 
blot in A. Equal amounts of total protein were loaded for all samples. A-B. The ladder 
and next three lanes are also shown in Figure 9D. C. N2 survival with and without 
addition of alpha-amanitin (Pol II inhibitor) addition. P-value calculated from linear 
mixed-effects model with interaction between time point and alpha-amanitin dose. 
Replicate was included as a random effect in the model.  
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The AID system also effectively eliminates AMA-1 during L1 arrest (Figure 9C). 

AMA-1 was efficiently degraded in starved L1 larvae when auxin was added to Peft-

3::TIR1; ama-1::AID (Figure 9D and Figure 10A-B), consistent with the AID system in 

other developmental stages (ZHANG et al. 2015), and suggesting a genetic null for ama-1. 

Furthermore, degradation of AMA-1 in the soma during L1 arrest subsequently 

prevented larval growth during 48 hours on food in the absence of auxin (Figure 9E), 

consistent with somatic transcription being essential to development. Notably, Peft-

3::TIR1; ama-1::AID worms grew slower than Peft-3::TIR1 worms in the absence of auxin. 

This is consistent with some baseline degradation of AMA-1 in this strain, an effect that 

has been documented for other degron-tagged proteins in the presence of TIR1, which 

may occur due to low concentration of auxin in agar or an auxin-independent 

interaction of the degron and TIR1 (SCHIKSNIS et al. 2020). There was a small but 

significant effect on body length when auxin was added to Pgld-1::TIR1; ama-1::AID 

worms during L1 arrest, washed thoroughly, and allowed to feed for 48 hours (Figure 

9E), suggesting germline development was retarded by AMA-1 degradation in the germ 

line during L1 arrest resulting in smaller worms. To directly address this, we treated 

Pgld-1::TIR1; ama-1::AID embryos and arrested L1s with auxin, incubated them for 48 or 

24 hours, respectively, washed them thoroughly, recovered them with food for 24 hours, 

and counted the number of gonadal cells per worm (Figure 9F-G). This significantly 

reduced the number of gonadal cells to approximately 10-12 per animal on average, 
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which includes germ and somatic gonad cells, since they are not readily distinguishable 

at this stage. Notably, there are approximately 12 somatic gonad cells at the late L2 stage 

(HUBBARD AND GREENSTEIN 2005), suggesting essentially complete inhibition of germ-

cell proliferation. Together these results show that the AID system is effective at 

selectively degrading AMA-1 in the soma or germline during L1 arrest, and they reveal 

that degradation of Pol II in the soma and germline during L1 arrest inhibits subsequent 

somatic and germline development, respectively, in fed larvae.  

We determined when somatic transcription is essential for starvation survival. 

We commenced degradation of somatic AMA-1 at different times, including four hours 

prior to hatching (-4 hours, allowing embryos to hatch and be exposed to auxin for all of 

L1 arrest), along with 12, 36, 84, and 132 hours after hatching without food, and we 

scored survival on day 12 (~276 hours). We chose day 12 because starved worms survive 

longer in the presence of ethanol (CASTRO et al. 2012), which is in auxin and control 

conditions. Degrading AMA-1 in the soma starting at -4 hours severely limited survival 

(Figure 9H), as expected given early action of critical transcriptional regulators (Figure 

4C-F, Figure 6). Somatic transcription also supported survival after 12 and 36 hours of 

L1 arrest, but the effect was diminished compared to adding auxin before hatching (-4 

hr), highlighting the importance of transcription during the first 12 hours of L1 arrest. 

Exposure of wild-type (N2) worms to alpha-amanitin to inhibit transcription starting 12 

hours after hatching also modestly reduced survival by day 8, corroborating our results 
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in a complementary system (Figure 10C). In contrast, when we degraded AMA-1 

starting at 84 and 132 hours, we did not detect a significant decrease in survival, 

suggesting that late transcription does relatively little to support survival. In summary, 

these results demonstrate that somatic transcription is initially required to mount the 

starvation response but that transcription is largely dispensable after that, consistent 

with the observed inflection in gene expression dynamics during early L1 arrest (Figure 

3E).  

We determined if germline transcription supports starvation survival. (Figure 

9I). We added auxin to Peft-3::TIR1; ama-1::AID worms 12, 84, and 132 hours after 

hatching without food. Degradation of somatic AMA-1 at 12 hours had a robust effect 

on survival (Figure 9H), and the later treatments allowed us to determine whether late 

transcription of germline genes, a possibility suggested by the time series, impacts 

survival positively or negatively. However, addition of auxin did not affect survival. 

This suggests that germ line transcription, if it occurs, is dispensable for starvation 

survival, though it is required for recovery (Figure 9F,G).  

2.2.5 Transcription occurs in the soma but not germline days into 
starvation 

We determined which gene expression changes beyond 36 hours were driven by 

transcription. We performed an additional mRNA-seq experiment with samples 

collected after 36 or 132 hours of L1 arrest, with auxin or ethanol added at 36 hours, and 

Peft-3::TIR1 and Pgld-1::TIR1 strains were included as controls (Figure 11A). Worms had 
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not died due to lack of transcription at 132 hours (Figure 13A), allowing collection of 

RNA. PCA revealed that time spent in arrest explained more variance in the data than 

any other factor, with clear separation of 36 and 132 hours samples in principal 

component 1 (Figure 11B). Principal component 2 clearly separated samples with 

somatic AMA-1 degraded from all others, demonstrating transcription plays a role in 

shaping late expression dynamics. Notably, we did not see separation of samples with 

germline AMA-1 degraded, suggesting relatively little transcription in germ cells, 

consistent with our survival results (Figure 9I). In addition, all controls clustered 

together, suggesting that addition of auxin to Peft-3::TIR1 or Pgld-1::TIR alone did not 

substantially affect gene expression, as expected since AMA-1 was not tagged with a 

degron. We identified differentially expressed genes for each strain at 132 hours by 

comparing auxin and ethanol treatments. For Peft-3::TIR1; ama-1::AID and Pgld-1::TIR1; 

ama-1::AID strains, differentially expressed genes indicate transcription-dependent 

changes in the soma or germline, respectively. Using an FDR of 0.05, the results 

corroborated PCA, identifying thousands of genes with increased or decreased 

transcript abundance when somatic AMA-1 was degraded, zero genes when germline 

AMA-1 was degraded, and almost no genes in the control strains (Figure 11C). We 

conclude that somatic transcription plays a substantial role in shaping gene expression 

dynamics late in L1 arrest, and that germ cells remain transcriptionally quiescent deep 

into arrest.  
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We were particularly interested in the 2,679 genes with decreased expression 

when somatic AMA-1 was degraded. On average, these "transcription-dependent" genes 

were relatively up-regulated between 36 and 132 hours of arrest with ethanol in all four 

strains (Figure 11D). This temporal increase in expression was not seen when somatic 

AMA-1 was degraded, but it did occur in the absence of germline AMA-1 and the 

control strains. Again, these results demonstrate a role of somatic, but not germline, 

transcription beyond 36 hours of arrest.  
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Figure 11: Transcription-dependent gene expression changes occur in the soma 
but not the germline late in starvation. A. Experimental design of mRNA-seq 
experiment. Arrested L1s of indicated genotypes are collected at 36 hours of arrest. After 
constant exposure to auxin or ethanol from 36 hours onward, arrested L1s of indicated 
genotypes are collected at 132 hours of arrest. All other conditions are controls. B. 
Principal component analysis of all conditions and replicates. C. Number of 
differentially expressed genes for each genotype at 132 hours of L1 arrest depending on 
whether exposed to auxin or ethanol. D. Log2 counts per million plotted for all 
transcription-dependent genes (genes down-regulated in Peft-3::TIR1; ama-1::AID + 
auxin compared to Peft-3::TIR1; ama-1::AID  + EtOH) across all conditions. E. Venn 
diagram of ‘high confidence up-regulated genes’ (genes up-regulated at 132 hours with 
EtOH exposure compared to 36 hours in all four genotypes) and ‘Transcription-
dependent genes.’ F. Log2 counts per million reads plotted for all ‘High confidence up-
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regulated genes’, parsed by whether they are transcription-dependent or transcription-
independent, as designated in E. E,G. Significance determined using the Kolmogorov-
Smirnov test. In each strain background, 36 hours vs 132 hours + EtOH and 132 hours + 
EtOH vs 132 hours + auxin were compared. *p < 0.05, **p < 0.01, ***p < 0.001. 

We determined the proportion of genes with increased expression over time due 

to transcription. 1,684 genes were consistently up-regulated between 36 and 132 hours 

with ethanol in all four strains, and 35% of these "high confidence up-regulated" genes 

were also among the 2,679 transcription-dependent genes (Figure 11E). We refer to this 

overlapping set as “transcription-dependent up-regulated genes.”  On average, this gene 

set behaved like the larger transcription-dependent set (Figure 11D), with an increase in 

expression over time in all cases but when somatic AMA-1 was degraded, except that 

the effect sizes were larger for the transcription-dependent up-regulated genes (Figure 

11F). These results show that transcription drives increased expression of these genes 

late in arrest. In contrast, high confidence up-regulated genes that were not also 

classified as transcription-dependent (“transcription-independent up-regulated genes”) 

had increased average expression over time even when somatic AMA-1 was degraded, 

consistent with greater relative transcript stability driving increased expression of these 

genes. We conclude that transcription is the primary cause of increased expression late 

in starvation for about one-third of up-regulated genes, but that differences in transcript 

stability drive increases in relative expression for about two-thirds of up-regulated 

genes.  
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In our original time series, we found differentially expressed soma-enriched 

genes exhibit peak expression in the first hours of arrest and are associated with active 

Pol II, while differentially expressed germ-cell-enriched genes exhibit peak expression 

days into arrest and are associated with docked Pol II (Figure 7). Strikingly, 

transcription-dependent genes were most strongly enriched for clusters with peak 

expression early in arrest (clusters 1, 5, 8, 9, and 10) (Figure 12A). Notably, clusters with 

increasing expression late in arrest (e.g., clusters 2, 4, and 6) were not enriched, nor were 

clusters with peak expression in embryos (clusters 3 and 7). Specifically, transcription-

dependent up-regulated genes were enriched among clusters with peak expression early 

in arrest (clusters 1 and 8) (Figure 12B). Consistent with this, both of these gene sets were 

enriched for somatic genes and Pol II active genes, but not germline genes or Pol II 

docked genes. Thus, transcription-dependent genes are transcribed late in arrest as a 

continuation of the early starvation response, even though the majority of them do not 

increase expression late in arrest. In contrast, transcription-independent up-regulated 

genes were enriched for cluster 6, which increases expression late in arrest (Figure 12C). 

Furthermore, they were enriched for germline genes and Pol II docked genes. In 

addition, the germline and reproductive system were highly enriched among 

transcription-independent up-regulated genes (Figure 12D), and the significance of 

enrichment was substantially greater than for all genes in clusters with late peak 

expression (Figure 7A). These results support the conclusion that greater relative 
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transcript stability drives late increases in germline gene expression rather than 

transcription.  

 

Figure 12: Transcription-independent increased expression late in starvation is 
driven by relative stability of germline transcripts. A-C. Z-score over time is plotted for 
all individual genes in the indicated gene group that are part of the clustering dataset. 
The number of genes plotted is inset on each graph. Genes are color-coded by cluster if 
that cluster is enriched (hypergeometric p < 0.01) in the gene group. Hypergeometric p-
values are plotted for each gene group and its overlap with Soma enriched, Germline 
enriched, Pol II Active, and Pol II Docked genes (shown in Figure 7). D. Tissue 
enrichments of all ‘High confidence up-regulated genes’. Germline tissues are 
highlighted in pink. E. Proportion of reads mapping to spike-in transcripts. One-way 
ANOVAs across three conditions in each genetic background were performed. If p < 
0.05, then pairwise t-tests were performed. *p ≤ 0.05 in t-test. F. Total RNA for all 
available samples used in RNA-seq separated by duration of starvation with all 
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genotypes and conditions included. G. Total protein for Peft3::TIR1; ama-1::AID samples 
included in western blot. F-G. Linear mixed-effects model with duration of starvation as 
a fixed effect and biological replicate as a random effect, **p < 0.01, ***p < 0.001. H. 
Average log2 fold-change between 36 hours and 132 hours with ethanol across all 
conditions and replicates. Prior to calculating log2 fold-change, CPMs at 132 hours with 
ethanol were either normalized by total RNA content compared to 36 hours or left 
unchanged from the edgeR output. 

If greater transcript stability accounts for apparent up-regulation of germline 

genes late in arrest in whole worms, then external normalization, rather than using 

counts per million, should largely abrogate apparent up-regulation. We included a set of 

96 exogenous synthetic transcripts at known copy numbers (spike-ins) during mRNA-

seq library preparation for the AMA-1 AID experiment (Figure 11A). Because a constant 

spike-in-to-total RNA ratio was used, determining the proportion of mRNA-seq reads 

mapping to spike-ins provides a proxy for mRNA content, with a higher proportion 

mapping to spike-ins indicating a lower mRNA-to-total RNA ratio. Peft-3::TIR1; ama-

1::AID worms at 132 hours with auxin had a significantly higher proportion of reads 

mapping to spike-ins compared to the ethanol control, showing that mRNA decreases 

relative to total RNA when AMA-1 is degraded in the soma (Figure 12E). However, 

there was not a significant increase in the proportion of spike-in reads between 36 and 

132 hours with ethanol in any strain background (Figure 12E). We assessed total RNA 

levels for samples used in the mRNA-seq experiment. At 132 hours, there was a 

significant, approximately two-fold decrease in total RNA isolated relative to 36 hours, 

with RNA isolated from equal numbers of larvae (Figure 12F, Figure 13). These 
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observations together suggest that total RNA declines late in starvation, and mRNA 

declines approximately in tandem with total RNA. In addition to a decline in total RNA, 

total protein declined between 36 and 132 hours (Figure 12G and Figure 13), and larvae 

shrink throughout L1 arrest (HIBSHMAN 2017), consistent with a systemic decline in 

macromolecular content per individual. We thus tested the extent to which a 

normalization of CPMs at 132 hours based on total RNA per worm could abrogate 

apparent up-regulation. Normalization of CPM levels at 132 hours based on total RNA 

reduced the log2 fold changes of up-regulated genes, with the median log2 fold change 

for transcription-dependent up-regulated genes decreasing from 2.2 to 1.0, and 

transcription-independent up-regulated genes decreasing from 1.8 to 0.6. Thus, 

transcription-dependent up-regulated genes are likely up-regulated in absolute terms, 

even accounting for total RNA decline. Further, about two-thirds of the apparent up-

regulation of transcription-independent genes, including many germline genes, can be 

explained by stability of these transcripts relative to total RNA and the rest of the 

transcriptome.  
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Figure 13: Survival, RNA content, and protein content in conditions used for 
ama-1::AID mRNA-seq. A. Proportion alive during L1 arrest at 36 hours, 132 hours with 
auxin, and 132 hours with ethanol. B. Total RNA content for all strains and conditions. 
One-way ANOVAs were performed within each time point across conditions and there 
were no differences. Data across strains was merged for Figure 12F. C. Total protein 
content across conditions in the Peft-3::TIR1; ama-1::AID background. There was no 
difference between 132 hours auxin and ethanol conditions in a t-test, so these were 
merged for Figure 12G. 

2.3 Discussion 

We sought to gain deeper insight into the role of transcription in the organismal 

response to starvation. We used mRNA-seq to characterize gene expression dynamics in 

whole L1-stage C. elegans larvae throughout starvation-induced developmental arrest. 

We leveraged a variety of genome-scale datasets for integrative analysis of our results, 

allowing us to infer mechanisms and anatomical sites of regulation. We also took 
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advantage of the AID system to conditionally degrade AMA-1/Pol II in the soma or 

germline, assessing the role of transcription in shaping expression dynamics during 

quiescence and its contribution to survival. Together, our results suggest a model 

(Figure 14) in which early somatic transcription is essential to mount the starvation 

response in support of survival, and ongoing somatic transcription maintains this 

response, but late transcription does not appreciably support survival. In contrast to the 

soma, the germline remains largely transcriptionally quiescent throughout arrest, but 

germline transcripts are stable, while somatic transcripts turn over during arrest, leading 

to a relative increase of germline transcript abundance late in arrest. Transcriptional 

quiescence and stability of germline transcripts may aid in maintaining germline 

integrity and promoting reproductive success of arrested larvae upon recovery. 
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Figure 14: Model for gene regulation throughout starvation-induced 
developmental arrest. After hatching in the absence of food, L1-stage larvae arrest 
development and mount a transcriptional response in the soma that is required for 
survival. Ongoing somatic transcription maintains the initial response, but such late 
transcription has little impact on survival, In contrast to the soma, the germline remains 
largely transcriptionally quiescent throughout arrest. However, germline transcripts are 
particularly stable, and their relative expression levels increase while the abundance of 
other gene products decreases throughout the animal. These observations reveal 
alternative strategies for somatic and germline gene regulation during developmental 
arrest. 
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2.3.1 Gene expression continues changing deep into starvation-
induced developmental arrest 

Gene expression analysis of starvation and developmental arrest typically 

focuses on a relatively early phase of the response (WANG AND KIM 2003; BAUGH et al. 

2009; SINHA et al. 2012). Such work has revealed pervasive effects of nutrient availability 

on gene expression, but expression dynamics deep into cellular quiescence and 

developmental arrest have not been characterized. Our timeseries analysis reveals a 

rapid, widespread response within hours of hatching in the absence of food followed by 

a gradual but dramatic decline in the rate of transcriptome change. Nonetheless, gene 

expression levels continue changing throughout starvation, with a few thousand genes 

displaying apparent up-regulation in whole worms deep into starvation. Notably, ~84% 

of detected genes are differentially expressed over time during starvation, highlighting 

the vast physiological changes that take place.  

Gene set enrichment analysis revealed differences in temporal expression 

patterns and regulation of genes with expression biased toward the soma or germ line. 

We used multiple published data sets that specify genes with expression in germ or 

somatic cells (ANGELES-ALBORES et al. 2016; LEE et al. 2017; ANGELES-ALBORES 2018; 

PACKER et al. 2019) to associate tissues or cell types with temporal expression patterns. 

Surprisingly, many genes expressed in the germ line display peak expression levels deep 

into starvation. This was generally in contrast to genes expressed in the soma, whose 

expression tends to peak early. However, genes expressed in muscle are a notable 
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exception in that they also tend to peak late. We also found that genes with a poised 

form of Pol II (docked Pol II) are enriched among genes expressed in the germ line and 

genes whose expression peaks late. Again, this is in contrast to soma-expressed genes, 

which were instead associated with an active, elongating form of Pol II. These intriguing 

patterns of germline gene expression and regulation raise important questions. For 

example, why are genes with an inactive, docked form of Pol II increasing in expression 

late into starvation, and why are germline-expressed genes displaying this pattern in 

particular?  

2.3.2 Somatic transcription is required early in arrest to promote 
starvation survival 

The dramatic and essentially immediate gene-expression response to starvation 

suggests a critical role of early transcription. Indeed, genes regulated by DAF-16/FoxO, 

DAF-18/PTEN, AMPK, LIN-35/Rb, HLH-30/TFEB, and SKN-1/Nrf, each of which 

contributes to transcriptional regulation and is essential to starvation survival, are 

differentially expressed within hours of hatching without food. These results are 

consistent with a critical role of early transcription in mounting the starvation response, 

and DAF-16/FoxO nuclear localization dynamics support this interpretation (WEINKOVE 

et al. 2006; MATA-CABANA et al. 2020). To go beyond correlation, we used the AID system 

to conditionally degrade AMA-1/Pol II starting at different times in L1 arrest. Critically, 

transcription is required relatively early to support survival days later, with its 

requirement easing between 36 and 84 hr. The transcriptional inhibitor alpha-amanitin 
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corroborated these findings. These results functionally demonstrate the importance of 

transcription in initially mounting the starvation response. mRNA-seq together with 

AMA-1/Pol II degradation revealed ongoing transcription of thousands of genes late in 

arrest, but expression of these genes peaks early as if their ongoing transcription reflects 

maintenance of the starvation response. In contrast to developmental gene regulatory 

networks, which produce expression cascades, the lack of a distinct late starvation 

response suggests that a relatively shallow network governs the response. Notably, 

degradation of AMA-1/Pol II with tissue-specific TIR1 transgenes revealed that somatic 

transcription promotes starvation survival but that germline transcription does not 

affect survival. These results are consistent with transcription deploying and actively 

maintaining the starvation response in somatic tissues while the germ line is 

transcriptionally quiescent and/or irrelevant to the survival of the animal (see below).  

2.3.3 The germ line remains transcriptionally quiescent throughout 
developmental arrest 

Since it was a surprising observation, we focused on the apparent up-regulation 

of germline-expressed genes late in starvation. The germ line is largely transcriptionally 

quiescent throughout embryogenesis (SEYDOUX et al. 1996; SEYDOUX AND DUNN 1997), 

and bulk zygotic genome activation (ZGA) occurs in response to feeding in L1 larvae 

(FURUHASHI et al. 2010). DAF-18/PTEN and AMPK are both required to prevent PGCs 

from dividing and to support survival during L1 starvation (FUKUYAMA et al. 2006; 

FUKUYAMA et al. 2012). DAF-18 inhibits ZGA in germ cells (FRY et al. 2020), and AMPK 
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mutants have abnormally high levels of chromatin marks for transcriptional activation 

in PGCs (DEMOINET et al. 2017). In addition, lin-35/Rb mutants die rapidly during L1 

arrest and express germline genes in the soma (WANG et al. 2005; PETRELLA et al. 2011; 

WU et al. 2012; CUI et al. 2013). Does germline ZGA occur deep into L1 arrest, or are 

germline genes ectopically expressed in the soma, as if transcriptional repression 

eventually fails in wild type as it does in these mutants? Ablation of the germline 

extends adult lifespan (HSIN AND KENYON 1999), and many common pathways regulate 

starvation resistance and aging (BAUGH 2013), supporting the possibility that blocking 

transcription of germline genes could actually improve starvation survival. Despite 

these possibilities, our data shows that degrading germline Pol II during L1 arrest does 

not affect gene expression, indicating that PGCs remain transcriptionally quiescent 

throughout L1 arrest, despite apparent up-regulation of germline-expressed genes late 

in arrest. Furthermore, degradation of germline Pol II does not affect starvation survival, 

and degradation of somatic Pol II does not increase survival. These results argue against 

the possibility of germline gene expression late in starvation, in the germ line or soma, 

compromising survival. PGCs are competent for transcription, as evidenced by feeding 

immediately stimulating germline ZGA and our observation that Pol II is required for 

germline development upon feeding. Thus, L1 PGCs exhibit robust regulation to ensure 

transcriptional quiescence deep into arrest, and apparent up-regulation of germline 
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genes and death in wild-type worms is not merely a recapitulation of the mis-regulation 

seen in certain mutants. 

2.3.4 Transcript stability maintains germline gene expression levels 
deep into starvation 

mRNA-seq measures relative steady-state mRNA expression levels, and 

differential expression may be due to differences in transcription, transcript stability, or 

both.  Many studies assume that up-regulation is due to transcription, which is a 

reasonable assumption if the expression levels of most genes are not changing. 

However, it is difficult to know at the outset of an experiment whether this is the case, 

and notable exceptions exist (RADONJIC et al. 2005; LIN et al. 2012). In addition to using 

the AID system to conditionally eliminate transcription in the soma or germline, we also 

used 96 synthetic transcripts at known concentrations as spike-in standards with 

mRNA-seq. This enabled a hybrid normalization approach based on the total number of 

reads obtained per library and the external standards. The spike-in standards also 

allowed us to infer the relative fraction of total RNA represented by poly-adenylated 

mRNA in each sample. Together these approaches allowed us to determine the 

contributions of transcription and transcript stability to temporal gene expression 

changes.  

We found that germline-expressed genes increase relative expression levels late 

in arrest regardless of whether Pol II is present. This suggests that apparent up-

regulation of germline genes is driven by transcript stability rather than transcription. 
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Pol II is essential for expression of many somatic genes late in arrest, but transcription 

largely maintains their expression with a minority increasing in relative expression 

levels in a Pol II-dependent way. Total RNA per worm declines about two-fold between 

36 and 132 hours of L1 arrest, and the mRNA-to-total RNA ratio remains approximately 

constant, suggesting germline genes remain relatively stable as the overall transcriptome 

declines, accounting for their apparent up-regulation in whole worms. Notably, we also 

found that protein levels decrease during L1 arrest, and we previously reported that 

arrested L1s shrink (HIBSHMAN 2017), consistent with autophagy and other process 

contributing to somatic collapse as starved larvae approach death. Blocking 

transcription genetically or pharmacologically is a common way to measure the stability 

of transcripts in yeast (HERRUER et al. 1988; WANG et al. 2002), and interpretation of 

relative up-regulation as increased stability when transcription is inhibited has 

precedent (GRIGULL et al. 2004). This interpretation is also corroborated by the 

association of germline genes with docked, but not active, Pol II. It remains unclear 

whether the relatively up-regulated genes are still declining in absolute terms, but more 

slowly than the rest of the transcriptome, or if they are absolutely stable deep into arrest. 

Eukaryotic mRNA half-lives can range from minutes to days (LUGOWSKI et al. 2018), and 

mRNA half-lives can be increased in response to stress (HOLLAMS et al. 2002). In our 

study, adequate mRNA was available for generating RNA-sequencing libraries for at 

least four days after Pol II degradation, suggesting exceptional transcript stability in a 
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starved, developmentally arrested state. Some studies have linked transcript 

degradation to translation (RADHAKRISHNAN AND GREEN 2016), and it is possible that 

transcripts important for recovery from L1 arrest and thus not translated during 

starvation, such as maternal germline transcripts, can more easily escape degradation 

than transcripts important for survival.  

2.3.5 Alternative somatic and germline gene regulatory strategies 
during developmental arrest 

Our results demonstrate differential regulation of somatic and germline genes 

deep into starvation. Somatic transcripts are actively transcribed, predominantly 

expressed early in starvation, and required for survival. In contrast, the germline 

remains transcriptionally quiescent and maintains relatively stable transcripts deep into 

arrest. These differences correlate with consequences of extended L1 arrest on recovery, 

growth, and fecundity. In particular, larvae exhibit reduced growth rate and produce 

smaller broods following extended L1 arrest (JOBSON et al. 2015). They are also more 

likely to develop gonad abnormalities including hyperproliferative germline tumors, 

which largely account for the reduction in brood size (JORDAN et al. 2019). The 

mechanisms behind this mismatch between somatic and germline developmental rates 

following L1 starvation are not well understood, but increased maternal provisioning of 

vitellogenin and decreased larval insulin-like signaling during development decrease 

the mismatch, buffering development from L1 starvation (PEREZ et al. 2017; JORDAN et al. 

2019; OLMEDO et al. 2020).  
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C. elegans starvation-induced L1 arrest differs from other aging models in that 

resources are finite in an essentially closed system. L1 arrest thus provides a unique 

opportunity to study trade-offs and mechanisms of somatic and germline maintenance 

in an enduring quiescent organismal state. Stabilization of germline transcripts, and 

presumably other gene products, while the transcriptome, proteome, and body size 

decline is reminiscent of the disposable soma theory of aging. This theory posits trade-

offs between somatic maintenance and reproduction, such that the soma collapses in 

adults as reproduction is prioritized (VAN DEN HEUVEL et al. 2016). Dauer larvae and 

arrested L1s are pillars of prioritizing somatic maintenance, as they postpone 

reproduction and survive for weeks or months without developing (BAUGH AND HU 

2020), and they do so with minimal effects on lifespan upon recovery (KLASS AND HIRSH 

1976; JOHNSON et al. 1984). However, markers of aging accumulate during L1 arrest, 

including protein aggregates, DNA damage, reactive oxygen species, reduced motility, 

and body shrinkage, and many of these aging markers are actively reversed upon 

recovery (ROUX et al. 2016a; HIBSHMAN et al. 2018; OLMEDO et al. 2020). Here we show 

that the germline is maintained in a transcriptionally inactive state and that germline 

transcripts display exceptional stability as the soma collapses. We believe that such 

germline regulation provides passive resistance to nutrient stress, preserving germline 

integrity. From an evolutionary perspective, this makes sense – maintenance of germline 

integrity is the only way to ensure that the immortal germ cells may eventually be 
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passed on to subsequent generations. Furthermore, it is possible that by remaining so 

quiescent, germ cells dodge aging during arrest, thereby requiring less time to recover 

and initiate proliferation than somatic cells upon recovery, thus accounting for the 

mismatch in somatic and germline developmental rates resulting from L1 arrest. 

However, this raises the question of why the soma has an active response to starvation, 

rather than adopting a deeper state of quiescence. We speculate that such a state could 

enable extreme endurance but that it would also result in behavioral quiescence, 

eliminating the animal's ability to forage, feed, and ultimately recover from starvation. 

Thus, the different responses to starvation displayed by the soma and germline reflect 

different demands placed on each in order to support organismal fitness.  

2.4 Materials and Methods 

2.4.1 Strains used 

N2 was obtained from the Sternberg collection at the California Institute of Technology, 

originally from the CGC in 1987. Strains obtained from the CGC are: 

CA1200 ieSi57 [eft-3p::TIR1::mRuby::unc-54 3'UTR + Cbr-unc-119(+)] II – referred to as 

Peft-3::TIR1 

CA1202 ieSi57 II; ieSi58 [eft-3p::degron::GFP::unc-54 3'UTR + Cbr-unc-119(+)] IV – 

referred to as Peft-3::TIR1; Peft-3::AID:GFP 

CA1352 ieSi64 [gld-1p::TIR1::mRuby::gld-1 3’UTR + Cbr-unc-119(+)] II – referred to as 

Pgld-1::TIR1 
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Newly generated strains from this study are: 

PHX1513  ama-1(syb1513) – referred to as ama-1::AID 

LRB387 ieSi64 II; ama-1(syb1513) IV – referred to as Pgld-1::TIR1; ama-1::AID 

LRB389 ieSi57 II; ama-1(syb1513) IV – referred to as Peft-3::TIR1; ama-1::AID 

2.4.2 Sample preparation and collection for mRNA-seq time series 

N2 was maintained well-fed on OP50 at 20°C for at least three generations. For 

each biological replicate, 7-10 gravid adults were picked onto approximately 20 large (10 

cm) NGM plates with OP50 3.5 days prior to hypochlorite treatment (bleach). Large 

plates were then hypochlorite treated as described previously (HIBSHMAN et al. 2021) to 

obtain over 200,000 embryos per biological replicate. Embryos were resuspended in S-

basal at a density of 1 embryo/µL in an Erlenmeyer flask at 20°C in a shaker moving at 

180 rpm. Beginning at 10 hours after hypochlorite treatment, hatching efficiency was 

scored. Time points used in the time series are 12 hours offset from hypochlorite 

treatment and signify when worms have begun hatching and are thus undergoing L1 

arrest. L1 larvae hatch approximately 12 hours after hypochlorite treatment, and this is 

considered 0 hr. Scoring continued every two hours until the curve appeared to level off 

at 18 hours after hypochlorite treatment, or 6 hours of L1 arrest (Figure 3B). At least 

10,000 L1s were collected per time point. For days 8 and 12, the number of L1s collected 

was doubled and quadrupled, respectively, to account for lethality at later time points. 

