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Abstract 

Ancient and highly conserved signaling networks allow for robust development 

and reproduction even in variable environments. For example, the roundworm C. 

elegans reversibly arrests larval development during starvation. However, extended 

early-life starvation reduces reproductive success. Maternal dietary restriction (DR) 

buffers progeny from starvation as young larvae, preserving reproductive success. 

However, the developmental basis of reduced fertility following early-life starvation is 

unknown, and it is unclear how maternal diet modifies developmental physiology in 

progeny. We show here that extended starvation in first-stage (L1) larvae followed by 

unrestricted feeding results in a variety of developmental abnormalities in the 

reproductive system, including proliferative germ-cell tumors and uterine masses that 

express neuronal and epidermal cell-fate markers. We found that maternal DR and 

reduced maternal insulin/IGF signaling (IIS) increase oocyte provisioning of vitellogenin 

lipoprotein, reducing penetrance of starvation-induced abnormalities in progeny, 

including tumors. Furthermore, we show that maternal DR and reduced maternal IIS 

reduce IIS in progeny. daf-16/FoxO and skn-1/Nrf, transcriptional effectors of IIS, are 
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required in progeny for maternal DR and increased vitellogenin provisioning to 

suppress starvation-induced abnormalities (SIA). daf-16/FoxO activity in somatic tissues 

is sufficient to suppress SIA, suggesting cell-nonautonomous regulation of reproductive 

system development. This work reveals that early-life starvation compromises 

reproductive development and that vitellogenin-mediated intergenerational insulin/IGF-

to-insulin/IGF signaling mediates adaptation to nutrient availability. 

Using our SIA model, we go on to show that early-life starvation persistently 

activates PQM-1/SALL2 with pervasive effects on adult gene expression, including 

prominent effects on membrane biology. Early-life starvation increases fatty-acid 

synthetase fasn-1/FASN expression in pqm-1/SALL2-dependent fashion, and both genes 

promote SIA. Lipidomic analysis implicates phosphatidylcholine, and unsaturated 

phosphatidylcholine supplementation suppresses SIA. The fatty-acid desaturases fat-1 

and fat-4 inhibit and promote SIA, respectively, revealing a role of arachidonic acid-

containing phosphatidylcholine, the Lands cycle, and eicosanoid signaling. Indeed, fat-4 

increases eicosanoid levels in adults subjected to early-life starvation, and N-

acetylcysteine treatment suppresses SIA. This work shows that early-life starvation and 
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IIS converge on PQM-1/SALL2 to affect adult lipid metabolism and eicosanoid signaling, 

affecting stem-cell proliferation and tumor formation. 
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1. Introduction 
An overarching goal of developmental biology is to determine how eggs 

progress into adults. But when conditions are unfavorable for growth, organisms can 

cease development1. A common cause for developmental arrest is an absence of food 

leading to starvation. Organisms have evolved robust mechanisms not only to acquire 

and metabolize food, but also to survive and preserve themselves when starving or 

when conditions are otherwise not conducive for growth1. Considerably less attention 

has been paid to understanding how animals do not develop, and even less attention 

still to the consequences of arresting development. However, this biology is critical to 

our understanding of processes like cancer (a failure to arrest cell proliferation) and 

aging (a failure to activate stress-protective pathways associated with arresting 

development).  

Testament to this most fundamental of nature's challenges are survival versus 

development circuits. This describes two sets of highly conserved genes which are 

generally thought to have opposite functions; with one set promoting development and 

reproduction when conditions are favorable, and the other promoting stress protective 
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gene expression when conditions are unfavorable1-4. It is generally assumed that 

organisms engage only one of these gene expression programs at a time. This is likely 

attributable to large demands of fully engaging either circuit. Master coordinators of 

these programs are the insulin/insulin-like receptor (InsR) and its canonical downstream 

effector Forkhead box O (FoxO), as well as Target-Of-Rapamycin TOR, AMP-activated 

protein kinase (AMPK), and the sirtuin SIR1, which interact in complex context-specific 

ways to maintain homeostasis3,4. 

Organisms want to develop. Without complex regulatory networks that integrate 

environmental information to affect metabolism and signaling, organisms will 

essentially grow to death in adverse conditions5,6. This was elegantly demonstrated by 

Baugh et al, who showed that in the absence of FoxO (called daf-16 in C. elegans), animals 

failed to arrest cell division (a proxy for development) in abject starvation. These 

animals also lived a shortened amount of time in starvation5. In adult C. elegans, mutants 

deficient in InsR (daf-2 in C. elegans) hyperactivate daf-16 allowing animals to live 

extended lifespans and conferring resistance to a variety of stressors and cancer7,8. Here, 

a loss-of-function mutation in an essential and highly conserved gene is extending 



 

 

 

3 

 

 

lifespan. This uniquely demonstrates that organisms have evolved to regulate the onset 

of death. Encoded in virtually all organisms is a program that drives them through the 

aging process, and we have learned this process is epigenetically balanced by soma-

preserving processes. Remarkably, these processes can be modified genetically, 

providing us with clues about how we can influence aging to benefit humans. 

It is reasonable to ask why not always activate daf-16/FoxO? The answer seems to 

be that the incredible longevity and stress resistance of daf-2 mutants does not come 

without tradeoffs. C. elegans daf-2 mutants are about a day slower to reach adulthood9. 

They also have decreased reproduction9. This means in hospitable environments, daf-2 

mutants will always be out competed by wild type even though they are more stress 

resistant and live longer. However, life in the wild is seldom like the replete conditions 

in which laboratory animals are cultured. Nutrition is variable and unpredictable in 

availability, timing, type, and quality1,10. The work presented here demonstrates that in 

stressed worms, the division between survival and development circuits is not cleanly 

divided. Instead, we find that in stressful developmental scenarios animals essentially 

gamble with their somatic bodies to maintain a reproductive edge by balancing the 
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activity of survival versus development circuits in different ways. Importantly, we and 

others have shown this happens in isogenic populations of animals, which suggests this 

gamble is epigenetic in nature11,12. This means it is not a consequence of genes 

themselves, but how genes are expressed. Moreover, epigenetic regulation of gene 

expression has been shown to transcend individual generations11-19. This includes 

maternal effects but has been extended to many generations. Together these findings 

show that the survival versus development circuits can be tuned intra, inter-, and 

transgenerationally to influence organismal development in variable environments. 

Early life is a critical period during which environmental perturbations such as 

starvation can profoundly alter development20. This has been exposed in humans by The 

Dutch Hunger Winter and The Great Chinese Famine. From these examples, we learned 

the offspring of famine survivors were more likely than unperturbed cohorts to develop 

metabolic disorders, diabetes, lipid metabolic disorders, cardiovascular disease, and 

cancer21-23.  

We sought to model the effects of early-life starvation on adult pathology in C. 

elegans to study the intra- and intergenerational mechanisms and attempt to mitigate 
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adulthood pathology. C. elegans is an ideal model for these types of experiments for 

several reasons. First, C. elegans rapidly develop from an egg to an adult in about three 

days at standard culturing temperatures. Within another three days adult 

hermaphrodites will have laid roughly 300 self-fertilized eggs. Thus, animals can be 

scaled up quickly, crossed, and used in intergenerational studies.  Second, worms have 

transparent skin which facilitates DIC and fluorescent microscopy in intact animals. 

Finally, metabolism is well conserved between worms and humans. Importantly, unlike 

humans, C. elegans have the capacity to synthesize polyunsaturated fatty acids de novo 

using a series of individual desaturase enzymes which largely lack redundancy24. 

Therefore, mutants in this pathway provide powerful genetic tools to study the 

consequences of fatty acid metabolism. 

In Chapter 2, we discuss our findings that early-life starvation promotes the 

development of abnormalities in the reproductive organ called the gonad. We found 

starved animals developed hyperproliferative and undifferentiated tumors as well as 

highly differentiated, teratoma-like tumors that decreased reproductive success. 

Moreover, we found the mother's diet profoundly influenced her progeny's 
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susceptibility to developing gonad pathology by influencing IIS. Progeny from dietarily 

restricted (DR) mothers were provisioned with more vitellogenin, which reduced IIS in 

their progeny, engaging DAF-16 during recovery from starvation, and providing 

resistance against developing starvation-induced abnormalities. 

In Chapter 3, we use this model to show that the development of starvation-

induced abnormalities (SIA) requires enhanced free fatty acid synthesis and 

desaturation downstream of another IIS effector pqm-1/SALL2. We argue increased fatty 

acid synthetase fasn-1/FASN and fatty acid desaturase fat-4/FADs transcription results in 

increased levels of the membrane phospholipid phosphatidylcholine (PC) with 

polyunsaturated fatty acid (PUFA) tails. The PUFA tails of PC can be converted into 

potent regulatory signaling molecules called oxylipins25. Mutant worms which were 

resistant to SIA had reduced levels of arachidonic acid-derived oxylipins (called 

eicosanoids) and decreasing their activity genetically and pharmacologically reduced 

gonad abnormalities. Finally, we determined eicosanoids were regulating a subset of 

innate immune genes which we think are involved in adapting the developmental 

program of worms in response to anticipated and/or perceived adversity. 



 

 

 

7 

 

 

2. Insulin/IGF signaling and vitellogenin provisioning 
mediate intergenerational adaptation to nutrient stress 

This chapter was adapted from a manuscript of the same title published in Current 

Biology (2019). The authors are James M. Jordan, Jonathan D. Hibshman, Amy K. Webster, 

Rebecca E. W. Kaplan, Abigail Leinroth, Ryan Guzman, Colin S. Maxwell, Rojin Chitrakar, 

Elizabeth Anne Bowman, Amanda L. Fry, E. Jane Albert Hubbard, and L. Ryan Baugh 

2.1 Introduction 

The roundworm C. elegans reversibly arrests larval development during 

starvation1, but extended early-life starvation reduces reproductive success11,26. Maternal 

dietary restriction (DR) buffers progeny from starvation as young larvae, preserving 

reproductive success15. However, the developmental basis of reduced fertility following 

early-life starvation is unknown, and it is unclear how maternal diet modifies 

developmental physiology in progeny. We show here that extended starvation in first-

stage (L1) larvae followed by unrestricted feeding results in a variety of developmental 

abnormalities in the reproductive system, including glp-1/Notch-sensitive germ-cell 

tumors and uterine masses that express neuronal and epidermal cell-fate markers. We 

found that maternal DR and reduced maternal insulin/IGF signaling (IIS) increase 
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oocyte provisioning of vitellogenin lipoprotein, reducing penetrance of starvation-

induced abnormalities (SIA) in progeny, including tumors. Furthermore, we show that 

maternal DR reduces IIS in progeny, and that daf-16/FoxO and skn-1/Nrf, transcriptional 

effectors of IIS, are required in progeny for maternal DR and increased vitellogenin 

provisioning to suppress SIA. daf-16/FoxO activity in somatic tissues is sufficient to 

suppress SIA, suggesting cell-nonautonomous regulation of reproductive system 

development. This work reveals that early-life starvation compromises reproductive 

development and that intergenerational insulin/IGF-to-insulin/IGF signaling mediates 

adaptation to nutrient availability. 

2.2 Results and Discussion 

2.2.1 Early-life starvation causes reproductive abnormalities 

To determine how extended larval starvation compromises reproductive success, 

we compared early adult worms starved for 8 days as L1-stage larvae to control adults 

that were starved briefly, hereafter referred to as “starved” and “control”, respectively. 

Approximately half of the starved worms displayed prominent abnormalities in their 

reproductive system despite being well fed after the starvation period and in early 
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adulthood (Figure 1A-C). These abnormalities were highly variable, both among worms 

and between gonads in an individual worm. A small percentage of worms had 

abnormalities consistent with endomitotic reduplication (Emo), were severely egg-

laying defective (Egl), or became bags of worms (Figure 2A-C). However, the most 

common abnormalities fell on a spectrum ranging from gonads enlarged with 

proliferative germ cell nuclei evidenced using a germ-cell specific marker Pmex-5 (Pmex-

5::H2B::mCherry-positive 27, "mex-5+") to uterine masses consisting of largely Pmex-

5::H2B::mCherry-negative cells ("mex-5-", Figure 1B, Figure 2A,C). The mex-5+ gonad 

enlargements resembled proximal germ-cell tumors similar to those caused by “latent 

niche” signaling 28,29, and the mex-5- uterine masses were disorganized and appeared to 

contain differentiated cells reminiscent of teratoma-like tumors that form in aging 

adults30. Indeed, the majority of uterine masses expressed elt-1 and unc-119 reporter 

genes, embryonic markers of epidermal and neuronal cell fates, respectively, confirming 

somatic differentiation (Figure 1D, E). We observed similar abnormalities in three wild 

isolates subjected to 8 d L1 starvation (Figure 2D), suggesting that these abnormalities 

are not an artifact of the laboratory strain. Individuals with abnormalities produced 
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substantially smaller broods (Figure 1F), consistent with developmental abnormalities 

limiting reproductive success. 
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Figure 1: Early-life starvation followed by ad libitum feeding results in 
reproductive abnormalities.  

(A) Cartoon depicting organization of posterior gonad arm of an adult C. elegans 
hermaphrodite. Boxed area is enlarged to show region assessed for gonad abnormalities. 
The cartoon is not to scale and does not depict all germ cells. (B) Representative images 
of adult gonad arms from given conditions. Gonad is outlined with a white dashed line. 
Animals are oriented as in (A). Scale bars are 50 microns.  (C) Circles indicate the 
average of a biological replicate scoring at least 50 worms per condition per replicate. (D) 
Representative images of adult gonad arms after L1 starvation with ("Abnormal") or 
without ("Normal") uterine masses. Gonad is outlined with a white dashed line. Animals 
are oriented as in (A). Scale bar is 50 microns. (E) Circles indicate the frequency of 
uterine masses that are GFP-positive. At least 20 masses were scored per condition per 
replicate. (F) Circles indicate individual brood sizes from two biological replicates of 31 
and 35 starved worms total. In (B) and (F), ***p < 0.001; t-test. In (B), (E), and (F), cross 
bars reflect the mean. 
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Figure 2: Types of abnormalities and abnormalities in wild isolates. 

(A) Images of adult uteri displaying various types of gonad abnormalities at 400x. v = 
vulva; O = oocyte abnormality; Ab = abnormal embryos; U = uterine mass; GC = germ 
cell tumor. (B) Images of worms displaying various types of gonad abnormalities at 
200x. v = vulva; arrow heads indicate internally-hatched larvae. (C) Circles indicate 
frequency of given types of abnormalities found in starved populations of wild-type 
worms. At least 41 worms were scored per replicate. (D) Circles indicate biological 
replicates scoring at least 50 individuals from a given wild-type isolate on the first day of 
egg laying after 8 d L1 starvation. In (A) and (B), gonad and germline is outlined with 
white dashed lines when discernable. In (C) and (D), red cross bars reflect the mean. 
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2.2.2 Germ-cell masses result from discordant somatic and germline 
development 

Examination at 48 hr recovery suggested that somatic gonad and vulva 

development is aberrant, likely contributing to gonadal abnormalities observed later. 

For example, in some animals, rather than gathering in the proximal oviduct prior to the 

first ovulation, mature sperm are observed throughout the somatic gonadal area and 

adjacent to the vulva (Figure 3). In addition, abnormal somatic gonad-germline signaling 

may drive improper differentiation and tumorigenesis.  The Notch receptor GLP-1 and 

the RNA-binding protein GLD-1 regulate germline differentiation31. glp-1 activity 

maintains germline stem cells by preventing differentiation, and gain-of-function 

mutants develop germ-cell tumors32,33. We found that the gonad abnormalities we see in 

starved wild-type worms resemble proximal tumors and other gonad abnormalities seen 

in glp-1(ar202) gain-of-function mutants raised at a semi-restrictive temperature (Figure 

4A) 32. Starvation also appeared to increase penetrance of tumor formation in the mutant 

(Figure 4B). Further, animals heterozygous for the glp-1(e2072) loss-of-function mutation 

34 did not display gonad abnormalities following L1 starvation (Figure 4B), suggesting 

development of abnormalities is sensitive to glp-1 dosage. gld-1 promotes meiosis and 
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differentiation, and class A loss-of-function mutants develop germ-cell tumors 35. In our 

control conditions, early-adult gld-1(q485) null mutants developed proximal germ-cell 

tumors but heterozygous mutants did not (Figure 4C,D), as expected. When subjected to 

8 d L1 starvation, however, heterozygous mutants developed tumors and the size of the 

tumors in homozygous mutants was substantially enlarged (Figure 4C, D). gld-1 

mutants do not perform physiological apoptosis8,36. Thus, the absence of large tumors in 

control gld-1 mutants and our glp-1 results suggest that extended L1 starvation alters 

proliferation of germ cells, disrupting coordination of germline development. Based on 

our observation of proliferative germ cells in the proximal gonad (adjacent to the vulva), 

we believe that extended starvation causes heterochronically discordant somatic and 

germline development. 
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Figure 3: Ectopic sperm after starvation.  

Representative images of wild-type, L4 larvae recovering from starvation and stained 
with 4′,6-diamidino-2-phenylindole (DAPI) then imaged at 1000x. Triangles indicates 
vulva and arrow heads indicate ectopic sperm nuclei. 
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Figure 4: Early-life starvation followed by ad libitum feeding results in the 
formation of glp-1/Notch-sensitive germ-cell masses. 

(A) Representative image of glp-1gf(ar202) from control conditions at permissive and 
semi-permissive temperature. (B) Circles indicate the average of a biological replicate 
scoring at least 40 worms per condition per replicate. *p < 0.05, ** < 0.01; t-test between 
control and starved. #p < 0.05, ### < 0.001; t-test between starved mutant and starved 
wild type. (C) Representative images of adult gld-1(q485) mutants from given conditions. 
(D) Gonad arms were assigned to four classes as indicated and biological replicates 
scoring at least 30 worms per condition each are plotted as circles. ***p < 0.001; t-test 
between frequencies of control and starved abnormalities of given type. In (A) and (C), 
gonads are outlined with a white dashed line and scale bars are 50 microns. In (B) and 
(D), cross bars reflect the mean.  
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2.2.3 Maternal effects of dietary restriction and reduced IIS on 
starvation-induced abnormalities 

Because maternal DR buffers progeny reproductive success from the costly 

effects of L1 starvation15, we wondered whether maternal DR reduces the incidence of 

gonad abnormalities caused by extended L1 starvation. We obtained progeny from 

parents cultured in ad libitum (AL) or DR conditions, using bacterial dilution in a well-

controlled liquid-culture system15,37, and starved them for 8 d as L1 larvae. Fewer DR 

progeny developed gonad abnormalities after starvation than AL progeny (Figure 5A), 

revealing an intergenerational effect of DR on pathological consequences of early-life 

starvation. 

Since DR in our bacterial-dilution culture system reduces IIS, and reduction of 

maternal IIS buffers progeny reproductive success15, we hypothesized that reduction of 

maternal IIS protects progeny from L1 starvation-induced reproductive abnormalities. 

