Article

Dietary Restriction Extends Lifespan through
Metabolic Regulation of Innate Immunity
Graphical Abstract

Authors
Ziyun Wu, Meltem Isik, Natalie Moroz,
Michael J. Steinbaugh, Peng Zhang,
T. Keith Blackwell

Correspondence
keith.blackwell@joslin.harvard.edu

In Brief
Wu et al. report that longevity from dietary
restriction and reduced insulin/IGF-1
signaling involves modulation of a
conserved p38–ATF-7 innate immunity
pathway. This immunometabolic
pathway is activated by nutrients
independently of mTORC1. DAF-16/
FOXO inhibits p38–ATF-7 immunity by
reducing food consumption, thereby
linking growth, appetite, immunity, and
lifespan regulation.

Highlights
d

Dietary restriction longevity requires modulation of nutrientregulated immunity

d

Nutrients activate the p38–ATF-7 immunometabolic pathway
independently of mTORC1

d

Insulin/IGF-1 signaling affects immunity and aging in part by
curtailing food intake

d

DAF-16/FOXO lowers food consumption, linking feeding and
immunity to growth signals

Wu et al., 2019, Cell Metabolism 29, 1–14
June 4, 2019 ª 2019 Elsevier Inc.
https://doi.org/10.1016/j.cmet.2019.02.013

Please cite this article in press as: Wu et al., Dietary Restriction Extends Lifespan through Metabolic Regulation of Innate Immunity, Cell Metabolism
(2019), https://doi.org/10.1016/j.cmet.2019.02.013

Cell Metabolism

Article
Dietary Restriction Extends Lifespan
through Metabolic Regulation of Innate Immunity
Ziyun Wu,1,2,3 Meltem Isik,1,2,3 Natalie Moroz,1,2,3 Michael J. Steinbaugh,1,2,3 Peng Zhang,1,2,3
and T. Keith Blackwell1,2,3,4,*
1Research

Division, Joslin Diabetes Center, Boston, MA 02215, USA
of Genetics, Harvard Medical School, Boston, MA 02115, USA
3Harvard Stem Cell Institute, Cambridge, MA 02138, USA
4Lead Contact
*Correspondence: keith.blackwell@joslin.harvard.edu
https://doi.org/10.1016/j.cmet.2019.02.013
2Department

SUMMARY

Chronic inflammation predisposes to aging-associated disease, but it is unknown whether immunity
regulation might be important for extending healthy
lifespan. Here we show that in C. elegans, dietary restriction (DR) extends lifespan by modulating a
conserved innate immunity pathway that is regulated
by p38 signaling and the transcription factor ATF-7.
Longevity from DR depends upon p38–ATF-7 immunity being intact but downregulated to a basal level.
p38–ATF-7 immunity accelerates aging when hyperactive, influences lifespan independently of pathogen
exposure, and is activated by nutrients independently of mTORC1, a major DR mediator. Longevity
from reduced insulin/IGF-1 signaling (rIIS) also involves p38–ATF-7 downregulation, with signals
from DAF-16/FOXO reducing food intake. We
conclude that p38–ATF-7 is an immunometabolic
pathway that senses bacterial and nutrient signals,
that immunity modulation is critical for DR, and that
DAF-16/FOXO couples appetite to growth regulation.
These conserved mechanisms may influence aging in
more complex organisms.

INTRODUCTION
Eukaryotic lifespans range from days to centuries. Across this
spectrum, the progression of aging can be slowed by dietary restriction (DR), the reduction of food intake without malnutrition
(Fontana and Partridge, 2015; Kapahi et al., 2017; Kenyon,
2010). When food is freely available, lifespan can be extended
by decreasing the activity of mechanisms that promote growth.
Reduced insulin/IGF-1 signaling (rIIS) is associated with longer
life in species ranging from C. elegans to mice, and possibly humans (Kenyon, 2010; Shore and Ruvkun, 2013). From yeast to
mammals, lifespan can be extended through inhibition of the
mTORC1 (mechanistic target of rapamycin complex 1) kinase,
a driver of growth that integrates amino acid and growth factor
signals (Fontana and Partridge, 2015; Greer and Brunet, 2009;
Johnson et al., 2013; Kapahi et al., 2017; Kenyon, 2010). An un-

derstanding of how reductions in anabolic signals promote
longevity holds promise for enhancing healthy aging in humans.
Genetic analyses of model organisms have been invaluable for
identifying mechanisms that extend lifespan. It is generally
agreed that DR lifespan extension is mediated in part through
reduced mTORC1 activity, and under some conditions rIIS as
well (Fontana and Partridge, 2015; Hou et al., 2016; Johnson
et al., 2013; Kapahi et al., 2017). Analyses in C. elegans have provided extensive insight into rIIS lifespan extension (Kenyon,
2010; Shore and Ruvkun, 2013). An evolutionarily conserved
IIS pathway initiates from the receptor DAF-2 to inhibit the transcription factor DAF-16 (FOXO), which is required for rIIS
longevity. By relieving repression of DAF-16 and other transcription factors, rIIS increases the activity of cell- and tissue-protective mechanisms that promote proteostasis, stress resistance,
neuronal function, germ cell fitness, and extracellular matrix remodeling (Ewald et al., 2018; Kenyon, 2010; Shore and Ruvkun,
2013). The paradigm of enhanced cytoprotection has also been
linked to DR, mTORC1 inhibition, and other lifespan extension
scenarios (Fontana and Partridge, 2015; Greer and Brunet,
2009; Hou et al., 2016; Kapahi et al., 2017; Kenyon, 2010; Robida-Stubbs et al., 2012; Shore and Ruvkun, 2013).
An important hallmark of human aging is immune dysregulation (Shaw et al., 2013). Aging increases chronic innate immune
activity and inflammation, a major risk factor for age-related pathologies that include diabetes, cancer, and neurodegenerative
and cardiovascular disease (Kotas and Medzhitov, 2015).
Obesity or an unhealthy diet can reprogram the innate immune
system to a long-term inflammatory state, further predisposing
to age-related disease (Christ et al., 2018; Dandona et al.,
2004; Newton and Dixit, 2012). By contrast, in mammals DR
seems to reduce chronic immunity and inflammation (Meydani
et al., 2016; Shaw et al., 2013). It is unknown whether this DR
benefit stems from a slower rate of tissue aging and damage,
or immune regulation. The emerging idea that innate immunity
is influenced by metabolic activity is of great interest because
of the potential importance in metabolic disease (Hotamisligil,
2017; Kotas and Medzhitov, 2015).
Here we have investigated relationships between nutrient
intake, innate immunity, and aging in the nematode C. elegans.
We find that DR longevity depends upon modulation of a
conserved innate immunity pathway that is controlled by p38
signaling and the transcription factor ATF-7 (Irazoqui et al.,
2010; Kim et al., 2002; Shivers et al., 2010). In contrast to other
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protective mechanisms implicated in longevity, for lifespan
extension this pathway must be downregulated to a more
favorable level. This immunometabolic pathway is activated by
nutrients independently of mTORC1, and influences lifespan
independently of pathogen defense. Modulation of the p38–
ATF-7 pathway is also important for rIIS longevity. Unexpectedly, this is mediated through a reduction in food intake that is
imposed by DAF-16, in part through non-autonomous signaling
from the gut to the nervous system. Our findings show that metabolic regulation of innate immunity plays a major role in aging and
DR lifespan extension. They also implicate p38 signaling in
nutrient responses, and DAF-16/FOXO as a suppressor of
feeding behavior.
RESULTS
DR Lifespan Extension Requires a Conserved Innate
Immunity Pathway
To investigate the role of immunity in DR, we examined the
importance of p38 MAPK (mitogen-activated protein kinase)
signaling, which regulates innate immune functions from
C. elegans to humans (Arthur and Ley, 2013; Irazoqui et al.,
2010). In humans, the p38 cascade is activated by pathogen
exposure and inflammatory cytokines (Arthur and Ley, 2013;
Newton and Dixit, 2012). In C. elegans, a conserved p38 cassette
consisting of NSY-1(ASK1 MAPKKK), SEK-1(MKK3/MKK6
MAPKK), and PMK-1(p38 MAPK) activates an innate immunity
program that is induced by diverse pathogens (Figure S1A)
(Irazoqui et al., 2010; Kim et al., 2002). This response includes
activation of various antimicrobial genes, and processes that
protect the host and clear damaged structures (Chikka et al.,
2016; Troemel et al., 2006).
Both liquid- and plate-culture DR regimens failed to extend
lifespan when p38 pathway components were ablated by mutation (Figures 1A–1D and S1B–S1E; Data S1). This indicates that
lifespan extension from DR requires the p38 pathway independently of any differences among these conditions, such as the
swimming that occurs in liquid culture. Besides immune defense, in C. elegans p38 signaling is involved in the response
to reactive oxygen species (ROS), and neuronal specification
and regeneration (Andrusiak and Jin, 2016; Inoue et al., 2005).
DR lifespan extension largely required the Toll/interleukin-1 receptor (TIR) protein TIR-1 (Figures 1E, 1F, and S1F), which functions upstream of the p38 cascade specifically in response to
pathogens (Andrusiak and Jin, 2016; Inoue et al., 2005), suggesting a requirement for p38-regulated immunity.
We tested this idea further by examining the role of the transcription factor ATF-7 (Figure S1A), which also appears to function specifically in p38-regulated immunity (Shivers et al., 2010;
Fletcher et al., 2019). Mammalian ATF-7 orthologs (ATF2/ATF7/
CREB5) are regulated by p38 and are involved in innate immune
responses (Newton and Dixit, 2012; Shivers et al., 2010), suggesting conservation of this pathway. In C. elegans, ATF-7 has
a dual role in immunity regulation (Figure S1G) (Shivers et al.,
2010). ATF-7 functions as a repressor that prevents immunity
genes from being transcribed constitutively, but when it is phosphorylated by p38 (PMK-1) this repression is lifted, and ATF-7
acts as an activator that promotes full immune gene induction.
This phosphorylation is blocked by the atf-7 gain-of-function
2 Cell Metabolism 29, 1–14, June 4, 2019