To collect samples, L1s in S-basal were first spun down at 3,000 rpm, and S-basal was 
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aspirated off down to less than 100 µL. The pellet and residual S-basal was transferred to 

a 1.5 mL Eppendorf tube using a glass pipet. Samples were flash frozen in liquid 

nitrogen and stored at -80°C until RNA isolation. 

2.4.3 RNA isolation and library preparation for mRNA-seq time series 

RNA was extracted using TRIzol Reagent (Thermo-Fisher Scientific) using the 

manufacturer’s protocol with some exceptions. 100 µL of sand (Sigma-Aldrich) was 

included to aid homogenization. Sand was first prepared by washing two times in 1 M 

HCl, washed eight times in RNAse-free water (to a neutral pH), and baked to dry. 

Libraries were prepared for sequencing using the NEBNext Ultra RNA Library Prep Kit 

for Illumina (New England Biolabs, E7530) with 100 ng of starting RNA per library and 

14 cycles of PCR. Libraries were sequenced using Illumina HiSeq 4000. Four biological 

replicates were sequenced per time point. Three replicates consisted of samples collected 

from the same culture (12 time points collected from a single culture). One replicate 

consisted of samples from multiple original cultures.  

2.4.4 Differential expression analysis for mRNA-seq time series 

Single-end 50 bp reads were mapped with with bowtie (LANGMEAD 2010) using 

the following command: bowtie --best --chunkmbs 256 -k 1 -m 2 -S -p 2. Average 

mapping efficiency was 81.5% with a standard deviation of 2.0%. HTseq was used to 

count reads mapping to genes (ANDERS et al. 2015) using version WS210 of the C. elegans 

genome obtained from Maxwell et al. (MAXWELL et al. 2012). Count tables were used to 
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detect differential expression in R using edgeR (ROBINSON et al. 2010). Prior to 

differential expression analysis, count tables were filtered first to include only genes 

with counts per million (CPM) greater than one across four libraries. This resulted in 

16,699 genes for further analysis. The edgeR glm functionality was used to fit a GLM, 

and a likelihood ratio test was performed for each gene; this ANOVA-like test was used 

to detect any differences across the twelve time points. PCA was done on log2 mean-

normalized CPM values for the 16,699 detected genes (Figure 3D). For rate-of-change 

analysis, the Euclidean distance between all replicates for adjacent time points (using the 

same input as for PCA) was calculated and divided by the duration of time between the 

time points (Figure 3E).  

2.4.5 Clustering and heatmap of time series 

6,027 genes with FDR < 1 x10-30 were included in cluster analysis. Using the 

twelve average CPM values over time for each gene, the pairwise Pearson correlation 

coefficient was calculated for each gene compared to every other gene. 1 minus the 

Pearson correlation coefficient was calculated, and these values were assembled into a 

square matrix to use as input for clustering. Clustering was performed in Matlab, using 

a published algorithm (HEYER et al. 1999; BAUGH et al. 2003). As parameters for 

clustering, 0.2 was used as the maximum distance for two genes to still be called in the 

same cluster, where the “distance” is again defined as 1 minus the Pearson correlation 

coefficient. Thus, genes in the same cluster have at minimum a Pearson correlation 
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coefficient of 0.8. This non-deterministic analysis resulted in 129 clusters, with 

approximately two-thirds of genes in the top 10 clusters and smaller clusters containing 

as few as two genes.  

To plot genes within clusters, the Z-score for each gene over the twelve time 

points was calculated. The Z-score scales expression by the mean and standard 

deviation rather than abundance. Plots were generated for each cluster in R using the 

package ggplot2. To generate heatmaps, the R package pheatmap was used. 6,027 genes 

used for clustering were plotted in the heatmap. Genes within the same cluster were 

plotted next to each other without additional sorting. Clusters were first sorted by time 

point of highest average expression assessed by Z-score. Clusters with the same time 

point of highest expression were sorted by their ‘centroid’ time point. The centroid was 

calculated by transforming z-scores for each cluster so that the minimum was 0, 

calculating the sum across all 12 time points, and calculating the first time point at which 

the sum of the transformed Z-scores is less than half of the total sum. For clusters with 

the same maximum and centroid time point, clusters were sorted based on the value of 

the maximum Z-score. Clusters with peak expression at earlier time points were plotted 

before those at later time points. Among clusters with the same peak expression time 

point, clusters were ordered by the time point. For clusters with peak expression at the 

same time point, clusters were ordered based on the Z-score at the peak. Clusters were 
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ordered from highest to lowest for peaks in the first six time points, and from lowest to 

highest for peaks in the last six time points.  

2.4.6 Gene enrichment analysis for gene groups of interest 

Gene groups were either obtained from datasets in previous publications 

(including those used in Figure 4C-F and Figure 7) or generated as part of this study 

(Figure 12). For RNAseq datasets, genes down-regulated in a transcriptional regulator 

mutant relative to wild-type were considered positive targets, and genes up-regulated 

were considered negative targets. Wormbase IDs were used for clustered genes and 

gene groups of interest. If Wormbase IDs were not included in the original publication’s 

dataset, then Simplemine was used to convert gene identifiers. Gene groups were 

filtered to include only genes that were considered expressed in the time series dataset. 

For each cluster, the overlap between the filtered gene group and the cluster’s genes was 

determined, and a hypergeometric p-value was calculated. For plots including the mean 

Z-score over time with 99% confidence intervals (i.e., Figure 4), the stat_summary 

function in ggplot2 was used, and bootstrapping (mean_cl_boot) was the method for 

determining the confidence interval surrounding the mean. For plots including 

individual trajectories for all genes in the filtered gene group included in clustering (i.e. 

Figure 7 and Figure 12), lines were color-coded if the gene was part of an enriched 

cluster. Clusters were considered enriched if p < 0.01 or p < 0.05, as indicated in the 

figure legend. A more stringent p-value was used with larger gene groups. Genes in 
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non-enriched clusters were still plotted, but with less opacity to enable visualization of 

all gene trajectories.  

2.4.7 Design and generation of ama-1 AID strains 

We designed PHX1513 ama-1(syb1513) to have an insertion prior to the stop 

codon at the endogenous ama-1 locus. This insertion contained the degron sequence, 

linkers, and 3x-FLAG tag, in line with designs used to create other AID strains in C. 

elegans (ZHANG et al. 2015; KASIMATIS et al. 2018). The sequence of the insertion used 

was:  

GGATCCGGAGGTGGCGGGATGCCTAAAGATCCAGCCAAACCTCCGGCCAAGGC

ACAAGTTGTGGGATGGCCACCGGTGAGATCATACCGGAAGAACGTGATGGTTTC

CTGCCAAAAATCAAGCGGTGGCCCGGAGGCGGCGGCGTTCGTGAAGGAGAATC

TGTACTTTCAATCCGGAAAGGACTACAAAGACCATGACGGTGATTATAAAGATCA

TGATATCGATTACAAGGATGACGATGACAAGTAA 

SunyBiotech generated the strain PHX1513 and validated it with Sanger 

sequencing. We also validated the strain upon receipt using Sanger sequencing. To 

generate the functional AID strains LRB387 and LRB389, PHX1513 was backcrossed 

twice to N2 and then crossed to strains expressing TIR1 in either the soma (CA1200) or 

germline (CA1352).  
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2.4.8 Auxin preparation and treatment 

A 400 mM stock solution of indole-3-acetic acid (IAA), or auxin, was prepared in 

ethanol and stored at -20°C. For experiments using a 0.1 mM auxin dose, a 100 mM stock 

in ethanol was used, and a corresponding amount of ethanol was used (0.1%) for the 

control. For experiments using a 1 mM auxin dose, the 400 mM stock was used, and a 

corresponding amount of ethanol (0.25%) was used for the control.  

2.4.9 Starvation survival assays 

Starvation survival in Figure 3C was assayed by indirect scoring (BAUGH AND 

HU 2020), which considers worms alive if they are able to recover upon feeding, as done 

previously (WEBSTER et al. 2018). 100 µL of each 8-day and 12-day sample used for RNA-

seq was aliquoted around the edge of a 5 cm NGM plate with a spot of OP50 in the 

center, and the number of individuals plated was counted. Survivors were scored two 

days later, and proportion alive was calculated. 

For Figure 9F-G, direct scoring in arrested L1s was used to assay survival 

because worms with degraded AMA-1 in the soma could not recover. To prepare plates 

to bleach, ~10 L4s from Peft-3::TIR1, Pgld-1::TIR1, and Pgld-1::TIR1;ama-1::AID were 

picked onto approximately four 10 cm plates with OP50. ~15 adults were picked from 

Peft-3::TIR1;ama-1::AID onto at least seven 10 cm plates with OP50 to account for slower 

growth and fewer progeny from this strain. Four days later, gravid adults from each 

genotype were hypochlorite treated from unstarved plates. S-basal with 0.1% ethanol 



 

69 

was used throughout washing and hypochlorite treatment. For each condition (genotype 

and auxin or ethanol addition at each time point), a 5 mL culture of S-basal with 0.1% 

ethanol was set up in a 25 mL Erlenmeyer flask at 1 embryo/ul (5,000 embryos total) and 

stored in a 20°C shaker moving at 180 rpm. At the indicated time point, 0.1 mM auxin 

was added for +auxin conditions, and 0.1% ethanol was added for ethanol conditions. 

This ensured an equal amount of ethanol (final concentration of 0.2%) across all 

conditions. After 12 days of L1 arrest, at least 100 µL was sampled from the culture and 

pipetted on to a glass depression slide. Worms were scored as dead if they were rods or 

lacked muscle tone and had a granular appearance without apparent movement. 

Proportion alive was calculated as the number of live worms divided by the sum of alive 

and dead worms. 

For starvation survival with alpha-amanitin (Figure 10C), direct scoring was also 

used. N2 worms were hypochlorite treated and embryos were resuspended in S-basal at 

1 embryo/ul in Erlenmeyer flasks and placed in a shaker, as was done with the ama-

1::AID strains. 12 hours after hatch (24 hours after hypochlorite treatment), 25 µg/mL 

alpha-amanitin was added to cultures. Survival was scored on days 2 and 8, with day 8 

as an earlier last time point than with AMA-1 AID because ethanol was not added to the 

cultures.  
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2.4.10 Starvation recovery 

For Figure 9C, strains were scaled up and hypochlorite treated as described in 

‘Starvation survival assays,’ but without ethanol added to S-basal. Embryos were 

resuspended at 1 embryo/µL in 5 mL of S-basal in a 16 mm glass test tube and stored on 

a roller drum at 20°C. After 23 hours (11 hours of L1 arrest), 1 mM auxin or 0.25% 

ethanol was added to each test tube. After one hour, worms were transferred to 15 mL 

conical tubes and spun down at 3,000 rpm, and excess S-basal was aspirated off. S-basal 

was used to wash worms three additional times, then they were plated on 10 cm NGM 

plates with OP50. After 48 hours of growth, worms from each condition were washed 

off of plates with S-basal, spun down, and transferred to an unseeded 10 cm NGM plate 

for imaging. Images were taken on a Zeiss Discovery V20 stereomicroscope and 

analyzed using the WormSizer plugin for FIJI (MOORE et al. 2013). 

2.4.11 Hatching efficiency 

5 cm NGM plates with OP50 were prepared with different doses of auxin (1, 0.1, 

0.01, 0.001, 0.0001 mM) by pipetting the appropriate amount of auxin and ethanol onto 

an already-seeded plate immediately before use. A cell spreader was used to quickly 

and lightly (to minimize interfering with the lawn) spread the auxin on the plate. Doses 

of auxin were prepared from the 400 mM auxin stock, and lower doses were diluted in 

ethanol so that the same amount of ethanol was used for each dose. Embryos 

resuspended in S-basal following hypochlorite treatment were pipetted onto the plates 
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prepared for each dose. After 24 hr, the number of embryos and L1s were scored on each 

plate. 100-300 individual animals were scored for each replicate and condition. 

2.4.12 Gonad cell scoring upon recovery 

Approximately 10 Peft-3::TIR1 and Peft-3::TIR1; ama-1::AID L4s were picked onto 

each of 3-4 10 cm NGM plates seeded with OP50. 4 days later, strains were hypochlorite 

treated as described for ‘Starvation survival assays’, with S-basal with 0.1% ethanol 

included throughout. 5 mL cultures were set up with embryos resuspended at 1 

embryo/uL in 16 mm glass test tubes. Immediately after cultures were set up (within 

approximately one hour post-bleach), 0.1 mM auxin or 0.1% ethanol was added to 

cultures for the 48 hours exposure conditions. Test tubes were then put on a rotating 

roller drum at 20°C. At 24 hours post-bleach (approximately 12 hours of L1 arrest), 0.1 

mM auxin or 0.1% ethanol was added to cultures for the 24-hour exposure conditions. 

At 48 hours post-bleach, all six cultures (both 24-hour and 48-hour exposures) were 

transferred to 15 mL conical tubes, spun down at 3,000 rpm, and excess S-basal was 

aspirated off down to < 100 µL containing the arrested L1s. Worms were washed six 

times with 10 mL S-basal. After all washes, worms were transferred to 10 cm NGM 

plates seeded with OP50. After 24 hours of growth on plates, 4% agar slides were 

prepared for viewing on a compound microscope. 2 µL of levamisole was pipetted onto 

each slide, individual worms were picked from plates into the levamisole, and a cover 

slip was placed. Individual cells in the gonad were then counted using an AxioImager 
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compound microscope (Zeiss) at 1000x total magnification. DIC images were taken 

using Zen software (Zeiss), and cropped in Adobe Illustrator. 

2.4.13 Sample preparation and collection for mRNA-seq on AMA-1 
AID samples 

All strains were maintained well-fed on OP50 at 20°C for several generations. For 

Pgld-1;:TIR1; ama-1::AID, Peft-3::TIR1, and Pgld-1::TIR1, approximately 10 L4s were 

picked onto five 10 cm NGM plates with OP50 for each biological replicate. For Peft-

3::TIR1; ama-1::AID, which grows slower, approximately 15 gravid adults were picked 

onto seven 10 cm NGM plates with OP50 for each biological replicate. After 4 days, 

plates from all four strains were hypochlorite treated in parallel. For each strain, three 50 

mL Erlenmeyer flasks were used, each with 10,000 embryos resuspended at 1/µL in 10 

mL. Flasks were put in a shaker at 180 rpm at 20°C, like was done for the time series 

samples. After 36 hours of L1 arrest (48 hours after bleach), the 36-hour samples were 

collected by spinning down the 10 mL culture for each strain at 3,000 rpm, aspirating off 

excess S-basal, and then transferring the worms in ~100 µL to a 1.5 mL Eppendorf tube. 

The volume of the sample was further reduced by spinning again at 3,000 rpm and 

pipetting off excess liquid to bring the final volume down to approximately 10 µL. This 

small volume facilitates micro-scale RNA preparation. Samples were flash frozen in 

liquid nitrogen and stored at -80°C until RNA isolation. At 36 hours, 100 µM auxin or 

ethanol was added to each of the remaining flasks. After 132 hours of L1 arrest, auxin 

and ethanol samples were collected as described for the 36-hour samples.  
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2.4.14 RNA isolation and library preparation for AMA-1 AID samples 

RNA was isolated using TRIzol Reagent (Invitrogen# 15596026) following the 

manufacturer’s instructions with some exceptions noted below. The procedure was 

scaled down linearly, using 100 µL Trizol. 5 µg linear polyacrylamide (Sigma# 56575) 

was included as a neutral carrier for RNA precipitation. RNA was eluted in nuclease-

free water and incubated at 55ºC for approximately four minutes to resuspend the pellet. 

25 ng of total RNA was used for each library preparation. ThermoFisher ERCC Spike-In 

Mix (Thermo #4456740) was added based on total RNA per manufacturer’s instructions. 

NEBNext Poly(A) mRNA Isolation Module (New England Biolabs# E7490) and 

NEBNext Ultra II RNA Library Prep kit (New England Biolabs# E7770) was used to 

perform poly-A selection and prepare libraries for sequencing respectively. The final 

libraries were enriched with 14 or 15 cycles of PCR, depending on batch. Libraries were 

then sequenced using Illumina NovaSeq 6000 to obtain 50 bp paired-end reads. 

2.4.15 Differential expression analysis of AMA-1 AID RNA-seq data 

Paired-end reads were mapped with bowtie using the following command: 

bowtie -I 0 -X 500 --chunkmbs 256 -k 1 -m 2 -S -p 2 using the WS273 version of the 

genome, with the sequences from the ERCC spike-ins appended to determine reads 

mapping to the spike-ins. Counts were determined as described for the time series 

analysis. Count data was imported into R, then filtered to include only protein-codding 

genes. To determine expressed genes, count data was further filtered to include only 
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genes with counts > 10 in at least four samples. The RUVseq package (RISSO et al. 2014) 

was used to determine factors of unwanted variation prior to differential expression 

analysis. First, betweenLaneNormalization was used for upper-quartile normalization 

(which = ”upper”). Next, RUVg was used with k = 1 to improve normalization by 

normalizing based on the spike-ins. edgeR was then used for differential expression 

analysis, incorporating the factors of unwanted variation from RUVseq. glmFit and 

glmLRT commands (which fit a GLM and execute a likelihood ratio test in edgeR) were 

used to determine significant differences for pairs of conditions of interest.  

2.4.16 Statistical analysis 

Statistics were performed in R, and the statistical test used is indicated in figure 

legends. Linear mixed-effects models were used to control for the effect of biological 

replicate in cases in which there were multiple biological replicates and multiple 

observations originating from each replicate (e.g., Figure 9E,G). Biological replicate was 

considered a random effect, and the variable of interest was considered a fixed effect. A 

t-test or one-way ANOVA was used in cases in which there was only one observation 

per replicate (e.g., Figure 9B,H). The Kolmogorov-Smirnov test was used to determine if 

there were differences in distributions of a groups of genes across conditions (e.g., Figure 

11D,F). 
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2.4.17 Lysate preparation for Western blot 

Worm samples were collected as described for the mRNA-seq samples, with 

minor exceptions. Only the Peft-3::TIR1; ama-1::AID genetic background was used, and 

one of three biological replicates was collected with 25,000 instead of 10,000 worms for 

each condition (though density was held constant). Samples were stored at -80°C. The 

frozen pellet was rapidly freeze-thawed 3 times, cycling between liquid nitrogen and a 

45°C water bath. Laemmli buffer (Sigma# S3401) was added to the samples to bring the 

final concentration to 1X. The samples were then incubated at 95°C for 10 minutes, 

frozen in dry ice for 15 minutes, and incubated at 95°C again for another 10 minutes. 

Debris was pelleted by centrifuging the samples at 14,000 rpm for 5 minutes, and the 

lysate was transferred to a new tube. Total protein was quantified using the Pierce 660 

nm Protein Assay kit (Thermo# PI22662) following the manufacturer’s instructions.  

2.4.18 Western blot 

Two ug of total protein per sample was loaded onto the NuPAGE 4%-12% Bis-

Tris gel (Invitrogen# NP0321), along with 10 µl of Spectra Multicolor Protein Ladder 

(Thermo# 26634). Proteins were resolved at 200 V for 50 min in MOPS SDS running 

buffer. Following resolution, proteins were transferred to PVDF membrane (Invitrogen# 

LC2005) at 100 V for 60 min. The membrane was blocked in non-fat milk for 1 hour to 

reduce non-specific binding. The blot was then probed with HRP conjugated anti-FLAG 

antibody (Sigma# A8592) at 1:2000 through overnight incubation at 4°C. The membrane 
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was then washed multiple times with TBS buffer, supplemented with 0.1% Tween-20, to 

wash off excess unbound antibodies. SuperSignal West Femto Substrate (Thermo# 

34095) was used to develop the blot, and it was imaged in the iBright FL1500 Imaging 

system (Thermo Fisher). A second NuPAGE gel, run with the same samples, was stained 

with SYPRO Ruby Protein Gel Stain (Invitrogen# S12001) following the manufacturer’s 

protocol and imaged to confirm equal loading.  

2.5 Acknowledgements 

We would like to thank E. Jane A. Hubbard for helpful discussions and 

Geraldine Seydoux and Chih-Yung Lee for sharing unpublished data analysis. This 

work was supported by the National Institutes of Health (R01GM117408, L.R.B.) Some 

strains were provided by the CGC, which is funded by NIH Office of Research 

Infrastructure Programs (P40 OD010440). 

 

 

 

 

 

 



 

77 

3. Transgenerational effects of extended dauer diapause 
on starvation survival and gene expression plasticity in 
Caenorhabditis elegans 

This chapter was modified from a manuscript of the same title published in Genetics 

(2018). The authors are Amy K. Webster, James M. Jordan, Jonathan D. Hibshman, Rojin 

Chitrakar, and L. Ryan Baugh. 

3.1 Background 

Epigenetic regulation mediates phenotypic plasticity, such that a single genotype 

can produce different phenotypes in response to environmental conditions (KELLY et al. 

2012). Most epigenetic modifications are reset at the beginning of each generation, but 

those that persist have the potential to impact environmental adaptation and evolution 

independent of DNA sequence (RAPP AND WENDEL 2005; JABLONKA AND RAZ 2009; 

HEARD AND MARTIENSSEN 2014). Consequently, there is substantial interest in 

identifying environmental perturbations that elicit transgenerational epigenetic effects. 

Epigenetic inheritance has been reported in the roundworm Caenorhabditis elegans, but 

these studies typically focus on an aphysiological stimulus, such as a mutation or 

exogenous RNAi trigger (GREER et al. 2011; BUCKLEY et al. 2012), or they assay a 

molecular rather than organismal phenotype, such as gene expression (SCHOTT et al. 

2014; NI et al. 2016; KLOSIN et al. 2017; MINKINA AND HUNTER 2017). Consequently, the 

importance of epigenetic inheritance to environmental adaptation is unclear. 

Identification and characterization of plasticity-induced transgenerational effects 
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manifest at the organismal level can address important questions. Do epigenetic changes 

in gene regulation affect organismal traits? Does epigenetic memory provide a 

predictive adaptive response that improves fitness? Alternatively, does epigenetic 

memory arise due to a failure to reset the epigenetic program between generations, 

potentially posing a fitness cost?  

C. elegans has a variety of developmental responses to nutrient availability 

(ANGELO AND VAN GILST 2009; BAUGH 2013; SCHINDLER et al. 2014; SCHULENBURG AND 

FELIX 2017). In particular, larvae respond to specific environmental cues (high 

population density, low food availability, and high temperature) and undergo an 

alternative developmental program resulting in dauer arrest (HU 2007). Dauer arrest is a 

classic example of diapause since dauer larvae develop in response to cues perceived in 

advance of arrest (KOSTAL 2006). Dramatic morphological and gene regulatory changes 

occur during dauer development (WANG AND KIM 2003; MCELWEE et al. 2004; BAUGH et 

al. 2011) under the regulation of highly conserved signaling pathways (REN et al. 1996; 

SCHACKWITZ et al. 1996; LI et al. 2003; BARGMANN 2006; FIELENBACH AND ANTEBI 2008). 

Dauers have a thicker cuticle and plugged pharynx, supporting increased stress 

resistance but preventing feeding. Dauers also have an altered nervous system, gut, and 

muscles compared to non-dauers (ALBERT AND RIDDLE 1983; KEANE AND AVERY 2003; 

DIXON et al. 2008). They are provisioned with fat stores that aid survival during 

prolonged starvation (CUNNINGHAM AND ASHRAFI 2009; NARBONNE AND ROY 2009). If 
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environmental conditions improve, larvae exit dauer arrest and ultimately become 

reproductive adults.  

C. elegans collected from the wild are mostly in the dauer stage, providing 

evidence that starvation stress during dauer diapause is a common feature of their life 

history (BARRIERE AND FELIX 2005). Time spent in dauer does not alter the length of the 

adult lifespan, suggesting an "ageless" state (KLASS AND HIRSH 1976). Nonetheless, dauer 

larvae do eventually die, with about one-third failing to recover at 60 days (KLASS AND 

HIRSH 1976). Further, germline defects increase in frequency as the duration of dauer 

diapause increases (KIM AND PAIK 2008), suggesting that at least some consequences of 

starvation incurred during diapause persist in post-dauers. It is currently unknown if 

effects of long-term dauer diapause persist upon recovery to affect important life-history 

traits, including progeny quality and starvation resistance. The consequences of long-

term dauer diapause beyond one generation are, to our knowledge, completely 

unexplored.  

Here, we report the consequences of long-term dauer diapause over multiple 

generations. We found that long-term dauers recovered to produce fewer, smaller and 

starvation-sensitive F1 progeny that exhibited greater inter-individual variation, 

suggesting proximal fitness costs. In contrast, great-grandprogeny (F3 generation) of 

long-term dauers exhibited increased starvation resistance and lifespan, consistent with 

potentially adaptive transgenerational effects. Increased starvation resistance was 
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dependent on the time spent in the ancestral dauer diapause, suggesting that it is 

starvation during dauer, rather than dauer development itself, that leads to these 

transgenerational effects. Consistent with this, we identified epigenetic differences in 

nutrient-responsive gene expression in the F3 generation including a dampened 

response to nutrient availability. These results indicate that ancestral environment can 

influence how worms respond to their current environment, and they suggest a trade-off 

between epigenetic memory and plasticity.  

3.2 Results 

We carefully controlled worm population density and bacterial food 

concentration in a liquid culture system to cause wild-type worms to either enter dauer 

diapause or to bypass it (BAUGH et al. 2011) (Figure 15). Ancestors of dauer and control 

worms were well fed for multiple generations (>3) to control for multigenerational 

effects of starvation or dietary restriction. Long-term dauers remained dauers for 36-45 

days, and then were put on plates with food to recover. In parallel, control worms that 

did not experience dauer were plated from liquid culture so that post-dauer and control 

worms were paired for experiments. 
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Figure 15: Schematic of experimental design. Well-fed, wild-type worms were 
hypochlorite treated as gravid adults to obtain embryos, which were placed in dauer or 
control conditions. For long-term dauer conditions, worms remained in culture for 40-49 
days and were dauers for 36-45 days. Worms from dauer and control cultures were 
plated on food in parallel. These lay F1 progeny, some of which were used for 
experiments of proximal effects of long-term dauer diapause. Other F1 adults were 
hypochlorite treated to obtain F2 embryos. F2 adults were hypochlorite treated to obtain 
F3 embryos. F3 post-dauer and control worms were used for experiments. 

3.2.1 Long-term dauer diapause reduces reproductive success in the 
P0 generation 

We determined the proximal consequences of long-term dauer diapause on 

reproductive success. Following diapause, post-dauer worms recovered to produce 

fewer F1 progeny (Figure 16A and Figure 17A). Post-dauer adults also produced smaller 
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embryos (Figure 16B and Figure 17B). C . elegans embryos hatch as L1 larvae. In the 

absence of food, L1 larvae survive starvation by remaining arrested as L1s, and this is 

reversible upon feeding. Survival during L1 arrest is a measure of starvation resistance 

(BAUGH 2013). We found that post-dauers produced F1 progeny that were relatively 

sensitive to starvation by two metrics: L1 starvation survival (Figure 16C) and growth 

rate during recovery from L1 starvation (Figure 16D and Figure 17C). Thus, long-term 

dauer arrest incurs costs to average fecundity as well as to progeny quality and 

starvation resistance, indicating reduced reproductive success.  

Because we identified differences in mean trait values for post-dauer and control 

worms upon recovery and in the F1 generation, we also considered the possibility that 

experiencing long-term dauer diapause could alter the inter-individual variation of key 

traits within a worm population. We found that post-dauer worms exhibited greater 

variation in brood size than controls, and that F1 embryos were more variable in length 

(Figure 18A-B). Consistent with these observations, once these embryos hatched as L1s, 

they appeared to exhibit greater variation in body length after recovery from 8 days of 

starvation, but not 1 day of starvation (Figure 18C). This suggests that increased inter-

individual variation is uncovered by the stress of extended L1 starvation. Together our 

results suggest that the proximal consequences of long-term diapause include decreased 

reproductive success and increased phenotypic variation. 
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Figure 16: Long-term dauers recover to produce fewer, smaller F1 progeny that 
are starvation sensitive. A. Brood sizes following long-term dauer diapause or control 
conditions. 7 biological replicates were scored with 13-18 individuals per biological 
replicate per condition. Effect of condition, p = 4.46 x 10-7. B. Embryo length in the F1 
progeny of post-dauers and controls. 6 biological replicates were scored with 23-70 
individual embryos scored per biological replicate. Effect of condition, p = 9.0 x 10-13. C. 
L1 starvation survival for 7 biological replicates of F1 progeny of post-dauers and 
controls. Logistic regression curves were fit, and median survival was determined for 
each replicate. Paired t-test on median survival, p = 0.10. D. Worm length after 48 hr of 
recovery from 1 or 8 days of L1 arrest was scored in the F1 progeny of post-dauers and 
controls. 8 biological replicates were scored. For 1 day, 50-335 worms were scored per 
biological replicate; following 8 days, 7-118 worms scored per replicate. Effect of 
condition for 1 day, p = 0.95; effect of condition for 8 days, p < 2.0 x 10-16. A linear mixed-
effect model was fit with condition and length of starvation as fixed effects and 
biological replicate as a random effect. An interaction term was included for fixed 
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effects. Effect of the interaction of condition and length of starvation, p = 5.1 x 10-14; effect 
of starvation, p < 2.0 x 10-16; effect of condition, p = 0.20. A,B,D. Linear mixed-effect 
models were fit with condition (post-dauer vs. control) as a fixed effect and biological 
replicate as a random effect. P-values were calculated using the Wald test. Horizontal 
black lines represent medians. For means of biological replicates and grand mean, see 
Figure 17. ***p < 0.001 

 

Figure 17: Proximal effects of long-term dauer on brood size, embryo length, 
and body size. A-C. Each point represents the mean of individual worms for the 
indicated trait within a biological replicate. Paired replicates are connected with a gray 
line. Grand means are connected with a black line. 