RNAi of the only known IIS receptor daf-2/InsR reduced penetrance of SIA in progeny 

(Figure 5B). However, since RNAi itself is heritable38, it is unclear if this result reflects 

maternal or zygotic function of daf-2. We therefore performed RNAi in a hrde-1 (heritable 

RNAi defective) mutant39 to reduce zygotic effects of RNAi in progeny. Maternal daf-2 
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RNAi in this background also reduced penetrance of abnormalities in progeny (Figure 

5B), consistent with our hypothesis. However, this experiment does not distinguish 

between maternal and paternal effects of IIS. We therefore used a fog-2 (feminization of 

germline) mutant, which has a male-female mating system, to perform crosses with daf-

2(e1370) to identify parent-of-origin effects. Mutation of daf-2 resulted in maternal but 

not paternal decrease in SIA in progeny (Figure 5C). This result suggests that the 

intergenerational effect of IIS, and by extension DR, is due to a maternal effect rather 

than epigenetic inheritance. In summary, these results indicate that reduction of 

maternal IIS protects progeny from pathological consequences of early-life starvation.  
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Figure 5: Maternal dietary restriction and reduced IIS increase vitellogenin 
provisioning and reduce progeny insulin/IGF signaling. 

 (A) Frequency of all gonad abnormalities; average of 49 progeny from ad libitum-fed 
(AL) or dietary restricted (DR) parents per replicate. *interaction p-value < 0.05; two-
way analysis of variance (ANOVA). (B) Frequency of all gonad abnormalities in starved 
progeny from parents fed the indicated RNAi diet; at least 42 worms per replicate. (C) 
Frequency of all gonad abnormalities in starved cross progeny; at least 34 worms per 
replicate. (D, E) Circles indicate Pvit-2::VIT-2::GFP (pwIs23) fluorescence intensity of 
individual 1-4 cell embryos from parents raised in AL or DR conditions (D) and fed 
empty vector or daf-2 RNAi (E). Representative images of Pvit-2::VIT-2::GFP in 4-cell 
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embryos are also provided for each condition. Three biological replicates of at least 24 
embryos; cross bars reflect the mean of all embryos measured. A linear mixed-effect 
model was fit to all data with maternal diet as a fixed effect and biological replicate as a 
random effect; ***p < 0.001. Note that baseline discrepancy in VIT-2::GFP intensity is 
likely attributable to differences in culture methods (i.e., liquid versus solid media and E. 
coli HB101 versus HT115). (F) Summed density of wild-type yolk proteins 170, 115 and 
88, relative to total protein on a gel. Lines connect results from five biological replicates. 
**p < 0.01; paired t-test.  (G) Frequency of all gonad abnormalities in progeny from 
hrde-1 parents treated with the indicated RNAi; C = control, S = starved; at least 40 
individuals were scored per condition. *interaction p < 0.05, **p < 0.01; two-way 
ANOVA compared to gfp RNAi on means of replicates. (H) Frequency of all gonad 
abnormalities in starved self and cross progeny of the indicated genotype; at least 33 
animals were scored per condition per replicate. (I) daf-2 mRNA read counts per million 
(CPM) in arrested L1 progeny of AL or DR parents. *q < 0.1. The full set of 
differentially expressed genes in progeny of parents fed AL and DR is listed in Table S1. 
Gene ontology (GO) terms for these genes are shown in Table S2. See Table S3 for daf-
16 signature analysis of these genes. (J) Frequency of worms with intestinal nuclear 
GFP::DAF-16; 50 worms per condition per replicate; lines connect results from 
individual replicates. **p < 0.01; paired t-test of AL vs. DR across all replicates and 
stages. Insets are representative images of L1 larvae with cytoplasmic GFP::DAF-16 
localization (left) or nuclear GFP::DAF-16 localization (right); white arrows indicate 
intestinal nuclei; scale bar is 5 microns. (K) Frequency of all gonad abnormalities in 
starved progeny of AL or DR parents raised on indicated RNAi food; at least 50 worms 
per replicate. (L) Frequency of all gonad abnormalities in starved hrde-1 mutants grown 
on the given RNAi food in each generation; at least 41 worms were scored per condition 
per replicate. (M) Frequency of all gonad abnormalities in starved progeny of the given 
genotype and raised on empty vector or daf-16 RNAi; at least 41 animals were scored per 
condition per replicate. (N) daf-16 target gene expression changes in progeny of hrde-1 
parents fed empty vector or daf-2 RNAi. p = 3.664 x 10-15; Kolmogorov-Smirnov test. 
(A-C, F-M) Circles indicate biological replicates and cross bars reflect their mean. (A-C, 
F-H, K-M) * p < 0.05, ** p < 0.01, ***p < 0.001; t-test on means of replicates. 
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Figure 6: Maternal dietary restriction increases vitellogenin provisioning.  

(A) Pvit-2::VIT-2::GFP (crg9070) fluorescence intensity of individual 1-4 cell embryos 
from parents fed AL or DR. Three biological replicates of at least 20 embryos per 
condition were pooled. ***interaction p-value < 0.001; normalized linear mixed effects 
model. (B) Image of total protein gel from embryo lysate. Embryos were harvested from 
parents fed the given RNAi. Bands of interest are denoted on the left side with molecular 
weight (MW) indicated on the right. (C) Circles indicate the relative densities of each 
band of interest. **p < 0.01; paired t-test. (D) Circles indicate the frequency of progeny 
from wild-type parents treated with the given RNAi that developed gonad abnormalities. 
At least 40 individuals were scored per condition in three biological replicates. *pinteraction 
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< 0.05; two-way ANOVA when compared to gfp. Note that gfp starved data is duplicated 
from Figure 5B as these experiments were performed concurrently. (E) daf-16-target 
gene expression changes in progeny of hrde-1 parents fed empty vector or pitr-1 RNAi. p 
= 0.066; Kolmogorov-Smirnov test. (F) Circles indicate the frequency of animals with a 
gonad abnormality in the starved progeny of parents cultured on empty vector or daf-2 
RNAi. *p < 0.05; t-test. At least 41 animals were scored per condition per replicate. In 
(A), (C), (D), and (F), cross bars reflect the mean. 
 

2.2.4 Vitellogenin provisioning mediates maternal effects 

Maternal provisioning of vitellogenin lipoprotein supports L1 starvation 

resistance and is affected by maternal age12,40.  DR worms produce larger embryos15, 

suggesting oocyte provisioning could be affected. Two different VIT-2 reporter proteins 

were more abundant in early (1-4 cell) embryos from DR parents than embryos from AL 

parents (Figure 5D, Figure 6A), consistent with maternal DR increasing vitellogenin 

provisioning. In addition, daf-2/InsR RNAi increased VIT-2 reporter levels, consistent 

with reduced IIS increasing vitellogenin provisioning (Figure 5E). Further, embryo 

lysate contained more vitellogenin protein YP170 and YP115 when parents were 

subjected to daf-2 RNAi (Figure 5F, Figure 6B,C). To address physiological significance 

of altered vitellogenin provisioning, we used RNAi in parents to alter provisioning. We 

targeted rme-2, which is required in developing oocytes for receptor-mediated 
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endocytosis of vitellogenin41, as well as two of six vitellogenin genes (vit-1 and vit-5). 

rme-2 RNAi was apparently inherited, as germline development was affected in progeny 

whether starved or not (Figure 6D), complicating interpretation. We therefore used a 

hrde-1 mutant background to eliminate inheritance of silencing 39, allowing us to isolate 

maternal function of each gene. In this background, maternal RNAi of rme-2 had a small, 

insignificant effect in control progeny, but penetrance of starvation-induced gonad 

abnormalities was significantly increased (Figure 5G). Maternal RNAi of vit-1 and vit-5 

in the hrde-1 mutant background had a similar but weaker effect (Figure 5G). 

Conversely, increasing provisioning using a pitr-1 mutant42 suppressed the effects of L1 

starvation (Figure 5H). This was also true when controlling specifically for maternal 

effects (Figure 5H). Together these results suggest that nutrient availability and IIS affect 

maternal vitellogenin provisioning and that increased vitellogenin levels protect 

progeny from pathological consequences of early-life starvation. 

2.2.5 Maternal dietary restriction effects progeny IIS 

Analysis of transcript abundance by RNAseq revealed intergenerational effects 

of maternal DR on progeny gene expression. 114 genes were differentially expressed on 
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the first day of L1 starvation in DR progeny compared to AL progeny (FDR < 0.1). Gene 

Ontology (GO) term enrichments included terms related to IIS, including "innate 

immune response" and "regulation of dauer entry" (Table 1).  

Table 1: Gene Ontology terms from genes differentially expressed during L1 
arrest in progeny of DR parents compared to AL parents. 

GO Term Description P-value FDR q-value Enrichment 
GO:0045087 innate immune response 1.7E-08 9.6E-05 8.2 
GO:0006955 immune response 2.0E-08 5.6E-05 8.1 
GO:0002376 immune system process 2.8E-08 5.4E-05 7.8 
GO:0006952 defense response 6.1E-08 8.7E-05 6.5 
GO:1905910 negative regulation of dauer entry 1.2E-05 1.3E-02 60.8 
GO:0006950 response to stress 5.1E-05 4.8E-02 3 
GO:1905909 regulation of dauer entry 5.3E-05 4.3E-02 38.7 

 

Expression of daf-2/InsR was decreased in DR progeny (Figure 5I). DAF-2/InsR 

antagonizes function of the FoxO transcription factor DAF-16 in response to IIS43, and 

regulatory targets of daf-16/FoxO define a transcriptional signature of reduced IIS44. 

Despite the relatively small number of differentially expressed genes, genes up-

regulated in DR progeny were significantly enriched for Class I daf-16 targets (activated 

by daf-16; p < 0.05), and down-regulated genes were significantly enriched for Class II 

targets (repressed by daf-16; p < 0.001) (Table 2), consistent with reduced IIS in DR 
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progeny. DAF-2/InsR regulates localization of DAF-16, with DAF-16 shifting from 

cytoplasmic to nuclear when IIS is reduced43. GFP::DAF-16displayed strong nuclear 

localization during L1 starvation, as expected45, but appeared even more completely 

localized to nuclei in DR progeny (Figure 5J). GFP::DAF-16was relatively more 

cytoplasmic in fed than starved larvae, as expected, but it was relatively more nuclear in 

DR progeny (Figure 5J). These results collectively support the conclusion that maternal 

DR decreases IIS in progeny.  

Table 2: daf-16 target genes in AL and DR progeny 

Intersection and hypergeometric p-values of daf-16-target genes and genes up or 
downregulated during L1 arrest in progeny of DR parents compared to AL parents. 
  

Intersection P-value Enrichment 
daf-16 class I targets    

 upregulated    
7 0.04 (*) 2.2  

downregulated 
  

 
7 0.2 (n.s.) 1.49 

daf-16 class II targets 
   

 
upregulated 

  
 

3 0.5 (n.s.) 1.2  
downregulated 

  
 

12 0.0003 (***) 3.25 
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To determine whether intergenerational reduction of IIS caused by maternal DR 

has functional consequences, we examined the effects of reduced daf-16/FoxO and skn-

1/Nrf, both effectors of IIS43. RNAi of each gene caused a modest but insignificant 

increase in the penetrance of abnormalities in AL progeny starved for 8 d as L1 larvae 

(Figure 5K). However, daf-16 RNAi and skn-1 RNAi both clearly disrupted the protective 

effect of maternal DR on progeny (Figure 5K), indicating that their function is required 

in progeny to reduce starvation-induced abnormalities. These results further support the 

conclusion that maternal DR reduces progeny IIS, protecting progeny from pathological 

consequences of early-life starvation by promoting the activity of daf-16/FoxO and skn-

1/Nrf. daf-16 is required for enhanced provisioning to suppress gonad abnormalities 

(Figure 5L), supporting the conclusion provisioning improves progeny response to 

nutrient stress by modifying IIS. Next, we show reducing maternal IIS or increasing 

provisioning with pitr-1 RNAi in a hrde-1 background increases daf-16 class I target gene 

expression and decreases daf-16 class II target gene expression (Figure 5M and Figure 

6E). Finally, we show that daf-16 is required in the progeny of hrde-1 parents with 

reduced IIS to suppress starvation-induced gonad abnormalities (Figure 6F). Together, 
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these results support a model where maternal dietary restriction and reduced maternal 

IIS increases vitellogenin provisioning, thus reducing progeny IIS, engaging daf-16, and 

ultimately, mitigating starvation-induced gonad abnormalities. 

2.2.6 Reduced IIS suppresses development of starvation-induced 
abnormalities 

Recovering starved L1 larvae in conditions that reduce IIS suppresses 

development of gonad abnormalities. Dramatically fewer starved larvae recovering in 

DR or in conditions that induce dauer diapause46,47 (followed by recovery from dauer in 

AL conditions) displayed abnormalities (Figure 7A and Figure 8A). These results are 

consistent with a protective effect of reduced IIS during development after starvation, 

but other pathways affected by these conditions could also be involved. daf-2(e1370) 

mutants also developed fewer abnormalities (Figure 7B). Likewise, skn-1/Nrf gain-of-

function mutants developed fewer abnormalities in daf-16-independent fashion (Figure 

7C). Though consistent with reduced IIS suppressing starvation-induced gonad 

abnormalities, it is unclear when during the lifecycle these mutations exert their effect. 

We therefore used RNAi to perturb gene function during development after L1 

starvation. RNAi of daf-2 (or double RNAi of daf-2 and gfp) reduced the frequency of all 
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types of abnormalities (Figure 7D,E and Figure 8C), demonstrating that reducing IIS 

during recovery of previously starved larvae suppresses development of abnormalities. 

Suppression depended on daf-16/FoxO and skn-1/Nrf (Figure 7E), as seen with maternal 

DR (Figure 5K). These results demonstrate that reduced IIS preserves developmental 

integrity following early-life starvation. 
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Figure 7: Reducing somatic insulin/IGF signaling during recovery from early-
life starvation suppresses gonad abnormalities.  

(A) Wild-type worms were starved for 8 d and recovered in ad libitum (AL), dietary 
restriction (DR) or dauer-forming conditions followed by AL feeding (Dauer to AL). 
Circles indicate the average of a biological replicate scoring at least 40 worms per 
condition per replicate. (B) Circles indicate the average of a biological replicate scoring 
at least 38 animals per condition per replicate. (C) and (E) Circles indicate the average of 
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a biological replicate scoring at least 50 starved worms per condition per replicate. (D) 
Representative image of worms from indicated conditions. Gonad and uterus are outlined 
with a dashed white line. Scale bar is 50 microns. (F) Circles indicate the average of a 
biological replicate scoring at least 50 starved worms per condition per replicate. rrf-1 
and ppw-1 mutants are defective for somatic and germline RNAi, respectively.  (G) 
Tissue-specific rescue of daf-16. Circles indicate the average of a biological replicate 
scoring at least 50 worms per condition per replicate. Asterisks indicate comparisons 
between wild type and the other genotypes. Pound signs indicate comparisons within 
genotypes between empty vector and daf-2 RNAi; #p < 0.05, ## < 0.01, ### < 0.001; t-
test. daf-16(mu86) null mutants do not survive 8 days of L1 starvation; therefore these 
animals were starved for three days. Other genotypes were starved for 8 d.  (H) Circles 
indicate the average of a biological replicate scoring abnormal embryo frequencies for 
daf-2 mutant and RNAi, scoring at least 100 embryos per condition (Control (C); Starved 
(S)) per replicate. In (A) through (C) and (E) through (H), *p < 0.05, ** < 0.01, *** <  
0.001; t-test. (I) Circles indicate individual brood sizes from five biological replicates of 
~18 individuals per condition per replicate. A linear mixed effect model was fit to all data 
with RNAi and length of starvation as fixed effects and biological replicate as a random 
effect. ***interaction p-value < 0.001. (J), Model of intergenerational modification of IIS 
and its consequences on organismal physiology. In (A) through (C) and (E) through (I), 
cross bars reflect the mean. 

 

We wondered where in the animal IIS functions to affect reproductive 

development following L1 starvation. We performed RNAi in mutants that largely 

restrict RNAi to the germline or soma48,49 to address this question. The effects of daf-2 

and daf-16 RNAi were abrogated in a mutant background that restricts RNAi primarily 

to the germline but were retained in a mutant background that restricts RNAi primarily 

to the soma (Figure 7F), suggesting that these genes function in the soma to suppress 
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development of starvation-induced abnormalities. Tissue-specific transgenic rescue of a 

daf-16 null mutant showed that overexpression of daf-16 without daf-2 RNAi is sufficient 

to suppress abnormalities, but that daf-2 RNAi enhances suppression (Figure 7G). These 

results corroborate results using double RNAi (Figure 7E,F), and they reveal that daf-16 

can function cell-nonautonomously in the epidermis, intestine or neurons to regulate 

reproductive development following L1 starvation. These sites of action have been 

identified for daf-16 in regulating developmental arrest and aging50-53, but not germline 

proliferation where daf-2 acts germ cell-autonomously in late-larval stages to promote 

germ-cell proliferation54 but acts cell-nonautonomously in the somatic gonad during 

aging to antagonize germline progenitor cell loss55. Thus, the role of IIS in germline 

development during recovery from L1 starvation appears to involve a different 

mechanism. Nonetheless, multiple lines of evidence support the conclusion that 

reduction of somatic IIS during development protects worms from pathological 

consequences of early-life starvation. 

We used a gld-1 mutant to further investigate the effect of IIS on proliferation in 

germ-cell tumors. 8 d L1 starvation increased the size of proximal tumors in this 
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differentiation-defective mutant (Figure 8D,E), as before (Figure 4C,D). daf-2 RNAi 

suppressed the effect of starvation, decreasing tumor size, in daf-16-dependent fashion 

(Figure 8D,E). These results suggest that reduction of IIS inhibits a hyperproliferative 

state of germ cells induced by extended L1 starvation. 

 

Figure 8: Reduced insulin/IGF signaling decreases germline proliferation 
following early-life starvation. 

(A), (B), and (D) Representative images of early adult worms from indicated conditions. 
(C) Circles indicate frequency of given types of abnormalities found in starved 
populations of wild-type worms cultured on empty vector (EV) or daf-2 RNAi. At least 
50 worms were scored per condition per replicate. (E) daf-2 and daf-16 RNAi in starved 
gld-1(q485). Circles indicate the average of a biological replicate, scoring at least 30 
worms per condition per replicate.; *p < 0.05, ** < 0.01, *** < 0.001; t-test. In (B) and 
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(D), Gonad and uterus are outlined with a dashed white line. Scale bar is 50 microns. In 
(C) and (E), cross bars reflect the mean. 

 

In addition to reduced brood size, extended L1 starvation results in production 

of abnormally shaped, small embryos with reduced hatching efficiency11. Reduction of 

IIS by daf-2 mutation or RNAi suppressed production of abnormal embryos, and it 

increased brood size following 8 d L1 starvation (Figure 7H,I). These results further 

demonstrate that the starvation-induced gonad abnormalities we have described 

compromise reproductive success, presumably reducing organismal fitness, and they 

show that reducing IIS following early-life starvation increases reproductive success. 