(gf) mutation qd22, so that ATF-7 then constitutively represses
immune gene expression (Shivers et al., 2010). An intragenic
double mutation in atf-7 (qd22 qd130) creates a loss-of-function
(lf) because it impairs both the activator and repressor functions
of ATF-7. Because the repressor function is lacking, atf-7(lf) allows weak immune gene expression and partially suppresses
the stronger sek-1 and pmk-1 defects, indicating that atf-7 functions downstream of sek-1 and pmk-1 in immunity (Shivers et al.,
2010). Similar to their effects on pathogen resistance, atf-7 mutations largely prevented DR longevity (Figures 1G, 1H, and S1H),
and atf-7(lf) partially rescued the complete ablation of DR
longevity resulting from SEK-1 loss (Figures S1I and S1J). Our
data indicate that the p38–ATF-7-regulated immunity pathway
is required for DR lifespan extension, with p38 signaling functioning upstream of ATF-7, although they do not rule out other
p38-regulated mechanisms also being important. These DR experiments involved growth-arrested bacterial food (Moroz et al.,
2014), suggesting that this requirement for p38–ATF-7 immunity
reflects an effect on longevity and not infection resistance.
p38 signaling through the MAPKK SEK-1 acts in multiple tissues to resist pathogens (Shivers et al., 2009). An avoidance
behavioral response is mediated by neuronal SEK-1, and pathogen defense functions involve SEK-1 expression in the intestine, the digestive system counterpart (Shivers et al., 2009). DR
longevity was fully rescued by expression of SEK-1 from its
own promoter (Figure S1K), and was rescued by intestinal
SEK-1 partially (Figure 1J) but less robustly than pathogen resistance (Shivers et al., 2009). DR longevity was also partially
rescued by neuronal SEK-1 (Figures 1K and 1L), although the
pathogen avoidance response itself was not essential (Figure 1I).
During DR, p38 signaling therefore acts in both the gut and nervous system but apparently does not function identically to its
role in acute pathogen responses.
Modulation of Innate Immunity by DR and rIIS
To investigate why p38 signaling is required for DR longevity, we
performed expression profiling of wild-type (WT) and sek-1 animals under AL (ad libitum) and DR conditions (Figures 2A–2C
and S2A–S2C; Data S2). In WT animals, DR induced gene
expression changes seen in other long-lived scenarios, including
upregulation of cytoprotective genes (i.e., small heat shock,
glutathione-S-transferase, cytochrome P450, and UDP-glucuronosyl transferase) and downregulation of vitellogenins (Figures
2D, S2D, and S2E) (Fontana and Partridge, 2015; Hsu et al.,
2003; Kenyon, 2010; Seah et al., 2016; Shore and Ruvkun,
2013). A previous comprehensive analysis of DR-induced gene
expression also observed upregulation of many cytoprotective
genes (Hou et al., 2016). A simple model to explain why the
p38-ATF-7 immune response is required in DR is that many
p38-dependent genes might be activated by food deprivation
as a protective mechanism. However, our DR-upregulated and
SEK-1-dependent gene sets shared only 46 genes, a small set
without obvious functions in common (Figures 2B and S2A;
Data S2). In addition, many DR-upregulated genes were expressed at elevated levels in sek-1 mutants (SEK-1-downregulated genes; Figure 2B), and expression of many heat shock
and other cytoprotective genes was increased by either DR or
sek-1 mutation (Figures 2B, 2D, S2A, S2D, and S3K). Thus,
when p38 signaling was blocked, DR nevertheless induced
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Figure 1. The p38–ATF-7 Innate Immunity Pathway Is Required for DR Longevity
(A–C) DR lifespan extension is blocked by the p38 pathway loss-of-function mutations sek-1(km4) (A), nsy-1(ok593) (B), and pmk-1(km25) (C).
(D) Lack of SEK-1 abolished lifespan extension by the feeding-impairment mutation eat-2, a putative DR model (Greer and Brunet, 2009).
(E and F) The upstream immunity regulator TIR-1 is largely required in DR. Lifespan extension was reduced considerably by a pathogen-sensitive tir-1 mutant
(qd4), but only modestly by a tir-1 allele (ok1052) that does not impair pathogen resistance (Shivers et al., 2009).
(G and H) Impairment of DR by the atf-7 loss-of-function (lf) allele atf-7(qd22 qd130lf) (G) and the gain-of-function constitutive repressor mutation
atf-7(qd22 gf) (H).
(I) Lack of the serotonin biosynthesis enzyme TPH-1, which is required in the pathogen avoidance response (Shivers et al., 2009), had only a modest effect on DR.
tph-1(n4622) is a presumed null deletion mutant.
(J–L) DR lifespan extension was limited in extrachromosomal transgenic strains in which sek-1 expression was rescued specifically in the intestine (J), all neurons
(K), or ciliated sensory neurons (L) (Shivers et al., 2009).
Ad libitum (AL) food concentration is OD600 at 3 and DR is OD600 at 0.1. Unless otherwise specified, all AL/DR experiments were performed in liquid culture by
dilution of growth-arrested bacterial food, and lifespans were measured at 20 C from hatching. The percent to which DR increased lifespan (%, DR versus AL) is
indicated for individual strains in each figure. Complete data and statistics for all lifespan experiments, including repeat trials, are presented in Data S1. See also
Figure S1 and Data S1.
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Figure 2. DR Increases Cytoprotection but Inhibits p38-Regulated Immunity Genes
(A) Plan for RNA sequencing (RNA-seq) experiments. Analysis of sek-1 overcame possible redundancy among the three PMK kinases.
(B and C) Heatmap of DR-upregulated (B) and -downregulated (C) genes. DR-upregulated genes are defined as those genes with a higher expression under DR
than AL conditions in WT animals. Throughout the manuscript, SEK-1 up- or downregulated refers to genes that are expressed differentially between WT and
sek-1(–) animals under both DR and AL conditions. SEK-1-upregulated genes that are upregulated (46 genes) or downregulated (162 genes) by DR are indicated
with green boxes. A threshold of p < 0.05 is set to define differentially expressed targets.
(D) Expression change for small heat shock protein genes in response to DR and sek-1 deletion, derived from RNA-seq data.
(E) DR-downregulated and SEK-1-upregulated genes (numbers indicate overlaps) are involved in proposed immune response gene classes (Troemel et al., 2006).
(F) Immunity genes that are strongly dependent upon sek-1, but suppressed by DR, as indicated by RNA-seq. For each fold change shown, p < 0.0001.
(G) Effect of RNAi knockdown of a DR-downregulated immune response gene on DR longevity.
All the RNA-seq datasets generated in this study are summarized in Data S2. Mean ± SEM, two-tailed t test. *p < 0.05, **p < 0.01, ***p < 0.0001. See also Figure S2
and Data S1 and S2.