 

Figure 18: Long-term dauer diapause promotes variability in F1 progeny 
number and size. A.  Brood size data were pooled across 7 biological replicates 
including 115 post-dauer worms and 120 control worms, p = 2.2 x 10-8. B. Embryo length 
data were pooled across 6 replicates including 256 post-dauer embryos and 235 control 
embryos, p = 0.00033. C. Worm body lengths following recovery following 1 or 8 days of 
L1 arrest in F1 progeny of post-dauers and controls were pooled from 8 biological 
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replicates including 748 controls starved for 1 day, 897 post-dauers starved for 1 day, 421 
controls starved for 8 days, and 337 post-dauers starved for 8 days. For 1 day, p = 0.13; 
for 8 days, p = 0.02. A-C. Trait values for individual post-dauer and control worms were 
mean-normalized to the mean trait value for the corresponding condition and replicate. 
Data were pooled across biological replicates. Levene’s test was used to assess 
differences in variance. *p < 0.05, ***p < 0.001  

3.2.2 Long-term dauer diapause increases starvation resistance and 
lifespan transgenerationally 

We asked whether effects of long-term dauer diapause persisted beyond the F1 

generation to the F3 generation. Persistence to the F3 generation suggests 

transgenerational epigenetic inheritance, while effects in the F1 and F2 generations could 

be due to maternal effects (SKINNER 2008). We measured starvation resistance in three 

ways: L1 starvation survival, body length following 48 hours of recovery from L1 

starvation, and brood size following recovery from L1 starvation. In contrast to F1 L1 

larvae, we found that F3 progeny of long-term dauers exhibited increased L1 starvation 

survival (Figure 19A). Likewise, F3 progeny of long-term dauers allowed to recover for 

48 hours from 8 days of L1 starvation were larger than controls recovering from 8 days 

of L1 starvation, demonstrating increased growth rate (Figure 19B and Figure 20A). In 

addition, the broods of F3 progeny of long-term dauers following 8 days of L1 starvation 

were larger than the broods of F3 controls following 8 days of L1 starvation (Figure 19C 

and Figure 20B). We also assayed growth rate and brood size in the F3 post-dauers with 

just 1 day of L1 starvation and found no significant differences in these traits (Figure 

19B-C and Figure 20A-B). In addition, we did not find evidence of differences in inter-

individual variation in the F3 generation (Figure 20F-G), suggesting that the differences 
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in mean trait values in the F3 generation were not due to a difference in the shape of the 

underlying trait distribution. Together these data support the conclusion that long-term 

dauer diapause leads to epigenetic inheritance of increased starvation resistance in F3 

progeny.  

  We found transgenerational effects of long-term dauer arrest that were present 

beyond the L1 stage and into adulthood in F3 worms that were never starved. F3 

progeny of long-term dauers lived longer as adults than controls (Figure 19D, Figure 

20C-E), demonstrating that there are transgenerational consequences of long-term dauer 

diapause outside the context of starvation.  

We next wanted to determine whether the transgenerational increase in 

starvation resistance depends on the duration of dauer diapause. When worms were 

dauers for just six days, F3 progeny of these short-term dauers did not exhibit 

differences in starvation survival or brood size following starvation (Figure 19E-F). We 

had the statistical power to detect differences in starvation survival of less than a day 

(Table 1). This suggests that the transgenerational effects of experiencing long-term 

dauer arrest are dependent on the length of starvation during arrest as opposed to the 

dauer-inducing culture conditions, dauer formation, or dauer recovery. 
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Figure 19: F3 progeny of long-term dauers exhibit increased starvation 
resistance and lifespan.  A. L1 starvation survival was scored in the F3 progeny of post-
dauers and controls. 8 biological replicates were scored, logistic curves were fit, and 
median survival times were determined. Paired t-test on median survival, p=0.01. B. 
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Worm body length following 48 hours of recovery from either 1 or 8 days of L1 arrest. 4 
biological replicates were scored, consisting of 342 controls starved 1 day, 323 post-
dauers starved 1 day, 148 controls starved 8 days, and 204 post-dauers starved 8 days. 
Effect of condition for 1 day, p = 0.25; effect of condition for 8 days, p = 0.0048. Effect of 
the interaction between condition and length of starvation, p = 0.066; effect of the length 
of starvation, p < 2.0 x 10-16; effect of condition, p = 0.93. C. Brood size was scored for F3 
progeny of controls and post-dauers that experienced 0 or 8 days of L1 arrest. 3 
biological replicates for 0 days; 5 biological replicates for 8 days. For 0 d L1 arrest, 54 
controls and 53 post-dauers; for 8 d of L1 arrest, 72 controls and 74 post-dauers. Effect of 
condition for 0 days, p = 0.82; effect of condition for 8 days, p = 0.03. Effect of the 
interaction between condition and length of starvation, p = 0.087; effect of the length of 
starvation, p < 1.0 x 10-4; effect of condition, p = 0.87.  D. Lifespans of at least 135 F3 
progeny of post-dauers and controls from 3 biological replicates (See Figure 20C-E for 
individual replicates). Paired t-test on the means of biological replicates, p = 0.026. E. 
Starvation survival in the F3 progeny of controls and short-term dauers (6 days as a 
dauer). 4 biological replicates were scored, logistic curves were fit to data, and median 
survival times were determined. Paired t-test on median survival, p = 0.73. F. Brood size 
of F3 progeny of controls and short-term dauers was scored after worms experienced 8 
days of L1 arrest. 3 biological replicates of 5-18 individual worms per condition were 
scored. Grand mean for control: 200; for post-dauers: 201. A linear mixed-effect model 
was fit to brood size data with condition (post-dauer vs. control) as a fixed effect and 
biological replicate as a random effect. P-values were calculated using the Wald test. 
Effect of condition, p = 0.75. B,C. Linear mixed-effect models were fit with condition 
(post-dauer vs. control) as a fixed effect and biological replicate as a random effect. Next, 
a linear mixed-effect model was fit with condition (postdauer vs. control) and length of 
starvation (0 or 1 vs. 8 days) as fixed effects and biological replicate as a random effect. 
An interaction term was included for fixed effects. P-values were calculated using the 
Wald test. *p < 0.05, **p < 0.01, ***p < 0.001; † interaction p < 0.1; n.s. not significant. 
Horizontal black lines represent medians.  

Table 1: Summary statistics for survival and lifespan 

STARVATION 
SURVIVAL 

Avg median 
survival 
(days) 

StDev 
(days) 

n Avg delta 
compared to 
control (days) 

StDev of deltas 
compared to control 
(days) 

p-value 
vs. 
control 

F1 progeny of long-term dauer and control 
    

Control 11 3 7 N/A N/A N/A 

Long-term dauer 9.1 3.1 7 -1.9 2.6 0.11 

F3 progeny of long-term dauer and control 
    

Control 10.5 1.1 8 N/A N/A N/A 
Long-term dauer 11.9 0.6 8 1.4 1.1 0.01 
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F3 progeny of short-term dauer and control 
    

Control 13.3 1.6 4 N/A N/A N/A 

Short-term dauer 13.3 1.5 4 0.08 0.4 0.73 
       

LIFESPAN Avg median 
lifespan 
(days) 

StDev 
(days) 

n Avg delta 
compared to 
control (days) 

StDev of deltas 
compared to control 
(days) 

p-value 
vs. 
control 

F3 progeny of long-term dauer and control 
    

Control 13.4 1.2 3 N/A N/A N/A 
Long-term dauer 15.6 0.6 3 2.2 0.6 0.02 
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Figure 20: Transgenerational effects of long-term dauer diapause in the F3 
generation. A-B. Each point represents the mean of individual worms in the F3 
generation for the indicated trait within a biological replicate. Paired replicates are 
connected with a gray line. Grand means are connected with a black line. C. Replicate 1 
of post-dauer and control F3 lifespan. 47 control and 66 post-dauer F3 worms assayed. 
Control mean: 12.1 days; post-dauer mean: 15 days D. Replicate 2 of post-dauer and 
control F3 lifespan. 64 control and 64 post-dauer F3 worms assayed. Control mean: 13.6 
days; post-dauer mean: 15.5 days E. Replicate 3 of post-dauer and control F3 lifespan. 63 
control and 64 post-dauer F3 worms assayed. Control mean: 14.4 days; post-dauer mean: 
16.2 days F. Worm body length measurements were pooled across replicates to test for 
differences in variance (same data as 3B), For 1 day, p = 0.089; for 8 days, p = 0.82 G. 
Brood sizes data were pooled across replicates to test for differences in variance (same 
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data as Figure 19C). For 0 d:  p = 0.18; for 8 d: p = 0.48. F-G. Trait values for individual 
post-dauer and control worms were mean-normalized to the mean trait value for the 
corresponding condition and replicate. Data were pooled across biological replicates. 
Levene’s test was used to assess differences in variance. n.s. not significant 

3.2.3 Epigenetic memory of dauer diapause affects gene expression 
globally 

Transgenerational effects of long-term dauer diapause on important organismal 

traits suggest epigenetic regulation of gene expression. We used mRNA-seq to 

determine if gene expression patterns in both fed and starved F3 progeny of controls, 

short-term dauers, and long-term dauers differed (Figure 21A). This two-factor design 

allowed us to analyze both transgenerational and instantaneous effects of nutrient 

availability on gene expression. We performed between 3 and 12 biological replicates 

per condition (See Supplementary File 1 in (WEBSTER et al. 2018)). Replicates within the 

same condition were highly correlated, with an average Pearson correlation coefficient 

of 0.99 across all fed libraries and also across all starved libraries.  We performed 

principal component analysis (PCA) on the normalized mean counts per million (CPM) 

values for six conditions as well as on individual biological replicates (Figure 21B, Figure 

22). PC1 separated condition means depending on whether the worms were fed or 

starved as F3 L1s, while PC2 separated them according to length of time the initial 

generation spent in dauer diapause (Figure 21B). Notably, instantaneous effects of 

nutrient availability (PC1) appeared to explain substantially greater variance in gene 

expression than epigenetic effects (PC2). Nonetheless, these results suggest that ancestral 
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environmental conditions play a small, but detectable, role in shaping gene expression 

in the F3 generation.  

 

Figure 21: mRNA-seq reveals relative contributions of current environment 
and ancestral environment in shaping gene expression variation. A. Schematic of 
experimental set-up for collection of RNA-seq samples. B. Principal component analysis 
(PCA) of 6 conditions including all 8649 reliably detected genes. 97% of variance 
explained by whether worms were fed or starved at collection (PC1). 1.3% of variance 
explained by whether ancestors experienced control, short-term dauer, or long-term 
dauer conditions (PC2). Mean counts-per-million (CPM) of biological replicates were 
used for each condition for PCA. Number of biological replicates: control starved (12), 
ST dauer starved (9), LT dauer starved (6), control fed (4), ST dauer fed (4), LT dauer fed 
(3). 
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Figure 22: Individual replicates separate on PCA. A. Principal component 
analysis (PC1 and PC2) of all biological replicates included in differential expression 
analysis. B. Biological replicates plotted in PC1 only. Considering both current 
environment (fed vs. starved) and ancestral environment (control, short-term dauer, and 
long-term dauer) as factors, both effects are significant in a multivariate ANOVA using 
Wilks’ Lambda for PC1. Effect of current environment, p < 2.2 x 10-16; effect of ancestral 
environment, p = 0.00022.  

 

We compared gene expression plasticity in F3 long-term post-dauers to controls. 

That is, we assessed gene expression differences between starved and fed F3 worms 

with long-term dauer ancestors to starved and fed F3 worms with control ancestors 

(Figure 23A). Regardless of ancestral background, starved and fed worms exhibited 

dramatic gene expression differences (Figure 23A, Supplementary File 1 in (WEBSTER et 

al. 2018)), consistent with PC1. Gene expression responses to nutrient availability were 

also highly correlated. Notably, no genes had large differences in one comparison and 

not the other. Consistent with this, virtually no genes were individually significantly 
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differentially expressed when only ancestral conditions differed (See Supplementary File 

1 in (WEBSTER et al. 2018)). However, the slope of the linear regression was significantly 

less than 1 (Figure 23A), suggesting that gene expression plasticity in response to 

nutrient availability in the F3 generation following long-term dauer diapause is 

dampened relative to controls.  

Dampened plasticity could occur if fed F3 progeny of long-term dauers had a 

transcriptional profile that appeared “less fed” compared to fed controls or if starved F3 

progeny of long-term dauers appeared transcriptionally “less starved” compared to 

starved controls. First, we found fed F3 progeny of long-term dauers appeared less fed 

(or, equivalently, more starved) relative to fed controls by comparing the effect of 

plasticity in controls to the epigenetic effect in fed larvae (Figure 23B,C). We further 

tested this effect using the most differentially expressed nutrient-responsive genes. 

These genes, highlighted in Figure 23B, showed that genes that were significantly up- or 

down-regulated in starved worms compared to fed worms tend to also be up- or down-

regulated, respectively, in fed F3 progeny of long-term dauers relative to fed controls 

(Figure 23B,C). We also found that the regulatory targets of the transcription factor daf-

16 (TEPPER et al. 2013), which promotes starvation survival (BAUGH 2013), overlap with 

the nutrient-responsive genes and display a similar epigenetic effect of long-term dauer 

diapause (Figure 23D, Figure 24A). This result corroborates the epigenetic effect on 

nutrient-responsive genes using gene sets defined outside the context of this study. 
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These results provide evidence that dampened gene expression plasticity is driven at 

least in part by differences in nutrient-responsive gene expression in fed F3 progeny of 

long-term dauers. 

We wanted to determine whether there are differences in nutrient-responsive 

gene expression in the starved F3 progeny of long-term dauers compared to controls. In 

contrast to the fed F3 progeny, the starved F3 progeny of long-term dauers exhibited a 

negative correlation with the control nutrient response (Figure 23E,F). This was 

corroborated by the fact that daf-16 target genes displayed similar behavior (Figure 23G). 

Together these results suggest that there are transgenerational effects on gene expression 

in both fed and starved F3 larvae that collectively contribute to reduced gene expression 

plasticity. 

F3 progeny of short-term dauers did not display detectable epigenetic effects on 

starvation resistance, but we did detect effects on gene expression. We found that F3 

progeny of short-term dauers showed similar transcriptional changes as identified in the 

F3 progeny of long-term dauers, including dampening of nutrient-responsive gene 

expression (Figure 23H, Figure 24B-D). However, transgenerational changes in gene 

expression following short-term dauer appeared to be less consistent and possibly of a 

smaller magnitude than those elicited by long-term dauer. PC2 aligned means of short-

term dauer samples between control and long-term dauer samples (Figure 21A). The 

slope of the dampening response of F3 progeny of short-term dauers compared to 
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controls was closer to 1 than F3 progeny of long-term dauers, and F3 progeny of long-

term dauers exhibited dampening relative to short-term dauers (Figure 22B, Figure 23H, 

and Figure 24B). In addition, we examined gene expression shifts within individual 

paired replicates (replicates in which an F3 dauer sample was collected in parallel with a 

control). All paired replicates for starved F3 progeny of long-term dauers compared to 

starved controls showed shifts in nutrient-responsive genes in the expected direction 

(Figure 23I). Paired replicates for F3 progeny of short-term dauers exhibited shifts in 

gene expression for the majority, but not all, pairs (Figure 23J). Collectively, these results 

suggest that transgenerational epigenetic effects of short-term dauer are detectable and 

qualitatively similar to those of long-term dauer, but that they are less consistent, likely 

accounting for lack of detectable effects on starvation resistance. 
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Figure 23: F3 progeny of dauers exhibit reduced gene expression plasticity 
driven by differences in both fed and starved worms. A. Log2 fold changes of all genes 
in control starved / control fed plotted against LT post-dauer starved / LT post-dauer 
fed. Red line is linear regression through all points and width indicates 95% confidence 
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interval (CI). Black line is the line y = x. Slope is 0.93, with CI from 0.926 to 0.934. Slope 
different from 1: p < 2.2 x 10-16. B. Log2 fold changes of all genes in control starved / 
control fed plotted against log2 fold changes of LT post-dauer fed F3 / control fed 
plotted in black. Slope is significantly different from 0, p < 2.2 x 10-16. C. All genes 
compared to genes up in starved / fed: p = 0; to genes down in starved / fed: p = 3.3 x 10-

8. D. Class I and Class II targets defined in Tepper et al. (2013). All genes compared to 
Class I targets: p = 1.6 x 10-5; to Class II targets: p = 2.3 x 10-11. E.  Log2 fold changes of all 
genes in control starved / control fed plotted against log2 fold changes of LT post-dauer 
starved F3 / control starved plotted in black. Slope is significantly different from 0, p < 
2.2 x 10-16. F. All genes compared to genes up in starved / fed: p = 0; to genes down in 
starved / fed: p = 0 G. All genes compared to Class I targets: p = 1.0 x 10-12; to Class II 
targets: p = 4.0 x 10-7. H. Log2 fold change of all genes in control starved / control fed 
compared to log2 fold change in ST post-dauer starved / ST post-dauer fed. Blue line 
indicates simple linear regression through all points, and thickness of line indicates 95% 
CI. Slope is 0.94, with CI from 0.936 to 0.943. Slope different from 1: p < 2.2 x 10-16. I. LT 
post-dauer starved / control starved comparison, p = 0.0083. J. ST post-dauer starved / 
control starved comparison, p = 0.088. A,H. The summary.lm() function was used in R to 
generate slope and standard error estimates, and a t-test was used to assess if the slope 
differed from 1. B,E. Genes up in control starved / control fed using FDR 1 x 10-10 are 
plotted in green. Genes down in control starved / control fed are plotted in tan. Red line 
is a simple linear regression through all points, and thickness of line indicates 95% 
confidence interval. Number of genes differentially expressed in control starved / 
control fed in each quadrant is indicated. The summary.lm() function was used in R to 
generate t-values and their corresponding p-values. C,D,F,G. Within the indicated 
comparison, cumulative distribution functions (CDFs) of indicated gene lists are plotted. 
Kolmogorov-Smirnov test used to assess significance of gene list distribution compared 
to all genes. I,J. Cumulative distribution function plots for individual paired replicates 
using the same groups of genes defined as up- and down-regulated in control starved / 
control fed comparison. Paired t-test on median fold changes for these two gene groups. 
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Figure 24: Additional RNA-seq analysis. A. Class I and Class II targets defined 
as genes positively or negatively regulated by DAF-16. Class I and Class II targets were 
filtered to include those with FDR < 0.05 that were also in the background set of 8649 
genes included in starved / fed differential expression analysis. Class I targets are over-
enriched in genes up in starved / fed (hypergeometric p = 1 x 10-49). Class II targets are 
over-enriched among genes in starved / fed (hypergeometric p = 2.6 x 10-34). Class I 
targets can explain 23.1% of starvation upregulation; class II targets can explain 21.9% of 
starvation downregulation. B. Log2 fold change of all genes in ST post-dauer starved / 
ST post-dauer fed compared to log2 fold change in LT post-dauer starved / LT post-
dauer fed. Red line indicates simple linear regression through all points, and thickness 
of line indicates 95% confidence interval. Slope is 0.98, with confidence interval ranging 
from 0.973 to 0.981. Slope is significantly different from 0, p < 2.2 x 10-16. summary.lm() 
was used in R to generate slope and standard error estimates, and a t-test was used to 
calculate significance C. Log2 fold changes of all genes in control starved / control fed 
plotted against log2 fold changes of ST post-dauer fed F3 / control fed plotted in black. 
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D. Log2 fold changes of all genes in control starved / control fed plotted against log2 
fold changes of ST post-dauer starved F3 / control starved plotted in black. C-D. Genes 
up in control starved / control fed using FDR < 1 x 10-10 are plotted in green. Genes down 
in control starved / control fed are plotted in tan. Blue line is a simple linear regression 
through all points, and thickness of line indicates confidence interval. The summary.lm() 
function was used in R to generate t-values and their corresponding p-values. 

3.3 Discussion 

We utilized a well-studied model of phenotypic plasticity, dauer diapause, to 

interrogate the proximal and transgenerational consequences of early-life environment 

on organismal traits and gene expression. Post-dauer worms displayed reduced 

reproductive success after long-term diapause, but their F3 progeny exhibited increased 

starvation resistance and lifespan. F3 progeny of both short- and long-term dauers 

exhibited changes in gene expression in nutrient-responsive genes, consistent with a 

reduction in gene expression plasticity in response to nutrient availability. This work has 

broad implications for understanding the consequences of starvation, including the 

potential for epigenetic inheritance in response to nutrient availability and potentially 

adaptive responses across generations.  

3.3.1 Reduced reproductive success and increased phenotypic 
variation after long-term dauer diapause 

Our results suggest that, while it is adaptive to be able to enter dauer diapause to 

survive adverse conditions, there is a cost to extended dauer diapause. That is, long-

term dauers recovered to produce fewer, smaller F1 progeny that are starvation sensitive 

compared to worms that do not enter dauer. As a caveat, post-dauer adults may be 
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developmentally delayed compared to controls by several hours. Maternal age 

differences of one day affect L1 length (HIBSHMAN et al. 2016; PEREZ et al. 2017). Though 

embryo length was not assessed in these previous studies, differences in maternal age 

could affect F1 embryo size in our results. However, the overall assessment of post-

dauers exhibiting reduced reproductive success is still valid, as total brood size is not 

affected by developmental delay. The proximal costs of long-term dauer diapause are 

consistent with our lab’s previous work identifying costs to eight days of L1 starvation, 

as worms recovered from L1 starvation are more sensitive to subsequent starvation and 

produce smaller broods with decreased progeny quality (JOBSON et al. 2015). Both 

extended L1 starvation and dauer diapause appear costly, but this is likely due to the 

costs of starvation experienced during these states, rather than simply arresting 

development. Post-dauer worms that experienced dauer for just one day live longer and 

produce larger broods (HALL et al. 2010). Together these observations suggest that 

hormesis, in which a mild stress can increase fitness (CALABRESE AND BALDWIN 2002), 

may occur when starvation is brief, but that extended starvation is costly as the 

buffering capacity of the organism is overwhelmed. 

In addition to reduced reproductive success, we found that long-term post-

dauers exhibit increased inter-individual variation, consistent with developmental 

decanalization (CHEN et al. 2015) stemming from deleterious effects of extended 

starvation. Greater inter-individual variability could occur as a result of 1) 
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decanalization or 2) an evolutionary bet-hedging strategy (WADDINGTON 1957). 

Decanalization occurs when phenotypic robustness is compromised, as a consequence 

of, for example, conditions that result in pathology. We believe the observed decreases 

in average P0 brood size and F1 progeny size and starvation resistance following long-

term dauer arrest reflect pathological consequences of extended starvation exceeding the 

buffering capacity of the organism. Consistent with this interpretation, appreciable 

lethality and developmental abnormalities affecting the reproductive system have been 

reported after 60 and 25 days of dauer arrest, respectively (KLASS AND HIRSH 1976; KIM 

AND PAIK 2008). Alternatively, bet hedging is thought to be evolutionarily adaptive in 

unpredictable environments (STARRFELT AND KOKKO 2012). In a bet-hedging scenario, a 

population exhibits inter-individual variability such that it is suited for variable 

environmental conditions. In a particular condition, the bet-hedging population may be 

less fit than a highly specialized population. However, the bet-hedging population 

reduces variation in fitness across variable environments. If post-dauer worms display a 

bet-hedging strategy, then a subpopulation of post-dauers would be expected to 

perform better than controls in at least some environmental condition. Our data do not 

provide compelling evidence for a sub-population of post-dauers or their progeny that 

performs better than controls for any of the proximal traits assayed, despite increased 

variability. However, we cannot formally exclude the possibility that there are other 

environmental conditions that would reveal an advantage to increased phenotypic 
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variation as a consequence of extended dauer diapause. We also emphasize that this 

consideration of bet hedging is in the context of proximal traits. Since we found that the 

great-grandprogeny of long-term dauers survive starvation better, it is possible that any 

advantage to a bet-hedging strategy is only apparent on the scale of multiple 

generations.  

3.3.2 Transgenerational effects of long-term dauer diapause on 
starvation survival  

We found that the F3 progeny of long-term dauers exhibit increased starvation 

resistance as larvae and live longer as fed adults. These results indicate that 

transgenerational effects manifest in both fed and starved animals and that they persist 

through the life cycle. We considered whether these transgenerational effects could be 

due to factors other than epigenetic inheritance, including mutation and selection, 

confounding stressors, or developmental timing differences, and we conclude that the 

transgenerational effects observed are most consistent with epigenetic inheritance. First, 

control and dauer worms for each replicate originated from the same isogenic 

population. Dauer worms, despite being starved for an extended period, were not 

subject to genetic selection, as the vast majority survived long-term dauer diapause. 

Additionally, a de novo mutation would likely not have sufficient generational time to 

affect population-level phenotypes by the F3 generation, since ten P0 worms were plated 

for each experiment. Further, because we performed multiple biological replicates, it is 

unlikely that de novo mutations could repeatedly affect population-level phenotypes in 
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the F3 generation. Worms were also cultured for the F1 and F2 generations with ample 

food and frequent passage such that any inadvertent selection would be for rapid 

growth and early fecundity, traits that theoretically trade off with starvation resistance. 

Embryos were prepared with hypochlorite treatment, a standard protocol that may 

nonetheless provide an additional stress. Since both control and post-dauer worms 

receive this treatment, however, we do not consider this an explanation of 

transgenerational effects. An initial delay exiting dauer diapause also does not lead to 

effects in the F3 generation, as post-dauer and control populations are highly 

synchronized beyond the P0 generation. The lack of transgenerational effects in the F3 

generation following short-term dauer provides additional support that entering, 

experiencing, or exiting dauer arrest do not confer transgenerational effects. Rather, the 

extended nature of long-term dauer diapause is uniquely associated with these effects. 

Multigenerational consequences of L1 starvation have been previously examined 

and exhibit some similarities to those of long-term dauer diapause. Following 8 days of 

L1 starvation in buffer with no carbon source, we previously observed increased 

starvation resistance in the F2 but not F3 generation (JOBSON et al. 2015). Notably, 

transmission of increased starvation resistance to F1 and F2 progeny of worms that 

experienced L1 starvation required sorting larvae by size after 2 days of recovery from 

starvation (JOBSON et al. 2015), and in the present study such sorting was not required.  

Increased lifespan in the F3 generation following 6 days of L1 starvation on plates has 
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been reported in another study (RECHAVI et al. 2014). We were not able to reproduce this 

lifespan extension following L1 starvation, suggesting critical differences in 

experimental conditions. Still, both L1 and dauer starvation paradigms reveal apparent 

proximal fitness costs of extended starvation followed by increases in starvation 

resistance in subsequent generations. The switch from proximal starvation sensitivity to 

heritable starvation resistance in both paradigms is of particular interest. 

3.3.3 Transgenerational effects of long-term dauer diapause on gene 
expression plasticity  

In addition to life-history trait differences, we identified transgenerational effects 

of dauer diapause on gene expression plasticity in response to nutrient availability. 

Specifically, we found that F3 progeny of both short-term and long-term dauers 

exhibited reduced gene expression plasticity, with starved F3 worms appearing less 

starved and fed F3 worms appearing less fed. Theory suggests that there should be costs 

and limits to plasticity, though there are relatively few empirical examples of such costs 

(DEWITT et al. 1998; MURREN et al. 2015). While we emphasize that the transgenerational 

effect on mRNA expression plasticity does not necessarily indicate an effect at other 

levels of regulation, one interpretation of this result is that maintaining an epigenetic 

memory of ancestral environmental conditions limits or canalizes plastic responses to 

current environmental conditions. In other words, there is hypothetically a fixed 

capacity to respond to environmental conditions, but this capacity can be exhausted by 

instantaneous and epigenetic regulation.   
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3.3.4 Evolutionary significance of epigenetic inheritance 

It is possible that subtle changes in starvation resistance and gene expression 

reflect physiological fine-tuning in anticipation of future conditions based on ancestral 

history. In contrast, it is possible that epigenetic memory of ancestral conditions occurs 

but is not necessarily adaptive, as a potentially neutral or even costly by-product of 

some other selected trait. Epigenetic stability from parent to offspring is favorable given 

that four conditions are met: 1) the environment is variable; 2) parental environment has 

some predictive power over offspring environment; 3) transgenerational effects increase 

fitness of parents and/or offspring; and 4) costs associated with the transgenerational 

response are low (HERMAN et al. 2014). Though it is clear that C. elegans experience 

variable nutrient conditions in the wild (FELIX AND BRAENDLE 2010), it is currently 

unknown how predictive parental environment is of offspring environment over 

multiple generations. Specifically, it is unknown whether conditions leading to extended 

dauer diapause are predictive of environmental conditions three generations later, 

particularly when dauer-inducing conditions are not experienced in the intervening 

generations. Here, we find that F3 progeny of long-term dauers are more starvation 

resistant, and this is not accompanied by detectable costs in growth or fecundity, 

consistent with the possibility that selection for an epigenetic memory of extended dauer 

diapause could occur. Recognizing that it is ultimately difficult to determine if such a 
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complex trait as epigenetic inheritance is evolutionarily adaptive, we hope that future 

studies in the context of the natural ecology of C. elegans will shed light on this question. 
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3.5 Materials and Methods 

3.5.1 Dauer and control cultures  

The wild-type strain N2 was used for all experiments. N2 was obtained from the 

Sternberg collection at the California Institute of Technology, originally from the CGC in 

1987. Worms were maintained for at least 3 generations in standard laboratory 

conditions without starving prior to beginning experiments. ~10 adults were picked onto 

each of 4-5 10 cm NGM plates seeded with E. coli OP50 and maintained at 20ºC. 

Embryos were obtained by standard hypochlorite treatment after four days in culture. 

For dauer-forming conditions, embryos were suspended in S-complete at a density of 5 

per microliter with 1 mg/mL E. coli HB101(BAUGH et al. 2011). HB101 was prepared as 

described previously (HIBSHMAN et al. 2016). For control conditions, embryos were 

suspended at 1 per microliter with 38 mg/ml HB101.  Worms were cultured at 180 rpm 
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and 20ºC in 25 mL glass Erlenmeyer flasks in a volume of 5 mL (25,000 worms for dauer 

conditions and 5,000 for control conditions). For experiments that required greater than 

5,000 control worms, a 20 mL volume in a 250 mL Erlenmeyer flask with the same 

density and food concentration was used. Dauer formation occurs in approximately 4 

days with nearly 100% penetrance. Short-term dauers remained in culture for 10 days, 

being arrested as dauers for 6 days. Long-term dauers remained in culture for 40-49 

days, being arrested as dauers for 36-45 days. Survival was 90 - 100% in long-term dauer 

cultures. Control worms were in culture for 40-44 hours and were plated as L4 larvae. 