 

2.3 Conclusions 

We have shown that early-life starvation in C. elegans leads to developmental 

abnormalities in the reproductive system, including germ-cell tumors, and that these 

abnormalities reduce reproductive success (Figure 7J). Our results suggest that extended 

starvation followed by unrestricted feeding disrupts regulation of germ-cell 

development, leading to tumor formation. Remarkably, maternal DR, and specifically 

maternal reduction of IIS, mitigates these pathological consequences of starvation. By 
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showing a strictly maternal effect of reduced IIS, as opposed to a paternal effect, our 

results suggest that epigenetic inheritance is not involved, though maternal parent-of-

origin epigenetic effects remain a possibility. Consistent with a maternal effect, we show 

that DR increases maternal vitellogenin provisioning and reduces IIS in progeny. We 

also show that somatic reduction of IIS following L1 starvation suppresses germ cell 

hyperproliferation and development of reproductive abnormalities via activation of daf-

16/FoxO and skn-1/Nrf, preserving developmental integrity and reproductive success. 

Together with our previous work showing that DR acts through maternal IIS to affect 

progeny size and starvation resistance15, this work suggests that IIS in one generation 

can affect IIS in the next generation to mediate intergenerational adaptation to nutrient 

availability. Insulin signaling is frequently altered in mammalian models of maternal 

dietary effects on offspring56, suggesting conservation of a central role of IIS in 

mediating physiological trade-offs between generations. 
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3. Early-life starvation affects phosphatidylcholine 
metabolism and eicosanoid signaling in adults to cause 
pathology 

This chapter was adapted from a manuscript of the same title which is currently in 
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3.1 Introduction 

The roundworm C. elegans has robust starvation responses, and the signaling and 

gene-regulatory pathways controlling its metabolism are widely conserved, making it a 

valuable animal model for developmental consequences of nutrient stress57-59. When C. 

elegans larvae hatch in the absence of food they arrest development in the first larval 

stage (L1 arrest or L1 diapause)1. Larvae in L1 arrest continue foraging, and they initiate 

post-embryonic development when they feed. They can survive starvation during L1 

arrest for weeks, but we found that many individuals develop germline tumors and 

other gonad abnormalities during early adulthood after being starved for a week as 

larvae and then fed ad libitum16. We also reported that reducing insulin/IGF signaling 

(IIS) with RNAi against the sole known insulin/IGF receptor (InsR) in C. elegans, daf-2, 

during larval development after starvation suppresses starvation-induced abnormalities 

(SIA) in adults. Reducing DAF-2/InsR signaling promotes nuclear localization and 

activation of the transcription factor DAF-16/FoxO7,45,60, and daf-16 is required for 

reduced IIS to suppress SIA16. DAF-16 antagonizes the transcription factor PQM-

1/SALL2 such that PQM-1 is inhibited by reduced IIS44. However, mechanisms by which 
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early-life starvation promotes and DAF-16/FoxO inhibits development of SIA are 

unknown.   

Phosphatidylcholine is an abundant phospholipid and major constituent of 

cellular membranes. Fatty acid tails can be removed from phosphatidylcholine by 

phospholipase A2 in the Lands cycle, and if they are unsaturated they are prone to 

oxidation, producing powerful signaling molecules known as oxylipins25,61-63. If the 

oxylipins are derived from polyunsaturated, twenty-carbon fatty acids such as 

arachidonic acid, then they are known as eicosanoids64. Oxylipins regulate a variety of 

processes including proliferation, differentiation, inflammation, and other types of 

signaling activity and are implicated in cancer64,65.  

Here we integrate transcriptomic and lipidomic analyses with genetic and 

pharmacological interventions to elucidate the consequences of early-life starvation and 

reduced IIS. We report that extended starvation during L1 arrest increases activity of 

PQM-1/SALL2 in fed larvae and adults, affecting expression of lipid metabolic genes 

including the fatty-acid synthetase fasn-1/FASN. Along with IIS, pqm-1 and fasn-1 

promote SIA. Lipidomic analysis revealed elevated levels of phosphatidylcholine in 
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adults that were starved as larvae, and supplementation with unsaturated 

phosphatidylcholine suppressed SIA. We propose that unsaturated tails of 

phosphatidylcholine are removed in the Lands cycle and oxidized to produce potent 

signaling molecules, affecting gene expression and germ-cell proliferation. In support of 

this model, mutation of the ∆5 fatty-acid desaturase fat-4/FADS reduces arachidonic 

acid-derived eicosanoid levels and eliminates SIA. This work connects IIS and PQM-

1/SALL2-based transcriptional regulation to lipid metabolism and eicosanoid signaling, 

elucidating how early-life starvation causes adult pathology. 

3.2 Results 

3.2.1 Early-life starvation has pervasive effects on adult gene 
expression 

We characterized the effects of early-life starvation and reduced IIS during larval 

development on adult gene expression using mRNA-seq of whole worms. In our two-

factor design (Figure 9A), 'starved' worms were cultured without food (E. coli) as L1-

stage larvae (L1 arrest) for eight days, and 'control' worms were starved overnight for 

synchronization. Both populations were fed ad libitum with empty vector (EV; negative 

control) or daf-2/InsR RNAi food (reduced IIS). RNAi was used rather than a daf-2 
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mutant so that the results would not be confounded by daf-2 function during starvation, 

instead disrupting daf-2 later in fed, developing larvae. Upon reaching adulthood, 

animals were collected for transcript profiling and scored for the presence of germ-cell 

tumors, differentiated uterine masses, and other gonad abnormalities (Figure 9B)16.  

The results demonstrated reciprocal effects of early-life starvation and IIS on 

adult gene expression. Principal component analysis (PCA) revealed a major effect of 

starvation in the first component and a secondary effect of IIS in the second component 

(Figure 9C). Notably, the effect of early-life starvation on adult gene expression 

appeared smaller with daf-2 RNAi, consistent with suppression of SIA (Figure 9B)16. 

There was a significant negative correlation between the effects of starvation on empty 

vector and effects of daf-2 RNAi in starved worms (Figure 9D), showing that reduced IIS 

during larval development suppresses starvation-induced gene expression changes. 

Notably, the effect of starvation was skewed, with increases in expression more 

prominent than decreases. Expression of 2,018 (68%) of the 2,961 genes affected by 

starvation was increased, and strikingly, it was reduced for 921 (46%) of those 2,018 

genes when starved worms were recovered on daf-2 RNAi (false-discovery rate (FDR) < 
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0.1) (Figure 9E; Supp. File 1). These results show that for most genes affected by 

extended L1 starvation, their expression is increased in adults, and that these increases 

are largely suppressed by reduced IIS during development. Gene ontology (GO) term 

analysis of such genes identified "integral component of membrane" among other 

notable terms including "cell-cell adhesion", "oxidoreductase activity" and "innate 

immune response" (Figure 9F). These results reveal that early-life starvation and IIS 

converge on the regulation of many genes in adult worms, and they suggest that 

membrane biology is affected, potentially contributing to the pathological effects of 

early-life starvation.  
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Figure 9: Early-life starvation and IIS have reciprocal effects on adult gene 
expression. 

A) Diagram of the experimental design. Embryos are collected from well-fed mothers 
and cultured without food. They hatch and arrest development as L1-stage larvae. 



 

 

 

42 

 

 

'Control' animals are starved in L1 arrest for about 12 hr, synchronizing the population, 
and 'starved' animals are starved for 8 d. Both are recovered on empty vector (EV) or daf-
2 double-stranded RNA-expressing (RNAi) E. coli HT115. Samples are collected for 
various assays at egg-laying onset. B) Representative differential-interference contrast 
images of control and starved worms at egg-laying onset recovered with EV or daf-2 
RNAi food. Starvation caused abnormalities on EV but not daf-2 RNAi food. Gonads are 
outlined in white dashed lines. ugc = undifferentiated germ cells, ut = uterus, o = oocytes, 
e = embryos, # = gonad abnormality. C) The first two components from principal 
component analysis of mRNA-seq results is plotted. Samples were collected at egg-
laying onset as depicted in A. D) Log2 fold-changes are plotted for the effect of starvation 
on EV and the effect of daf-2 RNAi in starved worms. ***p < 0.001; Pearson test. E) 
Venn diagrams of differentially expressed genes (FDR < 0.1) are plotted. F) GO terms 
enriched among the 921 genes that are up in starved worms and down with daf-2 RNAi. 
List was trimmed for clarity (see methods; complete results can be found in Supp. File 5). 
 

3.2.2 pqm-1/SALL2 promotes starvation-induced abnormalities 

We interrogated the expression of known daf-16/FoxO target genes in our 

mRNA-seq data. DAF-16 activates transcription of 'class I' genes, which are thought to 

promote stress resistance, and it represses 'class II' genes, which are thought to promote 

development 44. Curiously, class I and II genes displayed increased expression in adults 

starved as L1 larvae (Figure 10A). PQM-1/SALL2 activates class II genes, and DAF-16 

repression of class II genes is an indirect effect of DAF-16 antagonizing PQM-1. 

Furthermore, PQM-1 activates class I and II genes44. Thus, increased expression of class I 

and II genes suggests that extended L1 starvation persistently activates PQM-1. In 
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contrast, daf-2 RNAi caused class II targets to decrease in expression (Figure 10B), 

consistent with reduced IIS increasing DAF-16 activity and decreasing PQM-1 activity, 

as expected44. Together these results suggest early-life starvation persistently increases 

PQM-1 activity and that reduction of IIS decreases PQM-1 activity. 

To test this hypothesis, we assayed nuclear localization of DAF-16 and PQM-1 as 

a proxy for the activity of each. Both GFP-fusion proteins were more frequently localized 

to the nucleus in fed L4-stage larvae that had been starved as L1 larvae (Figure 10C, D), 

suggesting increased activity of both factors, and consistent with increased expression of 

class I and II genes (Figure 10A). However, daf-2 RNAi further increased nuclear 

localization of DAF-16::GFP, and it significantly decreased nuclear localization of PQM-

1::GFP, consistent with decreased expression of class II genes following daf-2 RNAi 

(Figure 10B). Based on correlation, these results suggest that PQM-1 promotes SIA. 

Consistent with this hypothesis, pqm-1 RNAi suppressed SIA (Figure 10E). Together 

these results suggest that early-life starvation persistently activates PQM-1, and that 

PQM-1 promotes SIA, but that reducing IIS inhibits PQM-1 to suppress SIA. 
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Figure 10: Early-life starvation persistently activates pqm-1/SALL2 to promote 
gonad abnormalities. 

A, B) Cumulative fold-change distributions are plotted for daf-16 class I and II target 
genes 44 versus all other detected genes in black. ***p < 0.001; Kolmogorov-Smirnov. 
C) Representative images of nuclear localization of DAF-16 and PQM-1 reporter 
proteins. D) Frequency of worms with nuclear PQM-1::GFP or DAF-16::GFP in 
intestinal cells after 48 hours of recovery. Circles indicate a biological replicate scoring at 
least 30 worms. Closed dots indicate the mean. Representative images with arrows 
indicating nuclear protein. E) Frequency of worms with gonad abnormalities after 
recovery on daf-2 or pqm-1 RNAi. D, E) *p < 0.05, **p < 0.01, and ***p < 0.001; 
unpaired t-test. 
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3.2.3 pqm-1/SALL2 activates transcription of fasn-1/FASN which 
promotes starvation-induced abnormalities 

Given strong enrichment of genes annotated as 'integral component of 

membrane' among those affected by early-life starvation and IIS (Figure 9F), we sought 

to identify candidate lipid or membrane-related class II genes that may contribute to 

SIA. Fatty-acid synthetase (FASN) controls rate-limiting conversion of carbohydrates 

into free fatty acids, which are either subjected to beta-oxidation to generate energy or 

incorporated into phospholipid bilayers. By affecting phospholipid bilayers, FASN can 

affect membrane structure, membrane permeability, immune response, and gene 

expression66. In addition, FASN is up-regulated in a variety of cancers and is a potential 

chemotherapeutic target67-69. Notably, fasn-1/FASN, the sole C. elegans FASN homolog, is 

a class II gene with increased expression in adult worms starved as L1 larvae (Figure 

11A). However, fasn-1 expression does not increase following starvation when worms 

are recovered on daf-2 RNAi food, making it an ideal candidate. We confirmed this 

pattern of regulation using a fasn-1p::GFP transcriptional reporter. This reporter is 

expressed throughout the intestine in early adulthood, and its expression is elevated by 

prior L1 starvation, except when larvae are recovered from starvation on daf-2 or pqm-1 
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RNAi food (Figure 11B,C). These results show that fasn-1 transcription is persistently 

activated in worms subjected to early-life starvation in IIS and PQM-1-dependendent 

fashion.  

We sought to disrupt fasn-1/FASN function to test the hypothesis that it 

promotes SIA. Disrupting gene function with RNAi is better than mutants in this context 

since RNAi uncouples effects of function during starvation and development. However, 

fasn-1 RNAi resulted in larval growth arrest, and gonad abnormalities could not be 

assayed, so we instead tested viable fasn-1 hypomorphs. fasn-1 mutant alleles g14 and fr8 

both reduced SIA (Figure 11D,E). These results show that the persistent, PQM-1-

dependent activation of fasn-1 expression promotes SIA, and they support the 

hypothesis that early-life starvation alters adult lipid metabolism. 
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Figure 11: Early-life starvation persistently activates fasn-1/FASN transcription 
in pqm-1/SALL2 and IIS-dependent fashion, and fasn-1 promotes gonad 

abnormalities. 

A) fasn-1 mRNA-seq read counts per million (CPM) in control and starved worms 
recovered on EV or daf-2 RNAi food. *FDR < 0.05 and ***FDR < 0.001. B) 
Representative images of the posterior region of adult worms (72 hr recovery) expressing 
fasn-1p::gfp. Worms are outlined in white dashed lines. C) Open dots represent the 
average intensity of fasn-1p::gfp in posterior intestine from two control replicates and 
three starved replicates. Closed dots indicate the mean. *pinteraction < 0.05; two-way 
ANOVA. D) Representative images of control and starved fasn-1(g14). Gonads are 
outlined with white-dashed lines. ugc = undifferentiated germ cells, ut = uterus, e = 
embryos, and o = oocytes. E) Open dots indicate the frequency per replicate of starved 
animals with gonad abnormalities with recovery at 20°C. Closed dots indicate the means. 
***p < 0.001; unpaired t-test. 
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3.2.4 Early-life starvation and IIS affect adult phosphatidylcholine 
metabolism 

We used targeted lipidomic analysis in whole worms to address our hypothesis 

that early-life starvation and IIS affect lipid metabolism in adults. We used the same 

experimental design as for RNA-seq (Figure 9A), except we also included double RNAi 

of daf-2 and daf-16. We previously showed the reliability of this particular perturbation 

in this context16. We measured abundance of nine lipid classes including free fatty acids, 

diacylglycerol, triacylglycerol, sphingomyelin, phosphoglyceride, 

lysophosphatidylcholine, phosphatidylcholine, phosphatidylethanolamine, and 

phosphatidylinositol. Because there are many molecular species per class (with different 

hydrocarbon chain lengths and degrees of saturation), we initially pooled all species for 

each class for class-level analysis. Free fatty acids, phosphatidylcholine, 

lysophosphatidylcholine, phosphoglyceride, and triacylglycerol each displayed 

significant variance across our dataset, with diacylglycerol and sphingomyelin 

marginally significant (Figure 12). These results reveal pervasive effects of early-life 

starvation and IIS on adult lipid metabolism. 
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Figure 12: Pooled lipid abundance for each major class assayed. 

Open dots indicate sum of all species within each class for a biological replicate. Closed 
dots indicate the mean. *p < 0.05, **p < 0.01, ***p < 0.001; numbers correspond to p-
values; one-way ANOVA. Lipid levels normalized by total lipid (see methods). 

 

Continuing with class-level analysis, we dissected the effects of early-life 

starvation, daf-2, and daf-16 on each lipid. Phosphatidylcholines were significantly 

elevated in adults that had been starved as L1 larvae (Figure 13A). Diacylglycerols were 



 

 

 

50 

 

 

similarly elevated but with only marginal significance. Notably, daf-2 RNAi suppressed 

the increase in phosphatidylcholine levels induced by starvation, mirroring the effect of 

reduced IIS on SIA and starvation-induced changes in gene expression (Figure 9). daf-2 

RNAi also significantly reduced lysophosphatidylcholines and free fatty acids, both of 

which showed starvation-dependent, albeit non-significant effects (Figure 13A). The 

effects of daf-2 RNAi on phosphatidylcholines, lysophosphatidylcholines, free fatty 

acids, and diacylglycerols were each daf-16-dependent, though in the case of 

diacylglycerols this was not significant. These results show that early-life starvation and 

IIS converge on the metabolism of phosphatidylcholine as well as 

lysophosphatidylcholine, diacylglycerol, and free fatty acids. Notably, all four of these 

lipid classes participate in the Lands cycle (Figure 13B)61,62, suggesting it is involved in 

development of SIA.  
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Figure 13: Early-life starvation and IIS have reciprocal effects on the adult 
lipid profile with prominent effects on Lands cycle metabolites. 
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A) Pooled lipid abundance for each class of lipids involved in the Lands cycle is plotted 
for the six conditions assayed. Open dots indicate sum of all species within each class for 
a biological replicate. Closed dots indicate the mean. *p < 0.05, **p < 0.01, ***p < 
0.001; numbers correspond to p-values; unpaired t-test. See Fig. S1 for other lipid 
classes. B) A model of the Lands cycle. Phosphatidylcholine and lysophosphatidylcholine 
are interconverted in the Lands cycle through the removal or addition of a fatty acid. 
Unsaturated fatty acids, especially polyunsaturated fatty acids, liberated from 
phosphatidylcholine are oxidized to produce potent oxylipin signaling molecules. 
Phosphatidylcholine can also be synthesized from diacylglycerol and choline. C) 
Abundance of individual phosphatidylcholine species is plotted. Open dots indicate 
abundance in an individual biological replicate. Closed dots indicate the mean. *p < 0.05, 
**p < 0.01, ***p < 0.001; unpaired t-test within RNAi condition (control versus starved); 
all other within RNAi comparisons were not significantly different. #p < 0.05, ##p < 
0.01; interaction from two-way ANOVA for fed versus starved and EV versus daf-2 
RNAi. All other comparisons were not significantly different. See Fig. S2 for other 
individual lipid species involved in the Lands cycle and Fig. S3 for those not involved in 
the Lands cycle. A,C) Lipid levels normalized by total lipid. For full list of statistics see 
Table S1. 

 

Individual species of each lipid class generally showed similar patterns of 

abundance as seen at the class-level (Figure 29,Figure 30). Fourteen out of 17 individual 

phosphatidylcholine species were significantly increased by L1 starvation (Figure 13C, 

Table 4). Remarkably, this effect of starvation was absent for all 14 with daf-2 RNAi. Also 

consistent with the results of class-level analysis, individual species of diacylglycerol 

and free fatty acids increased and species of lysophosphatidylcholine decreased 

abundance in adults starved as larvae (Figure 29). Furthermore, these effects were 
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suppressed by daf-2 RNAi in daf-16/FoxO-dependent fashion. Moreover, many of these 

individual effects were statistically significant (Table 4), supporting our conclusion from 

class-level analysis that each of the four lipid classes involved in the Lands cycle are 

affected by early-life starvation and IIS. Notably, all eight phosphatidylcholine species 

with at least 40 carbons in their two fatty-acid tails were significantly increased in 

worms starved as larvae (Figure 13C, Table 4). Notably, none of these species are fully 

desaturated, though the identity of the two tails cannot be determined from these data, 

so individual tails may be saturated. Furthermore, six of these eight, and none of the 

other phosphatidylcholine species, showed a significant interaction between starvation 

and daf-2 RNAi in a relatively stringent two-factor test. Together these results show that 

early-life starvation and IIS converge on metabolism of long-chained, unsaturated 

phosphatidylcholine as well as other metabolites involved in the Lands cycle. 