many gene regulation events that are associated with longevity,
but these were insufficient for lifespan extension.
Although DR longevity depended upon p38 signaling, more
SEK-1-dependent genes were downregulated by DR (162
4 Cell Metabolism 29, 1–14, June 4, 2019

genes) than were upregulated (46 genes) (Figures 2B, 2C,
S2A, and S2B). Many immunity genes were present in our
SEK-1-dependent set, consistent with previous findings (Figures 2E, 2F, and S2C) (Troemel et al., 2006), and immunity
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genes were prominent among the sek-1-dependent genes
we identified as downregulated by DR (Figures 2E and 2F;
Data S2). Several of these DR-downregulated immunity genes
are controlled directly by ATF-7 (Figures S2F and S2G), as
predicted (Shivers et al., 2010; Fletcher et al., 2019). We
also determined that many of these genes had been downregulated by DR and intermittent fasting in a previous expression profiling analysis (Data S2) (Hou et al., 2016). DR reduced
expression of many p38–ATF-7-regulated immune response
genes much more modestly than did sek-1 mutation (Figure 2F), indicating that their expression was not completely
eliminated by reduced food intake. p38-dependent immunity
genes function largely redundantly in pathogen resistance
(Schulenburg et al., 2008; Troemel et al., 2006). However,
RNAi against several of them modestly impaired DR longevity
(Figures 2G and S2H), consistent with the requirement for sek1 and the p38–ATF-7 pathway (Figure 1). Thus, while DR lifespan extension depends upon p38–ATF-7-regulated innate
immunity being functionally intact, DR reduces expression of
these genes to a basal level.
Previous work showed that lifespan extension from rIIS is
largely suppressed by mutation of sek-1 (Troemel et al., 2006)
or pmk-1 (Zarse et al., 2012). This suppression has been proposed to reflect a requirement for immunity (Troemel et al.,
2006) or the p38 response to ROS (Zarse et al., 2012). To assess
the importance of p38–ATF-7 immunity specifically, we investigated whether lifespan extension from daf-2 RNAi requires the
immunity regulator ATF-7 along with upstream p38 pathway
components, comparing AL and DR conditions in liquid culture
(Figures 3A–3C and S3A–S3D). The atf-7(gf) double mutation
(constitutive repressor) reduced AL lifespan only minimally
compared to WT, but almost completely suppressed lifespan
extension from both DR and daf-2 RNAi. Also supporting a role
for this immunity pathway, RNAi against several p38–ATF-7regulated immunity genes modestly decreased rIIS lifespan
extension (Figure S3F). Many genes that are upregulated by
rIIS were expressed at considerably higher background levels
in sek-1 mutants (Figures 3D and S3K), arguing against the
idea that the p38–ATF-7 signaling might be generally required
for rIIS-induced genes to be expressed. We conclude that the
p38–ATF-7-regulated immunity pathway is largely required for
rIIS lifespan extension.
rIIS increases the activity of many cytoprotective mechanisms (Introduction), but the example of DR raises the question
of whether p38–ATF-7 immunity might be broadly suppressed
when IIS is reduced. When we compared our DR data to
DAF-2-regulated gene sets (Figures S3G–S3J; Data S2) (Murphy et al., 2003; Tepper et al., 2013), we found that many
sek-1-dependent immunity genes that are downregulated by
DR are also downregulated by rIIS (Figure 3E), consistent
with earlier reports (Murphy et al., 2003; Troemel et al., 2006).
Expression of a transcriptional reporter for the p38–ATF-7regulated immunity gene T24B8.5 is detectable most prominently in the intestine, the digestive system counterpart,
and declines with age (Youngman et al., 2011) (Figures 3G
and 3H). DR and rIIS comparably decreased expression of
T24B8.5 and other immune response genes, by reducing the
p38 signal that drives their expression (Figures 3E–3H and
S3K). By contrast, neither DR nor rIIS decreased the levels of

total PMK-1 protein (Figures 3I and 3J), and DR did not inhibit
expression of the nsy-1, sek-1, or pmk-1 mRNAs (Data S2),
suggesting that DR and rIIS inhibit p38–ATF-7 immunity by
reducing signaling through the p38 pathway.
In WT animals, the age-related decline in p38–ATF-7 immunity
is associated with increased pathogen susceptibility (Youngman
et al., 2011). By contrast, rIIS reduces p38–ATF-7 immune activity but increases pathogen resistance through largely uncharacterized immunoprotective effects of DAF-16 (Garsin et al., 2003;
Murphy et al., 2003; Troemel et al., 2006). DR also enhanced
pathogen resistance (Figure S3E), suggesting that DR compensates for reduced p38–ATF-7 immunity by enhancing other protective activities.
Activation of p38–ATF-7 Immunity by Nutrients
How might DR and rIIS decrease p38–ATF-7 immune activity?
p38 signaling and immunity gene expression are higher in
AL-fed compared to DR animals (Figures 3E–3J), suggesting
that food intake activates the p38–ATF-7 pathway. Consistent
with this idea, many of the DR-downregulated immunity genes
we identified here were found to cycle up and down in their
expression in response to feeding during intermittent fasting
(Data S2) (Hou et al., 2016). Importantly, our AL conditions
involved growth-arrested bacterial food, and the p38–ATF-7regulated immunity reporter was activated by this food in a
dose-dependent manner and could be upregulated by feeding
of UV-killed bacteria (Figures 4A–4C), arguing against the idea
that this p38–ATF-7 activity derives from bacterial colonization
or pathogenesis.
We investigated whether p38–ATF-7 immunity might be activated by nutrients independently of microbial exposure. The
chemically defined media developed to date support
C. elegans growth and development very poorly, but
C. elegans can readily develop into fertile adults when fed an
axenic medium in which a defined set of nutrients is supplemented with sterilized milk powder (Rao et al., 2005; Samuel
et al., 2014; Scanlan et al., 2018). Our version of the latter
feeding regimen (C. elegans nutrient-rich medium; CeNRM)
activated the T24B8.5 immunity reporter in a dose-dependent
manner (Figure 4D), enabled robust growth and development
(STAR Methods), and in a dose- and ATF-7-dependent manner
suppressed lifespan extension from complete dietary deprivation (DD) (Figure 4F), a form of DR (Steinkraus et al., 2008).
The capability of CeNRM components to activate the immunity
reporter correlated with their effects on growth and lifespan:
milk powder was essential for CeNRM to support C. elegans
growth or activate the reporter (Figure 4E) (Rao et al., 2005;
Samuel et al., 2014; Scanlan et al., 2018), and feeding with
milk powder, but not other CeNRM components, suppressed
DD longevity and upregulated immunity (Figures 4G and S4E–
S4G). CeNRM activated the T24B8.5 immunity reporter
comparably to feeding of E. coli OP50 at OD 0.6 (approximately
5 3 108 E. coli/mL) (Figures 4A and 4E), a bacterial concentration that is far greater than would be possible for any contaminant of a CeNRM component. This reporter was also not
induced detectably by either an E. coli culture supernatant or
a bacterial lipopolysaccharide preparation (Figures S4A and
S4B). Together, the data indicate that CeNRM activated immunity gene expression by means of its nutritional content, not any
Cell Metabolism 29, 1–14, June 4, 2019 5