The L4 stage was chosen because dauers recover to become L4 larvae. 

3.5.2 Dauer recovery and maintenance 

Dauer and control conditions were paired such that control cultures were set up 

to be recovered at the same time as the dauer culture. Thus, recovery, maintenance, 

sampling and assaying were done in parallel. Worms were taken from liquid cultures 

and plated on 10 cm NGM plates seeded with OP50 and incubated at 20ºC. To obtain F1 

progeny, approximately 1000 P0 worms were plated per seeded plate, and these were 

hypochlorite treated 2 days later to obtain F1 progeny for analysis. To obtain F3 

progeny, 10 P0 worms were plated per seeded plate. These worms laid F1 embryos, 

which grew to become gravid adults on the same plates (~1000 F1 worms per plate). Five 

days after plating, the F1 worms on these plates were hypochlorite treated to obtain F2 

embryos. Approximately 1000 F2 embryos were plated per new seeded plate, and these 
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worms were hypochlorite treated 3 days later to obtain F3 progeny. In all cases, 

hypochlorite treatment was performed prior to worms starving on plates.  

3.5.3 L1 starvation survival 

Embryos were suspended following hypochlorite treatment in virgin S-basal (no 

cholesterol or ethanol) at a density of 1 embryo/µL in a volume of 5 mL in a 16 mm glass 

test tube and placed on a tissue culture roller drum at approximately 25 rpm and 21-

22ºC. Beginning at day 1 (24 hr after hypochlorite treatment) and continuing every other 

day, a 100 µL sample was taken and plated on a 6 cm NGM plate with a spot of OP50 in 

the center. The sample was plated to the side of the OP50. The number of worms plated 

was scored (total plated = TP). Two days later, the number of worms that were alive on 

the plate were scored (total alive = TA). The proportion alive at each time point was 

calculated as TA / TP.  

3.5.4 Brood size  

Worms were singled onto 6 cm NGM plates with OP50 as L4 larvae. Worms 

were transferred to new plates each day until they stopped producing progeny. The 

number of progeny per plate was scored 2 days after removal of the mother. The total 

brood size per worm was determined by summing the progeny per plate across all 

plates for a single worm. Worms were censored if they died during egg laying. This 

affected 11 worms total in P0 brood size (5 post-dauers, 6 controls). In the F3 generation 

following long-term dauer, for 0 days of arrest, number of worms that died during egg 
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laying included 0 controls and 1 post-dauer. For 8 days of arrest, number of worms that 

died during egg laying include 15 controls and 13 post-dauers; 2 controls and 2 post-

dauers were sterile. In the F3 generation following short-term dauer, 10 control worms 

and 9 post-dauer worms died during egg laying; 1 post-dauer worm was sterile. 

3.5.5 Embryo length 

Embryos were plated onto unseeded 10 cm NGM plates. Embryos were imaged 

with a Zeiss Discovery. V20 stereomicroscope with a 10x objective (KSC 190-975). The 

images were analyzed with FIJI as described previously (HIBSHMAN et al. 2016). Lengths 

of embryos were measured by thresholding embryos and calculating the long axis from 

ellipse fitting. The background was subtracted, images were thresholded, converted to 

binary, holes were filled, and particles were analyzed. Analysis was done in batch and 

the results were manually curated to ensure only quality embryo images were included. 

3.5.6 Worm length  

L1 larvae that had been starved for 1 or 8 days were recovered by plating on 10 

cm NGM plates with OP50 as previously described (HIBSHMAN et al. 2016). After 48 

hours of recovery, worms were washed off the plates with virgin S-basal and plated on 

unseeded 10 cm NGM plates for imaging. Images were taken on a ZeissDiscovery.V20 

stereomicroscope with automated zoom. Images were analyzed with the WormSizer 

plugin for FIJI to determine worm length and manually passed or failed (MOORE et al. 

2013). 
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3.5.7 Lifespan 

For each condition and replicate, 150 L1 larvae arrested for 1 day in virgin S-

basal were plated on 6 cm NGM plates seeded with OP50. After two days, 72 worms 

were randomly picked onto new seeded plates in groups of 12. Adults were picked 

away from their progeny onto fresh plates every day until egg laying ceased.  Worms 

that responded to gentle prodding with a platinum wire were transferred to fresh plates 

every 2 - 3 days. Worms were considered dead when they failed to respond to prodding. 

Worms that crawled off the agar were considered lost and subtracted from the total n. 

No other animals were censored. Lifespan curves were analyzed to determine mean 

survival using OASIS (YANG et al. 2011). 

3.5.8 Statistical analysis 

Statistics were calculated in R or Microsoft Excel. To test for differences in means 

across groups, linear mixed effect models were fit to the data using the “nlme” package 

in R. The summary function was used to calculate p-values for the models, which 

implements the Wald test. Fixed effects included condition (post-dauer vs. control) and, 

where applicable, length of starvation (0 or 1 day vs. 8 days). An interaction term was 

included for experiments with both types of fixed effects. A random effect of biological 

replicate was included for all models. To test for differences in inter-individual variation 

across conditions, data were mean normalized within each biological replicate and 

condition, individual worms across all replicates were pooled, and Levene’s test was 
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used to assess homogeneity of variance across conditions. For starvation survival, 

logistic curves were fit to survival data and median survival times were calculated 

(KAPLAN et al. 2015). Paired t-tests were performed on median survival times. Statistical 

tests and significance are indicated in figure legends. Plots were generated using ggplot2 

in R.  

3.5.9 Sample collection for RNA-seq 

F3 embryos were suspended at 1 embryo/µL in S-complete either with or 

without 25 mg/mL HB101 to obtain fed or starved L1s, respectively. At least 10,000 

embryos were used per condition per replicate. Fed larvae were collected 18 hr after 

hypochlorite treatment as early-stage developing L1 larvae. Starved larvae were 

collected 24 hr after hypochlorite treatment as arrested L1 larvae that had hatched 

approximately 12 hr earlier. To collect starved samples, cultures were transferred to 15 

mL conical tubes and spun for 1 minute at 3000 rpm. Liquid was aspirated to < 100 uL 

containing the worm pellet. Worms were washed 0-1X with S-basal. The worm pellet 

was transferred to a 1.5 mL microcentrifuge tube, flash frozen in liquid nitrogen, and 

stored at -80ºC until RNA isolation. To collect fed samples, cultures were transferred to 

15 mL conical tubes and spun at 3000 rpm for 10 seconds. Liquid was aspirated to < 100 

uL containing the worm pellet. The pellet was quickly washed 3-4X with 10 mL S-basal, 

visually inspected to ensure removal of the vast majority of bacteria, transferred to a 1.5 

mL microcentrifuge tube, flash frozen, and stored at -80ºC until RNA isolation.  
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3.5.10 RNA isolation and library preparation 

RNA was isolated using TRIzol (Invitrogen) using the manufacturer’s protocol 

with minor modifications. 1 mL of TRIzol was used per sample along with 100 uL of 

acid-washed sand. mRNA-seq libraries were prepared using the NEBNext Ultra RNA 

Library Prep Kit for Illumina (E7530) in two batches, utilizing either 500 or 100 ng of 

starting RNA per library and 12 or 15 PCR cycles, respectively. Libraries were sequenced 

using Illumina HiSeq 4000 to obtain single-end 50 bp reads.  

3.9.11 RNA-seq analysis 

Bowtie was used to map reads to the WS210 genome (LANGMEAD et al. 2009). We 

also included transcripts annotated in WS220 mapped back to the WS210 genome 

coordinates, as described previously (MAXWELL et al. 2012). Mapping efficiencies ranged 

from 81-86% for all libraries. HTSeq was used to generate count tables for each library 

(ANDERS et al. 2015). Count tables were analyzed for differential expression using the 

edgeR package in R, which utilizes a negative binomial model to estimate dispersions 

(ROBINSON et al. 2010). Detected genes were considered those expressed at a level of at 

least 4 counts per million (CPM) across all libraries for all conditions, reducing the 

number of genes included in the analysis to 8649. The “calcNormFactors” function was 

used to normalize for RNA composition and the tagwise dispersion estimate was used 

for differential expression. The exact test was used for pairwise comparisons. Log2 fold 

change estimates from differential expression analysis in edgeR were used for 
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generating plots in Figure 23 and Figure 24. Kolmogorov-Smirnov tests were used to 

determine differences in cumulative distributions of log2 fold changes. 

3.9.12 Data availability 

Raw and processed RNA-seq data is available through the GEO NCBI database 

with accession number GSE113500. Raw data for Figure 16 and Figure 19 are in 

Supplementary Files 2-4 of (WEBSTER et al. 2018).  
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4. Population selection and sequencing of C. elegans 
wild isolates identifies a region on chromosome III 
affecting starvation resistance 

This chapter was modified from a manuscript of the same title published in Genes | 

Genomes | Genetics (2019). The authors are Amy K. Webster, Anthony Hung, Brad T. Moore, 

Ryan Guzman, James M. Jordan, Rebecca E.W. Kaplan, Jonathan D. Hibshman, Robyn E. 

Tanny, Daniel E. Cook, Erik Andersen, and L. Ryan Baugh. 

4.1 Background 

In order to determine the genetic basis of quantitative traits, it is important to 

efficiently phenotype many individuals across many genotypes. By using panels of 

isogenic lines from a model organism of interest, controlled experiments can be 

performed for particular traits, and biological replicates facilitate repeat measurements 

of the same genotype. There are a number of model organisms for which panels of wild 

isogenic lines have been generated and sequenced, including the roundworm 

Caenorhabditis elegans (CHURCHILL et al. 2004; MACKAY et al. 2012; WEIGEL 2012; COOK et 

al. 2017; NOBLE et al. 2017; SRIVASTAVA et al. 2017; PETER et al. 2018). C. elegans is 

particularly well-suited to investigating natural variation of life-history traits, as it 

reproduces predominantly through selfing and is mostly homozygous upon collection. 

It does not suffer from inbreeding depression (DOLGIN et al. 2007; CHELO et al. 2014), 

which can be problematic for many species (RADWAN 2003; SHORTER et al. 2017). A 

single wild worm can be used to generate an isogenic line. Lines can also be stored long-
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term at -80oC and thawed as needed to avoid drift or inadvertent selection. Hundreds of 

C. elegans wild isolates have been collected from around the globe, whole-genome 

sequenced and made available for use through the Caenorhabditis elegans Natural 

Diversity Resource (CeNDR) (COOK et al. 2017; HAHNEL et al. 2018). These lines 

represent the natural diversity of the species, rather than being generated through 

mutagenesis (JORGENSEN AND MANGO 2002), experimental mutation accumulation 

(DENVER et al. 2004; DENVER et al. 2009), or recombination of multiple parental strains 

(NOBLE et al. 2017). As a result, differences in traits across these strains suggest variation 

in these traits in the wild. Further, phenotypically divergent wild strains can be used to 

make recombinant strains in order to fine map genetic variants.  

Progression through the C. elegans life cycle depends on food availability. In rich 

conditions, larvae develop through four larval stages and become reproductive adults in 

a couple of days. However, C. elegans larvae display developmental plasticity and arrest 

development in dauer diapause as an alternative to the third larval stage (L3) in 

response to high population density, limited nutrient availability, or high temperature 

(RIDDLE AND ALBERT 1997). Animals can survive dauer diapause for months and resume 

reproductive development if conditions improve. In a related but distinct phenomenon, 

L1 larvae that hatch in the complete absence of food (E. coli in the lab) arrest 

development in a state known as "L1 arrest" or "L1 diapause" (BAUGH 2013). Larvae can 

survive starvation during L1 arrest for weeks, and arrest is reversible upon feeding. 
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Larvae can also arrest development at later stages in response to acute starvation 

(SCHINDLER et al. 2014), and adults arrest reproduction in response to starvation 

(ANGELO AND VAN GILST 2009; SEIDEL AND KIMBLE 2011). It is relatively straight-forward 

to produce pure populations of larvae in L1 arrest, facilitating investigation of the 

starvation response. Notably, Caenorhabditis are frequently found in a starved state in the 

wild (BARRIERE AND FELIX 2006), reflecting the importance of investigating starvation 

resistance to characterize variation in the wild.  

In terms of organismal fitness, it is important to not only survive starvation but to 

also recover from it and ultimately produce progeny. As a result, when we refer to 

“starvation resistance”, we consider three key facets, including survival, growth rate 

following starvation, and progeny production following starvation, each of which is 

affected by L1 starvation. Differences in starvation survival are often coupled to 

differences in recovery and fecundity (JOBSON et al. 2015; WEBSTER et al. 2018), but these 

traits can also be uncoupled in the context of particular genetic or environmental 

perturbations (KAPLAN et al. 2015; HIBSHMAN et al. 2016; ROUX et al. 2016b). Effects on 

survival, growth rate and fecundity are each integral to the effect of L1 starvation on 

fitness. 

In addition to its significance as a determinant of evolutionary fitness, the genetic 

basis of starvation resistance is of particular interest for its relevance to aging, cancer, 

diabetes, and obesity. L1 arrest and dauer diapause have been termed “ageless” states 
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because length of time spent in arrest has no effect on the duration of adult lifespan after 

recovery (KLASS AND HIRSH 1976; JOHNSON et al. 1984), though larvae in L1 arrest 

display signs of aging, most of which are reversed upon recovery (ROUX et al. 2016b). In 

addition, pathways that affect starvation resistance in larvae typically affect aging in 

adults (BAUGH 2013). Furthermore, insulin/IGF signaling and AMP-activated protein 

kinase (AMPK) affect starvation resistance in worms and are conserved in mammals, 

where they are implicated in diabetes and cancer (MALAGUARNERA AND BELFIORE 2011; 

LI et al. 2015). Genetic analysis of C. elegans has historically been performed in the genetic 

background of the commonly used lab strain, N2. Consequently, prior studies have not 

leveraged the natural variation of starvation resistance among wild isolates to identify 

genetic variants that impact this trait. We seek to determine how much variation in 

starvation resistance is present across wild strains, identifying strains that are 

particularly sensitive and resistant to starvation. This will position us to identify genetic 

variants associated with differences in starvation resistance both 1) to understand the 

architecture of this important trait and 2) to identify particular genes and variants that 

affect it in wild populations.  

Here, we used a panel of 96 whole-genome-sequenced wild strains to determine 

the extent of natural variation in starvation resistance with a population-selection-and-

sequencing approach that is novel for animal models. We pooled and starved the strains 

in a single culture, and then used DNA sequencing to infer the relative frequency of 
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survivors over time after recovery from starvation, incorporating the three facets of 

starvation resistance into a single assay. In theory, with a single culture and multiplexed 

measurements, technical variation is reduced as all strains share a common 

environment. We identified strains that increased or decreased the most in frequency 

using RAD-seq (ANDREWS et al. 2016) on populations, and we inferred a trait value for 

starvation resistance for each strain. We confirmed that the most divergent strains are 

starvation-resistant or sensitive using traditional assays. We used a GWAS to identify a 

region on chromosome III significantly associated with increased starvation resistance, 

and we validated this association with near-isogenic lines. This work demonstrates that 

population-selection-and-sequencing approaches can be used in C. elegans to efficiently 

phenotype many strains with adequate precision for GWAS. Further, we show that there 

is natural variation in starvation resistance in C. elegans, and a region on chromosome III 

explains some of that variation.  

4.2 Results 

4.2.1 Population selection and sequencing to determine trait values 

We pooled individuals from each of 96 wild isolates that had been genotyped by 

RAD-seq (ANDERSEN et al. 2012) together as larvae, grew them to adulthood in a single 

large culture, prepared embryos from them, and cultured the embryos in the absence of 

food so they hatched and entered L1 arrest at controlled density (Figure 25A). At least 7 

million L1 larvae were in the starvation culture for each biological replicate, ensuring 
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adequate representation of each strain. We sampled this starved culture over time by 

taking aliquots and feeding them in separate recovery cultures. Worms exit L1 arrest in 

the recovery cultures, undergo larval development, and become reproductive. Given the 

worm density and amount of E. coli added, these recovery cultures typically starve out 

after about one day of egg laying (the exception being deep into starvation). We isolated 

DNA from recently starved recovery cultures, including parents (the worms recovered 

from L1 arrest) and their starved L1 progeny (see Materials and Methods). With this 

sampling approach, we incorporated starvation survival, time to reproduction, and early 

fecundity, integrating the key facets of starvation resistance to select for haplotypes that 

retained the greatest fitness following starvation.  

 

Figure 25: A population selection and sequencing approach to analysis of 
starvation resistance. A) A schematic of our approach is presented, including pooling of 
wild strains, co-culture, collection of embryos, establishment of a starvation time series 
during L1 arrest, and sampling by recovery over time. Time points for each replicate are 
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indicated. B) The natural log of the inferred frequency of all strains in the mixed 
population over time for both replicates is plotted. The median strain frequency after 1 
day of starvation and recovery is ~1%. C) The inferred frequencies of strains found to 
have particularly high and low RAD-seq trait values is plotted over time during L1 
starvation for replicates 1 and 2 (blue and red, respectively), which included time points 
spanning early and late starvation. The average regression for replicates 1 and 2 is 
shown in black, and the RAD-seq trait values (average slope) for each strain are 
included in the corner of each plot. See Table 2 for RAD-seq trait values for all strains 
assayed.  

Precise measurement of relative strain frequency requires deep sequencing 

coverage of each strain, making whole-genome sequencing cost-prohibitive. We 

therefore used RAD-seq as a reduced-representation fractional genome-sequencing 

strategy (ANDREWS et al. 2016). We used reads including single-nucleotide variants 

(SNVs) unique to each strain as markers to infer strain frequency. We determined the 

alternative-to-reference allele ratio for each unique SNV from sequencing reads, with 

each SNV providing an independent measurement of the frequency of a particular strain 

in the mixed population. We used the average of these values across all unique SNVs for 

each strain as the measure of the frequency of the strain in the population. Strains varied 

in their number of unique SNVs (Table 2), with a median of 33 unique SNVs (25% 

quartile 22, 75% quartile 67). Consequently, error in frequency estimates in the mixed 

population presumably varied by strain, with estimates for strains that have more 

unique SNVs theoretically being more precise (Figure 26). The average coverage per 

unique SNV (independent of allele) also varied, ranging from 812 to 14,878, with a 

median across all replicates of 1,691 (Table 2). This median level of coverage should 
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theoretically result in less than 5% measurement error if a strain is present at a frequency 

of 0.01 and has 16 or greater unique SNVs (Figure 26). 84 of 96 strains have at least 16 

unique SNVs, and in principle all strains made up approximately 1% of the initial pool. 

However, strains with only 1-2 SNVs (2 strains) do not exhibit 5% or less measurement 

error unless their frequency approaches 10-15% of the culture. We believe that with 

these parameters this approach has sufficient power to identify strains that differ 

significantly in starvation resistance.  

Table 2: Strain data for 96 strains included in the RAD-seq population-
sequencing experiments. 

Strain Number of 
Unique SNVs 

Avg Coverage 
per SNV 

Std Error of 
Coverage 

RAD-seq Trait 
Value 

AB1 22 1910 132.1 -0.001089558 
AB4 43 812 51.8 -0.000735581 
CB4851 22 1800 165.7 -1.28E-05 
CB4852 16 1564 133.9 -9.77E-05 
CB4853 22 1527 114.5 -0.000104916 
CB4854 182 1829 74.7 -0.000834588 
CB4856 874 1915 32.6 -0.000926858 
CB4857 47 1317 90.2 -0.000486995 
CB4858 14 1054 92.5 -0.000279677 
CB4932 31 1477 105 8.25E-05 
CX11262 16 1315 107.1 -0.000776708 
CX11264 29 2002 164.5 -0.001023059 
CX11271 42 1884 126.2 -0.000285448 
CX11285 72 2227 120.1 -0.000454118 
CX11292 1 1398 316.6 0.000365799 
CX11307 62 8415 2592.2 -0.000483986 
CX11314 11 1612 192.5 -0.000528437 
CX11315 47 1768 101.7 0.001110572 
DL200 23 1446 102.6 0.005747001 
DL226 117 2484 296.5 -0.000764146 
DL238 966 2561 170.8 -0.000804199 
ED3005 14 1789 144.3 0.001394962 
ED3011 17 1296 120 -0.000241451 
ED3012 16 1434 128 -0.000347688 
ED3017 24 1631 129.5 0.002837005 
ED3040 43 1749 121.8 -2.54E-05 
ED3046 42 1779 123.5 -0.000153265 
ED3048 32 1210 113.9 0.000259088 
ED3049 2 979 251.8 -0.000428888 
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Strain Number of 
Unique SNVs 

Avg Coverage 
per SNV 

Std Error of 
Coverage 

RAD-seq Trait 
Value 

ED3052 34 1798 144.1 0.002854565 
ED3073 43 1414 83.1 -0.000480596 
ED3077 30 1255 75.1 0.015852705 
EG4347 8 1732 309.9 0.000265527 
EG4349 73 1768 103.7 0.000949259 
EG4724 68 1465 72.8 -0.000240064 
EG4725 213 2274 74.3 0.000711111 
EG4946 25 1577 133.7 -0.001189646 
JT11398 67 2661 319 -0.000251866 
JU1088 38 1350 89.6 -0.000542719 
JU1172 39 1875 133.9 -0.000573628 
JU1200 18 1292 109.5 0.000643843 
JU1212 67 2601 156.2 -0.000501071 
JU1213 47 2065 110.2 0.00010362 
JU1242 29 1790 145 -0.000508404 
JU1246 19 1109 87.4 -0.000352744 
JU1395 14 2068 239.2 -0.000812441 
JU1400 66 2271 137 -9.72E-05 
JU1409 73 1419 71.7 -0.000496307 
JU1440 26 1452 97.7 -0.00046671 
JU1491 43 1759 112.5 -0.00018339 
JU1530 14 1211 109.1 -0.000394825 
JU1568 28 1721 130.7 -9.76E-06 
JU1580 28 1586 107.8 0.000636567 
JU1581 67 1591 103.4 -0.001178581 
JU1586 22 1228 89.8 -0.000505315 
JU1652 77 1682 97.2 0.004598108 
JU1896 121 1825 69.9 0.001495203 
JU258 147 2293 102.4 -0.000978538 
JU310 20 1642 133.8 -0.000783759 
JU311 25 1678 138.8 -0.000460506 
JU323 35 14009 4563.5 -0.000451522 
JU346 45 2322 201.2 -0.000320575 
JU360 9 1163 145 -0.000889179 
JU363 5 1188 168.9 0.000173825 
JU367 24 1497 190.5 -0.000317346 
JU393 20 1877 179.3 -0.00097683 
JU394 27 1700 115 8.55E-05 
JU397 21 1291 90.2 -1.14E-05 
JU406 19 1466 158.3 7.70E-05 
JU440 24 1408 105.4 -0.000588908 
JU561 42 1306 72.1 -0.000947311 
JU642 27 1418 109.4 -0.000175764 
JU751 19 2271 243.7 -0.000343356 
JU774 87 2017 120.3 0.000156211 
JU775 726 1794 30.7 -0.00013356 
JU778 91 1430 54.9 -0.000466356 
JU782 100 2863 152.5 -0.000251516 
JU792 26 1424 125.5 -0.000126172 
JU830 22 1760 187.8 -0.000421824 
JU847 33 1529 101.4 0.000694595 
KR314 83 1789 73.6 -0.000739883 
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Strain Number of 
Unique SNVs 

Avg Coverage 
per SNV 

Std Error of 
Coverage 

RAD-seq Trait 
Value 

LKC34 58 1484 82.4 0.000101218 
LSJ1 7 1962 341.3 0.000228846 
MY1 39 1992 143.8 -0.000355746 
MY10 148 3028 106.3 -0.000267622 
MY16 41 1743 124.6 -0.001084975 
MY18 26 14878 6112.5 0.000116325 
MY23 176 1821 68 -0.000536114 
PB303 16 1354 143.8 -0.001618959 
PB306 220 2071 69.7 -0.000679825 
PS2025 99 2002 122 -0.002479676 
PX174 46 1302 86.2 -0.000170046 
PX179 13 1289 108.7 -0.000586876 
QX1211 5355 2407 35.8 -0.000186515 
QX1233 53 1493 91.3 -0.000967571 
WN2002 65 1442 110.1 -0.000671692 

 

 

Figure 26: Theoretical error of strain frequency estimates obtained from RAD-
seq data based on the Poisson distribution and median unique SNV read coverage 
(1,691) as a function of number of unique SNVs per strain and strain frequency. A) 
Average proportional error when strain frequency in the mixed population is between 1 
and 10% is plotted for various numbers of unique SNVs. B) Average proportional error 
when strain frequency in the mixed population is less than 1% is plotted for various 
numbers of unique SNVs. Colored lines plotted are the averages of 4,000 simulations. 
Black horizontal lines represent an error of 0.05. 
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 We created the 96-strain pool using a single freshly starved plate for each 

individual strain. As expected, the 96 strains were present in the mixed population at a 

median frequency of 0.012 on the first day of L1 starvation (Figure 25B). The number of 

worms per founder plate varies, and the strain pool was cultured for one generation 

prior to harvesting embryos for L1 starvation, both potentially contributing to variation 

in strain representation in the pool at the outset of L1 starvation. Thus, there is 

substantial variation in strain frequency on the first day of starvation (Figure 25B). 

Critically, we saw a shift in the distribution of strain frequencies, with a clear increase in 

variance and a decrease in the median over time during starvation. Notably, after 24 

days of starvation, the median strain frequency had dropped to 0.00084, and a few 

strains were present at very high frequency (Figure 25B). Given initial variation in strain 

frequency, changes in frequency over time were considered. We calculated the slope of a 

linear regression fit to the strain frequencies over time for each biological replicate and 

averaged them, generating a “RAD-seq trait value” for each strain (Table 2). The 

relationship between days of starvation and strain frequency is not necessarily linear for 

all strains, but this method of determining a trait value provides a simple metric for the 

degree to which a strain increased or decreased in frequency relative to other strains 

upon recovery from various durations of starvation. Strains that started at day 1 with 

low or high relative frequencies could still be classified as resistant, for example, as long 

as they increased relative to their starting frequency.  



 

126 

We identified a subset of strains that appeared particularly starvation resistant or 

sensitive based on RAD-seq trait values (Figure 25C). We wanted to determine 1) 

whether results obtained from the RAD-seq pooled population estimates correlated well 

with assays performed on individual strains, and 2) whether the strains of interest affect 

one or more facets of starvation resistance, since sample collection for RAD-seq 

integrates multiple facets. We measured both L1 starvation survival over time and brood 

size following recovery from one or eight days of L1 starvation using traditional assays 

with individual strains (Figure 27). For L1 starvation survival, we calculated the median 

survival time for each strain in each replicate after fitting survival curves (KAPLAN et al. 

2015). We found significant differences in the median survival times across all strains 

(one-way ANOVA, p = 0.0049). We were particularly interested in assessing whether 

starvation-resistant strains differed from starvation-sensitive strains. ED3077 and DL200 

increased in frequency over time in the RAD-seq results suggesting relative starvation 

resistance. These strains exhibited increased starvation survival relative to the standard 

lab strain, N2, which serves as a reference, though it was not included in the pool 

because SNVs were identified relative to the N2 reference genome (Figure 27A, p = 

0.0045 and p = 0.0098, respectively). ED3077, DL200, and JU1652 also survived starvation 

longer than JU258, which displayed one of the largest decreases in frequency in the 

RAD-seq experiment suggesting relative starvation sensitivity (Figure 27A, p = 0.00094, 

p = 0.0021, and p = 0.025). As an overall validation of the individual strains assayed, we 
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directly compared RAD-seq trait values with median survival times resulting from the 

standard starvation-survival assay, and these values were well correlated with an R2 of 

0.64 (Figure 27B), validating the effectiveness of RAD-seq for identifying particularly 

starvation-sensitive and resistant strains. There is considerable natural variation in 

starvation resistance among wild isolates of C. elegans, and population selection and 

sequencing can be used to identify strains that vary for this trait.  

 

Figure 27: Validation of RAD-seq results with traditional starvation assays. A) 
L1 starvation-survival curves for strains with the highest and lowest RAD-seq trait 
values are plotted (see Figure 25C). Starvation survival was assayed for individual 
strains by manual scoring. Three or four biological replicates were performed, and 
logistic curves were fit to determine median survival times for each replicate. See 
Results for individual p-values. B) Correlation between RAD-seq trait value and average 
median starvation survival is plotted. Multiple R2 = 0.64, slope of simple linear 
regression p= 0.055. Note that the point for CB4856 is hidden by the point for JU561. C) 
Total brood size for N2 (lab reference strain), a strain found to be starvation resistant 
(ED3077) and a pair of strains found to be relatively starvation sensitive (JU561 and 
CB4856) is plotted. Each point indicates the total brood size measured for a single worm. 
Eighteen individual worms were measured per strain, replicate, and days of L1 arrest. 
Eight biological replicates were scored for a total of 1,152 worms. Linear mixed-effect 
models were fit for each strain, with days of L1 arrest as a fixed effect and biological 
replicate as a random effect. To test for an interaction between strain and days of L1 
arrest, data from N2 and ED3077 were fit to a linear mixed-effects model with an 
interaction term; pint = 0.0001. ***p < 0.001, **p < 0.01. 
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To complement the standard L1 starvation survival assay, we measured brood 

size following one and eight days of L1 starvation to determine total fecundity for a 

select set of strains (Figure 27C). Fecundity is reduced following eight days of L1 

starvation in the N2 reference lab strain (JOBSON et al. 2015), and early fecundity was 

integrated into the RAD-seq trait value (see above and Materials and Methods). We 

hypothesized that a starvation-resistant strain would exhibit less of a starvation-

dependent reduction in brood size. We counted the total number of progeny from 

individual worms for the starvation-resistant strain ED3077, in addition to N2, JU561 

and CB4856 (both starvation sensitive in the RAD-seq data). For N2, JU561, and CB4856, 

worms that were starved for eight days produced significantly fewer progeny than 

worms starved for only one day (p = 1.1 x 10-8, p = 3.9 x 10-11, and p = 0.0024, respectively), 

consistent with a starvation-dependent reduction in fecundity. However, ED3077 did 

not exhibit a significant difference in brood size depending on the duration of starvation 

(p = 0.30), suggesting a reduced cost of starvation on reproductive success. We explicitly 

tested for an interaction between genotype and duration of starvation in N2 and ED3077 

and found a significant interaction term (p = 0.0001), suggesting that ED3077 worms 

produce more progeny than N2 after experiencing eight days of starvation as L1 larvae, 

but not one day. These results collectively suggest that ED3077 is buffered against the 

decrease in reproductive success that typically occurs following eight days of L1 



 

129 

starvation. These results further support the use of RAD-seq on populations to reliably 

measure differences in life-history traits.   