3.2.5 Unsaturated phosphatidylcholine supplementation suppresses 
starvation-induced abnormalities 

Lipidomic analysis suggested that unsaturated phosphatidylcholine is involved 

in development of SIA. Supplementation of previously starved worms during 

development with phosphatidylcholine extracted from chicken egg suppressed SIA in 
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dose-dependent fashion (Figure 14A). A similar effect was not seen with chicken-egg 

phosphatidylethanolamine or lysophosphatidylcholine, nor with soybean 

phosphatidylinositol (Figure 14B), demonstrating specificity of phosphatidylcholine. 

Phosphatidylcholine can be synthesized (and consumed) in the Lands cycle, or it can be 

synthesized from diacylglycerol and choline in the cytidine-diphosphate choline 

pathway (Figure 14B)62,70. Supplementation with diacylglycerol and choline had no effect 

on SIA (Figure 14C), consistent with a role of the Lands cycle. Lipidomic analysis 

specifically implicated unsaturated phosphatidylcholine, and the Lands cycle requires 

unsaturated fatty acid tails on phosphatidylcholine to generate oxylipin signals25. 

However, phospholipids extracted from chicken egg comprise a complex mixture, 

including saturated and unsaturated species. We therefore tried supplementation with 

individual, synthetic phosphatidylcholine species that varied in desaturation. Three 

different unsaturated phosphatidylcholine species, including one with a pair of 

arachidonic acid tails, suppressed SIA, but a saturated form of phosphatidylcholine did 

not (Figure 14D). Together these results demonstrate a specific functional role of 
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unsaturated phosphatidylcholine in development of SIA, consistent with a role of the 

Lands cycle. 

 

Figure 14: Unsaturated phosphatidylcholine specifically affects reproductive 
development following early-life starvation. 

A) A chicken-egg phosphatidylcholine supplementation dose-response curve for gonad 
abnormalities in starved worms is plotted. Each open circle indicates a biological 
replicate. Closed dots indicate the mean of the dose. *p < 0.05; one-way ANOVA. B) 
Frequency of gonad abnormalities in starved worms when supplemented with equimolar 
doses (120 µM) of different phospholipids is plotted. C) Frequency of gonad 
abnormalities in starved worms when supplemented with diacylglycerol and choline. 
Open dots indicate a biological replicate. Closed dots indicate the mean. D) Frequency of 
gonad abnormalities in starved worms when supplemented with phosphatidylcholine with 
specific fatty-acid tails. Open dots indicate a biological replicate. Closed dots indicate the 
mean. B-D) *p < 0.05, ***p < 0.001; unpaired t-test versus vehicle. PC = 
phosphatidylcholine, PE = phosphatidylethanolamine, PI = phosphatidylinositol, LPC = 
lysophosphatidylcholine, DAG = diacylglycerol. 
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3.2.6 ∆5 fatty-acid desaturation promotes starvation-induced 
abnormalities 

Polyunsaturated fatty acids are primary targets of oxidation, and when they are 

removed from phosphatidylcholine in the Lands cycle, oxidation produces oxylipin 

signaling molecules (Figure 13B)25. Oxidation of the polyunsaturated fatty acid 

arachidonic acid (ARA) produces a particular class of oxylipins known as eicosanoids, 

and eicosanoids have been implicated in inflammation and cancer64,65. We wondered if 

preventing desaturation of fatty acids into ARA would suppress SIA. To test this 

hypothesis, we used a fat-4/FADS1/FADS2/FADS3 mutant, which encodes the sole 

known ∆5 fatty-acid desaturase in C. elegans24. fat-4 mutants are incapable of 

synthesizing ARA and eicosapentaenoic acid (EPA) from dihomo-γ-linolenic acid 

(DGLA) and eicosatetraenoic acid (ETA), respectively (Figure 15A). Mutation of fat-4 

suppressed SIA (Figure 15B,C). Notably, suppression was complete, unlike disruption of 

daf-2, pqm-1, or fasn-1. This result is consistent with ARA or EPA promoting SIA, but it is 

also possible that DGLA or ETA suppress SIA. 

Omega-3 fatty-acid desaturase fat-1/FADS catalyzes conversion of omega-6 fatty 

acids into omega-3 fatty acids (Figure 15A)24. fat-1 mutants cannot convert DGLA into 
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ETA or ARA into EPA, making fatty-acid metabolism in worms more like mammals. 

Consequently, fat-1 mutants have elevated ARA levels24. Mutation of fat-1 enhanced SIA 

in terms of penetrance and severity (Figure 15B-E). That is, frequency of gonad 

abnormalities was significantly increased over wild type after 8 d L1 starvation (Figure 

15C), and the abnormality phenotype was more severe (Figure 15D), with the frequency 

of proliferative, non-differentiated proximal germ-cell tumors in particular (as opposed 

to gonad abnormalities in general) increased (Figure 15E). This result is consistent with 

ARA or DGLA promoting SIA, but it is also possible that ETA or EPA suppress SIA.  

Given the presumably null fat-4 and fat-1 mutant24 phenotypes, the most 

parsimonious interpretation is that ARA promotes SIA or that ETA suppresses them. 

However, fat-4 is epistatic to fat-1, with strong suppression of SIA (Figure 15B,C). This 

result further demonstrates that the ∆5 fatty-acid desaturase FAT-4 promotes SIA, and it 

suggests that the FAT-4 product ARA is responsible, likely as part of 

phosphatidylcholine.  
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Figure 15: fat-4/FADS affects expression of thousands of genes and promotes 
pathology following early-life starvation. 

A) Arachidonic acid metabolism in C. elegans. PA = palmitic acid DGLA = dihomo-γ-
linolenic acid; ETA = eicosatetraenoic acid; ARA = arachidonic acid; EPA = eico-
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sapentaenoic acid. B) Representative images of adult worms that were starved 8 d as L1 
larvae, including wild-type animals and single and double desaturase mutants. Gonad is 
outlined with a white-dashed line. v = vulva, ut = uterus, o = oocytes, e = embryos, # = 
gonad abnormality, ugc = undifferentiated germ cells. C) Frequency of gonad 
abnormalities is plotted for starved wild-type animals and desaturase single and double 
mutants. Open dots indicate biological replicates. Closed dots indicate the mean. *p < 
0.05, **p < 0.01, and ***p < 0.001; unpaired t-test. D) Representative images of germ-
cell tumors in starved wild-type animals and fat-1 desaturase mutants. Gonad is outlined 
with a white-dashed line. v = vulva, ut = uterus, gct = germ cell tumor. E) Frequency of 
animals with germ cell tumors in starved wild-type animals and fat-1 desaturase mutants. 
Open dots indicate biological replicates. Closed dots indicate the mean. ***p < 0.001; 
unpaired t-test. F) The first two components from PCA of mRNA-seq results using lipid 
metabolic enzyme mutants. Each dot indicates a biological replicate. G) Fold changes are 
plotted for fat-4 versus wild type and fasn-1 versus wild type. ***p < 0.001; Pearson test. 
H) A Venn diagram depicting the overlaps of differentially expressed genes (FDR < 0.1) 
in six different perturbations affecting development of gonad abnormalities is plotted. I) 
Log10 p-values for GO Component term enrichments for the 308 genes in the grand 
intersection in H are plotted. List was trimmed for clarity (see methods; complete results 
can be found in Supp. File 6). 

 

3.2.7 Fatty-acid synthesis and desaturation have pervasive effects on 
gene expression 

Eicosanoids and other oxylipins activate nuclear hormone receptors to affect 

transcription of genes involved in cell fate and immunity71,72. Our hypothesis that 

arachidonic acid-derived eicosanoids promote SIA suggests that mutations affecting 

fasn-1, fat-4, and fat-1 should have widespread effects on gene expression, though each 

encodes a metabolic enzyme. We performed mRNA-seq on each of these mutants as 
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well as the fat-4; fat-1 double mutant in adults at egg-laying onset after eight days of L1 

starvation. Each mutant affected expression of thousands of genes, with fat-4 affecting 

nearly half of all detected genes (3,928 genes for fat-1, 6,436 for fat-4, 5,608 for fat-4; fat-1, 

and 2,724 for fasn-1; FDR < 0.1). These results demonstrate pervasive effects of lipid 

metabolism in general, and ∆5 fatty-acid desaturation, on gene regulation. Based on 

PCA, mutants that suppressed SIA (fasn-1, fat-4, and the double mutant) clustered 

together (Figure 15F). In addition, the effects of fasn-1 and fat-4 showed a strong positive 

correlation (Figure 15G), indicating that disruption of fatty-acid synthesis and ∆5 

desaturation have similar effects on gene expression, consistent with each suppressing 

SIA (Figure 11E, Figure 15C). We used our two mRNA-seq datasets for a meta-analysis 

to identify a core set of genes affected by early-life starvation, reduced IIS, and fatty-acid 

synthesis and desaturation (Figure 15H). 308 genes were differentially expressed in all 

six comparisons (FDR < 0.1). This set of genes, which is strongly associated with SIA, is 

enriched for membrane-related GO terms (Figure 15I). These results show that early-life 

starvation, IIS, fatty-acid synthesis, and fatty-acid desaturation converge on regulation 
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of genes involved in membrane function, suggesting that disruption of lipid signaling 

and homeostasis by early-life starvation is a key driver of SIA. 

 

Figure 16: fat-4/FADS promotes eicosanoid production which contributes to 
starvation-induced abnormalities. 

A) Eicosanoid abundances from starved fat-1 and fat-4; fat-1 mutants are plotted. Lipid 
levels normalized by total protein. Open dots indicate a biological replicate. Closed dots 
indicate the mean. **p < 0.01, ***p < 0.001; unpaired t-test. B) GO process term 
enrichments for the 535 differentially expressed genes (FDR < 0.1) in fat-1 versus fat-4; 
fat-1. List was trimmed for clarity (see methods; complete results can be found in Supp. 
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File 7). C) Frequency of gonad abnormalities in starved wild-type animals with varying 
doses of N-acetylcysteine. 
 

3.2.8 Eicosanoid signaling promotes starvation-induced 
abnormalities 

Given our hypothesis that participation of phosphatidylcholine in the Lands 

cycle produces ARA-derived eicosanoids that promote SIA, we compared the oxylipin 

profiles of fat-1 and fat-4; fat-1 mutants in adults that had been starved eight days as L1 

larvae at the onset of egg-laying. fat-4 is required for synthesis of ARA24, and mutation of 

fat-4 in a fat-1 background significantly reduced levels of 12 out of 13 detected ARA-

derived oxylipin species (eicosanoids) (Figure 16A,  

Figure 31). Affected eicosanoids include all detected members of the 

hydroxyeicosatetraenoic acid (HETE) ‘family’ (5-HETE, 8-HETE, 11-HETE, 12-HETE, 

and 15-HETE), which promote inflammation as part of the innate immune system73 and 

are thought to contribute to cancer74,75. Eicosanoids with reduced levels also include 

(±)11,12-dihydroxy-5Z,8Z,14Z-eicosatrienoic acid (11, 12-DiHETrE); 12S-hydroxy-

5Z,8E,10E-heptadecatrienoic acid (12S-HHTrE); (8β)-5,9α,11α-trihydroxy-prosta-6E,14Z-

dien-1-oic acid ((±) 5-iPF2α-VI); 9α,11α-dihydroxy-15-oxo-prost-5Z-en-1-oic acid (13,14-
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dihydro-15-keto PGF2α); (5Z,8Z,11Z)-14,15-dihydroxy-5,8,11-icosatrienoic acid (14,15-

DiHETrE); and 5S-hydroperoxy-6E,8Z,11Z,14Z-eicosatetraenoic acid (5(S)-

HpETE)(Figure 16A). In contrast, mutation of fat-4 significantly increased levels of 

DGLA-derived 15S-hydroxy-8Z,11Z,13E-eicosatrienoic acid (15S-HETrE)(Figure 31). The 

effects of fat-4 mutation on the oxylipin profile are consistent with our hypothesis that 

ARA-derived eicosanoid signaling promotes SIA, but FAT-4 activity could affect the 

phenotype in other ways as well.  

Eicosanoid signaling is known to be involved in pathogen responses and 

immunity64,76,77. We reasoned that if fat-4 affects eicosanoid signaling, then it should also 

affect expression of genes involved in immunity. 535 genes were differentially expressed 

in fat-4; fat-1 versus fat-1 mutants (FDR < 0.1). GO term analysis revealed a variety of 

terms related to immunity and defense responses (Figure 16B), consistent with known 

effects of eicosanoid signaling. Together with the results of oxylipin profiling of the 

same mutants, these results support the conclusion that eicosanoid signaling drives 

development of germ-cell tumors and other forms of developmental abnormalities 

following early-life starvation. 
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We sought to disrupt eicosanoid production though an alternative intervention 

to corroborate our conclusion that FAT-4 promotes SIA through eicosanoid signaling. C. 

elegans lacks clear homologs of the oxygenases associated with conversion of fatty acids 

into oxylipins. Instead, they rely on cytochrome P450 oxidases and other enzymatic and 

non-enzymatic mechanism(s)78. Given a variety of possible mechanisms for their 

production, we chose to use N-acetylcysteine (NAC) to inhibit eicosanoid activity. NAC 

is a general antioxidant and also a precursor of glutathione, which is used by glutathione 

S-transferase to negatively regulate eicosanoids79. NAC treatment decreased SIA in a 

dose-dependent fashion (Figure 16C), consistent with oxidized fatty acids promoting 

SIA. However, NAC likely affects oxidation of other types of molecules as well. These 

results support the conclusion that FAT-4 promotes eicosanoid signaling to cause SIA. 

3.3 Discussion 

We identified signaling and gene regulatory mechanisms that mediate 

pathological effects of early-life starvation in adults (Figure 17). We show that early-life 

starvation leads to persistent activation of PQM-1/SALL2, with widespread effects on 

adult gene expression, including transcriptional activation of fasn-1/FASN. Disruption of 
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pqm-1 or fasn-1 suppresses SIA, implicating altered lipid metabolism in developmental 

pathology. Adult abundance of unsaturated phosphatidylcholine and other metabolites 

involved in the Lands cycle is affected by early-life starvation and IIS, suggesting 

oxylipin signaling promotes formation of tumors and other abnormalities. Mutation of 

fat-4/FADS, which eliminates the ability to produce arachidonic acid and decreases 

abundance of eicosanoids, strongly suppresses SIA, suggesting that eicosanoid signaling 

in particular is a source of pathology. This work is significant for mechanistically linking 

early-life starvation and adult pathology. 

Early-life starvation has substantial effects on adult gene expression. Reduction 

of IIS with daf-2/InsR RNAi largely reversed these gene expression changes, consistent 

with daf-2 RNAi suppressing developmental abnormalities. Genes related to membrane 

function are particularly enriched among affected genes, but the data suggest a variety 

of consequences of early-life starvation. The effects of starvation on gene expression bear 

the hallmarks of PQM-1/SALL2 activation, which we show contributes to pathology, but 

other mechanisms are also likely to underlie such extensive effects on adult gene 

expression. For example, post-translational histone modifications could contribute to 
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epigenetic regulation. We also showed that early-life starvation and IIS have reciprocal 

effects on abundance of multiple types of lipids, providing direct evidence that lipid 

metabolism is affected. Phosphatidylcholine levels were particularly effected, revealing 

for the first time that IIS regulates phosphatidylcholine metabolism, and implicating 

phosphatidylcholine in pathological consequences of early-life starvation. 

 

 

Figure 17: A model linking early-life starvation, IIS, pqm-1/SALL2, fatty acid 
metabolism, and eicosanoid signaling to adult pathology. 
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We propose that participation of unsaturated phosphatidylcholine in the Lands 

cycle leads to the production of potent eicosanoid signaling molecules which contribute 

to developmental pathology following early-life starvation. Multiple lines of evidence 

support this model. We show that phosphatidylcholine levels, especially for species with 

long unsaturated fatty-acid tails, are increased by early-life starvation and decreased by 

reduced IIS. Abundance of the other lipids that participate in the Lands cycle 

(diacylglycerol, lysophosphatidylcholine, and free fatty acids) are also affected by early-

life starvation and IIS. We also show that supplementation with unsaturated 

phosphatidylcholine, but not saturated phosphatidylcholine or other abundant 

phospholipids, suppresses SIA. We show that mutation of the fatty-acid desaturase fat-4, 

which is required to produce arachidonic acid24, has reduced eicosanoid levels, affects 

expression of genes involved in immunity (which is a hallmark of eicosanoid signaling), 

and nearly completely suppresses SIA. In contrast, fat-1 mutants, which accumulate 

arachidonic acid24, have enhanced penetrance and severity of SIA. Finally, treatment 

with the antioxidant N-acetylcysteine, which should reduce levels of eicosanoids, 
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suppresses SIA. The role of phosphatidylcholine and arachidonic acid metabolism in 

other models of early-life nutrient stress and adult pathology should be investigated.  

Surprisingly, supplementation with unsaturated phosphatidylcholine 

suppressed SIA despite endogenous phosphatidylcholine levels being increased 

following early-life starvation. Nonetheless, we believe this result demonstrates 

functional specificity of unsaturated phosphatidylcholine in promoting pathology, since 

saturated phosphatidylcholine and other lipid species did not have the same effect. It 

could be that exogenous unsaturated phosphatidylcholine acts as a sink for reactive 

oxygen species80. However, supplementation with chicken-egg 

phosphatidylethanolamine, which is also rich in unsaturated fatty acid species and has 

free-radical-scavenging capacity81, did not suppress abnormalities. The 

phosphatidylcholine concentration used for supplementation could be high compared to 

endogenous levels, though we used concentrations typical for lipid supplementations in 

this system82. In addition, it is unclear how exogenous phosphatidylcholine is 

transported through the animal or how it affects lipid metabolism. We speculate that 
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phosphatidylcholine supplementation provokes a homeostatic response that reduces 

phosphatidylcholine synthesis at sites where its production promotes pathology.  

We argue that arachidonic acid-derived eicosanoids promote SIA. However, 

other lipids affected by mutation of fat-4 or fat-1 could be involved. For example, omega-

3 fatty acids modulate inflammation and have a controversial role in suppressing 

cancer83. Levels of the omega-3 fatty acid ETA are increased in fat-4 mutants and 

decreased in fat-1 mutants24, which suppress and enhance SIA, respectively. However, 

the fat-4; fat-1 double mutant should have reduced levels of ETA like the fat-1 mutant, 

but it suppresses SIA like the fat-4 mutant, suggesting ETA is not responsible for 

inhibition of SIA. In addition, the omega-6 fatty acid DGLA promotes germ cell death in 

C. elegans84, suggesting it could inhibit SIA. Furthermore, the DGLA-derived oxylipin 

15S-HETrE inhibits cell proliferation in mammals85, and its abundance increased in fat-4 

mutants. However, mutation of fat-1 increases DGLA levels24, and fat-1 mutation 

enhances SIA. Our conclusion is also supported by the fact that N-acetylcysteine 

suppresses SIA, consistent with oxidation of free fatty acids contributing to SIA. 