Please cite this article in press as: Wu et al., Dietary Restriction Extends Lifespan through Metabolic Regulation of Innate Immunity, Cell Metabolism
(2019), https://doi.org/10.1016/j.cmet.2019.02.013

A

D

C

B

E

G

F

H

I

J

Figure 3. Similar Modulation of p38–ATF-7-Mediated Immunity by DR and rIIS
(A–C) Comparison of DR and daf-2 RNAi effects on the survival of WT (A), sek-1(km4) (B), and atf-7(qd22 gf) (C) animals.
(D and E) Effects of DR and sek-1 mutation on genes that are upregulated (D) or downregulated (E) in daf-2(–) animals. All expression data presented are from
RNA-seq; see also Data S2. These daf-2(–)-upregulated and -downregulated genes are from Murphy et al. (2003).
(F) Effects of DR and daf-2 RNAi on expression of p38–ATF-7-regulated immunity genes (C17H12.8, K08D8.5, and T24B8.5) in WT and sek-1(km4) animals
(Shivers et al., 2010), examined by qRT-PCR. DR was performed for 3 days.
(G and H) Effects of DR and daf-2 RNAi on expression of the immune response gene T24B8.5, as indicated by a transcriptional GFP (green fluorescent protein)
fusion reporter (Shivers et al., 2009). Fluorescence microscopy images (G) and quantification (H) indicate GFP levels at the indicated number of days after DR was
initiated, or in parallel AL-fed controls.
(I and J) DR and daf-2 RNAi suppress PMK-1 (p38) activity. Immunoblot analyses of total and activated (phosphorylated) PMK-1 from 3-day RNAi-treated day 1
adult (I) and 3-day DR-treated worms (J) are shown.
Scale bar, 100 mm. Mean ± SEM, two-tailed t test. *p < 0.05, **p < 0.01, ***p < 0.0001. See also Figure S3 and Data S1 and S2.

bacterial derivatives that might be present at trace levels. Inhibition of the nutrient sensor mTORC1 did not attenuate immunity analogously to DR and instead increased immune gene
expression (Figure 4H), and did not affect immunity gene sup6 Cell Metabolism 29, 1–14, June 4, 2019

pression by DR (Figures S4C and S4D). We conclude that the
p38–ATF-7-regulated immune response is an immunometabolic pathway that can be activated by nutrients independently
of bacterial signals and mTORC1.
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Figure 4. Regulation of p38–ATF-7 Immunity and DR Longevity by Nutrients
(A and B) Dose-response effect of bacterial food on T24B8.5 immunity reporter expression. Fluorescence microscopy images (A) and quantification (B) indicate
GFP expression from day 6 adult WT worms that carry the agIs219 transgene and have been fed for 3 days under different concentrations of antibiotic-arrested
OP50 bacteria in liquid medium.
(C) UV treatment of cold- and antibiotic-treated OP50 did not affect T24B8.5 reporter expression.
(D) Expression of T24B8.5 in C. elegans nutrient-rich medium (CeNRM), a liquid axenic medium. Worms were grown in CeNRM until the second day of adulthood
(day 7 from the L1 stage), then transferred into fresh CeNRM (AL, 13) or diluted medium (DR, 0.053) for 4 days.
(E) Effect of nutrients on T24B8.5 expression. Day 3 adults were transferred to DD (dietary deprivation) conditions that included the indicated CeNRM components. Fluorescence microscopy images show day 7 adults. Only milk powder was sufficient to drive immune gene expression. The presence of FUdR in the
DD medium resulted in embryonic growth arrest and reporter expression in embryos (apparent as speckles).
(F and G) Survival of WT N2 and atf-7(gf) animals that had been fed with CeNRM (F) or milk powder (G). Lifespan extension from A6d-initiated DD (F) was suppressed by
continued CeNRM feeding, and reduced to a lesser extent by feeding with 0.23 CeNRM. Similar effects were seen upon feeding with milk powder (G).
(H) Effects of mTORC1 inhibition on p38–ATF-7-regulated immunity gene expression (C17H12.8, K08D8.5, and T24B8.5). raga-1 and ragc-1 transduce amino
acid signals to mTORC1 (Saxton and Sabatini, 2017), and the cytoprotective gene gst-4 is activated by mTORC1 inhibition (Robida-Stubbs et al., 2012). Day 3
adults were examined by qRT-PCR after initiation of RNAi at the L4 stage.
Scale bar, 100 mm. Mean ± SEM, two-tailed t test. *p < 0.05, **p < 0.01, ***p < 0.0001. See also Figure S4 and Data S1.

rIIS and DAF-16 Suppress Immunity by Decreasing Food
Consumption
rIIS might conceivably suppress the p38–ATF-7 pathway
through a signal that is regulated by IIS, or by reducing food

intake. Analyses of C. elegans feeding have typically measured
pharyngeal pumping rates, but not the amount of bacterial
food that is consumed. When we measured the relative levels
of food consumption directly, we were surprised to find that
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Figure 5. rIIS and DAF-16 Inhibit Food Consumption
(A) The long-lived mutant daf-2(e1370) consumes reduced amounts of food. The relative consumption of food (antibiotic-arrested OP50 in liquid medium) was
determined by the change in OD600 absorbance over time.
(legend continued on next page)
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food intake was decreased to 50%–60% of WT by rIIS, and was
increased significantly in daf-16 mutants (Figures 5A–5C). A
similar assay that has been corroborated by mass spectroscopy
(Gomez-Amaro et al., 2015) yielded essentially identical results
(M. Petrascheck, personal communication). In analyses of three
E. coli food strains, rIIS reduced food intake and immunity gene
expression similarly, and in a daf-16-dependent manner (Figures
5D, 5E, and S5A). rIIS and DAF-16 decreased the levels of bacteria present in the intestine, presumably reflecting enhanced
bacterial clearance but also consistent with decreased feeding
(Figures S5D and S5E). In contrast to rIIS, food deprivation
decreased expression of the T24B8.5 immunity reporter independently of daf-16 (Figures 5I, 5J, S5B, and S5C), indicating
that DAF-16 modulates immunity by regulating feeding. These
effects of rIIS and DAF-16 on immunity gene expression were
recapitulated when animals were fed on agar plates instead of
in liquid medium, and with milk powder instead of bacterial
food (Figures 5F–5J, S5B, and S5C). In contrast to rIIS, mTORC1
inhibition did not reduce either feeding or p38–ATF-7 immunity
(Figures 4H and 6A). We conclude that rIIS reduces p38–ATF-7
immune activity through a DAF-16-mediated decrease in feeding
and nutrient consumption.
The amount of food C. elegans consumes is determined by the
rate and efficiency of pharyngeal pumping, and the proportion of
time spent pumping (Avery and You, 2012; Gomez-Amaro et al.,
2015; Lemieux and Ashrafi, 2016). Consistent with some earlier
observations, rIIS modestly reduced the frequency of both
pumping and defecation (Figures S5F and S5G). Importantly,
C. elegans regularly enters and exits a quiescent state in which
pumping and movement cease (McCloskey et al., 2017; Skora
et al., 2018; You et al., 2008). The frequency of quiescence is
increased in liquid culture, and elevated by food deprivation in
either liquid or plate culture, with rIIS enhancing the propensity
of fasting to promote quiescence (McCloskey et al., 2017; Skora
et al., 2018). We determined that rIIS substantially increased the
proportion of time spent in quiescence under typical plate culture
AL feeding conditions (Figure S5H; Videos S1, S2, S3, and S4).
Together, our data suggest that rIIS and DAF-16 decrease
both the pumping rate and time spent feeding, effects that would
each reduce food intake.
We investigated whether DAF-16 might inhibit feeding by
acting autonomously within the nervous system, which controls
activity and pharyngeal pumping (Avery and You, 2012). The
reduction in food consumption induced by rIIS was rescued
slightly by neuronal DAF-16 expression, but intestinal DAF-16
provided a more robust rescue (Figure 6B). We conclude that
DAF-16 inhibits feeding by acting in multiple tissues, in part by
directing the gut to send signals that modulate neuronal control
of feeding.