4.2.2 GWAS of starvation resistance 

We used the RAD-seq trait values to determine if observed variation in 

starvation resistance is significantly associated with genetic variation. We performed 

GWAS using CeNDR (COOK et al. 2017), which implements the EMMA algorithm 

(KANG et al. 2008) to correct for population structure via the rrBLUP package 

(ENDELMAN 2011). We used RAD-seq trait values for each strain as input. We found that 

variation in starvation resistance is significantly associated with genetic variation among 

the strains used (Figure 28, Supplementary File 1 of (WEBSTER et al. 2019)). Specifically, a 

variant located on chromosome III at base pair 292,594 in version WS263 of the C. 

elegans genome was significantly associated with increased starvation resistance. 

Identification of this association was contingent on using both biological replicates as 

part of the RAD-seq trait value. By running the EMMA algorithm, CeNDR takes into 

account linkage disequilibrium, which is prevalent in C. elegans (ANDERSEN et al. 2012). 

As a result, the genomic region associated with the trait includes the variant on 

chromosome III as well as a linked interval ranging from base pair 86,993 to 925,947. 

This approximately 900 kb region contains 145 protein-coding genes, including 20 

variants (in 16 genes) predicted to have high impact on the function of protein-coding 

genes (See Supplementary File 1 of (WEBSTER et al. 2019)).   
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Figure 28: GWAS of RAD-seq trait values identifies a QTL on chromosome III. 
A) A Manhattan plot for GWAS using RAD-seq trait values (Table 2, Supplementary File 
1 of (WEBSTER et al. 2019)) as input for 96 strains is presented. The horizontal red line 
indicates the Bonferroni-corrected threshold for statistical significance at a p-value of 
0.05, and is 5.43 for this GWAS. A SNV at chromosome III: 292,584 is significantly 
associated with starvation survival. B) A genotype-by-phenotype plot for the marker 
SNV most significantly associated with variation in starvation resistance is presented. 
Each point represents a particular strain, with its genotype at the SNV and its RAD-seq 
trait value plotted. The most starvation-resistant strains, and a few others, have the 
alternative allele (C rather than T). 

 

Figure 29: DNA sequencing of near-isogenic lines. LRB362 (JU258>DL200) and 
LRB361 (DL200>JU258) were sequenced to determine which regions of the genome came 
from which parental background. Regions of the genome that originated from DL200 
and JU258 are color-coded in red and blue, respectively. 
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We used crosses to generate a near-isogenic line (NIL) to determine if the associated 

region on chromosome III affects starvation resistance in a controlled genetic 

background. Because a NIL contains the genomic region of interest in a different genetic 

background, the effect of the region on the trait can be directly tested. We introgressed 

the region on chromosome III from a starvation-sensitive strain into the background of a 

resistant strain (indicated as strain X>strain Y). We chose strains DL200 and JU258, 

because DL200 survives significantly longer than JU258 during L1 starvation (Figure 

25C, Figure 27A). DL200 also has the alternative SNV for the peak on chromosome III 

associated with starvation resistance, and JU258 does not (Figure 28B). These strains are 

theoretically compatible for mating based on known genetic incompatibilities among 

wild strains of C. elegans (SEIDEL et al. 2008; BEN-DAVID et al. 2017). We checked the final 

strain using low-coverage whole genome sequencing. We found that the NIL strain 

JU258>DL200 (LRB362) included JU258 sequence on chromosome III from coordinates 1-

1,438,286, as expected, as well as a small region on the left end of chromosome I (Figure 

29). To control for the potential effect of chromosome I region on phenotypes of interest, 

we also included a RIL in experiments, LRB361, that contains the chromosome III region 

from DL200 in a majority-JU258 background (Figure 29). Like LRB362, LRB361 also 

retained the chromosome I region from the JU258 background. Despite the retention of 

the small chromosome I region from JU258 in LRB362, we consider LRB362 a sufficient 

NIL to test the effect of the chromosome III region of interest on starvation resistance, 
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and we used LRB361 to provide additional support that the chromosome I region is not 

driving the effect.   

 

Figure 30: Recombinant strains show that the genomic region on chromosome 
III associated with variation in starvation resistance affects the trait. A) L1 starvation-
survival curves for starvation-resistant strain DL200, starvation-sensitive strain JU258, 
and newly generated strains LRB361 (DL200>JU258) and LRB362 (JU258>DL200). Four 
to five biological replicates were performed, and logistic curves were fit to determine 
median survival times for each replicate. See Results for individual p-values. B) Worm 
length after 48 hours of recovery from eight days of L1 starvation is plotted for the same 
four strains as in A. Length after eight days of L1 starvation is normalized by length 
after one day of starvation to isolate the effect of starvation. See Results for individual p-
values. C) Brood size on the first day of egg laying (early fecundity; 48 - 72 hr after 
recovery from starvation by feeding) after recovery from eight days of L1 starvation is 
plotted. Brood size after eight days of L1 starvation is normalized by brood size after one 
day of starvation to isolate the effect of starvation on early fecundity. B and C) Each 
point is an individual worm. Data are pooled from three biological replicates. A linear 
mixed-effects model was fit to the data using strain as a fixed effect and biological 
replicate as a random effect. **p < 0.01, ***p < 0.001. 

We measured L1 starvation survival in the strains we constructed (LRB361 and 

LRB362) as well as the parental strains (DL200 and JU258). We found that DL200 

survives L1 starvation significantly longer than JU258 (Figure 30A, p = 0.00069), 

validating prior results (Figure 25C, Figure 27A). We were particularly interested in the 

NIL with the chromosome III region of interest from JU258 in the background of DL200. 
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Median survival of this strain (LRB362) was significantly less than DL200 (p = 0.0039). 

These results suggest that the DL200 genomic region associated with starvation 

resistance does in fact promote starvation survival, as survival decreases when this 

region is swapped for the region from JU258. Conversely, median starvation survival of 

LRB361 is significantly greater than JU258 (p = 0.0022). Both LRB361 and LRB362 contain 

the chromosome I region from the JU258 parent, and LRB362 is starvation sensitive 

while LRB361 is starvation resistant. We thus find the starvation sensitivity of LRB362 

consistent with an effect of the chromosome III region identified in GWAS. These results 

support the conclusion that the DL200 genomic region on chromosome III associated 

with increased starvation resistance promotes starvation survival because strains 

carrying it survive longer than strains that do not. Conversely, strains containing the 

JU258 genomic region on chromosome III exhibit decreased starvation survival, 

consistent with starvation sensitivity.  

We measured the growth rate and early fecundity of each strain following 

recovery from one and eight days of L1 starvation to complement analysis of starvation 

survival. For the RAD-seq experiment, we collected samples after recovery from 

starvation, integrating effects on survival with effects on growth rate and early fecundity 

in the final measurement. Thus, measuring all three aspects of starvation resistance is 

appropriate for validation of the region of interest. To even more closely follow the 

approach used to generate RAD-seq trait values, we normalized measurements of length 
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(after 48 hours of recovery by feeding) following eight days of L1 starvation by 

measurements of length following one day of L1 starvation. We expect starvation-

sensitive strains to have a larger proportional loss in length following extended 

starvation than resistant strains. Consistent with our expectation, LRB362 worms were 

proportionally shorter than DL200 worms after eight days of L1 starvation (Figure 30B, 

p = 0.0076). LRB361 worms were proportionally longer than JU258 worms after eight 

days of L1 starvation (Figure 30B, p = 0.0045). These results further support the 

conclusion that the region of interest on chromosome III affects starvation resistance, 

because worms that are more resistant to L1 starvation grow relatively faster upon 

recovery.  

We also counted the number of progeny produced on the first day of egg laying 

by single worms after recovery from one and eight days of L1 starvation. We again 

normalized the results after eight days by those after one day to assess the proportional 

loss in brood size for each strain. Starvation-sensitive strains are expected to produce a 

proportionally smaller number of progeny after extended starvation. As expected, 

LRB362 produced proportionally fewer progeny following eight days of starvation than 

DL200 (p = 0.0001), suggesting that the region on chromosome III is important for early 

fecundity following starvation. Given significant effects on both body length and early 

fecundity following extended L1 starvation, we conclude that the region of interest on 
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chromosome III contains one or more genetic variants affecting multiple facets of 

starvation resistance.  

4.3 Discussion 

We developed a population selection-and-sequencing-based approach to 

quantitative analysis of starvation resistance in C. elegans. We used RAD-seq to infer 

strain frequency in a pooled population of 96 sequenced wild isolates during selection 

for starvation resistance. These results together with validation in traditional assays 

show that substantial natural variation in starvation resistance exists in C. elegans, and 

our results reveal strains that are relatively starvation resistant or sensitive. We 

identified a region on chromosome III that is associated with variation in starvation 

resistance, and we used recombinant strains constructed from parental strains DL200 

and JU258 to determine that this genomic region from confers starvation resistance. This 

work demonstrates the feasibility of using sequencing of pooled populations of strains 

for phenotypic analysis of quantitative traits in C. elegans. This approach can be readily 

applied to a variety of other quantitative traits in C. elegans and related nematodes as 

well as other organisms that can be cultured in sufficiently large numbers. Starvation 

resistance is likely a fitness-proximal trait in nematodes, and this work establishes a 

foundation for dissection of this fundamental quantitative trait and identification of 

genetic variants affecting it.  
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4.3.1 Population-selection-and-sequencing-based phenotypic 
analysis 

C. elegans are particularly amenable to manipulation in large populations 

consisting of many strains. Their small size allows millions of individuals to be in a 

single culture, providing power for quantitative analysis. We used RAD-seq to infer 

strain frequencies in a population under selection. Though convenient and far more 

affordable than whole-genome sequencing for quantitative analysis, RAD-seq suffers the 

limitation that only regions of the genome proximal to EcoRI restriction sites are 

sequenced, the vast majority of which are uninformative for differentiating strains. We 

chose to focus on unique SNVs to infer strain frequency. However, the number of 

unique SNVs per strain varies, with a few strains having only one or two unique SNVs. 

Consequently, sensitivity and precision in measuring strain frequency varies by strain 

and sequencing depth. The number of unique SNVs depends on the set of strains chosen 

for pooling. Choosing a subset of highly divergent strains should increase power, as well 

as increasing sequencing depth at unique SNVs. Future work taking advantage of 

sequencing methods that target unique SNVs or other strain-specific markers (MOK et al. 

2017), or sufficiently deep whole-genome sequencing once affordable, should result in 

substantially improved trait data from such a population-sequencing approach. 

Our experimental approach is intended to capture the effects of early-larval (L1) 

starvation on organismal fitness, incorporating effects on starvation survival, growth, 

and early fecundity into a single assay. Extended L1 starvation reduces growth rate and 
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fecundity upon recovery in the N2 reference strain (JOBSON et al. 2015). Furthermore, L1 

starvation survival and the ability to grow and develop upon feeding can be uncoupled 

(ROUX et al. 2016b), and effects of L1 starvation on growth rate and fertility upon 

recovery can be modified without detectable effects on starvation survival (HIBSHMAN et 

al. 2016). These observations suggest that the most ecologically and evolutionarily 

relevant way to assess starvation resistance is by assaying the combined effects of 

starvation on survival, growth rate, and early fecundity. Our experimental method 

therefore involved taking samples from a starving L1 culture over time and allowing the 

worms to recover with food. If worms were dead, they did not recover and contributed 

little if any DNA to the sample. However, if they survived but were relatively slow to 

become reproductive adults, or if their fecundity was compromised, then their 

representation was reduced in the DNA that was sequenced. Importantly, because we 

measured recovery on the first day of starvation, before effects on growth rate or 

fecundity are detectable (Jobson, Jordan 2015), as well as late time points, strains that 

simply developed faster or were more fecund in our culture conditions were not 

considered starvation resistant. That is, starvation-resistant strains were identified as 

those strains with frequencies that increased over time during starvation, as captured by 

the RAD-seq trait value. Importantly, we controlled for potential intergenerational or 

transgenerational effects (JOBSON et al. 2015; HIBSHMAN et al. 2016; WEBSTER et al. 2018; 

JORDAN et al. 2019) by maintaining wild strains as well fed prior to experiments for at 
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least three generations, and starvation during the experiment was experienced by all 

strains in parallel. We also controlled for worm density during starvation. Critically, we 

validated the RAD-seq results with traditional, manual starvation assays. Alternative 

sampling strategies in future studies could be used to isolate different effects of 

starvation, potentially identifying genetic variants that affect specific aspects of 

starvation resistance (e.g., mortality, growth rate or fecundity). Various life-history traits 

could also be analyzed independent of starvation.  

It is important to consider that by sequencing populations we measured relative 

as opposed to absolute starvation resistance. ED3077 and DL200 increased in frequency 

over time, suggesting increased starvation resistance relative to other strains. However, 

strains that decreased in frequency over time are not necessarily starvation sensitive in 

absolute terms – they are sensitive relative to other strains in this pooled context. 

Furthermore, relative survival may depend on the composition of the population. 

Population density affects L1 starvation survival in C. elegans (ARTYUKHIN et al. 2013). 

There may be complex effects due to competition for resources or natural variation in 

production of or sensitivity to pheromones or excreted metabolites. While we included 

two biological replicates in our analysis, additional replication would be helpful for 

determining how often strains exhibit the same directionality and magnitude of change 

over time. Future studies could determine the effects of population composition on 
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population dynamics during starvation, and in particular if there is natural variation in 

density-dependence of starvation survival.  

4.3.2 Identification of a genomic interval affecting starvation 
resistance in wild isolates of C. elegans 

C. elegans displays substantial phenotypic plasticity in response to nutrient 

availability, similar to other nematodes and many animals in general (FUSCO AND 

MINELLI 2010; VINEY AND DIAZ 2012). C. elegans survives on ephemeral food supplies 

and thrives with boom-and-bust population dynamics (SCHULENBURG AND FELIX 2017). 

Their ability to adapt to starvation, survive, recover, and reproduce is important for 

fitness and therefore likely to be under relatively strong selection. As a result, it was 

unclear at the outset of this study how much natural variation in starvation resistance 

would be identified. Our results suggest that there is substantial natural variation in 

starvation resistance in C. elegans.  

We took advantage of the extensive genetic and genomic resources available in 

C. elegans to perform a statistical genetic analysis of starvation resistance. Many C. 

elegans wild isolates have had their genomes sequenced with variants called (COOK et al. 

2017). Population genetic analyses have been performed, and relatedness among 

individual strains is known. We used CeNDR to perform GWAS to determine if any 

regions of the genome are associated with starvation resistance using RAD-seq trait 

values from 96 strains. One might imagine that the trait is so polygenic or epistatic that 

genetic variants that influence it may be numerous and of small effect, making them 
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difficult to identify. However, a 900 kb region on the left side of chromosome III was 

found to be associated with the trait. Efforts to map starvation resistance in Drosophila 

have identified multiple genomic loci, demonstrating the polygenicity of the trait in 

another model system (EVERMAN et al. 2019). The genomic interval we identified 

explains ~2% of the observed variation in starvation resistance. Additional studies will 

likely identify additional loci to further explain this presumably polygenic trait.    

We generated a NIL that contained the region of interest from a starvation-

sensitive strain, JU258, introgressed into the background of a starvation-resistant strain, 

DL200, to test functional significance of this genomic region. Despite containing ~98% of 

the genome of DL200, this NIL survived L1 starvation significantly less than DL200, and 

survival did not differ significantly from JU258. This suggests that this region is 

important for conferring starvation resistance in DL200. Consistent with this result, the 

survival of a RIL that contained the chromosome III region from DL200 but also 

contained a majority of the JU258 genetic background was not statistically different from 

DL200. Analysis of growth rate and early fecundity following eight days of starvation 

also support the conclusion that this genomic region affects starvation resistance. 

Though we showed this region on the left side of chromosome III is important for 

starvation resistance, it is unknown whether there is one particular variant that confers 

resistance or whether there are multiple causal variants within the region.  
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4.3.3 Future directions for genetic analysis of starvation resistance 
and other quantitative traits 

The genetic architecture of starvation resistance in C. elegans remains to be 

determined. New strains are being catalogued and sequenced regularly (CROMBIE et al. 

2019), adding to the genetic diversity of C. elegans and providing additional leverage for 

analysis of starvation resistance and other traits. Use of more divergent strains could 

facilitate identification of multiple QTLs. Additional annotation of genetic variation 

beyond SNVs, and de novo assembly of particularly divergent strains, should also 

increase the effectiveness of association mapping.  

Population selection and sequencing of wild isolates accelerates measurement of 

quantitative trait values across panels of isogenic wild strains. These panels can be used 

for statistical genetic approaches, but linkage disequilibrium poses a potential drawback, 

especially in C. elegans (ANDERSEN et al. 2012), as seen in the large size of the QTL we 

identified. As a complementary approach, genetic recombination can be used to disrupt 

linkage disequilibrium. Recombinant strain panels such as the Collaborative Mouse 

Cross, Drosophila Synthetic Population Resource, and the C. elegans Multiparental 

Experimental Evolution Panels have been generated through crosses of divergent strains 

(CHURCHILL et al. 2004; MACKAY et al. 2012; NOBLE et al. 2017). A number of 

multiparental panels have also been generated for Arabidopsis, maize, wheat, rice, and 

other plants (BUCKLER et al. 2009; MCMULLEN et al. 2009; BANDILLO et al. 2013; MACKAY 

et al. 2014; THEPOT et al. 2015; BOUCHET et al. 2017; KIDANE et al. 2019). These panels 
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enable relatively fine mapping by disrupting linkage disequilibrium. Similarly, RILs can 

be generated from just two parental strains in order to narrow down causal genomic 

intervals. Approaches to quickly generate large numbers of recombinant individuals in a 

single population for bulked-segregant analysis (BSA) have been effective for fine 

mapping in yeast (EHRENREICH et al. 2010) and, more recently, in C. elegans (BURGA et al. 

2019).  However, multiparental lines, RILs, and BSA are limited to the genetic variation 

of the parents included in the crossing scheme, and genetic variation can be lost due to 

selection or drift if sufficiently large population sizes are not maintained (ROCKMAN AND 

KRUGLYAK 2009; BALDWIN-BROWN et al. 2014). In order to identify which parents will be 

most informative for dissecting a particular trait, and to ascertain the phenotypic 

variation of a trait in the wild, it is of interest to first assay many wild strains. We 

therefore see population selection and sequencing of isogenic wild strains as a valuable 

complement to these existing approaches. In addition, multiparental and RIL panels can 

also potentially be pooled and subjected to population selection and sequencing. 

Population-selection-and-sequencing-based approaches together with ever-richer 

genomic resources should provide the power to dissect a variety of complex quantitative 

traits in C. elegans and related nematodes.  
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4.5 Materials and Methods 

4.5.1 Strains 

 Ninety-six C. elegans wild isolate strains were used for pooling in the RAD-seq 

experiment, including AB1, AB4, CB4851, CB4852, CB4853, CB4854, CB4856, CB4857, 

CB4858, CB4932, CX11262, CX11264, CX11271, CX11285, CX11292, CX11307, CX11314, 

CX11315, DL200, DL226, DL238, ED3005, ED3011, ED3012, ED3017, ED3040, ED3046, 

ED3048, ED3049, ED3052, ED3073, ED3077, EG4347, EG4349, EG4724, EG4725, EG4946, 

JT11398, JU1088, JU1172, JU1200, JU1212, JU1213, JU1242, JU1246, JU1395, JU1400, 

JU1409, JU1440, JU1491, JU1530, JU1568, JU1580, JU1581, JU1586, JU1652, JU1896, JU258, 

JU310, JU311, JU323, JU346, JU360, JU363, JU367, JU393, JU394, JU397, JU406, JU440, 

JU561, JU642, JU751, JU774, JU775, JU778, JU782, JU792, JU830, JU847, KR314, LKC34, 

LSJ1, MY1, MY10, MY16, MY18, MY23, PB303, PB306, PS2025, PX174, PX179, QX1211, 

QX1233, WN2002. These strains were obtained from the Caenorhabditis Genetics Center 

(CGC). In addition, Bristol N2 was used in validation experiments, along with QX1430, a 

modified N2 strain that is genetically compatible with strains that lack peel-1/zeel-1 
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(ANDERSEN et al. 2015). LRB361 and LRB362 were generated to validate the chromosome 

III interval.  

4.5.2 Worm culture and sample collection for RAD-seq 

Ninety-six strains were maintained on E. coli OP50-seeded nematode growth 

medium (NGM) plates at 20°C. All strains were maintained well-fed for at least three 

generations prior to experiments to control for intergenerational or transgenerational 

effects of starvation (JOBSON et al. 2015; HIBSHMAN et al. 2016; WEBSTER et al. 2018; 

JORDAN et al. 2019). Larvae were washed from clean, starved 6 cm plates in parallel with 

S-complete, one plate per strain, and pooled. 20% of this pool was cultured in liquid 

with 50 mg/mL E. coli HB101 in 500 mL total volume of S-complete. After 67 - 72 hours 

at 20°C and 180 rpm, this culture was hypochlorite treated to obtain an axenic 

population of embryos, with a yield of 7 - 14 million embryos. Embryos were 

resuspended at a density of 10 per µL in virgin S-basal (no ethanol or cholesterol). These 

embryos hatched and entered L1 arrest. For the first biological replicate, two time points 

were sampled at days 16 and 21 (early time points were sampled, and survivors were 

separated from dead worms with a sucrose float, but this approach did not work well in 

later time points, and these samples were abandoned). For the second biological 

replicate, the culture was sampled at days 1, 7, 14, 21, and 24. For sampling, survival was 

scored, and approximately 1500 survivors were plated per 10 cm NGM plate with an 

OP50 lawn (larger volumes of the starvation culture were sampled in later time points as 
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survival decreased; worms were pelleted by centrifuge and plated in 1 mL), with ten 

plates per time point. Survival was 49.3% at day 16 for replicate 1, and 48.6% for day 14 

for replicate 2. Recovery plates were cultured until all OP50 on the plate was consumed. 

This initially took about four days, but in the later time points additional time was 

necessary. This duration allows survivors to recover, grow, and begin to produce 

progeny. Starved recovery plates were washed with virgin S-basal. Cultures were spun 

down at 3000 rpm for 1 minute and excess S-basal was aspirated off. Worms were 

pipetted into a 1.5 mL tube and flash frozen with liquid nitrogen prior to storage at -

80°C. The Qiagen DNAeasy Blood and Tissue column-based kit (Catalog #69504) was 

used to prepare genomic DNA.  

4.5.3 Restriction site-associated DNA sequencing (RAD-seq) 

RAD-seq was performed as previously described (DAVEY AND BLAXTER 2010) in 

the Duke GCB Sequencing and Genomic Technologies Shared Resource. DNA from each 

timepoint was digested with EcoRI, and adapters were ligated. The ligation products 

were sheared, and a second adapter was ligated. This second adapter cannot bind to a 

PCR primer unless its sequence is completed by the amplification starting from a primer 

bound to the first adapter. This selectively amplified only fragments containing both 

adapters. The fragments were amplified through PCR and then size selected for 200-500 

bp fragments. These fragments were sequenced on an Illumina HiSeq 2500 producing 50 

base pair single-end reads. All sequencing data is archived at NCBI under BioProject 
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number PRJNA533789. The 96 strains used were previously sequenced by RAD-seq, and 

SNVs were called (ANDERSEN et al. 2012).  

4.5.4 Data processing 

RAD-seq 50 base-pair FASTQ reads were mapped to version WS210 of the C. 

elegans genome using version 0.7.4 of bwa with default parameters (LI AND DURBIN 

2009). SNVs were called using the command: bcftools call -mv -0z (LI 2011).  For each of 

the seven time points across two replicates, the total number of reads ranged from 

49,116,876 to 123,890,427. For each variant, counts were stored and are available as part 

of Supplementary File 1 in (WEBSTER et al. 2019). These variants were then subsequently 

filtered to include only unique variants. There were 12,285 total unique SNVs across all 

strains, with a median of 33 unique SNVs per strain (Table 2). The median read coverage 

per unique SNV across all strains was 1,691 (Table 2). Counts for all unique SNVs are 

available as part of Supplementary File 1 in (WEBSTER et al. 2019). 

4.5.5 Theoretical error estimation for strain frequency 

We determined the theoretical error of strain frequency estimates obtained from 

RAD-seq data given a median read coverage per SNV of 1,691 (Figure 26). We used the 

rpois function in R for the Poisson distribution to simulate the number of alternative 

allele (strain-specific) reads for a unique SNV as a function of strain frequency. We 

varied both the expected number of reads mapping to the unique SNV (used to 

determine a particular strain’s frequency based on the 1,691 total reads in the real data) 
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and the number of unique SNVs (since this varies across strains). To simulate multiple 

SNVs, we drew from the Poisson distribution multiple times and averaged those 

estimates, mimicking how we determined a strain’s frequency using the RAD-seq data. 

We then determined the error between the estimated frequency from simulation with 

the Poisson distribution as the absolute difference from the theoretical frequency. We 

determined the average proportional error by taking the average absolute difference 

between the estimated and theoretical frequencies and dividing by the theoretical 

frequency. The lines plotted in Figure 26 are the average of 4,000 simulations.  

4.5.6 Counts to trait values for GWAS 

Count tables were filtered to only include counts for unique SNVs previously 

identified (ANDERSEN et al. 2012). The count table for unique SNVs is available as part of 

Supplementary File 1 in (WEBSTER et al. 2019). Unique SNVs are those for which only one 

strain out of the 96 has the alternative SNV. For each strain and library/timepoint, the 

average alternative SNV frequency was calculated, approximating the frequency of each 

strain. For biological replicates one and two, linear regressions were calculated with day 

as the independent variable and the average value for the strain as the dependent 

variable. The slopes of these regressions indicate whether the representation of a strain 

tends to increase or decrease over time in culture. The slopes of these linear regressions 

for replicates one and two were averaged, and these "RAD-seq trait values" were used 

for GWAS (Table 2). The R script to go from unique SNV count values to trait values 
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used for GWAS is available at 

github.com/amykwebster/RADseq_2019_StarvationResistance 

4.5.7 GWAS using CeNDR 

The Caenorhabditis elegans Natural Diversity Resource (CeNDR) was used to 

perform GWAS (COOK et al. 2017) using the EMMA algorithm via the rrBLUP package 

(KANG et al. 2008; ENDELMAN 2011). The RAD-seq trait values and strain names were 

used as input for GWAS. The CeNDR version used was 1.2.9, with data release 20180527 

and cegwas version 1.01. Version WS263 of the worm genome was used in this data 

release. Data for strains CB4858 and JU363 were removed to run GWAS because these 

were considered to be from the same isotype on CeNDR.  

4.5.8 L1 starvation survival  

Strains of interest were cultured on 10 cm NGM plates seeded with E. coli OP50. 

Gravid adults were hypochlorite treated to obtain axenic embryos. Embryos were re-

suspended in virgin S-basal at a density of 1/µL and cultured so they hatch and enter L1 

arrest. A 5 mL volume was used in a 16 mm glass test tube with a plastic cap, which was 

incubated on a tissue culture roller drum at ~21.5°C (room temperature) for the duration 

of the experiment. 

Beginning on day 1 and continuing every other day, 100 µL samples were taken 

from the L1 arrest culture and plated on a 5 cm NGM plate with a spot of OP50 in the 

center. The L1 larvae were plated around the outside of the spot of OP50. The number of 
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worms plated (Tp) was counted. Two days later, the number of live worms was counted 

(Ta). Live worms are considered those that were able to crawl to the OP50 to begin 

feeding. The rest of the plate was also scanned to include worms that had begun to 

develop but were not on the patch of OP50. The percent survival on each day was 

calculated as total alive divided by total plated (Ta / Tp). For Figure 27A, four biological 

replicates were scored for seven strains (N2, CB4856, DL200, ED3077, JU1652, JU258, 

JU561) and three biological replicates were scored for one strain (QX1430). For Figure 

30A, four to five biological replicates were scored for each of the four strains. Logistic 

curves were fit to each biological replicate and strain in R using the package 

‘wormsurvival’ (KAPLAN et al. 2015), and the median survival time was calculated. 

Bartlett’s test was used to test for differences in variances among median survival times 

across strains. For instances in which there were no significant differences in variance, 

we pooled the variances across strains for further analysis. We performed unpaired t-

tests for comparisons of interest.  

4.5.9 Total brood size 

For total brood size (Figure 27C), worms starved as L1 larvae for one day or eight 

days (as described under ‘L1 Starvation Survival’) were plated on 5 cm NGM plates with 

OP50 and allowed to recover for 48 hours at 20°C. After 48 hours, worms were singled 

onto plates with OP50. Every 24 hours, the individual worms were each transferred to a 

new plate until egg laying ceased (96 hours). 48 hours after eggs were laid, the number 
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of progeny on each plate was scored. The total brood size for each worm was calculated 

as the total number of progeny laid on all plates for a single worm. 1,152 total individual 

worms were scored, including eighteen individual worms for each strain (N2, CB4856, 

JU561, ED3077), time starved (one or eight days), and biological replicate (eight 

biological replicates). No worms were censored from analysis, including those that died 

during egg laying or produced no progeny. For statistical analysis, the R package ‘nlme’ 

was used to fit linear mixed-effects models to the data. For each strain, the number of 

days of starvation (one or eight) was a fixed effect, and biological replicate was a 

random effect. To test for interactions between days of starvation and strain, we 

included both genotype and days of starvation as fixed effects, and included an 

interaction term in the model. To assign a p-value, we used the “summary” function in 

R, which performed a t-test on the t-value. For significant p-values, we rejected the null 

hypothesis that the slope of the linear mixed-effects model for the variable of interest 

was zero.    

4.5.10 Starvation recovery and early fecundity 

L1 larvae were starved for one or eight days (as described under ‘L1 Starvation 

Survival’). At each time point, larvae were plated on NGM plates with OP50 bacteria 

and allowed to recover for 48 hours at 20°C. To measure worm body length, after 48 

hours of recovery, worms were washed off the recovery plates with virgin S-basal and 

plated on unseeded 10 cm NGM plates for imaging. Images were taken on a 
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ZeissDiscovery V20 stereomicroscope. Images were analyzed with the WormSizer 

plugin for FIJI to determine worm length and manually passed or failed (MOORE et al. 