Glutathione S-transferase negatively regulates eicosanoids by covalently binding them 
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to glutathione79. In addition to its general antioxidant properties, NAC is a glutathione 

precursor. Having ruled out general antioxidation as a mechanism by which 

abnormalities are suppressed using chicken-egg phosphatidylethanolamine, we 

conclude that NAC likely suppresses abnormalities by enhancing glutathione 

availability, thus negatively regulating eicosanoid signaling. NAC should also decrease 

DGLA-derived eicosanoids, such as 15S-HETrE, further arguing against DGLA or its 

derivatives inhibiting SIA.  

C. elegans is a powerful model to investigate developmental origins of adult 

health and disease, and this work raises a variety of important questions. For example, 

the function of individual eicosanoids is mysterious. In addition, though eicosanoid 

signaling has widespread effects on gene expression, gene-regulatory mechanisms are 

not well understood. C. elegans will be particularly valuable for characterizing the role of 

eicosanoids in intercellular signaling between tissues. It is unclear why there is so much 

inter-individual variation following early-life starvation and other forms of adversity. 

Some worms develop germline tumors and other abnormalities, greatly limiting their 

reproductive output, while others develop much like non-stressed animals. Moreover, 
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reducing IIS during development shifts the probability of these outcomes. We speculate 

that these different outcomes reflect alternative developmental strategies, with some 

individuals becoming reproductive as quickly as possible but paying a price by 

developing abnormalities that curtail reproduction, while others take longer to become 

reproductive but can ultimately produce more progeny. Such variation in 

developmental strategy, with a trade-off between fidelity and rate following stress, 

could allow populations to cope with a range of scenarios. The origin of this variation 

could be in the mutual antagonism between DAF-16 and PQM-144, but other 

mechanisms could also stratify the population.  
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4. Conclusions 

4.1 Outstanding Questions and Future Directions 

4.1.1 How is daf-2 transcription reduced intergenerationally by 
vitellogenin abundance? 

Although we implicated vitellogenin provisioning in the regulation of progeny 

daf-2 mRNA abundance we were not able to address the molecular mechanism by which 

this intergenerational adaptation occurs. Yolk-less mutants can complete embryogenesis 

but are short lived during larval starvation86. This suggests the importance of 

vitellogenin manifests after the egg has hatched. As we have discussed extensively in 

this piece, very young organisms are highly sensitive to inputs from their mothers and 

from the environment (and their mother’s environment’s input, and so on, and so 

forth…). Further, these early, critical periods alter adult outcomes20,87. We hypothesize 

that vitellogenin abundance is sensed early in larval development, resulting in 

epigenetic regulation of daf-2 transcription. As far as we know, C. elegans lacks DNA 



 

 

 

73 

 

 

methylation, however they do modify their histones to influence chromatin 

accessibility88. Well-developed sequencing-based techniques such as ATAC-seq can be 

used to determine whether chromatin structure is in fact more compacted around the 

daf-2 locus in the progeny of DR mothers. Further, daf-2 and its flanking regions can be 

assessed for levels of inhibitory H3K27me3 or activating H3K4me3 using ChIP seq88. 

Since many of the histone modifiers are known, insight from these experiments could 

lead to candidates which could be screened for their involvement in modifying daf-2 

transcription in response to maternal signals. Once determined, activation of these 

histone modifiers can be used as a readout to determine how vitellogenin abundance 

modifies daf-2 transcription. Reverse ChIP-seq, which would consist of probing for daf-2 

DNA and then performing proteomic analysis of the enriched samples, could also 

provide an unbiased assessment of protein binding near the daf-2 locus and how it 

differs depending on maternal diet.  

4.1.2 Which delta-serrate ligands interact with germline glp-1/Notch to 
promote SIA? 

As discussed in Chapter 2, the study of germline tumors in C. elegans has largely 

been facilitated by the discovery of mutants that disrupt soma: germ cell interactions in 
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microenvironments within the somatic gonad28,89.  Having found that glp-1/Notch 

heterozygotes fail to develop germline abnormalities, we wondered if we could further 

define the molecular interactions occurring between the somatic gonad and germ cells. 

We hypothesized that consistent with the effect of glp-1 haploinsufficiency on the SIA 

phenotype, we could reduce SIA by knocking down glp-1 ligands. To do this, we 

subjected starved worms to RNAi against three delta-serrate ligands (DSL) previously 

described to interact with glp-1/Notch via soma: germline signaling89. Although apx-1 

had modest and variable effect on the phenotype, the other two DSLs, arg-1 and dsl-5 

produced no effect on SIA (Figure 18A). 

Interestingly, arg-1 mutants displayed a modestly enhanced effect on SIA when 

compared to wild type and this difference was ablated by concurrent RNAi against apx-1 

(Figure 18B). apx-1 RNAi also modestly suppressed SIA in this set of experiments. 

Finally, we subjected starved homozygous gld-1 mutants to RNAi treatment against 

three DSLs and glp-1. glp-1 RNAi appreciably reduced large germ cell tumors, however 

none of the DSLs altered proliferation (Figure 18C).  
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Figure 18: Effect of delta serrate ligands (DSLs) on SIA and germ cell 
proliferation. 

A) Abnormalities in starved wild-type worms grown on indicated RNAi. B) 
Abnormalities in starved wild-type and DSL mutants grown on DSL RNAi. C) Large 
germ cell tumors in gld-1 homozygous mutants on DSL RNAi. A, B ,C) Circles indicate 
a biological replicate. Dots indicate the mean. *p < 0.05, **p < 0.01, and ***p < 0.001; 
unpaired t-test with pooled variance; t-test comparisons between EV unless otherwise 
indicated. 
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Taken together, although arg-1 and apx-1 showed slight evidence of involvement 

in the SIA phenotype, the results were inconsistent. Further, an absence of an effect on 

the proliferation defect in starved homozygous gld-1 mutants indicates that none of the 

DSLs tested can solely affect the phenotype. However, the involvement of glp-1 highly 

suggests there are DSLs or combinations of DSLs that can influence SIA. Experiments 

using compound mutants and RNAi could be used to interrogate this problem more 

deeply. 

4.1.3 Are fasn-1 and fat-4 direct targets of PQM-1? 

Additional work is required to fully understand the mechanism by which pqm-1 

promotes innate immune-related gene expression via PC metabolism. Although our 

work clearly implicates pqm-1 as both an upstream regulator of fasn-1 and required for a 

fully penetrant SIA phenotype, we did not address whether transcription of fasn-1 (or 

fat-4) is a direct target of PQM-1 (in a cis-regulatory fashion). The Tepper list ranks 

putative daf-16 targets in part using motifs predictive of positive regulation (DBE) and 

negative regulation (DAE)44. Class I genes should have higher DBE affinity and DAF-16 

ChIP-seq hits. Class II genes should have higher DAE affinity in addition to some DBE 
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affinity and could have either PQM-1 and/or DAF-16 ChIP-seq hits44. fat-4 and fasn-1 are 

ranked #576 and #607 on the Class II list, respectively. Both have modest DBE and DAE 

affinity scores consistent with being class II genes. But fasn-1 has a DAF-16 ChIP-seq hit. 

We would not have predicted this since daf-16 is thought to positively regulate 

transcription, and our data suggests daf-16 is negatively regulating fasn-1 expression by 

negatively regulating pqm-1. Neither fat-4 nor fasn-1 were PQM-1 ChIP-seq hits, 

suggesting regulation may be indirect. Alternatively, regulation of fasn-1 and fat-4 via 

pqm-1 could be context specific. Thus, we would expect daf-16 and pqm-1 ChIP-seq in 

starved worms to reveal fasn-1 and fat-4 are in fact direct transcriptional targets of pqm-1 

following early-life starvation. We would also expect PQM-1 binding to be reduced 

when starved animals are recovered on daf-2 RNAi. 

4.1.4 Transcriptional regulation of other PC metabolism enzymes 

The work in Chapter 3 describes how IIS and starvation affect the pool of 

unsaturated fatty acids, likely contributing to the differences we see in the levels of 

unsaturated phosphatidylcholine in starved worms. This led to the question of how PC 

is transacylated in starved worms, and moreover are the components required for this 
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regulated at the level of transcription downstream of starvation, daf-2, and pqm-1?  O-

acyltransferases transfer non-amino acid acyl groups90 and can catalyze the conversion 

of lysophosphatidylcholine and free fatty acid into phosphatidylcholine (Figure 19). We 

hypothesize genes in these families (O-acyltransferases (OAC) and membrane-bound O-

acyltransferases (MBOA)) are expressed in a context-specific fashion to remodel the acyl 

tails of PC, indirectly impinging on eicosanoid signaling, and ultimately SIA. Similarly, 

we wondered if phospholipase A2 family members were regulated at the transcriptional 

level, since they appear to be required for liberating free fatty acid from PC prior to its 

conversion into oxylipins (Figure 19)25. 

4.1.4.1 Transcriptional regulation of O-acyltransferases could participate in Lands 
cycle downstream of pqm-1/SALL2 to affect SIA. 

Intriguingly, we noticed 9 out of 60 named O-acyltransferase genes were PQM-1 

ChIP-seq hits with strong DAE affinity (Table 3). Seven of these were detected in our 

RNAseq experiment, and five of these were upregulated in starved worms. Five out of 

seven were downregulated in starved worms with daf-2 RNAi (FDR < 0.1; Figure 20). 
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Figure 19: Metabolism of phosphatidylcholine. 

Phosphatidylcholine is anabolized through a variety of enzymatic reactions (not depicted 
here is its synthesis via phosphatidylethanolamine). PC is predominately synthesized 
from diacylglycerol and choline. PC is catabolized via the activity of phospholipases A, 
B, C, and D into lysophosphatidylcholine, glycerophosphocholine, diacylglycerol, and 
phosphatidic acid, respectively. 
 
 

We tested the effects of two of the best candidates based on our RNAseq 

expression analysis using RNAi. Although oac-32 had a variable and ultimately 

insignificant effect on the development of SIA, oac-6 modestly, but consistently 

suppressed SIA (Figure 21). This suggests oac-6 promotes SIA, perhaps downstream of 

pqm-1 via the modification of PC. 

 



 

 

 

80 

 

 

Table 3: O-acyltransferase genes with PQM-1 ChIP-seq hits.  

Genes ranked by regulation via daf-16 and/or pqm-1 (Adapted from Tepper, 2013). 
 

 
 

Rank 

 
 

Gene 

 
 

Locus 

DBE 
PSAM 

Affinity 

DAE 
PSAM 

Affinity 

DAF-16 
ChIP-seq 

Hit 

PQM-1 
ChIP-seq 

Hit 

-8671 oac-49 T26H2.7 0.00 0.27 N Y 
-8373 oac-31 F52F10.3 0.56 1.00 Y Y 
-6132 oac-5 C31A11.1 0.89 3.23 N Y 
-863 oac-18 F28G4.5 0.53 3.63 N Y 
-785 oac-14 F09B9.1 0.15 1.20 Y Y 
-248 oac-32 F52F10.4 0.11 3.00 N Y 
-36 oac-20 F36G9.12 0.15 2.99 N Y 
-31 oac-6 C31A11.5 0.00 4.00 N Y 

3251 oac-53 W06G6.1 0.30 2.29 N Y 
 

This result warrants a systematic analysis of these genes alone and in 

combination using RNAi and mutants. More detailed analysis is required to link OACs 

to the Lands Cycle in this context. Determining the contributions of different OACs in 

the transacylation of PC could be achieved by measuring unsaturated PC abundance in 

these mutants. Epistasis analysis between pqm-1 and oac-6 (and other OACs) could 

provide more specific mechanistic insight into the remodeling of PC via PQM-1-

mediated gene transcription. 
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Figure 20: Expression of O-acyltransferase genes with pqm-1 ChIP-seq hits in 
starved worms recovered on daf-2 RNAi. 

Circles are biological replicates and large dots indicate the mean of the replicates. 
*Differentially expressed in control and starved comparison FDR< 0.1, ** < 0.01, *** < 
0.001. # Differentially expressed in starved; EV and starved; daf-2 RNAi comparison 
FDR < 0.1, ## < 0.01, ### < 0.001. 
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Figure 21: oac-6 RNAi suppresses starvation-induced abnormalities.  

Circles are biological replicates and large dots indicate the mean of the replicates. ***p-
value < 0.001; unpaired t-test without pooled variance. 
 

4.1.4.2 Expression of membrane-bound O-acyltransferases in starved worms with daf-
2 RNAi 

We looked at the expression of the MBOAs after starvation and with daf-2 RNAi 

(Figure 22). Only three of the nine were differentially expressed by starvation (FDR < 

0.1). These included mboa-1/ACAT-1/ACAT-2, which has been shown to transfer acyl 

groups to cholesterol91. As well as hhat-1 and hhat-2 which transfers acyl groups to 

hedgehog proteins91. Interestingly, expression levels of hhat-1 and hhat-2 is reduced by 

daf-2 RNAi in starved worms (FDR < 0.1; Figure 22). Further, mboa-6/MBOAT1/MBOAT2, 
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whose target is unclear91, is upregulated by daf-2 only after starvation (FDR < 0.1; Figure 

22). Although mboa-6 lacks ChIP data for both pqm-1 and daf-16, it does have modest 

DBE affinity and no DAE affinity44, suggesting it is a weak (perhaps context specific) 

class I daf-16 target gene. Careful study of these acyltransferases could implicate them in 

the IIS-mediated remodeling of PC and hints at involvement of the hedgehog signaling 

pathway in the development and mitigation of SIA. 
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Figure 22: Expression level of membrane-bound O-acyltransferases in starved 
worms recovered on daf-2 RNAi.  

Circles are biological replicates and large dots indicate the mean of the replicates. 
*Differentially expressed in control and starved comparison FDR< 0.1, ** < 0.01, *** < 
0.001. # Differentially expressed in starved; EV and starved; daf-2 RNAi, ## < 0.01, ### 
< 0.001. 
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4.1.4.3 Transcriptional regulation of Phospholipase A2  

 PC is catabolized by phospholipases A-D (Figure 19). Phospholipase A2 are most 

notable for their role in cleaving the PUFAs off PC so that they can be converted into 

eicosanoids25,92. The family of phospholipase A2 orthologues are poorly characterized in 

C. elegans. Only 6 were detected in our RNAseq experiment and of those, only one 

(Y69A2AL.2) was significantly different following early-life starvation (FDR < 0.1; Figure 

23). Putative phospholipase A2 C07E3.9 is modestly and insignificantly affected by early-

life starvation but is significantly downregulated when starved worms are recovered on 

daf-2 RNAi (Figure 23).  

In the case of OACs, MBOAs, and PLA2, there is no reason to believe evidence of 

transcriptional regulation means they are or not involved in starvation and IIS-mediated 

reshaping of the Lands cycle. All mutants deficient in these enzymes should be tested to 

see how they alter unsaturated PC composition and if they are required for a fully 

penetrant SIA phenotype. 
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Figure 23: Expression of phospholipase A2 orthologues following starvation 
with daf-2 RNAi.  

Circles are biological replicates and large dots indicate the mean of the replicates. 
*Differentially expressed in control and starved comparison FDR< 0.1, ** < 0.01, *** < 
0.001. # Differentially expressed in starved; EV and starved; daf-2 RNAi, ## < 0.01, ### 
< 0.001. 
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4.1.5 Does fat-4 reduce polyunsaturated phosphatidylcholine levels 

We thought it would be possible to use lipidomics to determine whether fat-4 

reduced levels of unsaturated PC as our model suggested. However, lipidomic analysis 

of starved wild-type and fat-4 worms was inconclusive. Levels of unsaturated PC species 

were not reduced as expected in most species except for PC.ae.42:5…PCaa.42.4 (Figure 

24). Instead, most species showed increased abundance in fat-4 mutants. 

However, we noticed some phospholipids containing polyunsaturated fatty 

acids (specifically, FA 20:4 and FA 18:3) showed multiple peaks in the samples which 

changed differentially between the groups.  Typically, these molecules are made up in 

human samples as a single peak (Figure 25A, human plasma). However, in pooled C. 

elegans samples, multiple peaks were observed for some PUFA-containing 

phospholipids (Figure 25A, pooled sample), which constitute the ‘canonical’ human 

fatty acid as well as another PUFA chain. We noticed a complete disappearance of the 

“human” isomer of FA 20:4 (ARA) in fat-4 mutant PE (20:4/18:0)(Figure 25A, Figure 26).  

We suspect this is evidence of a shift from a mixture of omega-6 20:4 (ARA) and omega-

3 20:4 (eicosatetraenoic acid (ETA)) in most wild-type samples, to exclusively ETA in fat-



 

 

 

88 

 

 

4 mutants. Less easily explained based on our knowledge of these pathways, we also 

noticed evidence of omega-3 18:3 alpha-Linolenic acid (ALA) to omega-6 18:3 gamma-

Linolenic acid (GLA) isomer switching in molecules such as PE(18:0/18:3)(Figure 25B, 

Figure 26). 

 

Figure 24: Long-chain unsaturated phosphatidylcholine species in wild-type 
and fat-4 mutants (integration of both potential isomers).  

Circles are biological replicates and dots indicate the mean of the replicates. Statistical 
analysis confounded by measurements of isomers (see text). 
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Figure 25: fat-4 mutants switch exclusively ‘non-human’ alternative isomers of 
some polyunsaturated phospholipids.  

LC-MS/MS traces of A) PE(16:0/20:4) and B) PE(18:0/18:3), demonstrating putative 
ARA to ETA and ALA to GLA isomer switching, respectively. Red dotted line in (A) is 
centered over the canonical ‘human’ peak which is notably absent in fat-4 mutants. 
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Abundances shown in Figure 24 were obtained by setting the integration 

boundary such that both peaks were included in the reported lipid abundance. Unlike 

PE, it was not possible to disambiguate the two tails of PC detected by this method of 

LC-MS/MS to do a similar isomer analysis. This study should be repeated using newly 

developed techniques such as 4-D Lipidomics™ which allow for identification of 

individual tails of PC to confirm isomer switching in these molecules and a depletion of 

ARA in fat-4 mutant PC. Further studies directly comparing the LC-MS/MS profiles of 

these species with lab-synthesized standards are required to say conclusively that ETA 

is being incorporated into PC instead of ARA, and that GLA is being used instead of 

ALA, however we believe this is the most parsimonious interpretation of our findings. 

We conclude that fat-4 mutants are likely utilizing ETA instead of ARA and GLA 

instead of ALA in their PE and LPC. LPC is derived from PC via the Lands cycle (Figure 

19). Therefore based on the absence of LPC(20:4n-6) in fat-4 mutants (Figure 26) we 

suspect most of the PC quantified in Figure 24 are species which contain ETA and that 

fat-4 is in fact depleting ARA-PC as our model suggests. 
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Figure 26: Phospholipid abundances of individual isomers of the ‘same’ 
species.  