Importance of p38–ATF-7 Immunity Modulation for
Lifespan Extension
The association of reduced p38–ATF-7 activity with longevity
from both DR and rIIS suggests that high-level activation of this
pathway might be deleterious. Accordingly, lifespan was
decreased by RNAi knockdown of the phosphatase VHP-1 (Figure S6A), which inhibits PMK-1 (p38) (Irazoqui et al., 2010; Kim
et al., 2004) and downstream ATF-7-regulated gene expression
(Figures 7A, 7B, S6A, and S6B). This lifespan reduction was
largely rescued by atf-7 mutations, indicating that it derived to a
great extent from excessive immune activity (Figure 7C). Moreover, the relative extent to which DR or rIIS extended lifespan
was greater in the vhp-1(RNAi) background, presumably because
DR and rIIS reverse the elevated p38–ATF-7 activity (Figures 7C
and 7D, compare to Figure 3A). Transgenic ATF-7 overexpression
similarly increased immune gene expression and pathogen resistance, but decreased lifespan (Figures 7E, 7F, and S6C). Notably,
ATF-7 overexpressors also responded dramatically to DR and
daf-2 RNA, so that their increased immune activity and reduced
lifespan were largely overcome (Figures 7G, S6C, and S6D). Modulation of the p38–ATF-7 immunometabolic pathway to an
optimal level is therefore an important part of the ‘‘package’’ of
benefits through which DR and rIIS slow aging.
DISCUSSION
DR Longevity Depends upon Immunity Modulation
DR appears to reduce development of aging-related chronic
inflammation in mammals (see Introduction), but paradigms
have not been developed in which immunity regulation has
been implicated in lifespan extension. Here we have shown
that C. elegans lifespan extension from DR depends upon
the p38–ATF-7 immunometabolic pathway being intact, but
downregulated (Figure 7H). We find that this pathway is activated not only by exposure to bacterial pathogens, but
also by nutrients. A considerable body of evidence indicates
that DR longevity involves downregulation of the mTORC1
pathway, the best-understood mechanism of nutrient
signaling (Fontana and Partridge, 2015; Johnson et al.,
2013). We find that nutrients activate p38 signaling to ATF-7
in parallel to mTORC1 (Figures 4 and 7), identifying this
pathway as an independent nutrient-regulated mechanism
that is inhibited by DR, and as a mediator of DR lifespan
extension. Milk components are required for our axenic media
to support C. elegans larval development and immune activation, suggesting that these essential nutrients might include
specific metabolites or signaling molecules. Our data provide
an entry point for understanding responses to nutrients, as
well as unravelling how immunity is influenced by nutritional

(B and C) Effects of rIIS and DAF-16 on food intake. DAF-16 is required for rIIS to reduce food intake, and daf-16 mutants consume more food than WT animals.
(D and E) Effects of rIIS and DAF-16 on food intake (D) and immunity gene expression (E) when animals were fed with the three E. coli strains most commonly used
in the laboratory as C. elegans food sources. Here HT115 is carrying the L4440 plasmid.
(F and G) Effect of daf-2 RNAi on expression of the p38–ATF-7 target gene T24B8.5 in daf-16 and atf-7(lf) mutants. Fluorescence microscopy images (F) and
quantification (G) indicate GFP levels of day 1 adults in solid agar plates.
(H) Three immunity genes (C17H12.8, K08D8.5, and T24B8.5) are downregulated by DD or the decreased feeding associated with rIIS, with this partially reversed
by milk feeding. Expression was examined by qRT-PCR.
(I and J) Effects of IIS, DD, and autoclaved milk powder on expression of the p38–ATF-7-regulated gene T24B8.5. Day 3 adults were transferred to DD medium,
and fluorescence microscopy images (I) and quantification (J) indicate GFP levels after 4 days of DD treatment (day 7 adult).
Scale bar, 100 mm. Mean ± SEM, two-tailed t test. *p < 0.05, **p < 0.01, ***p < 0.0001. See also Figure S5.
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A

B

Figure 6. Effects of mTORC1 and Tissue-Specific DAF-16 on Food Consumption
(A) Effects of mTOR signaling on bacterial food intake. Inhibition of mTORC1-specific genes did not affect feeding, and the small increase seen with let-363 RNAi
might reflect inhibition of the related but distinct complex mTORC2 (Saxton and Sabatini, 2017), as suggested by the effect of rict-1 (Rictor) RNAi.
(B) Tissue-specific activities of DAF-16 in the regulation of food intake. DAF-16 is expressed from transgenes in the intestine (ges-1) or neurons (unc-119), or from
its own promoter (Pdaf-16) (Libina et al., 2003).
Mean ± SEM, two-tailed t test. *p < 0.05, **p < 0.01, ***p < 0.0001.

status and possibly gut microbiome signals, and how this
interaction affects aging.
It is well established that lifespan extension depends upon a
variety of cellular and tissue protective mechanisms, the activity
of which is typically enhanced in scenarios of long life (Blackwell
et al., 2015; Fontana and Partridge, 2015; Kenyon, 2010; Shore
and Ruvkun, 2013). By contrast, DR longevity involves p38–
ATF-7 activity being reduced. Why would fine-tuning of this
immunometabolic pathway be important? Activation of p38–
ATF-7 immunity or its components in distant tissues has been
observed either to inhibit or induce neuronal degeneration, depending upon the circumstances (Chikka et al., 2016; E et al.,
2018), suggesting that some ATF-7-regulated functions may
be advantageous for pathogen defense, but not long life. A gf
mutation in the apparent immunity protein IRG-7 requires
ATF-7 to extend lifespan and interacts functionally with multiple
longevity-associated transcription factors (Yunger et al., 2017),
suggesting that innate immunity systems might influence maintenance of cellular and tissue homeostasis. It is also possible
that even relatively simple organisms may possess ‘‘inflammatory’’ activities that promote age-related pathologies, as suggested by antimicrobial peptide expression being associated
with intestinal pathology, aging, and death in Drosophila
(Pletcher et al., 2002; Rera et al., 2012). Our results imply that
a complex balance must be maintained between the positive
and potentially negative effects of these innate immune activities. Perhaps the dual function of ATF-7 as a transcriptional
repressor and activator evolved to maximize the range and precision of immunity gene activity, providing a tightly repressed
ground state along with the capacity for rapid activation in
response to a phosphorylation signal (Figure S1J).
Immune activity and pathogen responses are influenced by
mitochondrial activity or stress, possibly as an early-warning
mechanism to detect pathogen attack (Chikka et al., 2016; Kirienko et al., 2015; Pellegrino et al., 2014; Weinberg et al.,
2015). Our finding that nutrients regulate the p38–ATF-7 pathway
independently of microbial signals suggests that this pathway
10 Cell Metabolism 29, 1–14, June 4, 2019