2013). For early fecundity, worms that recovered for 48 hours were singled onto plates 

with OP50 and allowed to lay embryos for 24 hours and were then removed. After two 

days, the progeny on the plates were counted. For both body length and early fecundity, 

measurements after eight days of starvation were normalized by dividing by the 

average for the same strain after only one day of starvation. Statistics were performed on 

these normalized values, and a linear mixed-effects model was implemented using the 

‘nlme’ package in R. Strain was a fixed effect and biological replicate was a random 

effect. For early fecundity, three biological replicates were scored, and eighteen 

individual worms were scored per replicate per strain. For body length following 

starvation and recovery, a total of 1,063 worms were included in analysis, including 48 - 

82 individual worms measured per replicate and strain following one day of starvation 

and 8 - 68 individual worms measured for each replicate and strain following eight days 

of starvation. Lower numbers of individual worms following eight days of starvation 

were due to the effect of lethality in JU258, as only live worms were scored. Three 

biological replicates were scored for both assays.  

4.5.11 Generation of near isogenic lines (NILs) 

The GWAS led to identification of a significant quantitative trait locus (QTL) 

located at III:292,594 associated with starvation resistance, and the linked interval 



 

152 

consisted of III:86,993-925,945. A starvation-resistant strain, DL200, that has the 

alternative SNV associated with increased starvation resistance, and a starvation-

sensitive strain, JU258, that has the reference SNV at this locus, were chosen to generate 

NILs. These strains are theoretically genetically compatible at peel-1/zeel-1 and pha-

1/sup-35 loci (SEIDEL et al. 2008; BEN-DAVID et al. 2017). Two strains were generated: one 

with the JU258 interval on chromosome III but with the DL200 background 

(JU258>DL200, LRB362), and one with the DL200 interval but with a majority-JU258 

background (DL200>JU258, LRB361).  

We identified sequences on both ends of the chromosome III interval that 

allowed us to differentiate between JU258 and DL200 backgrounds via restriction 

fragment length polymorphism. Primers were used that amplified near each end of the 

III:86993-925945 interval followed by restriction digest and gel electrophoresis. The 

primer sequences were generated using the VCF-kit tool “primer snip” for the region of 

interest (COOK AND ANDERSEN 2017). Primers were tested, and working primers for each 

end of the interval were used for genotyping. PCR was performed using Taq DNA 

polymerase. Both ends of the interval were genotyped to ensure that a recombination 

event did not break up the interval. The primers amplified in both DL200 and JU258 

backgrounds, but the amplified region contains a SNV affecting a restriction site in one 

genotype but not the other. These primers are: 1) III:83270_F1 (ttggggtactgtagtcggtg), 2) 

III:83270_R1 (AAGCTCCTTCCACACGTACG), 3) III:729215_F1 
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(CGTTTGGCACGTACTGAAGC), and 4) III:729215_R3 

(AGAACGTCGTAGCCGTCATC). III:83270_F1 and III:83270_R1 function as a primer 

pair, and BstUI is used to digest the PCR products. The PCR product for both DL200 and 

JU258 is 610 bp. When BstUI is used, it cuts the JU258 PCR product into 348 and 262 bp 

products, but it does not cut the DL200 product. III:729215_F1 and III_729215_R3 

function as a primer pair, and MseI is used to digest the PCR products. For both JU258 

and DL200, the PCR product is 700 bp. Upon digestion, the JU258 product is cut into 118 

bp and 582 bp, and the DL200 product is cut into 118, 143, and 439 bp. For both 

enzymes, digests were performed at 37°C for at least one hour.  

The PCR protocol used was:  

95°C for 30 seconds 

95°C for 15 seconds 

55°C for 30 seconds 

68°C for 1 minute 20 seconds 

68°C for 5 minutes 

Repeat steps 2 - 4 30x 

Hold at 15°C 

To generate NILs, DL200 and JU258 worms were crossed to generate 

heterozygotes, which then self-fertilized to produce F2 progeny. F2 generation worms 

were singled and genotyped on both sides of the chromosome III peak following egg 
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laying. For this first cross, homozygotes were chosen from both genotypes to continue 

crosses. From this step onward, separate crosses were performed for each genotype. 

Worms that were genotyped as homozygous for DL200 were crossed to JU258 males, 

and F2 progeny that were homozygous at the interval for DL200 were chosen again 

following genotyping. These were successively backcrossed to JU258 males, with 

homozygotes for DL200 chosen in the F2 generation each time. In total, six crosses were 

performed, such that the DL200 interval should be in a background consisting mostly of 

the JU258 genome. For the JU258 interval, homozygotes were successively backcrossed 

to DL200 males, with JU258 homozygotes at the chromosome III interval chosen each F2 

generation. Again, six crosses were performed to generate this strain. After these crosses 

and genotyping, each strain was self-fertilized for six generations to ensure 

homozygosity. After generation of NILs, resulting strains and parent strains were 

whole-genome sequenced at low coverage. All sequencing data is archived on NCBI 

under BioProject number PRJNA533789. The VCF-kit tool “hmm”, which uses a Hidden 

Markov Model to infer from which parent a particular genomic region was inherited, 

was used to determine the sequence of the resulting strains (COOK AND ANDERSEN 2017).  

4.5.12 Data availability statement 

Raw sequencing data is available through NCBI under BioProject number 

PRJNA533789. Files to generate trait data for GWAS is available at 

github.com/amykwebster/RADseq_2019_StarvationResistance. Input and output of 



 

155 

GWAS is also available as part of Supplementary File 1, which was deposited to 

FigShare as part of (WEBSTER et al. 2019). 

 

  



 

156 

5. Natural variation in irld genes modifies insulin 
signaling to influence starvation resistance 

This chapter was modified from an in-progress manuscript. The authors are Amy K. 

Webster, Rojin Chitrakar, Igor Antoshechkin, Maya Powell, Jingxian Chen, Kinsey Fisher, 

Robyn Tanny, Lewis Stevens, Kathryn Evans, Erik Andersen, and L. Ryan Baugh. 

5.1 Background 

Alterations in insulin signaling can promote divergent health outcomes, ranging 

from complex diseases to healthy aging. Mutations in insulin signaling components lead 

to a variety of cancers, and the inability of the body to produce or recognize insulin 

leads to diabetes and obesity (POLOZ AND STAMBOLIC 2015). On the other hand, reduced 

insulin signaling through certain genetic mutations or dietary restriction can extend 

lifespan (VAN HEEMST 2010). Regulating the appropriate amount of insulin signaling to 

food intake is a delicate balancing act that has huge implications for human health and 

well-being. 

The extreme of reduced insulin signaling occurs during starvation. In the absence 

of food, insulin is not released, which triggers activation of conserved pathways to 

promote survival. With diabetes and obesity, cells often require abnormally high levels 

of insulin to promote insulin signaling, and certain starvation responses are aberrantly 

activated. Evolutionary biologists, geneticists, and clinicians alike have noted the 

parallels of insulin resistance in diabetes and obesity and the response of insulin 

signaling to starvation (SOETERS AND SOETERS 2012; FLIER 2019). Indeed, insulin 
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signaling is deeply conserved, and enduring periods of starvation is a near-ubiquitous 

feature of animal life. Genetic dissection of starvation resistance in animal models has 

led to improved understanding of human pathways, but these have typically been done 

through mutagenesis screens to identify large-effect players. Natural genetic variation in 

the insulin-signaling pathway that affects starvation resistance has not been identified, 

but this may provide insights on how to modulate pathway activity to treat disease. 

In the nematode Caenorhabditis elegans, L1 larvae that hatch in the absence of food 

arrest development and can survive starvation for weeks (BAUGH 2013; BAUGH AND HU 

2020). If they encounter food before dying of starvation, larvae can recover from L1 

arrest, proceed through development of the rest of the larval stages, and become a 

reproductive adult. Survival during and recovery from L1 arrest can be measured to 

better understand genetic regulators of starvation resistance. Mutation of the sole known 

insulin-like receptor, DAF-2/InsR, results in increased starvation resistance, which is 

dependent on activation the downstream transcription factor, DAF-16/FOXO. Mutation 

of DAF-16 results in severely reduced starvation resistance (BAUGH AND STERNBERG 

2006). Insulin signaling via DAF-2 is promoted or antagonized by 40 insulin-like peptide 

agonists or antagonists, respectively (PIERCE et al. 2001; KAPLAN et al. 2019), but other 

upstream regulators of insulin signaling are largely unknown.  

The insulin/EGF receptor-like domain (irld) gene family has 68 members that 

share homology with DAF-2 but have been largely uncharacterized (HOBERT 2013). The 
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gene family is conserved through millions of years of evolution in Caenorhabditis species, 

but has more members in C. elegans, likely due to its recent expansion. Based on inferred 

protein structure, IRLD proteins likely have extracellular domains but lack tyrosine 

kinase domains, meaning it is possible they could play a role in binding insulin-like 

peptides that would otherwise bind DAF-2 (DLAKIC 2002). Such a model has been 

proposed for an alternative isoform of DAF-2 called DAF-2B (MARTINEZ et al. 2020). 

Reduced function of two members of the irld gene family, hpa-1 and hpa-2, increase 

healthspan via EGF signaling (IWASA et al. 2010), but function of other irlds and any 

epistasis with insulin signaling has not been identified.  

Recent efforts have made available hundreds of C. elegans wild strains and their 

full genome sequences, which can be used as a resource to interrogate natural genetic 

variation underlying traits of interest (COOK et al. 2017). Phenotyping-by-sequencing 

approaches of many pooled strains have been described recently in C. elegans (BURGA et 

al. 2019; WEBSTER et al. 2019), but these approaches involve whole or partial genome 

sequencing in which only some of the sequencing is informative for differentiating 

strains. One sequencing approach, molecular inversion probe sequencing (MIP-seq) 

(CANTSILIERIS et al. 2017), facilitates deep sequencing only at sites informative for 

differentiating strains, increasing power to detect differences with the same amount of 

sequencing. This approach has not been applied to assay natural genetic variation 

among wild strains.  
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Here, we applied MIP-seq to phenotype starvation resistance of 100 C. elegans 

wild strains simultaneously by deep sequencing only at unique SNVs throughout 

starvation. We identified differences across wild strains and identified causal QTL on 

chromosomes IV and V underlying starvation resistance. We then found reduced 

function of multiple members of the irld gene family within these QTL underlie 

starvation resistance, and their function depends on insulin signaling. These results 

show that natural genetic variation of multiple members of a gene family impact 

starvation resistance, and irld genes in particular are novel modifiers of insulin 

signaling. 

5.2 Results 

We chose 100 wild strains of C. elegans collected from around the world that 

represent the diversity of the species to assay for starvation resistance (Figure 31A-B). 

We implemented MIP-seq to facilitate high-throughput phenotyping of these strains by 

taking advantage of the fact that each wild strain has known unique SNVs (Figure 31C). 

To pilot MIP-seq in wild strains, at least 4 MIPs were designed per strain, all of which 

were empirically tested to ensure they could be used to calculate the frequency of each 

strain from pooled DNA (Figure 31D). Most strains have 3-4 MIPs that are sufficiently 

accurate to use for phenotyping (Figure 31E). MIPs facilitate accurate measurements of 

individual strain frequencies over several orders of magnitude ranging from 0.0001 to 1 
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(Figure 31F). Thus, MIP-seq will effectively measure strain frequencies, allowing for the 

determination of relative starvation resistance of 100 strains simultaneously. 

 

Figure 31: MIP-seq is reliable to measure over 100 diverse strains in pooled 
culture. A. Three diversity metrics used to assess strains for inclusion in starvation 
resistance assays with MIP-seq. MAF=minor allele frequency. B. Locations of the 100 
strains by latitude and longitude. C. Schematic of MIP-seq. MIPs are designed for 
unique SNVs for each strain. MIPs include ligation and extension arms to match DNA 
sequence surrounding the SNV and P5 and P7 complement used for Illumina 
sequencing. Strain frequencies are determined by the frequency of the unique SNV 
resulting from MIP-seq. D. Empirical testing of over 400 MIPs to identify the best MIPs 
based on accuracy criteria. Filtered MIPs include 321 MIPs used in the starvation 
experiment. Outliers for filtered MIPs are for N2, which has few SNVs because it is the 
reference genome. E. Number of MIPs per strain of the 321 filtered MIPs. F. Standard 
curve for known DNA concentration of strains and resulting calculations from MIP-seq. 
R2 = 0.98. 

5.2.1 MIP-seq identifies starvation resistant and sensitive strains 

MIP-seq facilitated effective measurement of relative starvation resistance and 

sensitivity of 100 strains in a pooled culture. All strains were pooled without food; 
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aliquots of the starved L1s were recovered with food at specific time points throughout 

arrest, and DNA was isolated for MIP-seq (Figure 32A). DNA was also isolated from 

starved L1s at day 1 of arrest as a ‘baseline’ sample. This experimental design allowed us 

to incorporate both starvation survival and recovery from starvation as components of 

starvation resistance, both of which are important for fitness. Principal component 

analysis (PCA) of MIP-seq data shows that the first principal component correlates with 

the duration of starvation (Figure 32B, Figure 33A-B). We developed two metrics to 

quantify starvation resistance for each strain, hereafter referred to as ‘Slope’ and ‘PC1’. 

PC1 is the first principal component from the strain-level PCA, and Slope is a measure of 

how much a strain increases or decreases in frequency over time. These two metrics are 

highly correlated and correlated with starvation resistance of strains previously assayed 

(Figure 32C, Figure 33C) (WEBSTER et al. 2019). Further, they allow us to order wild 

strains from most resistant to most sensitive to starvation (Figure 32D, Figure 34). 

Collectively, these results show that starvation was the major factor captured in the MIP-

seq data, and strains can be reliably sorted for relative resistance or sensitivity.  
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Figure 32: Application of MIP-seq determines relative starvation resistance of 
wild strains. A. Experimental design for starvation resistance phenotyping of 100 wild 
strains using MIP-seq. 500,000 individual worms per replicate and 5 biological replicates 
were starved as L1s and DNA samples were taken following recovery with food for the 
time points indicated. B. Principal component 1 of processed data from all replicates and 
strains its association with duration of starvation. C. Correlation between two starvation 
resistance metrics developed from strain-level data, Slope and PC1. Each point is a 
different strain. D. Normalized frequency over time for top and bottom 25 strains 
plotted over time. Grey lines are biological replicates and black line is the mean. Strains 
are ordered by their Slope trait value. DL238 and EG4725 are most starvation resistant, 
and NIC526 and MY2147 are most sensitive and color-coded accordingly. E. Starvation 
survival curves during L1 arrest measured for most starvation resistant and sensitive 
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strains. DL238 and EG4725 are significantly long-lived relative to NIC526 and MY2147. 
T-tests on half-lives of 4 biological replicates of starvation resistant vs. sensitive strains. 
F. Worm length following 48 hours of recovery with food after 1 or 8 days of starvation 
during L1 arrest. Linear mixed effects model with duration of starvation and strain as 
fixed effects and biological replicate as a random effect. One-way p-value of interaction 
between duration of starvation and strain. ***p < 0.001, **p < 0.01, *p < 0.05 

 

Figure 33: Analysis of MIP-seq data and comparison to RAD-seq. A. PCA of all 
replicates and day 1, 9, 13, and 17 recovery time points, not normalized by baseline 
composition. Samples cluster by replicate. B. PCA of all replicates and day 1, 9, 13, and 
17 recovery time points, normalized by baseline composition of starved L1s at day 1 for 
each replicate. PC1 is plotted as part of Figure 32B. C. Comparison of MIP-seq to 
alternative method of population sequencing to obtain trait values, RAD-seq, for strains 
included in both assays. Assays are correlated with R2 = 0.26. 
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Figure 34: MIP-seq normalized frequencies through day 17 for all strains. 
Normalized strain frequency over time for all strains, ordered from most resistant to 
most sensitive by Slope trait values. Gray lines are individual replicates and the black 
lines are the mean for each strain. 

Relative differences in starvation resistance identified in MIP-seq correspond to 

absolute differences in starvation survival and recovery. Starvation resistant strains 

DL238 and EG4725 survive starvation significantly longer than sensitive strains MY2147 

and NIC526 (Figure 32E), validating the MIP-seq results. Notably, survival times for 
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EG4725 are particularly well-adapted to endure starvation and that there is selective 

pressure to maintain some degree of starvation resistance across all strains. 

Additionally, DL238 and EG4725 recover from extended starvation better than MY2147, 

but not NIC526, demonstrating that strains may be resistant due to advantages in both 

survival and recovery, or only one or the other (Figure 32F). These results validate the 

MIP-seq approach using standard assays and reveal the scope of absolute differences in 

starvation resistance. 

5.2.2 Natural genetic variation in the irld gene family is associated 
with starvation resistance 

To identify genetic variation that underlies differences in starvation resistance, 

we used Slope and PC1 metrics to perform GWAS using data from the Caenorhabditis 

elegans Natural Diversity Resource (CeNDR), revealing QTL on the right arm of 

chromosome IV and on the left and right arms of chromosome V (Figure 35A-B). We 

also confirmed causality of chromosome IV and V QTL, which were robust across two 

GWAS approaches (CeNDR and cegwas2), with near-isogenic lines (Figure 36). These 

QTL contain genetic variants in F box proteins, nuclear hormone receptors, and C-type 

lectins, among other gene families involved in sensory perception (Figure 37). In an 

approach to identify putative causal variants within QTL, we found ‘high impact’ 

variants that are part of the irld gene family to be strongly associated with starvation 

resistance (Figure 35C). Variants in irld-39 and hpa-1 were the most strongly associated 

in the chromosome IV QTL. High impact variants in 6 additional irld genes, and 
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modifier, moderate, or low impact variants in 5 additional irld genes, were found in QTL 

on chromosome V (Figure 35C,D). Thus, 13 out of 68 members of the irld gene family are 

found within validated QTL and harbor natural genetic variation that affects starvation 

resistance. 

 

Figure 35: Starvation resistance is associated with genetic variation and hyper 
divergence in the irld gene family. A. GWAS output for Slope trait values used in 
CeNDR. Significant QTL intervals are IV:16117540-16545163 and V: 15704764-16049200. 
B. GWAS output for PC1 trait values used in CeNDR. Significant QTL intervals are 
V:1897117-2277100, V:15575607-16231287, and V:18808200-18997818. C. All high impact 
variants within chr IV and V QTL and the log10 p-value of the association of the high 
impact variant and starvation resistance for all GWAS. CeNDR and cegwas2 are two 
GWAS algorithms. D. All low impact, moderate impact, high impact, and modifier 
variants that are in irld genes. E. The insulin-like signaling pathway in C. elegans. In the 
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presence of food, insulin-like agonist peptides promote signaling through DAF-2 and 
the PI3 kinase cascade to phosphorylate DAF-16 and exclude it from the nucleus. In the 
absence of food, insulin-like antagonists antagonize signaling through DAF-2, and DAF-
16 enters the nucleus to promote starvation resistance. F. Relative starvation resistance 
(Slope values) for all strains, sorted by hyper-divergence status at the irld gene indicated. 
Of the 13 irld genes in D, these 5 are hyper-divergent at the irld locus in >5% of strains. 
Significance determined by t-test between hyper-divergent and non-divergent strains at 
each irld locus. G. Starvation resistance (Slope values) for all strains plotted against the 
amount of hyper-divergent sequence within the CeNDR chr IV and V QTL intervals. 
Significance determined by t-test on t-value of slope estimate of linear model fit to data. 
R2 = 0.06.  **p < 0.01, *p < 0.05 
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Figure 36: Near-isogenic lines (NILs) validate chr IV and V QTL. A. Schematic 
of genome sequencing results of NILs to validate chromosome IV QTL. Parental strains 
are N2 and DL238. DL238 can be introgressed into the N2 but not vice versa due to 
genetic incompatibility. B. Schematic of genome sequencing results of NILs to validate 
chromosome V QTL. C. Worm length following 48 hours of recovery with food after 1 or 
11 days of starvation during L1 arrest for indicated strains. Data merged for duplicate 
strains LRB410 and LRB411. D. Worm length following 48 hours of recovery with food 
after 1 or 8 days of starvation during L1 arrest for indicated genotypes. Data merged for 
duplicate pairs LRB396 and LRB397, and LRB393 and LRB403. C-D. Linear mixed effects 



 

169 

model with duration of starvation and strain as fixed effects and biological replicate as a 
random effect. P-value of interaction between duration of starvation and strain. ***p < 
0.001 
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Figure 37: Variants in several large gene families are found in chromosome IV 
and V QTL. A-B. C-type lectin genes within QTL. C-D. Serpentine receptor genes within 
QTL. E-F. F-box genes within QTL. G-H. Nuclear hormone receptor genes within QTL. 
A,C,E,G. All variants of members of the indicated gene family, color-coded by gene 
name. B,D,F,H. All variants of members of the indicated gene family, color-coded by 
type of variant. 

The function of the irld family has been almost completely unexplored, but 

prediction based on protein sequence suggests that they contain extracellular L domains, 

like insulin receptors, but lack tyrosine kinase domains (DLAKIC 2002), raising the 

possibility that irld genes could impact insulin signaling by binding insulin-like peptides 

(Figure 35E). The irld family is conserved throughout Caenorhabditis but has recently 

expanded in C. elegans. All variants identified in irld genes are associated with increased 

starvation resistance and are putatively loss-of-function, suggesting that increased 

dosage from this expansion may reduce starvation resistance. Consistent with this, 5 of 

the 13 irld gene are found in hyper-divergent regions of the genome, which are regions 

that exhibit particularly high rates of genetic variation in some strains (LEE et al. 2020) 

(Figure 35F, Figure 38). Based on their extensive polymorphism, irld genes are likely 

non-functional in strains that are hyper-divergent. In all cases, increased starvation 

resistance is associated with being hyper-divergent at the irld locus. For the QTL 

V:15575607-16231287, a larger amount of hyper-divergent sequence is associated with 

increased starvation resistance, though there is no significant association within other 

QTL (Figure 35G, Figure 38). Hyper-divergent regions are associated with 

environmental-response genes, but whether natural variation at particular hyper-
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divergent genes affects environmental-response traits is still unclear. The irld gene 

family provides an opportunity to test whether a recently expanded gene family impacts 

starvation resistance and whether any effects are dependent on insulin signaling and 

hyper-divergent status.   

 

Figure 38: Hyper-divergent regions across all strains assayed for starvation 
resistance. Strains are ordered on the y-axis from most resistant (DL238) to most 
sensitive (MY2147). CeNDR and cegwas2 QTL are shown in blue and pink, respectively. 
For each strain, hyper-divergent regions across the genome are plotted in black. 

5.2.3 irld genes alter insulin signaling to impact starvation resistance 

We assayed multiple members of the irld gene family across three QTL in both 

hyper-divergent and non-divergent regions to determine whether natural genetic 
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variants confer increased starvation resistance. irld-39 and irld-52 contained putative 

high impact variants associated with starvation resistance and were in non-divergent 

regions of the genome, so we generated precise CRISPR edits of these variants in 

MY2147 and N2 backgrounds (Figure 39A). irld-11 and irld-57 were in hyper-divergent 

regions and highly polymorphic, suggesting these genes are not functional in starvation 

resistant strains. We therefore generated full deletion mutants for these genes in MY2147 

and N2 backgrounds (Figure 39A). In all four cases, loss-of-function of irld genes 

resulted in improved recovery from starvation in the MY2147 background but not N2 

background (Figure 39B,C). These variants did not impact starvation survival in either 

background (Figure 40). Thus, hyper-divergent status alone did not affect functionality; 

instead, members of the same family exhibit similar function. Because irld-39 and irld-52 

strains harbor the exact variants present in starvation resistant wild strains, we chose to 

focus on them for further analysis. We hypothesized that phenotypes may have only 

been apparent in MY2147 because it is relatively sensitive, and multiple irld variants 

may reveal an effect. Indeed, a double mutant irld-39; irld-52 in the N2 background 

exhibits improved recovery from starvation (Figure 39D). Again, no effect on survival 

was apparent (Figure 40). Collectively, these results show that multiple types of putative 

loss-of-function variants across four irld gene family members confer starvation 

resistance via starvation recovery in two genetic backgrounds, elucidating a role for the 
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gene family and identifying individual genes that affect starvation resistance in a natural 

context. 

 

Figure 39: Natural genetic variation in the irld gene family acts via insulin 
signaling to increase starvation resistance. A. Gene models for irld genes chosen to 
generate CRISPR edits. The edit made in the N2 and MY2147 backgrounds is indicated 
in red. B-E. Worm length following 48 hours of recovery with food after 1 or 8 days of 
starvation during L1 arrest for indicated genotypes. Linear mixed effects model with 
duration of starvation and strain as fixed effects and biological replicate as a random 
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effect. ΔΔ signifies effect size of interaction between duration of starvation and strain 
compared to control. B-C. One-way p-value of interaction between duration of 
starvation and strain. D-E. Two-way p-value of interaction between duration of 
starvation and strain. F. mRNA-seq experimental design for N2, irld-39; irld-52, daf-2, 
and daf-2; irld-39; irld-52. Worms were collected 12 hours after hatching as starved L1s. 
G. Expression of DAF-16 positive and negative targets (pink and teal lines) relative to all 
expressed genes (black line). Kolmogorov-Smirnov test used to assess differences 
between the distribution of DAF-16 positive and negative targets and distribution of all 
genes. H. Epistasis analysis of RNA-seq experiment. ***p < 0.001, **p < 0.01, *p < 0.05, n.s. 
not significant. 
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Figure 40: Survival curves for irld variants in MY2147 and N2 backgrounds. A. 
Survival curves of variants in irld-39 and irld-52 in N2 and MY2147 backgrounds. B. 
Survival curves of variants in irld-11 and irld-57 in N2 and MY2147 backgrounds. C. 
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Survival curves of irld-39; irld-52 (in N2 background) and N2. A-C. All t-tests between 
irld variant and corresponding wild-type background, p > 0.05 (not significant). 

 

Because of the shared homology between irld genes and daf-2, we next asked 

whether irld genes genetically interact with insulin signaling. During starvation, reduced 

signaling through DAF-2 promotes activation of the transcription factor DAF-16 (Figure 

35F), and DAF-16 is required for starvation resistance. There is no difference in 

starvation recovery between the null mutant daf-16(mu86) and daf-16(mu86; irld-39; irld-

52, consistent with the interpretation that increased starvation resistance of irld-39; irld-

52 is dependent on DAF-16 (Figure 39E). Because DAF-16 is a transcription factor, we 

hypothesized that its target genes would be differentially expressed in irld-39; irld-52 

compared to N2. We thus performed mRNA-seq in those two genotypes during 

starvation. In addition, we sequenced mRNA of daf-2(e1370) and daf-2(e1370); irld-39; 

irld-52 during starvation to test the extent to which DAF-2 is epistatic to IRLD-39 and 

IRLD-52 (Figure 39F). Indeed, DAF-16 targets were significantly differentially expressed 

as a group in the irld-39; irld-52 double mutant early in starvation, reflecting altered 

DAF-16 function. Quantitative epistasis analysis (ANGELES-ALBORES et al. 2018) of all 

conditions shows that effects of irld-39; irld-52 and daf-2 are not purely additive; instead, 

the estimated epistasis coefficient does not differ significantly from the theoretical 

coefficient that occurs if DAF-2 is completely epistatic to IRLD-39 and IRLD-52. An 

estimated 16.7% of daf-2 activity is mediated by irld-39; irld-52 during starvation, 
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suggesting these genes have a substantial role in regulating insulin signaling. Taken 

together, starvation recovery and gene expression results demonstrate that insulin 

signaling is epistatic to IRLD-39 and IRLD-52 for starvation resistance. 

5.3 Discussion 

5.3.1 The irld gene family modulates insulin signaling 

Our results identify, for the first time, natural genetic variation in individual 

genes that affects starvation resistance in C. elegans. We describe a novel function for irld 

genes that is at least partially dependent on insulin signaling and demonstrate how 

insulin signaling can be modulated during starvation. How irld genes impact insulin 

signaling is currently unknown, though based on protein structure of the gene family, 

we hypothesize that IRLDs could bind insulin-like agonist or antagonist peptides that 

typically bind DAF-2. In starvation conditions, when the presence of antagonists reduces 

signaling through DAF-2, the presence of functional IRLDs would reduce the 

antagonists available to bind DAF-2, decreasing starvation resistance. In contrast, non-

functional IRLDs frees antagonists to bind DAF-2, increasing starvation resistance. 

Whether IRLDs bind specific agonists or antagonists, or a broad swath of signaling 

peptides is at this point unclear. It is likely that IRLDs function in a highly cell-type-

specific manner, as a recent report shows that irld gene expression is more likely than 

members of other gene families to be restricted to a one or two neuron types (TAYLOR et 

al. 2020). irld-39 and irld-52 are expressed primarily in ASJ and ADL neurons, 
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respectively (Figure 41), suggesting that the stronger effect apparent in the irld-39;irld-52 

double could be due to regulation in multiple cell types simultaneously. Loss of ASJ 

neurons prevents dauer formation in dauer-constitutive mutants, and loss of ADL 

further enhances this phenotype, suggesting these neurons act in concert to regulate 

dauer formation.  The cell- and environment-specific functions of the irld gene family 

will be of interest to uncover in future studies. 

 

Figure 41: irld genes are expressed primarily in specific sensory neurons. 
Expression levels of irld genes included in data plotted for all neurons with daf-2 shown 
as a comparison. Neurons are sorted into interneuron, motor, pharyngeal, and sensory 
classifications. Expression data obtained from (TAYLOR et al. 2020). 
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5.3.2 MIP-seq facilitates rapid analysis of quantitative traits in C. 
elegans 

Our results show that MIP-seq works well for differentiating wild strains for 

starvation resistance. We designed MIPs that can be easily used by other labs to 

phenotype the same set of strains for other quantitative traits of interest. Indeed, as long 

as unique SNVs remain unique in the context of a particular pool of strains, MIPs should 

work effectively to differentiate strains of interest. For starvation resistance, relative 

differences between the most resistant and sensitive strains identified with MIP-seq 

were able to be detected as absolute differences with standard assays. Theoretically, 

increasing sequencing depth and sample sizes will allow for detection of meaningful 

phenotypic differences of effect sizes too small or variable to be detected by manual 

assays, leading to an improved understanding of gene-by-environment interactions and 

the genotype-phenotype map. With polygenic and even omnigenic architectures 

proposed as the basis of complex traits (BOYLE et al. 2017), being able to detect small 

phenotypic effects for genetic changes is of high importance. As an animal model that 

can be cultured in the millions, C. elegans is well poised to be on the frontier of research 

in this area. 
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5.5 Materials and Methods 

5.5.1 Strains used in this study 

In addition to N2, wild isolates DL238, EG4725, CB4856, JU2526, ED3077, 

NIC252, NIC258, EG4724, JU2519, NIC523, ECA189, NIC262, CX11254, NIC261, ECA36, 

NIC265, JU2838, NIC528, JU2878, DL200, ECA191, QX1211, QG2075, ECA369, CX11307, 

ED3017, PS2025, JU2234, NIC251, JU775, JU2841, CX11285, JU774, NIC268, JU2879, 

XZ1515, JU561, CX11276, NIC199, JU1652, JU2316, JU2576, JU2001, QX1212, CB4854, 

NIC271, JU1896, MY23, ED3049, JU2593, XZ1516, ECA363, NIC195, GXW1, JU782, 

NIC266, LKC34, JU2829, JU2007, JU2619, KR314, NIC3, PB306, QX1791, ECA396, 

QX1792, JU2464, NIC256, QW947, WN2001, JU1212, ECA372, JU1793, QX1794, MY2453, 

JU2017, XZ1513, NIC501, ED3052, MY16, QX1793, MY2741, MY10, CX11264, QG556, 

JU1400, JU2592, JU1581, XZ1514, JU2811, JU2106, DL226, NIC527, JU3137, MY18, 

CX11271, JU258, NIC526, and MY2147 were used for MIP-seq. 