Circles indicate the abundance in a biological replicate. Closed dots indicate the mean. *p 
< 0.05, **p < 0.01, ***p < 0.001; unpaired t-test with variance pooled according to result 
of Bartlett test. LPC = lysophosphatidylcholine, PE = phosphatidylethanolamine. 
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Together these results suggest broad alteration to phospholipid composition in 

fat-4 mutants following early-life starvation both downstream of the enzyme as 

expected, but also upstream as well. The discovery of isomer switching in fat-4 mutants 

offers a promising avenue by which future researchers could study the consequences of 

varying fatty acid composition of phospholipids. Interestingly, humans are capable of 

making eicosanoids from ETA instead of ARA93. Although these molecules and their 

physiological impact is far less understood than ARA eicosanoids, they have been 

shown to have a relatively dampened effect on downstream signaling when compared 

to ARA-derived varieties93. 

4.1.6 Which eicosanoids promote starvation-induced abnormalities? 

We performed oxylipin profiling to identify specific eicosanoids with which we 

could supplement animals to enhance the SIA phenotype. However, we found that all 

ARA eicosanoids were increased in our enhanced SIA model fat-1 when compared to 

our suppressed SIA model fat-4; fat-1. One could imagine supplementing worms with 

each significantly upregulated eicosanoid and looking for enhancement of the SIA 

phenotype. However, we think it is unlikely one eicosanoid is promoting the complex 
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physiology we see in worms recovering from early-life starvation. It also seems 

inconsistent with the 6000+ genes differentially expressed in a starved fat-4 mutant 

which presumably requires the activity of more than one fatty acid derivative. Thus, one 

would need to apply combinations of ARA eicosanoids. This becomes a large 

combinatorial problem that could be overcome by enhancing the effect by adding all 

eicosanoids and then dropping them out one by one. Alternatively, repeating the 

oxylipin profiling on these mutants with the addition of a non-starved control for each 

mutant could reduce the number of putative effectors by eliminating those that do not 

increase following starvation in a fat-4; fat-1 background. It would also be informative to 

profile the oxylipins in control and starved worms in a wild-type background to 

determine the extent to which wild-type pattern resembles that of the mutants. Using 

this model, it should be possible to dissect the specific eicosanoids involved in 

promoting SIA. 

4.1.7 Involvement of other fatty acid metabolic enzymes in the 
development of SIA? 

In addition to fat-4 and fat-1, we determined the penetrance of SIA in other fatty 

acid desaturase pathway (shown in Figure 27) mutants  (Figure 28A) and knockdowns 
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(Figure 28B). fat-4 RNAi significantly suppressed abnormalities (Figure 28A), although 

not to the extent seen in fat-4 mutants (Figure 28B; some of the data shown here is also 

seen in Figure 15). Consistent with the mutant being inviable, ablation of fat-2 via RNAi, 

resulted in a fully penetrant disruption of reproduction (Figure 28A). RNAi against fat-3 

suppressed abnormalities, but not significantly and compromised the health of the 

animals. fat-6 and fat-7 RNAi also modestly suppressed abnormalities (Figure 28A). 

However, fat-5 RNAi had no effect (Figure 28A). These results are largely consistent 

with the conclusions in Chapter 3 suggesting increased levels of PUFA promoted SIA. 

That is, by reducing flux from malonyl-CoA to PUFAs by reducing the levels of fat-6, fat-

7, fat-3, or fat-4, we were able to recapitulate the effect of reducing overall fatty acid 

synthesis via a fasn-1 hypomorph on SIA. 
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Figure 27: Fatty acid synthesis and desaturation in C. elegans.  

Synthesis and desaturation of polyunsaturated fatty acids from malonyl CoA in C. 
elegans. Two molecules of malonyl-CoA are converted into the saturated fatty acid 
palmitic acid by fatty acid synthetase (fasn-1). Palmitic acid is then desaturated by the 
delta-7 desaturase fat-5 or elongated by the elongase elo-2. Palmitic acid elongated into 
stearic acid can then be further elongated and desaturated into mono- and polyunsaturated 
fatty acids of differing lengths. Adapted from Watts and Ristow Figure in Wormbook58. 
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Figure 28: Effects of fatty acid desaturase RNAi and mutation on SIA. 

A) Fatty acid desaturase RNAi in starved wild-type animals. B) SIA in starved fatty acid 
desaturase mutants. Circles indicate biological replicates and dots indicate the mean. *p < 
0.05, **p < 0.01, ***p < 0.001; unpaired t-test with pooled variance comparison with A) 
EV or B) Wild type. 
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Consistent with RNAi, fat-3 mutants (although under replicated) and two alleles 

of fat-4, suppressed SIA (Figure 28B). However, inconsistent with RNAi, fat-5 mutants 

potently suppressed abnormalities. Further inconsistent with RNAi, like we see in fat-1 

mutants, fat-6, fat-7, and fat-6; fat-7 mutants failed to suppress and even enhanced the 

penetrance of SIA (Figure 28B). Further, fat-5; fat-6 compound mutants recapitulated the 

tumorigenic fat-6 strain and not the suppressed fat-5 strain. 

Taken together, these results further suggest that complex free fatty acid 

metabolism contributes to SIA. The differences between RNAi and mutant results 

support an argument that the occurrence of SIA depends on dosage of these fatty acids. 

While decreasing MUFAs which can feed into the PUFA pathway with RNAi against fat-

6 and fat-7, ablation of either of these genes with null mutants is detrimental to the 

developing germline. Alternatively, the differences we see between mutants and RNAi 

are attributable to lacking the gene during arrest and recovery and just during recovery, 

respectively. 

Our fat-5 result suggests that worms are very sensitive to the dosage of fat-5’s 

product palmitoleic acid. In this model, the small amount of fat-5 that can be translated 
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through RNAi was sufficient to allow for development of SIA, however fat-5 mutants 

which cannot make palmitoleic acid are highly resistant to SIA. This could be consistent 

with fat-5’s product being a potent signaling molecule like an oxylipin that drives SIA. 

fat-5 is orthologous to stearoyl CoA desaturase 5 (SCD5), which has been shown to be 

required to activate Wnt via transacylation by porcupine90,94 and transcriptional evidence 

suggests Wnts and Hhs (both known to lipidated) are involved in the development of 

SIA (data not shown).  

Interestingly, we found the suppressive effect of fat-5 requires fat-6. We also 

know that fat-5 expression is strikingly reduced in starved fat-4 mutants when compared 

to starved wild-type (See Supp. File 3). It is difficult to reconcile this set of results 

because consistent with our model, both reduction of fat-4 and fat-5 suppress 

abnormalities. However, we would expect that like in case of fat-6 RNAi, reduction of 

fat-6’s MUFA product (oleic acid) should result in decreased PUFA since they are in the 

same pathway (Figure 27). As discussed previously, a simple explanation is lacking fat-6 

specifically during starvation results in altered physiology upon recovery when 

compared to animals that were only deficient in fat-6 during recovery. From an 
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unpublished RNAseq time series of L1 arrest, we found fat-6 expression steadily 

increases (or its transcripts are maintained at relatively high levels) throughout L1 arrest 

(data not shown). Additional work will need to be done to fully dissect this pathway’s 

involvement in SIA. 

4.1.8 How does the innate immune system contribute to SIA? 

C. elegans’ immune system lacks specialized cells involved in the adaptive 

immune system such as T cells and B cells95. However, their gut and epidermal cells act 

as nonprofessional immune cells, which engage stress pathways such as the daf-16/FoxO 

pathway in response to bacterial and fungal infection95. C. elegans are bacterivores, thus 

have complex physiology to respond to ingesting and digesting (potentially pathogenic) 

microbes. Intriguingly, starvation activates a similar repertoire of innate-immune system 

related genes. An interesting question is why does the innate immune response to 

starvation resemble a response to pathogen infection? And further, in this context, how 

does hyperactivation of eicosanoid signaling and activation of innate immune genes 

promote SIA? We hypothesize these genes are less involved in mounting a defensive 
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response to invading pathogens but instead regulate deviations to the well-fed and 

unstressed growth program. 

4.2 Conclusion 

Finding food during or after a stressful exposure to early-life starvation or 

pathogen infection presents a complex developmental challenge for C. elegans. We know 

worms promote soma-protective programs which rejuvenate mitochondria and restore 

protein homeostasis via the activity of the endoplasmic reticulum unfolded protein 

response (ER UPR)96 during recovery from extended L1 arrest. In theory, activation of 

this soma-protective pathway would allow for a longer and more complete use of one’s 

own gametes while also increasing the amount of time one can be mated with. However, 

this strategy risks being outcompeted by animals that sacrifice somatic maintenance to 

rapidly produce progeny. In support of this idea, xbp-1 is critical for the canonical ER 

UPR response96, and we found that knockdown of this gene with RNAi suppressed the 

developmental retardation in a daf-2(e1370) background (anecdotal). This means 

importantly that daf-2 mutants are not delayed because they lack anabolic potential, but 
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because of the extent to which they activate the soma-protective mechanisms with which 

they famously increase lifespan7-9,52,53,97-101. 

Our ability to rescue gonad abnormalities by supplementing animals with large 

exogenous doses of unsaturated (but not saturated) PC suggests worms are struggling to 

balance a tradeoff directly related to PUFA-containing PC metabolism. Quenching the 

worms with unsaturated PC may deactivate the program attempting to compensate for 

PC deficiency in a negative-feedback fashion. In this model, excessive endogenous PC 

production leads to increased eicosanoid signaling that sets developmental pace in such 

a way that some stressed worms fail to prevent heterochrony. Downregulating this 

program with daf-2 RNAi slows the organism down by negatively regulating eicosanoid 

production. NAC similarly slows down development by quenching eicosanoids before 

they can hyperregulate reproduction, and supplementation with unsaturated PC 

somehow promotes both somatic maintenance and reproduction. This would suggest an 

organism’s capacity to rejuvenate/compensate after a stressful exposure during 

development is limited by its ability to synthesize appropriate levels of unsaturated PC. 

Too little PC results in compensatory pathways that become pathogenic, but excessive 
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PC is beneficial for many possible reasons, possibly by negatively regulating 

compensatory PC synthesis. 

So why then would unsaturated PC be such an important and seemingly central 

player in the regulation of development following early-life stress and/or pathogen 

infection? One possibility is both stressors inflict oxidative challenges on the organism. 

Reactive oxygen species (ROS) must be neutralized or else it can cause lipid 

peroxidation chain reactions of which PUFA-containing phospholipids are prime 

targets.  In the case of a pathogen exposure, microbes colonizing the worm trigger ROS 

in C. elegans102. Worms recovering from starvation also face an oxidative challenge 

seemingly associated with a rebound-like effect. Worms reshape their metabolism 

during extended L1 arrest, predominately shifting towards the beta oxidation of fatty 

acid and otherwise regulating glucose metabolism1,103. Upon recovery it is reasonable to 

assume animals are still tuned for this type of highly oxidative metabolism. The 

juxtaposition of abject starvation and ad libitum feeding is likely what causes high levels 

of ROS in animals subjected to extended L1 arrest96. This could also lead to lipid 

peroxidation chain reaction. In either case, it would benefit the animals to have its own 
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phospholipid membranes as devoid of unsaturated PUFA as possible to limit the impact 

of ROS and reduce oxidative phosphorylation as much as possible. However, based on 

the delayed growth rate of fat-4 and fat-4; fat-1 mutants, PUFAs appear to be required for 

maximal developmental rate. Thus, complex regulatory networks involving but not 

limited to daf-16/FoxO and pqm-1/SALL2 act to balance these competing interests in a 

robust, fitness-preserving way at least in part by transcriptionally regulating the 

expression of fasn-1 and fat-4. 

PC also appears to exist as a nexus between of a variety of ancient and highly 

conserved regulators of fundamental aspects of cell biology. As mentioned previously, 

PC can be catabolized into eicosanoids which have variable downstream effectors 

including PPAR gamma. However, PC can also generate LPCs which regulate the 

endocannabinoid system92, phosphatidic acid which regulates TOR2, or DAG, the level 

of which is detected in cell membranes to regulate protein kinase C104 (Figure 27). 

Synthesis of mono and polyunsaturated fatty acid and its incorporation into 

phosphatidylcholine is also a complex process requiring many enzymatic steps. Thus, 
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regulation of PC metabolism is tightly regulated and highly consequential to organismal 

development. 

In short-lived creatures like C. elegans, when there is a high probability the 

progeny will experience similar developmental conditions as their parent(s), it stands to 

reason there would be evolutionary pressure for parents (even grandparents and great-

grand parents) to epigenetically provide actionable information to their offspring11. Our 

work suggests this information tunes the ancient and highly conserved survival versus 

development circuits via modification of the IIS pathway, influencing the innate 

immune system via fatty acid and PC metabolism. In this context, we think the innate 

immune system is contributing to the regulation of a coherent and balanced growth, 

development, stress resistance, and reproduction program.  

The models described in this work represent research opportunities for a variety 

of disciplines and even hint at potential therapeutics for treating the pathogenic 

consequences of early-life starvation. It also sheds light on the plasticity of survival 

versus development circuits providing important information about how developmental 

trajectories are tailored by the environment intra- and intergenerationally to robustly 
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maintain fitness.  We also think a more complete understanding of the activity IIS has on 

reshaping the metabolic landscape in a way that influences PC biology will be important 

to determining the lifespan extending effects of these mutants. 

Appendix A: Materials and Methods for Chapter 2 
A.1 Materials and Methods 

A.1.1 Worm maintenance  

Worms were maintained under standard laboratory conditions at 20°C unless 

otherwise noted. Animals were faithfully passaged without dietary restriction (thinning 

of the E. coli lawn) or starvation for many generations (greater than five) prior to 

commencing experiments unless otherwise noted. 

A.1.2 Strains used in this study 

N2 (Bristol), GC1171 naSi2[pGC550(Pmex-5<mCherry::H2B::nos-2 

3’UTR<GFP::H2B::nos-2 3’UTR - unc-119(+))] unc-119(ed3), DP132 edIs6, OP354 unc-

119(tm4063); wgIs354, LRB366 daf-2(e1370); fog-2(oz40), RT130 pwIs23[vit-2::gfp], 

BCN9070 vit-2(crg9070[vit-2::gfp]), FX01200 hrde-1(tm1200), CB1370 daf-2(e1370), SPC167 

dvIs19; skn-1(lax120), SPC168 dvIs19; skn-1(lax188), CF1038 daf-16(mu86), NK1228 
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qyIs288; daf-16(mu86); unc-119(ed4), NK1229 qyIs290; daf-16(mu86); unc-119(ed4), 

NK1231 qyIs291; daf-16(mu86); unc-119(ed4), NK1233 qyIs293; daf-16(mu86); unc-

119(ed4), NL2550 ppw-1(pk2505), NL2098 rrf-1(pk1417), JK3025 gld-1(q485)/hT2 [bli-

4(e937) let-?(q782) qIs48], GC833 glp-1(ar202), JK1505 unc-32(e189) glp-1(e2072)/eT1, 

DH1191 pitr-1(b1028), and wild-type isolates: CB4856, ED3077, and JU561. 

A.1.3 Recovery from starvation assay 

C. elegans’ embryos were prepared with sodium hypochlorite treatment, washed 

several times, and allowed to hatch in virgin S-basal (no ethanol or cholesterol) on a 

tissue culture roller drum so they hatch and enter L1 arrest. Animals were cultured for 

one or eight days (unless otherwise noted) after hypochlorite treatment prior to being 

plated on lawns of E. coli OP50 or HT115. Animals were incubated at 20°C unless 

otherwise noted and then assayed after three or four days of development, as indicated. 

A.1.4 Germline Microscopy and scoring of gonad abnormalities 

Adult worms were picked at random into 2.5 mM sodium azide on 4% noble 

agar pads. The worms were then examined using Nomarski microscopy on an 

AxioImager compound microscope (Zeiss) at 200-400x magnification. Animals with 



 

 

 

107 

 

 

atypical gonads were scored as abnormal. Most of the animals scored as abnormal had 

proximal tumors that varied in the extent to which the germ cells were differentiated 

ranging from completely undifferentiated and mex-5+ to highly differentiated and mex-5-. 

However, previously starved animals also developed a variety of other abnormalities at 

varying rates including multiple, protruded, and extruded vulvas; gonad migration 

defects; egg-laying defects; endomitotic oocytes; oocyte formation failures; and bagging. 

When scoring glp-1gf(ar202), dumpy individuals were not scored. Animals subjected to 

treatments and mutations which delayed development were scored later to match stages 

(up to 5 d after initiating recovery from L1 arrest). Animals were censored if they were 

delayed to the extent that the normality of their germline could not be determined at 

time of scoring. Uterine masses were assessed for the presence or absence of Pelt-1::GFP 

or Punc-119::GFP at 400-1000x. Homozygous gld-1 mutant tumors were classified based 

on germ cell morphology. 
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A.1.5 Gonad imaging 

Worms were imaged at 400x magnification, using an AxioCam camera equipped 

with Zen software, on an AxioImager compound microscope (Zeiss). Images were 

merged using Fiji. Images were cropped and features were added using Inkscape. 

A.1.6 Determination of brood size 

Animals were prepared as described above and plated onto the indicated 

bacterial lawn. After 48 hours of recovery from L1 arrest, animals were singled onto 

plates seeded with the corresponding bacteria. Worms were transferred daily onto fresh 

plates until egg laying ceased and progeny were counted. Animals that could not be 

found were censored. Worms were inspected for gonad abnormalities after 72 hours of 

recovery with a stereomicroscope and otherwise scored as described. 

A.1.7 Abnormalities in progeny of AL and DR parents 

Progeny from AL and DR parents were generated as previously described for 

use in this study15. Briefly, following synchronization by brief L1 arrest, worms were 

cultured in S-complete at a density of 10 per mL with 25 mg/ml (AL) or 3.13 mg/ml (DR) 
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E. coli HB101 at 20°C and 180 rpm for 96 hr. Progeny embryos were prepared by 

hypochlorite treatment. 

A.1.8 Abnormalities in cross progeny of daf-2; fog-2 and fog-2 

Homozygous virgin females were allowed to mate with homozygous males 

overnight and then the cross progeny was released by standard hypochlorite treatment. 

Progeny were then starved and assessed for gonad abnormalities as described above. 

A.1.9 Quantification of VIT-2::GFP in embryos from AL and DR 
parents 

Embryos were prepared by standard hypochlorite treatment of worms raised in 

AL or DR liquid culture conditions for 96 hours and were mounted on 4% noble agar 

pads. Images were taken at 1000x magnification using an AxioImager compound 

microscope equipped with an AxioCam camera (Zeiss). VIT-2::GFP was quantified using 

the ‘Measure’ function in Image J. Images were thresholded to remove background. 