also has important metabolic functions that are independent of
pathogen defense, and that metabolic parameters may have
been an early driver of immunity evolution. One intriguing possibility is that the p38–ATF-7 pathway might have arisen initially as
a transcriptional response to nutrients or other signals from food.
The decline in p38–ATF-7 immune activity that is seen during aging (Figure 3H) (Youngman et al., 2011) could be explained in part
by the reduction in food consumption that occurs with age (Figure 5A). Interestingly, both DR and rIIS enhance pathogen resistance despite reducing p38–ATF-7 pathway activity (Figure S3E)
(Garsin et al., 2003). Parallel protective mechanisms thus might
have evolved to provide pathogen defense in times of reduced
food availability.
IIS Modulates Immunity and Lifespan by Regulating
Food Consumption
Like DR longevity, rIIS lifespan extension depends upon modulation of the p38–ATF-7 pathway, in this case through a
reduction in food intake that is imposed by DAF-16 (Figures
3, 5, and 7). This effect of IIS on feeding had not been
described previously because the amounts of food consumed
had not been examined directly. Assessment of pharyngeal
pumping, defecation, or movement in awake animals only
partially indicates feeding activity because daf-2 adults spend
an increased proportion of time in a quiescent state from
which they become aroused when stimulated by even slight
movement, or light (Figure S5; Video S4). The effects of IIS
on quiescence and pumping frequency we detected would
reduce the amount of food consumed, although it is also
possible that IIS influences feeding by affecting the strength
or efficiency of pumping.
The IGF-1 and insulin signaling pathways promote growth and
energy consumption across metazoa (Taguchi and White, 2008).
In C. elegans IIS inhibits entry into the larval diapause form
known as dauer, in which pharyngeal pumping and movement
largely cease (Ewald et al., 2018; Kenyon, 2010). rIIS and DAF16 increase lifespan through mechanisms that are involved in
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Figure 7. Modulation of p38–ATF-7 Downstream Gene Expression Determines Lifespan
(A and B) Regulation of T24B8.5 expression by ATF-7 and VHP-1. Fluorescence microscopy images (A) and quantification (B) indicate GFP expression from day 1
adult WT, atf-7(qd22 qd130lf), and atf-7(qd22 gf) worms that carry the agIs219 immunity reporter transgene and have been subjected to 2-day RNAi treatment.
Scale bar, 100 mm.
(C) The survival impairment induced by hyperactive p38 signaling (vhp-1 RNAi) is ameliorated by atf-7 mutations.
(D) DR and rIIS partially compensate for the lifespan reduction induced by vhp-1 RNAi.
(E) Comparison of the effects of DR and daf-2 RNAi on T24B8.5 mRNA expression in WT and atf-7::GFP integrated transgenic animals after 3 days of liquid DR
treatment, assayed by qRT-PCR.
(F) Pathogenesis assay of day 1 adult worms exposed to P. aeruginosa PA14. Survival is enhanced or reduced by ATF-7 overexpression or loss of function,
respectively.
(G) DR and rIIS partially compensate for the lifespan reduction induced by transgenic ATF-7 overexpression.
(H) Regulation of the p38–ATF-7 immunometabolic pathway. Effects of DR and DAF-16-mediated reduced food intake on this pathway are shown in green.
Scale bar, 100 mm. Mean ± SEM, two-tailed t test. *p < 0.05, **p < 0.01, ***p < 0.0001. See also Figure S6 and Data S1.

or independent of the dauer program, with dauer-related mechanisms predominating at higher temperatures (Ewald et al.,
2018). One of the daf-2 alleles we analyzed (e1370) exhibits
mild dauer-related traits at 20 C (Ewald et al., 2018; Podshivalova et al., 2017), and is quiescent approximately half of the
time at 25 C even as a day 1 adult (McCloskey et al., 2017).
The rIIS-induced quiescence and reduced feeding we observed
at 20 C are unlikely to be strictly dauer-related, however,
because they were seen in daf-2(RNAi) animals (Figure S5),

which do not show dauer-like traits (Ewald et al., 2018). DAF16 localizes to nuclei upon food withdrawal and is important
for starvation survival (Kenyon, 2010). The reduction in feeding
behavior we found to be established by DAF-16 might serve to
conserve energy when food is scarce. On the other hand,
when IIS activity is high, DAF-16 is inhibited and feeding can increase (Figure 5). This regulation of feeding by DAF-16 provides
a paradigm through which growth factor activity might determine
nutrient intake in other organisms.
Cell Metabolism 29, 1–14, June 4, 2019 11
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In C. elegans DAF-16 controls a wide array of downstream
processes, many of which are associated with longevity, and exerts its effects through direct regulation of target genes, indirect
effects on gene expression, and cell-non-autonomous signals
between tissues (Kenyon, 2010; Murphy et al., 2003; Tepper
et al., 2013; Zhang et al., 2013). In Drosophila, dFOXO also
promotes longevity by acting both directly and tissue-nonautonomously (Alic et al., 2014). We find that DAF-16 modulates
p38–ATF-7 immunity indirectly, by controlling feeding (Figure 7H), and regulates feeding in part through tissue-non-autonomous signals from the intestine to the nervous system
(Figure 6B). Our results raise the interesting question of which
biological functions of DAF-16 might be mediated through its
regulation of feeding, and provide an unexpected paradigm
(feeding regulation) that could account for some of its indirect
or tissue-non-autonomous effects across the organism.
The extent to which reductions in IIS are involved in DR
longevity is a topic of active investigation (Fontana and Partridge,
2015; Hou et al., 2016; Kenyon, 2010). We find that DR and rIIS
are interwined in an unexpected way, in that the rIIS-induced
reduction in feeding appears to lead to a DR-like state, as suggested by the lower levels of p38–ATF-7 activity. This DR-like
state appears to contribute to rIIS lifespan extension: rIIS and
DR each increase mean lifespan to a greater proportional extent
when the baseline activity of p38–ATF-7 immunity is increased
(Figure 7). It seems clear that rIIS does not increase lifespan simply by reducing feeding, however, given that the lifespan extensions from DR and rIIS are additive (Figure 3), and that rIIS enhances many longevity-associated processes by acting
through DAF-16 and other regulators (Ewald et al., 2018; Kenyon, 2010; Shore and Ruvkun, 2013). In contrast to rIIS, mTORC1
inhibition does not reduce feeding or p38–ATF-7 immune activity
(Figures 4H and 6A), indicating a specific effect of IIS and DAF16. Elucidating the importance of feeding regulation in other scenarios of C. elegans lifespan extension should further illuminate
relationships between food intake and longevity.
Mammals are far more complex than C. elegans with respect
to regulation of growth, behavior, and appetite, and the sophistication of the innate immune system. However, it is important to
note that the pathways we have studied here are largely
conserved, including the regulation of innate immunity functions
by p38, and of FOXO by growth factor signals. An understanding
of how the p38–ATF-7 pathway is regulated by nutrients and
bacterial signals, and feeding by DAF-16, may therefore reveal
new possibilities for influencing human appetite, immunity, and
longevity.