CB1370 daf-2(e1370) and CF1038 daf-16(mu86) were used to assess the interaction of irld 

genes with insulin signaling. 

5.5.2 Strains generated in this study 

Near-isogenic lines include: 
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LRB392 – dukIR7(V, EG4725>MY2147) 

LRB393 – dukIR8(V, EG4725>MY2147) 

LRB395 – dukIR10(V, EG4725>MY2147) 

LRB396 – dukIR11(V, MY2147>EG4725) 

LRB397 – dukIR12(V, MY2147>EG4725) 

LRB398 – dukIR13(V, MY2147>EG4725) 

LRB399 – dukIR14(V, MY2147>EG4725) 

LRB400 – dukIR15(V, MY2147>EG4725) 

LRB401 – dukIR16(V, MY2147>EG4725) 

LRB402 – dukIR17(V, EG4725>MY2147) 

LRB403 – dukIR18(V, EG4725>MY2147) 

LRB407 – dukIR19(V, EG4725>MY2147) 

LRB408 – dukIR20(V, EG4725>MY2147) 

LRB409 – dukIR21(V, EG4725>MY2147) 

LRB410 – dukIR22(IV, DL238>N2) 

LRB411 – dukIR23(IV, DL238>N2) 

See Figure 36 for wild isolate composition. 

CRISPR-edited strains and new crosses include:  

LRB412 irld-39 in N2 background – irld-39(duk1) 

LRB413: irld-39 in MY2147 background – irld-39(duk2[MY2147]) 
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LRB414: irld-39 in MY2147 background – irld-39(duk3[MY2147]) 

LRB415: irld-39 in MY2147 background – irld-39(duk4[MY2147]) 

LRB420: irld-11 in MY2147 background – irld-11(duk9[MY2147]) 

LRB421: irld-52 in N2 background – irld-52(duk10) 

LRB422: irld-52 in MY2147 background - irld-52(duk11[MY2147]) 

LRB423: irld-11 in N2 background – irld-11(duk12) 

LRB425: irld-57 in N2 background – irld-57(duk13) 

LRB426: irld-57 in N2 background – irld-57(duk14) 

LRB427: irld-57 in MY2147 background – irld-57(duk15[MY2147]) 

LRB428: irld-57 in MY2147 background – irld-57(duk16[MY2147]) 

LRB431: irld-52 in N2 background – irld-52(duk17) 

LRB444: irld-39;irld-52 (generated from crossing LRB412 and LRB431) - irld-39(duk1);irld-

52(duk17) 

LRB456: daf-16(mu86);irld-39(duk1);irld-52(duk17) 

LRB457, LRB458: daf-2(e1370);irld-39(duk1);irld-52(duk17) 

Multiple strain names for the same genotype indicate independent lines.  

5.5.3 MIP-seq experimental set-up 

Wild strains were independently passaged on 10 cm NGM plates with OP50 

every two to three days to ensure they did not starve for at least three generations prior 

to the experiment. For each biological replicate, a single non-starved large plate with 
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gravid adults was selected per strain to ensure initial representation of all strains. Strains 

were pooled for hypochlorite treatment to obtain pure populations of embryos. Embryo 

concentration was calculated by repeated sampling, and 500,000 embryos were 

resuspended at 10/µL in S-basal (50 mL total culture) and placed in a 20°C shaker at 180 

rpm to hatch without food and enter L1 arrest. On day 1 (24 hours after hypochlorite 

treatment), 5 mL of culture (50,000 L1s) was taken as a baseline sample, spun down at 

3000 rpm, aspirated down to approximately 100 µL in an Eppendorf tube, flash frozen in 

liquid nitrogen, and stored at -80°C until DNA isolation. At days 1, 9, 13, and 17, 

aliquots from the L1 arrest culture were set up in recovery cultures at 5 L1s/µL, 1x 

HB101 (25 mg/mL), and S-complete. Recovery cultures were 10 mL for days 1 and 9, 20 

mL for day 13, and 50 mL for day 17 to account for lethality late in starvation and ensure 

adequate population sizes for DNA isolation. Four days after recovery culture set-up, 

samples were collected for DNA isolation. For days 1 and 9, culture was freshly starved 

with adults and next-generation L1 larvae. At day 13, culture was typically near starved, 

with adults and some L1 larvae. At day 17, culture was typically not starved. If HB101 

was still present at collection, samples were washed 3-4 times with S-basal. Samples 

were flash frozen in liquid nitrogen and stored at -80°C until DNA isolation. 
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5.5.4 DNA isolation 

The frozen samples were rapidly freeze-thawed 3 times, cycling between liquid 

nitrogen and a 45°C water bath. Genomic DNA was isolated using the Quick-DNA 

Miniprep Kit (Zymo Research# D3024) following the manufacturer’s protocol. The DNA 

concentration was determined for each sample using the Qubit dsDNA HS Assay kit 

(Invitrogen# Q32854). 

5.5.5 MIP design 

MIPgen (BOYLE et al. 2014) was used to design 4 MIPs for each of 103 strains. 

Unique homozygous SNVs were parsed from the VCF file WI.20170531.vcf.gz. MIPs are 

80 base-pairs (bp) long and include ~20-bp ligation and extension arms that are 

complementary to DNA surrounding the unique SNV of interest for each strain. In 

addition, P5 and P7 Illumina primers are included as part of the MIP to facilitate 

Illumina sequencing. Each MIP molecule includes a 10-bp unique molecular identifier 

(umi) adjacent to the ligation arm. Only MIPs that capture the SNV within a 50-bp 

sequencing read were used, meaning the SNP was no more than 40 bp away from the 

umi.  

5.5.6 MIP-seq library preparation and sequencing 

For pilots and the starvation resistance experiment, 500 ng total DNA of each 

sample was used in MIP sequencing libraries. Libraries were generated as described 

previously (HIATT et al. 2013) with the following modification - we strived to add 1000 
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copies of each MIP for every individual copy of the worm genome in the 500 ng input 

DNA, which corresponded to 0.0083 picomoles of each individual MIP. All 412 MIPs 

were first pooled in an equimolar ratio at a concentration of 100 µM. The MIP pool was 

diluted down to 5 µM in 1 mM Tris buffer, and 50 µL of this pool was used in the 100 µL 

phosphorylation reaction. Next, the probe hybridization reaction for each sample was 

set with 500ng DNA and 3.42 picomoles (0.0083 picomoles x 412) of the phosphorylated 

probe mixture. Following hybridization, gap filling, ligation, and exonuclease steps were 

performed as described previously. Lastly, PCR amplification of the captured DNA was 

performed in a 50 µL reaction with 18 cycles. The PCR libraries were purified using the 

SPRISelect beads (Beckman# B23318), and library concentrations were assessed with the 

Qubit dsDNA HS Assay kit (Invitrogen# Q32854). Sequencing was performed on the 

Illumina HiSeq 4000 to obtain 50-bp single end reads. 

5.5.7 MIP-seq analysis 

FASTQ files from sequencing reads were processed using the script 

parseMIPGenotypeUMI.pl. This script accepts as input the list of MIPs produced from 

MIPgen, the UMI length, and FASTQ files in order to count the number of reads 

corresponding to each MIP and whether they have the reference allele, alternative allele, 

or one of two other alleles. While we included UMIs in our design, for this manuscript 

all results were calculated using non-UMI count data. For each MIP, the frequency of the 

strain for which the MIP captures its unique SNV was calculated as the alternative read 
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count divided by the total of alternative and reference read counts. In the MIP pilot with 

all strains in an equimolar ratio, MIPs were filtered out if they did not meet the 

following criteria: 1) within 3.5-fold of expected frequency, 2) ‘other’ reads (those that 

are not alternative or reference alleles) were not too abundant (< 20,000 total), and 3) 

alternative and reference allele totals were not too low or too high (between 20,000 and 

2,000,000 total reads). This narrowed down 411 tested MIPs to 321 MIPs for further use. 

N2 MIPs did not meet these criteria because N2 has few SNVs that can be used to design 

optimal MIPs, but N2 MIPs were included nonetheless. In the starvation resistance 

experiment, strain frequencies were determined by averaging the frequencies calculated 

across MIPs included in the 312 MIPs for each strain. A dataframe of all strains and their 

frequencies at day 1 baseline, as well as days 1, 9, 13, and 17 after recovery for all 

replicates was used to obtain trait values for subsequent analysis. PCA was performed 

on the dataframe following normalization of day 1, 9, 13, and 17 time points by the 

baseline day 1 sample and log2 transformed. PC1 was extracted for each strain. For 

‘Slope’, day 1, 9, and 13 recovery samples were normalized by day 1 frequencies and 

log2 transformed. For each strain, a line was fit to day 1, 9, and 13 normalized data with 

intercept at 0, and the slope of the line was taken as the trait value. 
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5.5.8 Comparison of MIP-seq and RAD-seq 

To determine how well MIP-seq trait values correlated with RAD-seq trait values 

from previous work, RAD-seq data in the same way that we normalized the MIP-seq 

data. Specifically, data from one biological replicate from RAD-seq that had data at time 

points over the course of starvation, including days 1, 7, 14, 21, and 24, was used. For 

each strain, the frequency of the strain at each time point was divided by its frequency at 

day 1. These values were log2-transformed, so positive values indicate an increase in 

frequency over time and negative values indicate a decrease in frequency over time. A 

linear regression was then fit to each with a y-intercept of 0 through the data points over 

time. The slope of the line was calculated as the trait value for each strain. Both RAD-seq 

and MIP-seq data were filtered to include only strains that were present in both 

analyses. This included 34 strains. The values were plotted against each other and a 

linear regression was fit through these points to determine their correlation. The RAD-

seq and MIP-seq results were significantly positively correlated (p=0.002), with an 

adjusted R2 of 0.24. 

5.5.9 GWAS analysis  

Slope and PC1 trait values for each strain were used for GWAS which was done 

two ways. First, trait values were separately input into the Caenorhabditis elegans Natural 

Diversity Resource (CeNDR), version 2 using the 20180527 data release, which uses 

genome version WS263 and implements EMMA via the rrBLUP package. Second, trait 
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values were separately input into cegwas2 to perform GWAS, which uses the same data 

release but performs fewer tests and less of a burden for multiple testing.  

5.5.10 NIL generation 

To validate chromosome IV and V QTL, pairs of strains that differ for starvation 

resistance and the alternative vs reference allele for the associated SNV marker were 

chosen. Compatibility at the peel-1/zeel-1 and pha-1/sup-35 locus was considered (SEIDEL 

et al. 2008; BEN-DAVID et al. 2017). For chromosome V QTL, EG4725 and MY2147 were 

compatible at both set of loci, and we generated reciprocal NILs for the left and right 

arms of chromosome V. EG4725 did not have the alternative allele associated with 

starvation resistance for chromosome IV, so we used DL238 and N2 as the parental 

strains. DL238 and N2 are incompatible for reciprocal crosses, but we introgressed the 

DL238 chromosome IV QTL into the N2 background. To generate NILs, the two parental 

strains were first crossed, then F2 progeny were genotyped on each end of desired QTL 

to introgress to identify homozygotes from one parental background (i.e. MY2147). Then 

these homozygotes were repeatedly backcrossed to the opposite background (i.e. 

EG4725) and repeatedly genotyped again to maintain homozygotes at the introgressed 

region. NILs were backcrossed a minimum of six times. Final NILs were sequenced at 

low coverage to determine the parental contributions over the entire genome.  
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5.5.11 CRISPR design and implementation to edit irld genes 

For genes of interest, CRISPR guide design was done in Benchling using genome 

version WBcel235 and importing sequence for genes of interest. To generate irld-39 and 

irld-52 variants (5-bp deletions), a single guide RNA and repair template was generated. 

For irld-11 and irld-57, two guide RNAs were generated per gene to delete the entire 

gene and a single repair template was used. sgRNAs (2 nmol) and 100-bp repair 

templates (highest purity at 4 nmol) were ordered from IDT. The dpy-10 co-CRISPR 

method was used to generate and screen for edits (PAIX et al. 2015). The injection mix 

used was: sgRNA for dpy-10 (0.2 µL of 100 µM stock), sgRNA of gene of interest (0.5 µL 

of 100 µM stock), dpy-10 repair template (0.5 µL of 10 µM stock), repair template for gene 

of interest (0.6 µL of 100 µM stock), Cas9 (0.8 µL of 61 µM stock), and water up to 10 µL 

total. Injection mix components were stored at -20°C, and injection mix was incubated at 

room temperature for one hour before injections. N2 and MY2147 L4s were picked the 

day before injecting, and young adults were injected in their gonad and singled to new 

plates. After 3-4 days, next-generation adults were screened for rollers, which are 

heterozygous for the dpy-10 edit and have increased likelihood of also having the 

desired edit. Non-roller F2 progeny of F1 roller worms were then genotyped to identify 

worms homozygous for the desired edit, and edits were confirmed by Sanger 

sequencing.  
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5.5.12 Starvation recovery (worm length measurements) 

Strains were maintained well-fed for at least three generations prior to beginning 

experiments. Gravid adults were hypochlorite treated to obtain embryos, which were 

resuspended at 1 embryo/µL in 5 mL of S-basal in a glass test tube and placed on a roller 

drum at 20°C. After 1 and 8 days of L1 arrest, an aliquot of 500-1000 µL (a consistent 

volume was used between conditions within the same experiment) per strain was plated 

on a 10 cm plate with OP50 and allowed to recover for 48 hours. After 48 hours, worms 

were washed onto an unseeded NGM plate. Images were then taken of worms using a 

ZeissDiscovery V20 stereomicroscope. To determine lengths of worms, the WormSizer 

plugin for Fiji was used and worms were manually passed or failed (MOORE et al. 2013). 

To determine differences in starvation recovery between strains, a linear mixed effect 

model is fit to the length data for all individual worms with duration of starvation (1 or 

8 days) and strain as fixed effects and biological replicate as a random effect using the 

package nlme in R. The summary function was used to calculate a p-value from the t-

value.  

5.5.13 Starvation survival 

L1 arrest cultures were set up as described for starvation recovery. Starting on 

the first day of arrest and proceeding every other day, a 100 µL aliquot of culture was 

pipetted onto a 5 cm NGM plate with a spot of OP50 at the center. The aliquot was 
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placed around the periphery of the lawn, and the number of worms plated was counted. 

Two days later, the number of worms that have made it to the bacterial lawn and are 

alive are scored. Live worms that have developed and are outside the lawn are also 

scored. The total live worms after two days is divided by the total plated to determine 

the proportion alive. For each replicate, the half-life (median days of survival) is 

calculated, and a t-test is performed between strains of interest.  

5.5.14 mRNA-seq sample collection 

N2, LRB444, CB1370, and LR457 and LRB458 were grown on large plates with 

OP50, and gravid adults were hypochlorite treated to obtain embryos. Embryos were 

resuspended at 1 embryo/µL in 10 mL of S-basal in a 50 mL glass flask and put at 20°C in 

a shaker at 180 rpm. Technical replicates were set up if >10,000 embryos were obtained 

for a condition. 24 hours after bleach (12 hours of L1 arrest), Samples were spun down at 

3000 rpm for 1 min in a conical tube and aspirated down to 100 µL, transferred to an 

Eppendorf tube, spun down again, and aspirated down to approximately 10 µL. 

Samples were flash frozen in liquid nitrogen and stored at -80°C until RNA isolation. 

5.5.15 RNA isolation and mRNA-seq library preparation 

RNA was isolated using TRIzol Reagent (Invitrogen# 15596026) following the 

manufacturer’s instructions with some exceptions noted below. The procedure was 

scaled down linearly, using 100 µL Trizol. 5 µg linear polyacrylamide (Sigma# 56575) 

was included as a neutral carrier for RNA precipitation. RNA was eluted in nuclease-
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free water and incubated at 55ºC for approximately four minutes to resuspend the pellet. 

150 ng of total RNA was used for each library preparation. NEBNext Poly(A) mRNA 

Isolation Module (New England Biolabs# E7490) and NEBNext Ultra II RNA Library 

Prep kit (New England Biolabs# E7770) was used to perform poly-A selection and 

prepare libraries for sequencing respectively. The final libraries were enriched with 11 

cycles of PCR. Libraries were then sequenced using Illumina NovaSeq 6000 to obtain 50 

bp paired-end reads. 

5.5.16 mRNA-seq analysis 

Bowtie (LANGMEAD 2010) was used to map FASTQ reads to version WS273 of the 

genome using the following command: bowtie -I 0 -X 500 chunkmbs 256 -k 1 -m 2 -S -p 

2. Reads were counted using HTSeq. Count tables were analyzed for differential 

expression in R using edgeR. First, counts were filtered to only protein-coding genes, 

then further filtered to genes expressed above one count-per-million (CPM) in at least 

four libraries. The exact test was used to determine log2 fold change differences between 

N2 and LRB444. DAF-16 positive targets are the overlap between Class I targets and 

significantly down-regulated genes in daf-16 mutants during L1 arrest (TEPPER et al. 

2013; KAPLAN et al. 2015). DAF-16 negative targets are the overlap between Class II 

targets and significantly up-regulated genes in daf-16 mutants during L1 arrest. The 

distribution of log2 fold changes of DAF-16 positive and negative targets included 

among expressed genes is plotted against the distribution of all genes. Significance of the 



 

193 

differences between these distributions was assessed using the Kolmogorov-Smirnov 

test. 

For epistasis analysis, edgeR was used to perform an ANOVA-like test using the 

GLM functionality, resulting in 3427 significant genes (FDR<0.05). DESeq was used to 

perform differential expression analysis with all the background genes that had passed 

the low-expression filtering conducted in edgeR. The result was restricted to the 3427 

significant genes and then passed to the epistasis analysis described in Angeles-Albores 

et al. to calculate an epistasis coefficient, calculate probabilities for pre-defined models 

and perform model selection (ANGELES-ALBORES et al. 2018), in order to determine the 

relationship between irld genes and daf-2 in this context. Pre-defined models were 

rejected when the odds ratio was greater than 103. 

 

  



 

194 

6. Conclusion 
I have presented results that demonstrate gene regulation, transgenerational 

epigenetic effects, and natural genetic variation each significantly impact starvation 

resistance. In this chapter, I summarize and contextualize these results, highlighting 

unifying themes and illuminating areas ripe for future research.   

6.1 Summary and significance of major findings 

6.1.1 Alternative gene regulatory strategies in the soma and germ line 
affect gene expression dynamics and survival during starvation 

C. elegans development is coupled to nutrient availability, and worms 

experiencing starvation are also developmentally quiescent. Transcription is clearly 

essential during development, but the importance of transcription during starvation is 

not known, though it is relevant for understanding processes such as aging and cancer. 

In addition, whether a transcriptional starvation response is maintained or altered deep 

in starvation is unclear. In chapter 2, we performed an RNA-seq time series throughout 

starvation and selectively depleted the large subunit of RNA Pol II to better understand 

the requirement and role of transcription. Early gene expression changes were driven by 

somatic transcription, and somatic transcription was required for survival early, but not 

late, in starvation. In contrast, germline transcription was not required for survival at 

any time, but germline transcripts were particularly stable deep in starvation compared 

to somatic transcripts and thus up-regulated in relative terms. Differential regulation of 

somatic and germline transcription during starvation could underlie differences in 
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growth rate and germline proliferation following starvation and perhaps even effects 

that persist into subsequent generations.  

6.1.2 Extended starvation induces transgenerational effects on 
starvation resistance and gene expression  

Early-life starvation has been documented to have consequences late in life in C. 

elegans and humans, but transgenerational phenotypes have been relatively limited and 

difficult to study. We found in chapter 3 that extended starvation led to fitness defects 

immediately upon recovery, but also led to increased starvation resistance, increased 

lifespan, and altered starvation-response gene expression in the F3 generation. These 

experiments were done with isogenic populations, suggesting that transgenerational 

phenotypes are due to epigenetic inheritance. Interestingly, gene expression dynamics in 

the F3 generation differed depending on whether worms were fed or starved, 

suggesting that transgenerational consequences of starvation are plastic and depend on 

the worms’ current environment. These results identify a context in which 

transgenerational effects may be adaptive, and they contribute to a body of work aimed 

at understanding the environmental perturbations that lead to transgenerational effects 

and the mechanisms that underlie them. 

6.1.3 Population sequencing approaches identify differences in 
starvation resistance across genetically distinct wild strains 

Whether natural genetic variation could underly differences in starvation 

resistance in C. elegans was previously unknown. Starvation is a near-universal 
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environmental experience, and starvation responses may be broadly canalized, with 

genetic differences only playing a minimal role. To understand the scope of starvation 

resistance differences across wild strains of C. elegans, we developed two population 

sequencing approaches to facilitate rapid phenotyping of over 100 strains in chapters 4 

and 5. In chapter 4, we used restriction site-associated DNA sequencing (RAD-seq) to 

sequence a population of 97 strains over the course of starvation and use the unique 

SNVs in the data (a subset of the data) to determine the frequency of strains in the 

population over time. In chapter 5, we used a different sequencing approach, molecular 

inversion probe sequencing (MIP-seq), to sequence only at sites of the genome 

containing unique SNVs to determine the frequency of 100 strains over time during 

starvation. Both methods worked to identify particularly starvation resistant and 

sensitive strains, but MIP-seq offered several advantages. First, by sequencing only at 

unique SNVs, all sequencing reads were useful for inferring strain frequency, 

minimizing sequencing costs. Second, because strains differed in their number of unique 

SNVs, the number of measurements of strain frequency differ dramatically across strains 

for RAD-seq as well. For MIP-seq, MIPs must be designed to target each unique SNV of 

interest. However, because we have now designed MIPs this for the pool of 100 strains, 

other researchers can use the same set with MIP-seq to measure other quantitative traits 

as well. By validating particular resistant and sensitive assays using standard 

approaches, we found that indeed, genetic differences across wild strains lead to robust 
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and detectable differences in starvation resistance. All strains were starvation resistant to 

a degree, consistent with genetic canalization of a fundamental trait, but variability 

across strains suggested some specific genetic variants could be identified. 

6.1.4 Natural genetic variation in the irld gene family regulates 
starvation resistance via insulin signaling 

Because genetically distinct strains differ in starvation resistance, we used 

GWAS, near-isogenic lines, and CRISPR gene-editing to identify particular genetic 

changes that underlie starvation resistance. In chapters 4 and 5, we used near-isogenic 

lines to validate GWAS QTL on chromosomes III, IV, and V, thus demonstrating that a 

polygenic architecture underlies starvation resistance among wild strains. Specific 

variants were found within chromosome IV and V QTL in genes that are part of the 

insulin/EGF receptor-like domain (irld) gene family and were associated with starvation 

resistance. We used gene-editing approaches to find that loss-of-function of multiple irld 

family members confers increased starvation resistance and found that this increased 

starvation resistance depends on insulin signaling. In addition, RNA-seq confirms 

epistasis between irld genes and insulin signaling. irld genes have not previously been 

found to interact with insulin signaling or to play a role in starvation, though their 

protein structure suggests similarity to the DAF-2/InsR insulin receptor. Natural genetic 

variation in multiple gene family members thus underlies starvation resistance by 

converging on a known signaling network. Outside of C. elegans, genetic variation in 
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modulators of known pathways, particularly insulin signaling, could be a useful 

approach to better understand complex disease. 

6.2 Considerations on the relative contributions of different 
types of regulation 

Transcriptional, epigenetic, and natural genetic variation each individually 

contribute to shaping starvation resistance in C. elegans, but effect sizes vary 

considerably, and some factors affect only certain facets of starvation resistance but not 

others. Here I make cautious inferences about the relative importance of these factors on 

starvation resistance.  

Effects of both epigenetic and natural genetic variation on starvation resistance 

(chapters 3-5) have in common that they approximate conditions that would be 

reasonable to occur in the wild. As such, it is perhaps not surprising that the effect sizes 

for these factors are considerably smaller than the effects on survival and growth 

associated with blocking somatic transcription (chapter 2). Extended dauer diapause 

leads to an increase in starvation survival of about one day three generations later, while 

the difference in median survival between the most resistant and most sensitive 

genetically distinct wild strains is about five days. Notably, further dissection of natural 

genetic variation identifies irld genes that each have robust but small effects on 

starvation recovery and non-detectable effects on survival, though it is possible that 

survival effects could be apparent with additional replicates. Transgenerational 

epigenetic effects of long-term dauer diapause, in contrast, are apparent across multiple 
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starvation resistance assays, including survival, growth, and brood size. With the 

caveats that a single genetic background was assayed for transgenerational effects and 

limited genetic variants were explicitly tested in wild strains, these results begin to shed 

light on the ways starvation resistance is regulated in a natural context. Namely, genetic 

variation has an important effect on a strain’s ability to endure starvation, but variation 

in an individual gene is of small effect, consistent with its likely highly polygenic 

architecture. Transgenerational epigenetic effects may thus contribute less to phenotypic 

variation in starvation resistance than genetic variation as a whole, but more than the 

effects of individual causal genetic variants.   

 Preventing somatic and germline transcription by depleting Pol II during 

starvation is a dramatic perturbation; indeed, preventing somatic transcription early in 

arrest severely limits survival and recovery. Still, somatic transcription was not required 

for survival beyond a few days of starvation, and germline transcription was not 

required for survival at any point. These results, coupled with time series results, allow 

us to conclude that transcriptional regulation early in starvation is of particular 

importance for promoting starvation resistance. Consistent with this, mRNA-seq of the 

F3 progeny of long-term dauers and of irld genes was performed early in starvation, 

suggesting that consequences of transgenerational effects and natural genetic variation 

are mediated partly through gene regulation that occurs early in arrest. Full mRNA-seq 

time series were not analyzed for transgenerational and natural genetic perturbations, 
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and so it is unknown whether they affect gene regulation at other times as well. 

Regardless, transcriptional regulation early in arrest is paramount for starvation 

resistance and a focal point of other types of regulation.  

6.3 DAF-16/FOXO is a locus of multiple types of regulation 

Insulin-like signaling is a major regulator of starvation resistance in C. elegans, 

and DAF-16/FOXO is its major downstream effector that is required for survival. Since 

FOXO is a tumor suppressor and also involved in insulin signaling in humans, 

understanding its regulation is of particular importance. While the work presented here 

focused primarily on how gene regulation, epigenetic inheritance, and natural genetic 

variation affect starvation resistance, we also explicitly showed the impact of each factor 

on DAF-16. First, we showed in chapter 2 that, consistent with nuclear localization 

results, DAF-16 likely acts within the first 12 hours of starvation. Since ongoing 

transcription is not required for survival and there are low levels of DAF-16 target gene 

expression, DAF-16 is likely only minimally active late in starvation despite being 

essential for weeks of survival. In two different contexts, in chapters 3 and 5, we found 

DAF-16 target genes were differentially expressed under starvation-resistant conditions. 

DAF-16 target genes were differentially expressed in both fed and starved F3 progeny of 

long-term dauers, suggesting epigenetic regulation of gene expression of these targets. 

Because these effects correlated with increased starvation resistance and lifespan, this 

raises the possibility that DAF-16 is required for these phenotypes. DAF-16 targets were 
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also differentially expressed in the starvation resistant irld-39; irld-52 mutant, further 

suggesting a role of insulin signaling for at least some members of the irld gene family. 

DAF-16 dependence in this case was directly tested, and increased starvation resistance 

of the irld-39; irld-52 variants depends on DAF-16. Regulation of starvation resistance via 

gene regulation, epigenetic inheritance, and natural genetic variation is thus coupled to 

regulation of DAF-16 and its targets. DAF-16 activity could in theory function as a 

molecular sensor of the various factors affecting starvation resistance, allowing for 

screening of how other perturbations impact starvation resistance without scoring the 

weeks-long trait.  

6.4 The irld gene family interacts with insulin signaling 

The irld gene family adds another layer of regulation to the already-complex 

insulin signaling pathway. A family of 40 insulin-like agonist or antagonist peptides 

promote or inhibit, respectively, signaling via the sole known insulin-like receptor, DAF-

2 (KAPLAN et al. 2019). The irld family shares homology with DAF-2 (DLAKIC 2002), 

suggesting that they may also bind insulin-like peptides and in turn affect the extent to 

which the DAF-16-dependent starvation response is mounted.  

Several lines of experimentation can uncover the degree to which irld genes 

physically or genetically interact with insulin-like peptides or perhaps other signaling 

peptides. Co-immunoprecipitation assays could determine if IRLDs directly bind 

particular insulin-like peptides and identify binding partners that have not been 
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specifically hypothesized. Genetic approaches can also test assumptions of our current 

model. During starvation, antagonist peptides presumably dominate relative to agonists 

in order to reduce signaling via DAF-2 and activate DAF-16. If IRLD proteins bind 

antagonists during starvation, this prevents antagonists from binding DAF-2 and 

reduces starvation resistance. In line with our phenotypic results, loss of IRLDs would 

increase starvation resistance by allowing antagonists to bind DAF-2. In an agonist-

dominant environment, which occurs during feeding, presence of IRLDs should prevent 

agonists from signaling via DAF-2, potentially slowing growth upon feeding relative to 

when IRLDs are absent. This model suggests that IRLDs dampen environmental 

responses by binding agonist or antagonist peptides, whichever dominate. IRLDs may 

serve to fine-tune development in response to the environment, particularly variable 

amounts of food. Alternative possibilities include that IRLDs bind only antagonists, or 

that different IRLDs bind different sets of peptides. Testing irld mutants in different 

environmental contexts, or by overexpressing agonist or antagonist peptides, can test 

various assumptions of the model. Both insulin-like peptides and IRLDs are present in 

specific sensory neurons, adding additional layers to their regulation. Loss-of-function 

of specific IRLDs could lead to altered insulin signaling only in these specific neurons, 

and how this signaling in turn affects whole-animal phenotypes remains unclear.  
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6.5 From whole-animal phenotypes to cell-type specificity 

Starvation resistance is a whole-animal phenotype, requiring cooperation of 

tissues and cells to enable survival and growth. RNA-seq is also a whole-animal 

phenotype when performed on entire worms, as was done throughout this work, 

making cell-type-specific changes apparent only through orthogonal approaches. 