A.1.10 Quantification of vitellogenin protein via gel electrophoresis 

Embryos were plated on empty vector or daf-2 RNAi, allowed to develop for 72 

hr, and then embryos were collected via bleaching. Protein was extracted using Laemmli 
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buffer (70°C for 15 minutes with periodic vortexing). Total protein was loaded onto a 4-

12% Bis-Tris gel (Invitrogen) and the gel was run per manufacturer’s instructions (200V 

for 50 min.) in MOPS buffer. Gel was stained using SYPRO Ruby (Invitrogen) per 

manufacturer’s instructions. Gel was imaged and relative density of bands of interest 

compared to total protein was determined using Quantity One software. Total yolk 

protein was determined by summing the densities of Yolk protein (YP) 170, YP115, and 

YP88. Yolk protein bands of interest were identified by molecular weight and their 

expected depletion via maternal rme-2 RNAi (data not shown). The actin loading control 

band was identified by molecular weight. 

A.1.11 RNAseq in progeny from AL and DR parents 

Progeny from AL and DR parents were cultured in S-basal for 24 hours so they 

hatch and enter L1 arrest, and then they were flash frozen in liquid nitrogen. RNA was 

prepared with Trizol (Invitrogen) according to the manufacturer's instructions except 

that sand was included in homogenization. Libraries were prepared from 500 ng of total 

RNA and 12 PCR cycles using NEB Next Ultra RNA Library Preparation Kit (New 

England Biolabs). Sequencing was performed on an Illumina HiSeq 4000. Bowtie was 
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used to map reads to the WS210 genome, including transcripts annotated in WS220 

mapped back to WS210105,106. HTSeq was used to generate count tables for each 

library107. edgeR was used on count tables to determine differentially expressed genes. 

Detected genes were considered those with counts per million (CPM) > 1 across 3 

libraries. This resulted in 13,439 genes for differential expression analysis. The 

“calcNormFactors” function was used and tagwise dispersion estimate was used for 

differential expression. Genes with a false-discovery rate of less than 0.1 were 

considered differentially expressed.   

A.1.12 daf-16-target gene signature analysis 

A consensus background gene set was produced by overlapping all detected 

genes in the progeny of DR parents dataset with those reported by Tepper et al44 using 

the R package gplots. Next, differentially expressed genes up- or down-regulated in the 

progeny of DR parents compared to AL parents (FDR < 0.1) were overlapped with high 

confidence (FDR < 0.001) daf-16-target genes as determined by Tepper et al44. 

Hypergeometric p-values were determined using the Graeber lab calculator 

(http://systems.crump.ucla.edu/hypergeometric/index.php). 

http://systems.crump.ucla.edu/hypergeometric/index.php
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A.1.13 Gene Ontology term enrichment analysis 

Genes differentially expressed in the progeny of DR parents (114) were analyzed 

for enrichment of Gene Ontology terms against the 13,439 detected genes (criteria 

detailed above) using Gorilla108. 

A.1.14 GFP::DAF-16localization in the progeny of AL and DR parents 

Progeny of AL and DR parents were prepared as previously described for an N-

terminal DAF-16 translational fusion reporter gene strain (NK1228). The extent of 

intestinal GFP localization was quantified at 400x or 1000x depending on stage using an 

AxioImager compound microscope (Zeiss). 

A.1.15 RNAseq in progeny from daf-2 and pitr-1 RNAi parents 

First, count data was filtered to include 12,395 reliably detected genes. Batch 

correction and differential expression analysis were performed in edgeR using the GLM 

method as described in section 4.2 of the edgeR manual109. Count tables were subsetted 

to include only the libraries of interest, including empty vector and daf-2 RNAi samples, 

or empty vector and pitr-1 RNAi samples. The “calcNormFactors” function was used to 

normalize libraries. The GLM model was set up using the command 
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model.matrix(~condition + replicate), where condition denotes the RNAi condition, and 

replicate denotes biological replicate (or batch). The dispersion was estimated, then the 

model was fit using the “glmQLFit” function and differential expression was 

determined using “glmQLFTest”. Class I and Class II targets of daf-16 were defined from 

Tepper et al., 2013 using an FDR cutoff of 1 x 10-8. The distribution of log2 fold changes of 

the class I and class II targets that were considered expressed (included in the 12,395 

genes from differential expression analysis) in the comparison of interest were assessed 

using the Kolmogorov-Smirnov test. The distributions were plotted with stat_ecdf 

function as part of the ggplot2 package in R. 

A.1.16 Starvation and DR recovery 

Animals were starved as described above, except instead of recovery on plates, 

animals were recovered in DR liquid culture as previously described, prior to gonad 

assessment at 96 hr. 

A.1.17 Starvation to Dauer to AL recovery 

Wild-type animals were starved and then recovered in dauer-forming 

conditions46,110 (5 worms per µl and 1 mg/ml HB101 in S-complete at 20°C and 180 rpm) 
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for 5 d then recovered on plates (AL). After animals reached early adulthood, their 

gonads were assessed for the presence or absence of gonad abnormalities as described 

above. 

A.1.18 RNAi 

Single HT115 colonies carrying plasmids for RNAi of various genes grown on 

100 µg/ml carbenicillin and 12.5 µg/ml tetracycline LB plates, were inoculated into LB 

starter cultures with the same antibiotics. These were used to inoculate larger cultures 

grown in 50 µg/ml carbenicillin. Cells from large cultures were spun down at 4°C and 

resuspended at a concentration of 25 mg/ml in 15% glycerol S-complete medium. 

Aliquots were frozen and thawed only once and seeded onto NGM plates containing 25 

µg/ml carbenicillin and 1mM IPTG. For double RNAi experiments, equal volumes of 

RNAi suspension were mixed. Lawns were allowed to grow overnight at room 

temperature before adding worms. Empty vector (pAD12), daf-2 (pAD48), and daf-16 

(pAD43) clones were gifts from Coleen Murphy. The skn-1 clone came from the 

Ahringer library. To perform maternal RNAi, hrde-1(tm1200), which are defective for 
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heritable RNAi39, were raised from hatching on RNAi food for 72 hr. Progeny were then 

collected and cultured as described previously. 

A.1.19 Data analysis 

t-tests were performed using R or Microsoft Excel. Bartlett’s tests were 

performed to determine if variance could be pooled. Two-way ANOVA was performed 

using R. The R package Linear and Nonlinear Mixed Effects Models “nmle” was used to 

compute interaction p-values. Plots were generated using the R package ggplot2 or 

Microsoft Excel. 

Appendix B: Materials and Methods, Supplemental Table 
and Supplemental Figures for Chapter 3 
B.1 Materials and Methods 

B.1.1 Strains used in this study 

The following worm strains were used in this study: N2 (Bristol), GG14 fasn-

1(g14), IG348 fasn-1(fr8); frIs7 [nlp-29p::gfp + col-12p::DsRed], RB1031 fat-4(ok958), BX24 

fat-1(wa9), BX52 fat-4(wa14); fat-1(wa9), OP201 unc-119(tm4063); wgls201 [pqm-

1::TY1::EGFP::3xFLAG(92C12) + unc-119(+)], OH16024 daf-16(ot971[daf-16::gfp]), IG763 

frEx266 [fasn-1p::GFP], VC788 fat-3(ok1126), BX17 fat-4(wa14), BX107 fat-5(tm420), BX106 
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fat-6(tm331), BX156 fat-6(tm331); fat-5(tm420), BX153 fat-7(wa36), BX156 fat-6(tm331); fat-

7(wa36). Worms were fed E. coli strains OP50 and HT115. 

B.1.2 Gonad abnormalities assay 

The assay was performed as described16. In brief, animals were given 72 hr to 

develop after an egg-lay by well-fed parents (and well-fed for several generations prior). 

Eggs were released with sodium hypochlorite treatment, allowed to hatch and arrest 

development in virgin S-basal, and then recovered ad libitum on E. coli HT115 after one 

(control) or eight (starved) days. After 72 hr, animals were scored for gonad 

abnormalities as described in Appendix A. 

B.1.3 RNAi 

RNAi food was prepared and used for feeding on plates during recovery from 

starvation as described in A.1. In brief, frozen, single-thaw aliquots of HT115 RNAi were 

seeded onto NGM plates containing 25 µg/ml carbenicillin and 1 mM Isopropyl β-d-1-

thiogalactopyranoside (IPTG) and allowed to grow at room temperature overnight. 
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B.1.4 mRNAseq sample preparation 

Wild-type starvation cultures were prepared as described above. Roughly 1000 

animals were recovered on two large NGM plates (25 µg/ml carbenicillin and 1 mM 

IPTG) seeded with empty vector (EV) or daf-2 RNAi HT115 E. coli. Worms were cultured 

at 20°C until eggs appeared on plate (~52 h for control animals and ~68 h for starved 

animals). Worms were quickly washed twice and flash frozen in liquid nitrogen.  

RNA was extracted using 1 ml TRIzol Reagent (Invitrogen# 15596026) according 

to the manufacturer’s protocol except 100 µL of acid-washed sand (Sigma# 27439) was 

added to each sample at the beginning of the protocol to aid homogenization. RNA was 

eluted in nuclease-free water and stored at -80°C until further use.  

In the initial RNAseq experiment, libraries were prepared for sequencing using 

the NEBNext Ultra RNA Library Prep Kit for Illumina (New England Biolabs# E7530) 

with 500 ng of starting RNA per library and 12 cycles of PCR. Libraries were sequenced 

using Illumina HiSeq 4000 to obtain single-end reads. In the lipid mutant RNAseq 

experiment, libraries were prepared using the NEBNext Ultra II RNA Library Prep Kit 

for Illumina (New England Biolabs# E7770) starting with 1 µg total RNA per library and 
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8 cycles of PCR. Libraries were sequenced using Illumina NovaSeq 6000 to obtain 50 bp 

paired-end reads. 

B.1.5 mRNAseq analysis 

In the initial RNAseq experiment, Bowtie version 1.1.2 was used to map single-

end reads to the WS210 of the worm genome with some WS220 features mapped to 

WS210 using the command --best --chunkmbs 256 -k 1 -m 2 -S105. HTSeq version 0.6.0 

was used to count the reads107. edgeR was used on count tables for differential 

expression analysis109. The original count table was filtered to contain those annotated as 

genes, reducing the number of genes to 22581. Genes were further filtered by including 

only genes with counts per million (CPM) > 1 across 3 libraries. This resulted in 12894 

genes. edgeR exact test was used for four pairwise comparisons, and edgeR GLM was 

used to find genes that changed differently in different comparisons. 

In the lipid mutant RNAseq experiment, Bowtie2 2.3.3.1 was used to map paired-

end reads to the WS273 genome with the parameter k set to 1. HTSeq 0.12.4 was used to 

count reads. edgeR 3.28.1 was used to filter and normalize read counts and perform 

differential expression analysis. Detected genes were considered those with an 
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expression level of at least one count per million (CPM) in at least two libraries. Library 

sizes were recomputed after filtering out lowly expressed genes. The trimmed mean of 

M values (TMM) method was used to normalize for RNA composition. Tagwise 

dispersions were used to test for differentially expressed genes between all pairwise 

comparisons. 

B.1.6 GO term enrichment analysis 

Differentially expressed genes were intersected using ‘gplots’ and ‘venn’ in R. 

The intersection lists were analyzed for enrichment of Gene Ontology terms using 

Gorilla108. The 12891 detected genes (criteria detailed above) were used as a background 

set in the first RNAseq experiment. In the fat-4; fat-1 versus fat-1 RNAseq experiment, a 

13,758 gene background set was used. For the meta-analysis, the 12,063 genes detected 

in both datasets were used as a background set. GO term lists were trimmed for clarity 

in Figure 9F (terminal nodes with >15 genes) and Figure 16B (terminal nodes with >5 

genes) (See Supp. Files 5 and 6 for complete results, respectively). 
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B.1.7 Class I and II gene set enrichment analysis 

Class I and Class II daf-16 target gene lists were defined using an FDR cutoff of 1 

x 10-844. The cumulative distributions of log2 fold changes of the 151 and 119 class I and 

class II targets, respectively, that were detected in the comparison of interest were 

assessed compared to all other detected genes using the Kolmogorov-Smirnov test. The 

distributions were plotted with stat_ecdf function as part of the ggplot2 package in R. 

B.1.8 PQM-1 and DAF-16 localization assay 

daf-16::gfp111 and pqm-1::gfp112 animals were cultured as described previously, 

recovered on E. coli HT115 for 48 hours, and then picked into a drop of S-basal on 4% 

noble agar pads. Animals were quickly (within 3-4 minutes) scored for localization of 

the GFP in intestinal nuclei on an AxioImager compound (Zeiss) microscope at 1000x 

magnification. Animals were scored as ‘nuclear’ if they had discernable fluorescent 

nuclei. In most cases, nuclear localization was uniform between cells and cell types 

within individual animals. 
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B.1.9 fasn-1p::gfp microscopy and quantification 

fasn-1p::gfp113, cultured and recovered on RNAi as described, were mounted on 

4% noble agar pads and paralyzed with 50 mM levamisole. Images of posterior 

intestines were captured using an AxioImager compound (Zeiss) microscope at 400x 

with a fixed exposure time. fasn-1p::gfp was quantified by outlining and assessing the 

average pixel intensity of the region of interest in ImageJ. 

B.1.10 Lipidomics sample preparation 

Animals were cultured and collected as described for mRNAseq. Samples were 

normalized to approximately 200 µL aqueous volume. 200 µL MeOH containing stable-

isotope labeled internal standards were added to the samples, samples were sonicated, 

then 667 µL methyl tert-butyl ether (MTBE) was added to each sample for lipid 

extraction. Samples were shaken for one hour at 50°C to extract lipids, followed by a 

five-minute centrifugation at 10,000 RCF to separate phases. 400 µL of the MTBE phase 

was removed and then taken within a few microliters of dryness in a glass autosampler 

under a stream of nitrogen. Lipids were then resuspended in 100 µL 95%/5% v/v 

MeCN/water. 
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B.1.11 Targeted Lipidomics Analysis 

Aliquots of each sample pool (2 µL) were injected several times using a 

Hydrophilic Interaction Liquid Chromatography-Tandem Mass Spectrometry (HILIC-

MS/MS) ‘screening’ method (Waters Acquity UPLC-Xevo TQS) which targets over five 

hundred lipid species including the following classes: cholesterol (ChoE), DAG, TAG, 

SM, PC, LPC, PE, PG, PI. For those lipids which showed consistent signals after three 

injections, a single positive ion and a single negative ion injection targeting those signals 

was performed. The study pool QC (SPQC) was analyzed four times and each sample 

analyzed once with 2 uL by HILIC-MS/MS in each mode. Mobile phase A was 95%:5% 

v/v MeCN:water with 10 mM ammonium acetate, while mobile phase B was 50%:50% 

v/v MeCN:water with 10 mM ammonium acetate. The separation used a 2.1 mm x 100 

mm BEH HILIC Amide column (Waters), with a flow rate of 0.6 mL/min and a column 

temperature of 45°C. Lipids were separated in the HILIC mode using a gradient from 

0.1% to 20% mobile phase B in two minutes, a ramp to 80% B at five minutes, followed 

by three minutes re-equilibration at 0.1% B. Electrospray ionization in the positive mode 
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(3.5 kV) or negative mode (2.0 kV) was used for sample introduction, and molecule-

specific precursor and product ion MRM transitions were used to quantify lipids. 

Skyline v4.2 was used to measure peak area for each MRM chromatogram, and 

to ratio each native analyte to an appropriate internal standard. The SPLASH Lipidomix 

(Avanti Polar Lipids) supplemented with deuterated internal standards (d8 arachidonic 

acid, d5-DHA, d2-palmitic acid, and d14-palmitoleic acid) for peak area normalization. 

The sum of all lipids in the class (LPC, PC, TAG, SM, PG) was calculated, and the 

ratio of the maximum sum of all samples and each individual sample was calculated as 

a normalization factor. Each lipid was multiplied by this normalization factor to scale 

each individual lipid measurement to ‘total’ lipid quantity prior to Log2 normalization 

and statistical analysis in R. 

B.1.12 Oxylipins 

Stable Isotope Labeled (SIL) oxylipin standard solutions were purchased from 

Cayman Chemical (Ann Arbor, MI). Solutions were combined in a stock SIL mixture in 

methanol which was further diluted with acetonitrile to a final concentration of 6.25 nM 
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(IS Working Solution). Butylated hydroxytoluene, an antioxidant, was also added to the 

internal standard solution at a final concentration of 62.5 µg/mL. 

Analytical standard solutions were purchased from Cayman Chemical (Ann 

Arbor, MI).  Solutions were combined in a stock mixture containing 1 µg of each 

compound which was further diluted with 1:1 acetonitrile: methanol to prepare Spiking 

Solutions from which Quality Control samples (QC) and calibration standards were 

made. 

Calibration standards and QCs were prepared in 50 mg/mL Bovine Serum 

Albumin (BSA) in 50 mM ammonium bicarbonate (AmBic). Calibration standards were 

analyzed in duplicate bracketing the study samples and QCs. The concentrations of the 

calibration standards were 10, 25, 50, 100, 250, 500, 1000, 5000, 10000, and 50000 pg/mL. 

QC samples were prepared at three concentrations 40000, 4000, and 400 pg/mL. These 

were analyzed in triplicate with the study samples. 

After the addition of 250 µL phosphate buffered saline samples were 

homogenized using three pulses of 10 seconds each.  Samples were cooled on ice 

between cycles.  Protein content of each sample was determined using a Bradford 
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analysis. Homogenized samples were extracted by protein precipitation with acetonitrile 

using a Biotage (Uppsala, Sweden) ISOLUTE® PLD+ protein and phospholipid removal 

96-well plate. For each blank, calibration standard, QC, and study sample, 800 µL IS 

Working Solution were added to the appropriate well of the protein and phospholipid 

removal 96-well plate. 800 µL acetonitrile were added to each well to be used for double 

blanks.  Aliquots of 200 µL blank, calibration standard, and QC sample were added to 

the appropriate wells. Sample homogenates were added in 200 µL aliquots. The 

extraction plate was then capped, mixed for 10 minutes at room temperature at 650 rpm 

then frozen for 10 minutes at -20°C. While the PLD+ plate was positioned over a 96-well 

collection plate containing 25 µL 80:20 methanol: glycerol vacuum was applied for 5 

minutes to elute the filtrate. After drying under a gentle stream of nitrogen at 30°C 

samples were reconstituted in 50 µL 1:1 acetonitrile: methanol and 10 µL 80:20 

methanol: glycerol. 5 µL of each sample was injected for LC/MS/MS analysis. A QC pool 

of equal volumes of all samples (5655 SPQC) was extracted and analyzed in the same 

way as the study samples, calibration standards, and QC samples. 
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LC separation was performed using a Waters (Milford, MA) Acquity UPLC 

using a Waters Acquity 2.1 mm x 10 mm 1.7 µm BEH C18 column (Waters P/N 

186002352) fitted with an Acquity UPLC BEH C18 VanGuard Pre-column.  Mobile phase 

A was water with 0.1% acetic acid and mobile phase B was 90:10 acetonitrile: isopropyl 

alcohol. 