STAR+METHODS

Limitations of Study
Our study has raised a number of interesting questions for future
work. It remains to be determined how p38-ATF-7 immunity so
profoundly influences longevity. Similarly, this immunometabolic
pathway is regulated by nutrients in a manner that correlates with
the capacity for growth and development, but the mechanisms
involved are still unknown. Another important question is how
DAF-16 inhibits feeding behavior and food intake, apparently
by acting in multiple tissues. It will be of great interest to elucidate this unexpected DAF-16 function, and to determine
whether in mammals FOXO proteins might similarly link appetite
regulation to growth factor activity.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Animals
Worms were maintained on NGM plates seeded with Escherichia coli (OP50-1) at 15 C. Strains obtained from other sources were
outcrossed to the appropriate laboratory strains as indicated in Key Resources Table. The sek-1::GFP transgenic strains were a
gift of Nick Bishop and Leonard Guarente (MIT).
Microbial Strains and RNAi
E. coli (OP50-1) bacteria was cultured overnight in Luria-Bertani (LB) with 10 mg/L streptomycin at 37 C, after which 1 mL of liquid
culture was seeded on standard NGM plates (100mm x 15mm Petri dish) to grow for 2 days at room temperature. For pathogenesis
experiments a single colony of P. aeruginosa PA14 was cultured in LB without antibiotics at 37 C (Shivers et al., 2010). Feeding RNAi
was performed using HT115 bacteria carrying the pL4440 plasmid as empty vector (EV) control. RNAi cultures were grown overnight
at 37 C in 50 mL conical tubes with 5 mL LB medium containing 50 mg/mL carbenicillin. Cultures were then diluted 1:5 in LB containing the carbenicillin to allow for re-entry into the logarithmic growth phase (6 hours). Cultures were then centrifuged at 3,900 g for
10 min, concentrated to a volume of 3 mL LB with 0.2 g/L (1 mM) IPTG prior to seed onto NGM plates containing 50 mg/mL carbenicillin and 0.2 g/L IPTG. In all liquid culture experiments, RNAi was performed on plates for three days (L4 to A3d) prior to transfer to
liquid culture. For double RNAi, clones were grown separately in parallel and after spin-down equal amounts of two clones or one
clone plus L4440 control were mixed and spread on plates.
METHOD DETAILS
DR Liquid Medium Preparation
Bacterial food that maintained growth arrest under DR conditions was prepared as described previously (Moroz et al., 2014). OP50-1
bacteria were grown in 500 mL LB with 10 mg/L streptomycin in a 2 L flask overnight at 37 C, and spun down at 3,900 x g for 10 min.
Cells were re-suspended in S basal (1x SB solution: 5.85 g/L NaCl, 1 g/L K2HPO4, 6 g/L KH2PO4, autoclaved) with 5 mg/L cholesterol,
50 mg/L ampicillin, 10 mg/L kanamycin, 1 mg/L tetracycline, 50 mg/L nystatin at 3 OD (optical density) at 600 nm in 50 mL conical
tubes, and maintained at room temperature for 7 hours before being placed at 4 C for one week. Immediately prior to transferring
animals to liquid cultures, the growth medium was replaced by fresh S basal containing the same antibiotic regimen, and
20 mg/L FUdR.
DR Lifespan Assays
All worms were passaged at 20 C for at least two generations before lifespan assays were initiated. Synchronized populations of L1
animals were obtained by hypochlorite treatment, then allowed to develop at 20 C on standard NGM plates seeded with OP50-1.
After two days, the animals were transferred to standard RNAi plates described above, or to NGM agar plates containing 5 mg/L
cholesterol, 50 mg/L ampicillin, 10 mg/L kanamycin, 1 mg/L tetracycline, 50mg/L nystatin, and 100 mg/L FUdR, and seeded with
the cold- and antibiotic- treated OP50-1 described above. Three days later the animals were washed twice in S basal, and transferred
to a 24 well plate containing 1 mL cold- and antibiotic- arrested OP50-1 at different concentrations in media containing the antibiotic
cocktail in which the bacteria were growth-arrested. In this culture protocol the bacteria do not proliferate, but remain alive
(Moroz et al., 2014). 10–20 worms were placed in each well. Unless otherwise specified, cultures were maintained without shaking
(Petrascheck et al., 2007). All lifespan results shown in figure panels are representative of at least two independent experiments, with
detailed information presented in Data S1.
NGM Plate Lifespan Assay
Lifespans were performed on NGM agar plates essentially as described (Robida-Stubbs et al., 2012), with feeding RNAi initiated at
the L4/young adult stage for three days at 20 C on the standard RNAi plates described above. Solid DR was performed by dilution of
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the same food used in the liquid DR assay. Animals were washed twice in M9, and approximately 30 animals were transferred to these
prepared plates, with 6 plates scored per strain. Animals that crawled off the plate, ruptured, or died from internal hatching were
excluded.
RNA Sequencing (RNA-Seq)
For each RNaseq condition, three independent biological replicates that had been obtained in parallel were examined. For each sample, approximately 2,000 synchronized animals that were treated with DR or AL conditions in parallel for three-days (A6d) were
collected, and frozen in liquid nitrogen. Total RNA was extracted using TRIzol (Sigma-Aldrich, St. Louis, MO), and purified with
Direct-zol RNA Kits (Zymo Research, Irvine, CA). Purified RNA samples were DNase treated before sending for sequencing. Single-read 50 bp RNA sequencing with poly(A) enrichment was performed using a HiSeq 2000 (Illumina, San Diego, CA). FASTQ output
files were aligned to C. elegans WBcel246 reference genome using SMALT (Wellcome Trust Sanger Institute). The proportion of reads
successfully mapped to the genome was more than 90% for all samples. Quantification of mapped reads in the aligned SAM output
files was performed using featureCounts (Liao et al., 2014). Transcripts that did not have at least 0.5 count per million reads in at least
two samples were filtered out. Differential expression analysis was performed in R using the bioconductor package edgeR (Anders
et al., 2013). A threshold of p < 0.05 was set to determine differentially expressed targets. Genes are induced (DR-upregulated) or
suppressed (DR-downregulated) by DR when compared to AL condition in N2 animals, and induced (SEK-1-downregulated or
sek-1(–) upregulated) or suppressed (SEK-1-upregulated or sek-1(–) downregulated) in sek-1(–) animals when compared to N2 animals under both AL and DR conditions. Functional annotations, biological process, and human ortholog matching were obtained
from Wormbase build WS246. Protein functional classifications were based on the InterPro database and DAVID functional annotations (Dennis et al., 2003). InterPro categorizes sequences at superfamily, family and subfamily levels and predicts the occurrence of
functional domains and important sites.
Quantitative RT-PCR (qRT-PCR)
For each treatment, approximately 200 synchronized animals were collected, and frozen in liquid nitrogen. Total RNA was extracted
using TRIzol (Sigma-Aldrich, St. Louis, MO), and purified with Direct-zol RNA Kits (Zymo Research, Irvine, CA). First-strand cDNA was
synthesized in duplicate from each sample (Invitogen SuperScript III). SYBR green was used to perform qRT-PCR (ABI 7900). At least
two biological replicates were examined for each sample. Gene expression fold change was calculated using the DDCt method.
ChIP-qPCR
Worms were maintained on standard OP50-1-seeded NGM plates, and mixed-stage animals were collected for ChIP assay as
described previously (Kaletsky et al., 2016). Samples were fixed in 1.1% formaldehyde for 20 min at room temperature. For immunoprecipitation, 5 mg anti-GFP antibodies was added to 3 mg protein sample and incubated at 4 C overnight. 40 mL of Protein A Sepharose was added to each ChIP sample and incubated 4 hour at 4 C. DNA was purified using QIAGEN PCR purification kit and
eluted in 50 mL QIAGEN Elution buffer. SYBR green was used to perform qPCR. Fold change was calculated using the DDCt method.
Transgenic Strain Construction