Transgenerational epigenetic inheritance, mRNA transcription, and natural genetic 

variation all impacted both starvation resistance and gene expression of entire worms, 

making them particularly physiologically relevant. However, in all cases, certain tissues 

were likely to play a disproportionate role in affecting these phenotypes. As mentioned, 

sensory neurons are likely the locus of control for regulation by irld genes. Germline 

transcripts are alternatively regulated compared to somatic transcripts throughout 

starvation. Transgenerational gene expression changes we identified have been analyzed 

by others to find that these effects could be due to changes specifically in neurons  

(WERNER et al. 2020), and neurons and germline are known to be required and signal to 

each other for other transgenerational phenotypes (POSNER et al. 2019; KALETSKY et al. 

2020; PEREZ et al. 2020). Given these results, I suggest that regulation of the neurons 

and/or germ line are of particular interest more broadly for understanding how 

starvation resistance is regulated and its long-term implications.  

To better understand the temporal flow of environmental information with 

respect to starvation, cell-specific transcriptomics in neurons and the germ line during 
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starvation, upon recovery, and into subsequent generations could be performed in wild-

type along with mutants (such as daf-16 and irld-39; irld-52) that affect starvation 

resistance. While each chapter presented here distinctly addressed a particular type of 

regulation, such an experimental design directly assesses interactions of factors over 

time in tissues most likely to be affected. Do changes in gene regulation that occur 

during starvation directly impact late-life or transgenerational phenotypes, and is this in 

turn influenced by activity of particular genes? The auxin-inducible degron system will 

also be useful to assess time-of-action and tissue specificity of particular genes. Since 

DAF-16, for example, is active primarily early in starvation, is it dispensable late in 

starvation or upon recovery?  

6.6 Evolutionary significance of natural genetic variation and 
epigenetic inheritance 

The identification of natural genetic variants and ancestral environmental 

conditions that confer increased starvation resistance raise questions of whether the 

observed increased starvation resistance represents an adaptive response. Specifically, 

are these examples of increased starvation resistance the result of selection to increase 

fitness in response to starvation conditions? irld-39 and irld-52 contain genetic variants 

that are associated with starvation resistance in wild strains. When these exact variants 

are edited into starvation-sensitive and wild-type backgrounds, the edited strains exhibit 

increased starvation resistance, providing strong evidence that the variants are causal. In 

addition, starvation resistance serves as a proxy for fitness under lab conditions – 
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starvation sensitive strains either die quicker during starvation, thus failing to 

reproduce, or they develop slower and become reproductive at a later point, producing 

fewer progeny in a given time period. Despite this, it is difficult to know for certain 

whether increased starvation resistance occurring because of these variants is adaptive. 

At least three lines of evidence could provide additional support for such a claim, 

including: 1) generating reciprocal edits in starvation-resistant strains and validating it 

leads to starvation sensitivity, thus demonstrating that the variant increased starvation 

resistance in its original background, 2) understanding the ecology of C. elegans to 

uncover the dynamics of starvation in the wild, thus determining the extent to which 

starvation as performed in the lab is a relevant selective pressure, and 3) implementing 

population genomic analyses at irld loci, thus determining how selection shaped the irld 

gene family. It is certainly known that starvation occurs in the wild, particularly in the 

dauer stage (SCHULENBURG AND FELIX 2017), but the frequency and dynamics of 

starvation conditions is difficult to assess and largely unknown (observational studies 

are difficult to perform for microscopic worms). In terms of population genomics, it has 

been recently shown that hyper-divergent regions of the genome enriched for 

environmental-response genes are under balancing selection (LEE et al. 2020). Specific 

environments associated with hyper-divergent regions have not been previously 

identified, but our work suggests that nutrient availability may be a relevant selective 

pressure maintaining genetic diversity in these regions. The use of C. elegans and other 



 

206 

nematodes as models provides a unique opportunity to join genetic and molecular 

biology approaches in the lab with experimental evolution and field sampling in order 

to understand the evolution of fitness-proximal traits more broadly.  

We carefully considered the extent to which epigenetic inheritance in response to 

starvation may be adaptive in chapter 3, concluding that improved fitness in the F3 

generation is consistent with the possibility of an adaptive response. In recent years, 

more transgenerational phenotypes have been observed that increase fitness, and a 

theoretical framework to better understand these phenotypes has begun to develop 

(BAUGH AND DAY 2020). In addition, natural genetic variation correlating with 

transgenerational phenotypes has been observed, demonstrating there is variation in the 

propensity to exhibit multigenerational inheritance (MOORE et al. 2020). Much like 

adaptive inferences corresponding to irld genes, a fuller understanding of the natural 

ecology of C. elegans is important to infer whether adaptive multigenerational effects are 

likely to develop. Specifically, a key criterion in the evolution of multigenerational 

effects is the extent to which parental environment is predictive of offspring 

environment (HERMAN et al. 2014), which is currently largely unknown. In particular, 

the predictive power of the parental environment on descendants’ environment three or 

more generations later is important to ascertain. C. elegans, with its relatively short 

generation time, coupled with boom-and-bust population dynamics, may be a realistic 

system in which such predictive power exists.  
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6.7 Full circle: C. elegans starvation resistance and human 
biology  

Virtually all species experience starvation, and starvation resistance in C. elegans 

provides a lens through which to understand many other aspects of biology and disease, 

including aging, cancer, diabetes, and multigenerational inheritance. Starvation 

response pathways are typically conserved in worms and humans, and these same 

pathways are involved in human complex disease. Like in C. elegans, human starvation 

is associated with intergenerational effects. Here, I described work to better characterize 

multiple types of regulation during starvation. I first characterized transcriptional 

regulation, exploring the activity of known tumor suppressors and the role of germline 

gene expression throughout starvation. Next, I developed a new model for starvation-

induced transgenerational effects and described a variety of fitness-proximal phenotypic 

consequences. Lastly, I described modifiers to insulin signaling that affect starvation 

resistance in wild strains. Understanding how this gene family modulates insulin 

signaling may lead to treatments for the variety of diseases influenced by this important 

genetic pathway. Together, these advances lay the groundwork to better understand 

regulation of complex traits over multiple time scales. 
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Appendix A - Loss of pzf-1 increases starvation 
resistance in two genetic backgrounds 
A.1 Natural genetic variation in pzf-1 is associated with 
starvation resistance 

In addition to the irld gene family described in chapter 5, several other genes 

exhibit natural genetic variation that is associated with starvation resistance. One such 

gene is pzf-1. PZF-1 is a paired zinc-finger protein and putative transcription factor with 

homologs across many species, including other nematodes, flies, mice, and humans. 

Like irld-39 and irld-52, pzf-1 contains a high impact variant strongly associated with 

starvation resistance. Specifically, a variant at chromosome V base 15,928,209 has a 

reference allele of T but alternative allele of G, and the G allele is associated with 

increased resistance using both Slope and PC1 trait values (see chapter 5 for description 

of trait values and GWAS). Despite the association of this specific variant, much of the 

sequence of pzf-1 maps poorly to the reference genome in starvation-resistant strains, 

meaning its precise sequence is unknown in some strain backgrounds. To determine the 

function of pzf-1 and to test the hypothesis that its loss of function increases starvation 

resistance, we opted to delete pzf-1 using CRISPR in both N2 (wild-type) and MY2147 

(starvation-sensitive) backgrounds, both of which contain the reference allele and exhibit 

high-quality sequence mapping at the pzf-1 locus. 
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A.2 Deletion of pzf-1 in two genetic backgrounds confers 
increased starvation resistance  

We found deletion of pzf-1 conferred increased starvation resistance using 

multiple assays in two genetic backgrounds. First, deletion of pzf-1 caused worms to 

recover better from extended starvation but not a brief starvation, demonstrating 

improved growth rate specifically following starvation. This effect was apparent in both 

genetic backgrounds (Figure 42A). Second, worms without pzf-1 produced more total 

progeny following extended starvation, but not following brief starvation, again 

consistent with increased starvation resistance (Figure 42B). This effect was only 

significant in the N2 background. Lastly, starvation survival was assayed, but robust 

effects on survival were not apparent in either background (Figure 42C). Thus, pzf-1 

deletion confers increased starvation resistance by increasing growth rate in both genetic 

backgrounds and progeny production in the wild-type background following extended 

starvation.  
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Figure 42: pzf-1 loss increases starvation resistance. A. Worm length following 1 
or 8 days of starvation and 48 hours of growth for indicated strains. B. Total brood size 
following 1 or 8 days of starvation and recovery. A-B. Linear mixed effects model with 
days of L1 arrest and strain as fixed effects and biological replicate as random effect. P-
value of interaction between duration of starvation and strain. ***p < 0.001, **p < 0.01 C. 
Starvation survival throughout L1 arrest. T-test on half-lives of biological replicates 
across strains.  

A.3 Discussion and future directions 

Few studies have investigated pzf-1, but one study has found that pzf-1 is 

expressed in the germ line and its expression is dependent on MAP kinase (mpk-1) 

(LEACOCK AND REINKE 2006). In this same study, researchers found that a mutation in 

pzf-1 did not affect brood size in a wild-type background, but a double mutant of pzf-1 

and mpk-1 had reduced brood size. Our results identify a role for pzf-1 in a wild-type 
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background during starvation, including potentially in the germline to affect progeny 

production, but whether this effect is dependent on mpk-1 is an open question. MPK-1 

has not previously been implicated in starvation resistance, but because it is part of the 

broadly conserved Ras/Raf/MAP kinase signaling pathway, it is of interest to determine 

whether it affects starvation resistance. In addition, because pzf-1 is a putative 

transcription factor, identifying its target genes and major downstream regulators that 

may also impact starvation resistance is a promising avenue of research.  

A.4 Materials and methods 

A.4.1 Strains used 

N2, MY2147, LRB417 and LRB418 (duplicate lines of pzf-1 deletion in the N2 

background), and LRB432 and LRB433 (duplicate lines of pzf-1 deletion in the MY2147 

background).  

A.4.2 CRISPR to generate deletion mutants 

Two guide RNAs were generated on either side of pzf-1 to delete the entire gene 

in N2 and MY2147 backgrounds, and a single repair template was generated. sgRNAs (2 

nmol) and 100-bp repair templates (highest purity at 4 nmol) were generated by IDT. 

The dpy-10 co-CRISPR method was used to generate and screen for edits (PAIX et al. 

2015). The injection mix and protocol used was performed exactly as described for irld 

gene CRISPR edits in chapter 5. 
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A.4.3 Starvation recovery and starvation survival 

These assays were also done as described in chapter 5. Briefly, gravid adults on 

food that had not experienced starvation for several generations were hypochlorite 

treated and embryos were resuspended at 1/µL in 5 mL of S-basal. For starvation 

recovery, at days 1 and 8, 500-1,000 arrested L1s were plated on food and allowed to 

develop for 48 hours, at which point they were washed off plates to image. Worm 

lengths were determined from images using WormSizer (MOORE et al. 2013) and manual 

pass/fail. For survival, samples were taken every other day starting at day 1, and 

number of worms plated were counted. Two days later, the number of survivors were 

scored. 

A.4.4 Brood size following starvation 

After 1 and 8 days of starvation during L1 arrest, worms were plated on OP50 

bacterial food and allowed to develop for 48 hours. At 48 hours, worms were singled 

onto plates with OP50. Every 24 hours for 5 days, individual worms were transferred to 

new plates. F1 progeny on each plate were allowed to develop for approximately 48 

hours and then counted. The total progeny across all plates for an individual worm were 

totaled to determine total brood size. Sterile worms were not censored, but if a worm 

crawled off of a plate and could not be scored to completion, it was censored.   
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Appendix B – Transcription factor screen reveals CEH-
10 is required for starvation resistance 
B.1 Transcription factors differentially expressed during 
starvation screened for starvation survival phenotypes 

Prior to generating the dataset in chapter 2, we used microarray data of the first 

day of L1 arrest (BAUGH et al. 2009) and RNA-seq data comparing days 1 and 8 of L1 

arrest (unpublished) to identify transcription factors that were either differentially 

expressed or had a significant proportion of targets differentially expressed in the RNA-

seq datasets compiled on WormExp (YANG et al. 2016). We then prioritized transcription 

factors for which mutants were readily available from the Caenorhabditis Genetics Center 

or already in the lab. Alleles that were assayed for starvation survival in at least two 

biological replicates and the rationale for why they were chosen are shown in Table 3. 

Mutant alleles were screened in three batches, with two biological replicates for each 

batch and time points every four days. Each batch included N2 and a strain previously 

identified to be starvation sensitive. We validated starvation sensitivity of transcription 

factor mutants for transcription factors previously found to be required for starvation 

survival, including daf-16(mu86), hlh-30(tm1978), and hsf-1(sy441) (BAUGH AND 

STERNBERG 2006; O'ROURKE AND RUVKUN 2013)(Figure 43). Most other mutants that died 

quickly during starvation also exhibited deficits after only a day of starvation, 

suggesting that these mutants may be generally less fit and that defects are not 

starvation specific (for example, lin-32(u282), tbx-2(ut180), eor-1(cs28), and cnd-1(gk718)). 
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However, one mutant, ceh-10(ct78), survived well at day 1 but still died much quicker 

compared to N2. We thus performed an additional set of three biological replicates with 

more frequent time points to determine if this mutant could be further validated. 

Table 3: Alleles of transcription factor mutants used to assay starvation 
survival and selection criteria 

Gene and allele Differentially 
expressed early 

or late? 
(FDR<0.05) 

Targets 
differentially 

expressed early or 
late? (FDR<0.05) 

N2 N/A N/A 
ceh-10(ct78) Both N/A 
hbl-1(mg285) Both N/A 

hlh-30(tm1978) Neither Late 
mbf-1(gk562) Both N/A 
pes-1(leDf1) Neither Early 

pqm-1(ok485) Late Both 
tbx-2(ut180) Both N/A 

unc-130(oy10) Early Both 
cey-1(ok1805) Early Early 
cnd-1(gk718) Neither Late 
daf-16(mu86) Early Both 

efl-1(se1) Neither Both 
eor-1(cs28) Early Early 

hsf-1(sy441) Neither N/A 
K05F1.5(ok2617) Both N/A 

lin-11(n66) Late Early 
nfi-1(qa524) Early Early 
alr-1(ok545) Neither Early 

ceh-18(ok1082) Both N/A 
lin-32(u282) Both N/A 
lin-39(n709) Neither Both 
sma-4(e729) Both N/A 
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Figure 43: Starvation survival of all screened transcription factors. A-C. Each 
graph represents a batch of strains that was scored together. Two biological replicates 
are shown for each. 

B.2 CEH-10 is required for starvation survival  

In three independent biological replicates, ceh-10(ct78) dies significantly faster 

than N2 during L1 arrest (Figure 44). This suggests that CEH-10 is required for 

starvation survival. How does CEH-10 promote starvation survival? ceh-10 encodes a 

protein that is part of the Paired-like class of homeodomain proteins and shares 
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homology with vertebrate retina proteins. It is part of a transcription factor cascade, 

along with CEH-23 and TTX-23, that regulate AIY neurons. ceh-10(ct78) has been 

previously documented to decrease lifespan and brood size and is broadly expressed 

across neurons (SHEN et al. 2010). However, the reduced lifespan can be rescued by 

expression of ceh-10 specifically in AIY neurons. CEH-10 partially depends on insulin 

signaling, as ceh-10(ct78) did not affect longevity of daf-16(mu86) but partially suppresses 

daf-2(e1370) longevity. Whether CEH-10 regulates starvation survival in the same 

manner that it functions for lifespan is unknown, but this can be the focus of future 

investigation. 

 

Figure 44: ceh-10(ct78) is starvation sensitive during L1 arrest. T-test on median 
survival of 3 biological replicates, p = 0.02. 
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B.3 Materials and methods 

B.3.1 Strains used 

All strains used are listed in Table 3. Some strains were provided by the CGC, 

which is funded by NIH Office of Research Infrastructure Programs (P40 OD010440). 

B.3.2 Starvation survival 

Strains well fed for several generations were hypochlorite treated as gravid 

adults. Embryos were resuspended in S-basal at a density of 1/µL and placed on a roller 

drum at room temperature in glass test tubes. Samples were taken either every four days 

for screening or every two days for follow-up with ceh-10(ct78). 100 µL samples were 

taken at each time point and counted upon plating, and the number alive was scored 

two days later. Median survival time was calculated by fitting a logistic regression to 

each replicate and determining the time point at which half of worms were alive.   
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Appendix C – Argonaute proteins HRDE-1 and CSR-1 
alter starvation resistance and gene expression during 
L1 arrest 
C.1 Bioinformatic analyses of existing CSR-1 and HRDE-1 
datasets 

To identify existing datasets that may exhibit overlap with the time series 

clusters shown in chapter 2, we used the tool WormExp (YANG et al. 2016). Clusters 2, 4, 

and 6, in which genes exhibit stable or increasing relative expression levels deep in L1 

arrest, were most strongly enriched for targets of the Argonaute protein, CSR-1, 

identified in two datasets (LEE et al. 2012; CONINE et al. 2013) (Table 4). 

Table 4: Clusters 2, 4, and 6 are enriched for CSR-1 target genes 

Dataset Cluster 2 Cluster 4 Cluster 6 

Genes with 
antisense small 

RNAs enriched by 
FLAG::csr-1 IP 

2.38e-34 1.89e-26 1.66e-10 

CSR-1 22G-RNA 
targets 

1.29e-21 1.59e-18 2.08e-10 

 

Proteins in the Argonaute (AGO) superfamily are conserved across the tree of life 

(WEDELES et al. 2013). These proteins bind guide RNAs and typically target other RNAs 

via RNA interference mechanisms (RNAi). Some AGOs are specific to certain species; 

those specific to nematodes are termed WAGOs. There are 14 WAGOs in C. elegans; the 

only WAGO found to be essential under standard growth conditions is CSR-1. CSR-1 
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associates with 22G-RNAs, which are RNAs that are typically 22 nucleotides in length 

with a guanine nucleotide at the 5’ end. 22G-RNAs are transcribed by RNA-dependent 

RNA polymerases and have perfect complementarity to their target RNAs. Like other 

AGO/WAGO proteins, CSR-1 has slicer activity, and this has recently been shown to be 

involved in the degradation of maternal transcripts in the embryo (QUARATO et al. 2021). 

In contrast, later in development, CSR-1 is unusual in that it licenses expression of its 

target genes. Slicer activity only serves to fine tune target gene expression, which 

includes most germline genes. Because one function of RNAi is to silence foreign 

sequences, one possibility is that CSR-1 recognizes ‘self’ RNA and allows its targets to 

evade transcriptional or post-transcriptional silencing by RNAi intended for foreign 

sequences.  

In addition to CSR-1, HRDE-1 is another well-described WAGO that binds 22G-

RNAs. Unlike CSR-1, HRDE-1 functions to promote gene silencing via nuclear RNAi in 

germ cells (BUCKLEY et al. 2012). Thus, both CSR-1 and HRDE-1 function as Argonautes 

in the C. elegans germline, but have opposing roles on gene expression regulation. 

Indeed, targets of HRDE-1 and CSR-1 move in opposite directions throughout L1 arrest 

(Figure 45). Since CSR-1 targets were also enriched in our time series data, we were 

interested in determining the function of both CSR-1 and HRDE-1 during L1 arrest. 
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Figure 45: CSR-1 and HRDE-1 targets move in opposing directions throughout 
L1 arrest. 

C.2 Phenotypic analyses of csr-1 and hrde-1 mutants during 
starvation 

csr-1(tm892) null mutants are sterile and must be maintained on a balancer or 

with a partial rescue. I used both a balancer and rescue strain to interrogate the effects of 

CSR-1 on starvation resistance (Figure 46A-C). First, I bleached a balancer strain csr-

1(tm892)/nT1 to obtain embryos that hatch and arrest as L1 larvae. Only a minority of 

these arrested worms are homozygous csr-1(tm892), and the rest are heterozygous for 

the balancer (the homozygous balancer is lethal). Heterozygotes have a GFP marker; 
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thus, I distinguished between heterozygotes and homozygotes upon recovery from 

starvation by scoring presence or absence of GFP fluorescence. I scored the proportion of 

csr-1(tm892) homozygotes alive over time during L1 arrest. If this proportion increased, 

it would suggest starvation resistance relative to the heterozygote balancer. In contrast, a 

decreasing proportion would suggest starvation sensitivity. I found that the proportion 

of csr-1(tm892) worms remains relatively constant, suggesting that csr-1(tm892) is not 

substantially more resistant or sensitive than csr-1(tm892)/nT1 (Figure 46A). A key 

caveat to this experiment is that an additional control with N2 over the nT1 balancer was 

not performed. Thus, if both csr-1(tm892)/nT1 and csr-1(tm892) had effects of comparable 

magnitude compared to wild-type, we would not expect to see an effect.  

 

Figure 46: Starvation resistance assays with csr-1 and hrde-1 mutants. A. Using 
the csr-1(tm892)/nT1 strain, the proportion of homozygous csr-1(tm892) progeny 
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surviving over time during L1 arrest. B. Starvation survival of csr-1(tm892); neIs20 and 
N2 during L1 arrest. C. Worm length of csr-1(tm892); neIs20 and N2 following 48 hr of 
recovery after 1 or 8 days of L1 arrest. Linear mixed-effects model with strain and 
duration of starvation as mixed effects and biological replicate as a random effect. D. 
Starvation survival of hrde-1(tm1200) and N2 during L1 arrest. E. Starvation survival of 
hrde-1(tm1200) and N2 during L1 arrest following cross. B,D,E. Unpaired t-test on 
median survival time between mutant strain and N2. *p < 0.05, **p < 0.01, ***p < 0.001 

Starvation resistance assays were also performed using csr-1(tm892); neIs20. This 

strain partially rescues csr-1(tm892) by expressing csr-1 under the control of a germline 

promoter. The strain produces about 40% viable progeny and 60% dead embryos. In 

contrast to the balancer strain csr-1(tm892); neIs20 dies quicker than N2 during L1 

starvation (Figure 46B). However, because the mutant has reduced survival even at day 

1, it is unclear whether this effect is starvation specific or if worms survive more poorly. 

In contrast, starvation recovery experiments using csr-1(tm892); neIs20 reflect that the 

strain is starvation resistant, with improved recovery after an extended L1 arrest, but 

reduced recovery after only one day of L1 arrest (Figure 46C). Reduced recovery after 

only one day of L1 arrest is consistent with reduced survival at one day of arrest, but 

differences later in starvation reflect a de-coupling of survival and growth with the csr-

1(tm892); neIs20 mutant. Taken together with the balancer results, these results suggest 

that phenotypic effects on starvation resistance may only be apparent in mutant 

backgrounds that allow for cumulative effects over multiple generations. 

In contrast to csr-1(tm892), the hrde-1 mutant, hrde-1(tm1200), can be maintained 

at 20°C without gross phenotypic consequences. I found hrde-1(tm1200) to be starvation 
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sensitive in a starvation survival assay at 20°C compared to N2, consistent with the 

importance of germline nuclear RNAi in promoting starvation resistance (Figure 46D). 

However, although no gross phenotypic consequences are apparent at 20°C, a mortal 

germline phenotype is apparent at 25°C, and it is possible that other transgenerational 

consequences are similarly cumulative. Thus, I crossed hrde-1(tm1200) to N2 and 

genotyped F2 generation cross-progeny to identify hrde-1(tm1200) homozygotes that had 

heterozygous parents. This population of F2 homozygotes was expanded and compared 

to N2 homozygotes that also resulted from the cross. I found that hrde-1(tm1200) 

mutants were still starvation sensitive relative to N2, but the effect is not consistent 

throughout starvation, consistent with the possibility that effects of the mutant are 

driven by consequences occurring over multiple generations (Figure 46E). Because the 

populations took 2-3 generations to scale up for starvation survival, some of the 

starvation survival effect could still be due to intergenerational effects.     

C.3 mRNA-seq in csr-1 and hrde-1 mutants during L1 arrest 

To determine to what extent csr-1 and hrde-1 may impact gene expression 

dynamics, an mRNA-seq experiment was performed. mRNA was sequenced from 

whole, starved L1 larvae at days 1 and 8 of L1 arrest in N2, hrde-1(tm1200), and csr-

1(tm892); neIs20 backgrounds. Four biological replicates were sequenced, and samples 

separated depending on duration of starvation in PC1 and based on genotype in PC2 

and PC3 (Figure 47A-B). I assessed whether there were genes differentially expressed in 
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an interaction between genotype (hrde-1(tm1200) vs. N2 and csr-1(tm892) vs. N2) and 

duration of L1 starvation. Both interaction tests identified hundreds of differentially 

expressed genes, highlighting the role of both Argonautes in gene regulation during 

starvation. In particular, 282 genes are differentially expressed in the hrde-1 interaction, 

while 844 genes are differentially expressed in the csr-1 interaction. The 844 differentially 

expressed genes can be divided into two groups based on how they differ between day 1 

and day 8 in N2 and csr-1(tm892); neIs20 backgrounds (Figure 47C). 561 genes have 

significantly lower log2 fold changes between day 1 and day 8 in the csr-1(tm892); neIs20 

background compared to log2 fold changes between day 1 and day 8 in the N2 

background. This is consistent with CSR-1 normally promoting expression of these 

genes during starvation. In contrast, 283 show the opposite pattern and have larger log2 

fold changes between day 1 and day 8 in the csr-1(tm892); neIs20 background compared 

to the N2 background. Interestingly, it is these genes that are significantly enriched for 

previously defined CSR-1 targets, suggesting that CSR-1 may normally prevent 

expression of these targets during starvation.  
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Figure 47: RNA-seq reveals starvation-dependent gene expression changes in 
csr-1 and hrde-1 mutant backgrounds. A-B. Principal component analysis of six 
conditions with four replicates each. C. Log2 fold changes of all genes (black) and 
significantly differentially expressed genes in an interaction analysis (pink) between day 
8 and day 1 of starvation in N2 (x-axis) and csr-1 (y-axis) backgrounds. CSR-1 targets are 
enriched among differentially expressed genes above the line y = x. 

C.4 Discussion and future directions 

Both csr-1 and hrde-1 mutants lead to tantalizing but difficult to reconcile effects 

on starvation resistance. An ideal resolution would involve using the auxin-inducible 

degron (AID) system to determine the temporal requirements of hrde-1 and csr-1, as was 

done with ama-1 in chapter 2. We generated csr-1 and hrde-1 degron strains, but addition 

of the degron tag at the C-terminus of the csr-1 resulted in loss-of-function of csr-1, as the 

worms were sterile, consistent with the csr-1(tm892) homozygous phenotype. As a 

result, the strain could not be used for conditional knockdown. The hrde-1 degron strain 

has yet to be fully characterized. Another lab recently generated a functional csr-1 

degron, and this could be used in combination with the hrde-1 degron in future 

experiments (QUARATO et al. 2021). Because both genes lead to effects on starvation 

resistance and differences in gene expression dynamics, the role of Argonaute proteins is 
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a promising avenue of future research to better understand RNA-based regulation in 

response to environmental perturbations.  

C.5 Materials and Methods 

C.5.1 Strains used 

N2 

WM193 csr-1(tm892) IV; neIs20[pie-1::3xFLAG::csr-1 + unc-119(+)] 

LRB371 csr-1(tm892) IV/nT1[qIs51](IV;V) 

FX01200 hrde-1(tm1200) 

C.5.2 Starvation survival and starvation recovery 

The assays for Figure 46B-E were performed as described in Appendix A. For 

Figure 46A, experiments were performed as described in the text. Following bleach, 

embryos were resuspended at 1/µL in S-basal. At indicated time points, worms were 

plated on OP50 and allowed to develop for 48 hours. The balancer for LRB371 exhibits 

bright fluorescence in the pharynx and the proportion of developed, live worms with 

and without GFP under a dissection scope was readily apparent. For WM193, additional 

embryos were used when resuspended in S-basal to account for 60% dead embryos.  

C.5.3 Analysis of csr-1 and hrde-1 targets in mRNA-seq time series 

 Time series data, including clusters, from chapter 2 were used to identify CSR-1 

enrichments in clusters 2, 4, and 6. All CSR-1 and HRDE-1 targets present in the time 

series data were then plotted as a group over time compared to all genes (Figure 45). 



 

227 

HRDE-1 targets are those up-regulated in a hrde-1(tm1200) RNA-seq dataset under heat 

stress conditions (NI et al. 2016).  

C.5.4. mRNA-seq sample collection and library preparation 

 N2, hrde-1(tm1200), and csr-1(tm892); neIs20 were maintained well fed on OP50 

plates for at least three generations prior to experiments. Strains were scaled up and 

bleached from 10 cm NGM plates with OP50. Embryos were set up in S-basal at a 

density of 1/µL and 10 mL volume in test tubes on a roller drum at 20°C. Because only 

about 40% of csr-1(tm892); neIs20 embryos hatch, the number of embryos following 

bleach was multiplied by 0.4 to account for unhatched embryos in this strain. At days 1 

and 8, starved L1 larvae were spun down at 3000 rpm in S-basal, excess S-basal was 

aspirated, and samples were transferred to an Eppendorf tube in approximately 100 µL 

of S-basal.  Samples were flash frozen in liquid nitrogen and stored at -80°C until RNA 

isolation. Total RNA was isolated using TRIzol (Invitrogen) using the manufacturer’s 

protocol with minor modifications. 1 mL of TRIzol was used per sample along with 100 

uL of acid-washed sand. mRNA-seq libraries were prepared using the NEBNext Ultra 

RNA Library Prep Kit for Illumina (E7530) and 50 ng starting RNA per library.  

C.5.5 mRNA-seq analysis 

 Reads were mapped using Bowtie to and counted using HTSeq using version 

WS210 of the worm genome with some genes defined from WS220 as described in 

chapter 3.  edgeR was used for differential expression analysis. The glmQFTest was used 
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to identify genes differentially expressed genes in an interaction between duration of L1 

arrest and genotype. Protein-coding genes with CPM > 3 in at least 4 libraries were 

included in differential expression analysis. For CSR-1 target genes, the “CSR-1 22G-

RNA targets” gene list was used from WormExp (LEE et al. 2012; YANG et al. 2016). 
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