Samples were introduced directly into a Sciex 6500+ QTRAP mass spectrometer 

(Sciex) using negative ion Electrospray ionization operating in the Multiple Reaction 

Monitoring (MRM) mode.  MRM transitions (compound-specific precursor to product 

ion transitions) for each analyte and internal standard were collected over the 

appropriate retention time.  The MRM data were imported into Sciex application 

MultiQuant for peak integration, calibration, and concentration calculations.  Analytes 

for which analytical standards were not included were quantified against the standard 

curve of an analyte from the same or similar compound class. Measurements below limit 

of detection were included in analysis as limit of detection divided by two. Oxylipin 

concentrations were normalized to protein abundance and then log2 normalized prior to 

one-way analysis of variance analysis in R. 
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B.1.13 Phospholipid supplemented plate preparation 

Stock solutions of egg phosphatidylcholine (Sigma: P3556), 

lysophosphatidylcholine (Sigma: L4129), phosphatidylethanolamine (Sigma: P7943) and 

crude phosphatidylinositol from soybeans (Sigma: P6636) were made with 100% EtOH, 

further diluted in S-basal, applied to NGM plates, allowed to dry for ~2 hr, and then 

seeded with HT115 E. coli. Specific PC species 20:0 (Avanti: 850368P), 20:4n-6 (Avanti: 

850397C), 18:1n-7 (Avanti: 790626C), 18:1n-9 (Avanti: 850375P) were applied similarly.  

B.1.14 DAG and Choline supplementation 

DAG 18:1 (Avanti: 800811O) was diluted in 100% EtOH, further diluted in S-

basal, and applied to plates at a final concentration of 120 µM. Choline (Sigma: P7527) 

was diluted in water and added to NGM plates to make the final concentration 30 mM. 

Plates were allowed to dry for ~2 hours and then seeded with HT115 E. coli. 

B.1.15 N-acetylcysteine supplementation 

N-acetylcysteine (NAC) dissolved in water was applied onto solidified NGM 

agar plates, allowed to dry, and then plates were seeded with E. coli HT115 EV. Lawns 

were allowed to grow for ~24 hr prior to being plated with animals. 
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B.2 Supplemental Table: Statistical analysis of lipid profiling 

Table 4: Statistical analysis of lipid profiling in worms starved and recovered 
on daf-2 RNAi. 

One and two-way ANOVAs were used (for two-way ANOVAs, the interaction p-value is 
given), as indicated; *p < 0.05, **p < 0.01, and ***p < 0.001. DAG = diacylglycerol; 
LPC = lysophosphatidylcholine; PC = phosphatidylcholine; SM = sphingomyelin; TAG = 
triacylglyceride; PE = phosphatidylethanolamine; PG = phosphoglyceride; PI = 
phosphatidylinositol; FA = fatty acid. 
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B.3 Supplemental Figures for Chapter 3 

 

Figure 29: Concentrations of individual molecular species of DAG, FFA, PC, 
and LPC.  

Diacylglycerol (DAG), free fatty acids (FFA), phosphatidylcholine (PC) and 
lysophosphatidylcholine (LPC) abundances. Small dots indicate biological replicates and 
large dots indicate the mean. See Table 4 for statistics. 
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Figure 30: Concentrations of individual molecular species of PE, PG, PI, SM 
and TAG. 

Phosphatidylethanolamine (PE), phosphoglyceride (PG), phosphatidylinositol (PI), 
sphingomyelin (SM), and triacylglycerol (TAG) abundances. Small dots indicate 
biological replicates and large dots indicate the mean. See Table 4 for statistics. 
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Figure 31: Concentrations of individual oxylipins normalized by total protein.  

Circles are biological replicates and dots indicate the mean of the replicates. *p < 0.05, ** 
< 0.01, *** < 0.001; unpaired t-test. 
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Appendix C: Cell Death and Starvation-induced 
Abnormalities 

C.1 Background, Results, and Discussion 

 Apotosis is critical for the regulation of cell proliferation in C. elegans as it is in 

other organisms. Insulin signaling has a well-studied role providing antiapoptotic 

signals101,114.  We hypothesized that tumorous gonad arms would have less apoptosis 

than nontumorous gonad arms of starved wild-type worms. To assess this, we stained 

with Syto12, which is preferentially retained in apoptotic cell corpses. Indeed, tumorous 

arms had decreased Syto12-positive corpses, with most having no identifiable Syto12-

positive cell corpses at all (Figure 32A,B), suggesting apoptosis may play a role in the 

development of SIA.  

We wondered if daf-16 increased apoptosis in the gonad arms of starved worms. 

To test this, we compared number of Syto12-positive cell corpses in the gonad arms of 

starved daf-16 overexpression mutants to those of wild-type animals. Worms 

overexpressing daf-16 had over twice as many apoptotic cell corpses as wild type, with 

up to a dozen in some animals (Figure 32C). These results show that an absence of 
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apoptotic cell corpses correlates with tumorous gonad arms and that daf-16 promotes 

apoptosis in worms recovering from starvation. 

 

Figure 32: Tumorous gonad arms have fewer Syto12-positive cells and daf-16 
overexpression increases Syto12-positive cells in starved worms. 

A) Representative images of normal and tumorous gonad arms in DIC (top) and Syto12 
staining (middle). Insets show region where apoptosis occurs with arrows indicating 
apoptoic cells. gc = germ cells, o= oocytes, e = embryos, # = tumor. B) Quantification of 
Syto12-positive cells in gonad arms with and without tumors. C) Syto12-positive cells in 
starved wild-type and daf-16 OE gonad arms. B,C) Circles indicate an individual gonad 
arm and solid dots indicate the mean. Statistics absent because of lack of iteration. 
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Ferroptosis is a recently discovered and increasingly appreciated form of 

regulated cell death in which cells destroy themselves by altering their glutathione 

(GSH) system to result in an iron-dependent lipid peroxidation chain reaction115. 

RNAseq analysis indicating membrane biology and oxidative processes. Further, our 

lipidomic data suggesting interesting biology was occuring in unsaturated phospholipid 

tails (discussed in Chapter 3). Together, these insights suggested that ferroptosis could 

be involved in SIA and modified by IIS.  

To test this, we supplemented starved C. elegans with erastin dissolved in DMSO. 

Erastin has been shown to inhibit the xc- system, leading to cysteine depletion, ultimately 

reducing levels of glutithione and promoting ferroptosis115,116. Unfortunately, the results 

were confounded by a large dose-dependent suppression of SIA by the vehicle DMSO 

(Figure 34A). We subsequently determined this result was to be expected, as DMSO has 

previously been shown to promote lifespan via daf-16117. However, doses of erastin in the 

lower range (< 50 µM) produced a striking suppression of SIA even when compared to 

DMSO (Figure 33, Figure 34A). High doses of erastin (50, 75, and 100 µM) suppressed 

nearly all abnormalities, but delayed development. 
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Figure 33: Representative images of starved worms with and without erastin 
supplementation. 

Wild-type animals were recovered after 8 d of starvation with or without erastin 
supplementation and their posterior intestines were imaged after 72 hr of 
development. V= vulva, # = tumor, ugc = undifferentiated germ cells, o = oocytes, 
e = eggs. 400x magnification. 
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Figure 34: Ferroptosis and starvation-induced gonad abnormalities. 

A) Erastin and its vehicle DMSO suppress gonad abnormalities. Dots indicate 
biological replicates and cross bars indicate the means. B) daf-2 RNAi still 
suppresses abnormalities with DFO. *p < 0.05; unpaired t-test. C) DFO blocks 
enhanced apoptosis in starved worms recovered on daf-2 RNAi and erastin does 
not promote apoptosis. B,C) Circles indicate a biological replicate and dots 
indicate the mean. 
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Next, we wondered if reduced daf-2 was suppressing SIA by increasing 

ferroptosis. To test this, we recovered starved worms on daf-2 RNAi supplemented with 

deferoxamine (DFO). DFO chelates the iron necessary for the lipid peroxidation chain 

reaction characteristic of ferroptosis in other systems115. However, we found daf-2 RNAi 

was still able to suppress abnormalities with DFO (Figure 34B) inconsistent with IIS 

affecting SIA via ferroptosis.  

 To further address the intersection of IIS and ferroptosis, we performed 

additonal Syto12 staining on animals recovered on daf-2 RNAi with and without DFO 

(Figure 34C). Reminicsent of our results with daf-16 gain-of-function mutants, reducing 

daf-2 with RNAi increased the number of Syto12-positive cells (Figure 34C). Intriguingly, 

this appeared to be blocked by concurrent exposure to 2 mM DFO (Figure 34C). Further 

inconsistent with our predictions based on a nascent understanding of the ferroptosis 

regulatory apparatus, erastin failed to increase Syto12-positive cells in starved worms 

(Figure 34C). Taken together, these results suggest starvation-induced tumors do appear 

to be associated with an absence of Syto12-positive cell corpses, and over expression or 
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activation (although not shown explicitly to act through canonical effector daf-16) of daf-

16 promotes Syto12-positive cells. 

 Erastin potently suppressed SIA leading us to believe ferroptosis could be 

involved in this process downstream of daf-2. However, while DFO blocked Syto12-

positive cells in starved worms with reduced daf-2, it did not block daf-2 suppression of 

SIA. Taken together, these experiments uncouple increased apoptosis from mitigation of 

SIA via reduced IIS. Furthermore, although the sample size is limited, we found that 

erastin did not increase the number of Syto12-positive cell corpses. Therefore, it is 

unlikely erastin is suppressing SIA by promoting germ cell death. Instead, as discussed 

in Chapter 3, we find SIAs are promoted by imbalances in ARA-derived eicosanoid 

signaling. Eicosanoids are negatively regulated by the GSH pathway which can be 

enhanced with the addition of NAC. NAC suppresses SIA we think by limiting 

eicosanoid activity. Based on the understood effects of these drugs on the GSH system, 

we would expect them to modify SIA phenotype in opposite ways, but at high doses, 

both suppress SIA. A simple interpretation is NAC and/or erastin have affects we are 

not taking into consideration. However, these results may also indicate a more 
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fundamental aspect of the SIA phenotype. Animals can avoid SIA if they have an 

abundance of eicosanoids such as when erastin inhibits their deactivation or when the 

animals are supplemented with large doses of exogenous eicosanoid precursor in the 

form of unsaturated phosphatidylcholine. However, deficiencies in PC leads to 

compensatory changes to metabolism at the transcriptional level and results in SIA. On 

the other end of the spectrum, blocking eicosanoid activity with NAC also prevents SIA. 

Therefore, it could be moderate imbalances that result in SIAs. Regardless, in addition to 

the skn-1 results mentioned in Chapter 2, there is abundant evidence that the GSH 

system plays a critical role in the development and mitigation of SIA and warrants 

further study in this context. However, our results are inconsistent with an influence of 

ferroptosis downstream of IIS in the mitigation of SIA. 

C.2 Materials and Methods 

C.2.1 Erastin and deferoxamine supplementation 

Erastin (Cayman Chemical # 17754), dissolved in dimethylsulfoxide (DMSO) and 

further diluted in S-basal, was applied to plates with lawns of OP50 E. coli and allowed 

to dry for several hours. Vehicle only DMSO controls were also prepared. Deferoxamine 
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(DFO) was dissolved in water and applied to plates similarly. Worms were recovered on 

these plates as described previously until early adulthood. 

C.2.2 Syto12 staining 

Early adult Worms were washed off plates and then rinsed in S-basal several 

times. After the last wash, worms were resuspended in 33 µM Syto12 (Invitrogen # 

S7574) dissolved in S-basal. Worms were gently rocked on a nutator in the dark for 5 h. 

Worms were then recovered on OP50 E. coli for 1 h prior to visualization. 

C.2.3 Syto12 visualization and scoring 

Stained worms were mounted on 4% noble agar pads in sodium azide S-basal. 

Gonads were assessed for fluorescent cells in the apoptotic region near the bend of the 

gonad using an AxioImager (Zeiss) at a magnification of 400x. 

Appendix D: Genes which influence the development of 
starvation-induced abnormalities 
D.1 Somatic rheb-1 promotes the development of starvation-
induced abnormalities 

Target of rapamycin (TOR) integrates nutritional information to produce 

responses in cell activity and behavior and is critical to developmental homeostasis. We 
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wondered if TOR was hyperregulated and contributing to the development of SIA. To 

test this, we recovered starved wild-type worms on rheb-1 RNAi. rheb-1 is regulated by 

insulin signaling and regulates S6K, the canonical downstream effector of TOR118. rheb-1 

RNAi suppressed SIA to the extent seen in animals with reduced IIS via daf-2 RNAi 

(Figure 35A,B). 
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Figure 35: rheb-1 RNAi suppresses SIA. 

A) Representative images of starved wild-type worms recovered on EV or rheb-1 RNAi. 
B) Abnormalities in starved wild-type, germline RNAi-specific rrf-1, and soma RNAi-
specific ppw-1 worms grown on indicated RNAi. Circles indicate a biological replicate. 
Dots indicate the mean. *p < 0.05, **p < 0.01, and ***p < 0.001; unpaired t-test with 
pooled variance; *t-test comparisons between gfp unless otherwise indicated. n.s. = not 
significantly different. 
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 Using mutants unable to produce an RNAi effect in either the soma (rrf-1) or 

germline (ppw-1), we went on to show that like daf-2 RNAi, rheb-1 RNAi appears to affect 

the development of SIA from the soma and not the germline. Taken together, these 

results suggest rheb-1 promotes gonad abnormalities from the soma. Based on the extent 

to which rheb-1 RNAi suppresses SIA and its previously identified interaction with IIS, 

we think it likely daf-2 hyperregulates somatic rheb-1 to promote the development of 

SIA. Alternatively, early-life starvation hyperregulates TOR via rheb-1 through some 

other pathway, and reduced IIS can act on top of this regulation to downregulate TOR, 

reestablishing reproductive fidelity. 

D.2 Knockdown of daf-18/PTEN enhances starvation-induced 
abnormalities 

 daf-18/PTEN negatively regulates the PI3K cascade downstream of daf-2/InsR. We 

suspected knockdown of daf-18 with RNAi might enhance the development of SIA by 

reducing nuclear daf-16, thus allowing nuclear pqm-1 to accumulate. We did not test the 

dynamics of nuclear localization, however knockdown of daf-18 with RNAi in starved 

wild-type worms enhanced the development of SIA and reduced the ability of decreased 

daf-2 to suppress SIA (Figure 36A). 
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Figure 36: daf-18 and gld-1 knockdown enhances the development of 
starvation-induced abnormalities. 

A,B) Abnormalities in starved wild-type worms grown on indicated RNAi(s). Circles 
indicate a biological replicate. B) Dots indicate the mean. **p < 0.01; unpaired t-test with 
pooled variance 
 

D.3 Knockdown of gld-1 promotes starvation-induced 
abnormalities 

As we discuss in Chapter 2, heterozygous loss-of-function mutation of glp-

1/Notch prevented the development of SIA suggesting increased levels of glp-1 promote 

SIA. gld-1 antagonizes delta-notch signaling in germ cells to promote differentiation into 

gametes. Consistent with a hyperregulation of delta-notch signaling following early-life 
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starvation, decreasing gld-1 in starved worms results in a fully penetrant SIA phenotype 

(Figure 36B). 

Appendix E: Genes which do not appear to influence the 
development of starvation-induced abnormalities 
E.1 Class I daf-16 target genes in combination with daf-2 RNAi 

 The JUN N-terminal kinase (JNK) orthologues kgb-1 and kgb-2 are class I daf-16 

target genes which influence cell proliferation, differentiation, migration, and cellular 

behaviors 44,119. sod-3 encodes a superoxide dismutase and is a canonical downstream 

class I daf-16 target gene44. All three of these genes are upregulated by early-life 

starvation and further upregulated when daf-2 is reduced with RNAi suggesting they 

may play a role in suppressing the development of SIA. To test this, we subjected 

starved wild-type worms to RNAi against daf-2 in combination with kgb-1, kgb-2, or sod-3 

and found that none of these treatments were able to prevent daf-2 RNAi-mediated 

suppression of SIA (Figure 37). 
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Figure 37: RNAi against kgb-1, kgb-2, and sod-3 in combination with RNAi 
against daf-2. 

Abnormalities in starved wild-type worms grown on indicated RNAi(s). Circles indicate 
a biological replicate. Dots indicate the mean. *p < 0.05, **p < 0.01, and ***p < 0.001; 
unpaired t-test with pooled variance; *t-test comparisons between gfp unless otherwise 
indicated. n.s. = not significantly different.  
 

E.2 CDP-choline pathway does not contribute to starvation-
induced abnormalities inter- or intragenerationally 

We found an overabundance of phosphatidylcholine metabolites in adult worms 

subjected to early-life starvation. We wondered if PC derived in the CDP-choline 

pathway was directly contributing to the development of SIA. To test this, we knocked 

down CDP-choline pathway members pcyt-1, cept-2, and pmt-1 in worms recovering 

from early-life starvation. RNAi against these genes failed to influence the development 

of SIA (Figure 38A). 
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Figure 38: Inter- and intragenerational PC modification failed to influence SIA. 

A) Abnormalities in starved wild-type worms grown on indicated RNAi. B) 
Abnormalities in the progeny of parents given the indicated treatments. Veh = DMSO 
only vehicle, PC = phosphatidylcholine from chicken eggs. A, B) Circles indicate a 
biological replicate. Dots indicate the mean (if applicable). ***p < 0.001; unpaired t-test 
between control and starved with pooled variance. Other comparisons are not 
significantly different. 
  

Mammalian vitellogenin predominately shuttles PC, so we wondered if maternal 

PC influenced the development of SIA. To test this, we subject well-fed parents to RNAi 

against pcyt-1 and cept-2 and assessed the development of SIA in their control and 

starved progeny. Neither treatment produced an effect of SIA (Figure 38B). Conversely, 

we supplemented parents with 120 µM chicken-egg phosphatidylcholine. This treatment 

also failed to influence the development of SIA in starved progeny (Figure 38B). 
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However, we do not know if supplemented worms apportioned additional PC to their 

eggs. Taken together, these results suggest the CDP-choline pathway does not influence 

the SIA phenotype inter- or intragenerationally. 

E.3 Diacylglycerol enzymes and other transcriptionally regulated 
lipid-related genes do not influence starvation-induced 
abnormalities 

We wondered if diacylglycerol metabolism was directly contributing to the 

development of SIA. We identified dagl-2 and dgk-2 as being transcriptionally regulated 

by early-life starvation. dagl-2 and dgk-2 are enzymes which convert phosphatidic acid 

into diacylglycerol and diacylglycerol into phosphatidic acid90,120, respectively. RNAi 

against these enzymes was insufficient to modulate the development of gonad 

abnormalities to a significant extent (Figure 39). We concurrently tested lipid 

modification enzymes egl-8 and elo-4 as well as nhr-23, which were all found to be 

transcriptionally regulated by early-life starvation. None of the genes altered the 

development of germline abnormalities (Figure 39). 
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Figure 39: Diacylglycerol kinase and other lipid metabolism genes fail to 
influence SIA. 

Abnormalities in starved wild-type worms grown on indicated RNAi. Circles indicate a 
biological replicate. Dots indicate the mean. No comparisons with EV were significantly 
different; unpaired t-test with pooled variance. 
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