The qdEx16[atf-7::GFP] construct was generously provided by Dennis Kim (Shivers et al., 2010). Transgenic lines were made by
microparticle bombardment as described (Isik and Berezikov, 2013), using unc-119(ed3) animals that were outcrossed from the
EG6699 strain. Transformants were screened for stable integration. Appropriate atf-7::GFP expression patterns were confirmed in
integrants, which were backcrossed five times to N2 prior to analysis. Extrachromosomal arrays were generated by injecting transgene DNA (25 ng/mL) along with the rol-6 marker (pRF4) at 50 ng/mL into the gonads of young adult N2 animals.
Fluorescence Microscopy and Image Analysis
Animals were randomly selected and imaged with ZEN 2012 software on an Axio Imager M2 microscope with a 10X/0.25 objective
(Zeiss, Jena, Germany). Fluorescence brightness was quantified blindly using NIH ImageJ.
Western Blotting
Approximately 1000 animals were sonicated in Laemmli buffer. Protein samples were boiled 95 C for 10 min. Western blot analysis
was performed under standard conditions with antibodies against phospho-p38 (Cell Signaling) or total PMK1 antibodies (Inoue
et al., 2005).
Pathogenesis Assays
Pathogenesis assays with P. aeruginosa PA14 were performed as described previously (Shivers et al., 2010). In brief, single colonies
of PA14 were inoculated in 3 mL cultures of LB, then cultured overnight at 37 C. Five microliters of the overnight culture were seeded
to the center of a 35-mm NGM agar plate containing 20 mg/L FUdR. Seeded plates were incubated at 37 C overnight, then incubated
at room temperature overnight. Approximately 40 animals were transferred to these prepared plates, with 5 plates scored per strain.
The assays were conducted at 20 C. Animals that did not respond to gentle prodding from a platinum wire were scored as dead.
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OP50 UV Killing
UV killing was performed by using a Stratagene UV Stratalinker 2400 as described previously (Steinkraus et al., 2008). In brief, OP50
were UV-killed by exposing the surface of the plates twice to the maximal energy setting of a Stratagene UV Stratalinker 2400
(La Jolla, CA, USA).
OP50 Supernatant Preparation
The cold- and antibiotic- treated OP50-1 described above were spun down at 3,900 x g for 10 min, and then the supernatant was
filtered further using a sterile syringe filter with a 0.22 mm pore size hydrophilic Polyethersulfone (PES) membrane.
Axenic Liquid Medium Preparation
We developed a simplified protocol for preparing a C. elegans nutrient-rich liquid medium (CeNRM) for propagating animals without
bacteria. This method is a variation on previously-published mCeHR (modified C. elegans Habitation and Reproduction media) that
are composed of specific nutrients and sterilized milk powder (Rao et al., 2005; Samuel et al., 2014; Scanlan et al., 2018). Briefly,
using sterile technique to prepare 100 mL CeNRM, the following components were added to 46 mL 1x SB solution: 20 mL autoclaved
(121 C, 5 min) 100 g/L skim milk powder in 1x SB solution, 2 mL RPMI 1640 amino acids solution, 10 mL L-glutamine solution, 20 mL
RPMI 1640 vitamins solution, 100 mL trace metal mix, 100 mL 1 M adenosine, 100 mL 1 M guanosine, 400 mL 2 mM hemin in
0.1 M NaOH, 100 mL 50 g/L ampicillin, 100 mL 10 g/L kanamycin, 100 mL 1 g/L tetracycline, 1 mL nystatin solution. To culture worms
in CeNRM, 20-40 hypochlorite-bleached and synchronized L1 animals were placed in each well of a 24-well plate containing 1 mL
freshly prepared media.
When fed CeNRM or the previously published mCeHR media, animals developed more slowly than on bacterial food but were all
able to develop into adults (Rao et al., 2005; Samuel et al., 2014; Scanlan et al., 2018). For the strains we analyzed (wild-type N2,
sek-1, pmk-1, atf-7, daf-16 and daf-2 mutants), four days were typically required to reach the L4 stage, with 5 days needed to initiate
egg laying. By contrast, for each strain we analyzed, if milk powder was omitted from CeNRM no animals completed larval development. When fed CeNRM from hatching, wild-type N2 were all gravid and produced 54 ± 10 progeny per animal (10 worms analyzed),
compared to the 341 ± 51 progeny we typically see produced with feeding on OP50 food on NGM plates. In lifespan experiments
20 mg/L FUdR was added at the L4 stage to prevent hatching.
For analyses of individual CeNRM components, these were added to S basal medium without OP50 (DD, dietary deprivation) at the
concentrations indicated above. Where indicated glucose was added at 20 g/L.
Food Intake Assay
This assay measures food consumption directly, by quantifying the relative amount of growth-arrested bacteria that are present in a
culture before and after incubation with C. elegans. Animals were washed twice in S basal, and transferred to a 24 well plate containing 1 mL cold- and antibiotic- arrested OP50-1 at OD 3 (600 nm), a treatment identical to the AL condition for lifespan assays,
with 30-50 worms placed in each well. After the indicated number of days, bacteria were removed from the wells by washing,
and diluted 10x with S basal prior to measuring the OD600. For each experimental data point at least 6 wells were measured (at least
200 worms in total), with the results shown being representative of at least three independent assays. The relative food intake was
determined by the change in OD for each well, normalized to the number of worms. Under these conditions ample OP50 were available for feeding throughout the analysis, and similar results were obtained whether animals were maintained in the same wells for the
entire experiment, or introduced into a new quantified bacterial sample at the start of each assay period.
Pumping
Worms were cultured at NGM agar plates with growth-arrested bacteria. Pharyngeal pumping was assessed by observing the number of pharyngeal contractions under a Zeiss Stereo Discovery.V12 microscope at 100x magnification. To reduce the effect of irregular rhythm of pumping, we recorded the pumping of each worm during a 3-min interval. As the young adult worm pumping rate is
over 300/min (Huang et al., 2004) counting was performed by tapping of a smartphone screen, which allowed faster counting than is
feasible with a common laboratory counter. A total of 20 healthy worms for each strain were examined blindly.
Defecation
Defecation behavior was assessed by observing the anal depressor and the intestinal muscle contractions (Thomas, 1990) under the
same conditions as the pumping assay. Under these conditions the two major motor steps of a defecation cycle, contraction of a set
of posterior body muscles (pBoc) and contraction of a set of anterior body muscles (aBoc), are typically very clear and can be scored
readily in every cycle. Two cycles were recorded for each worm and a total of 10 worms were examined blindly for each strain.
Quiescence
Quiescence is defined as a state of complete cessation of both pumping and moving (McCloskey et al., 2017; You et al., 2008). Prior
to assay, worms were maintained under the same conditions as in the above experiments. At 20 C the majority of wild-type N2 adult
worms were not found to be quiescent, but at any given time a high proportion of daf-2 mutants were in quiescence beginning around
day 3 of adulthood. These animals were detected as quiescent upon initial transfer of their plate from incubator to a microscope, but
within a few minutes typically ‘woke up’ and reinitiated pumping and moving (Video S4). Worms could be stimulated to wake up by
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light, heat from the microscope stage, or shaking. To minimize the disruption of the animals, we turned the microscope light down to
as low a setting as would allow us to observe pumping clearly, and we conducted our observations and counting within two minutes
of placement on the microscope. For each mutant, four plates and more than 100 worms were examined, and scored for whether the
animals were in quiescence when first placed on the microscope stage.
Intestinal Lumen Labeling
To assess intestinal lumen morphology and determine the extent to which the lumen was filled with bacteria, we first fed worms with
live OP50-GFP E. coli on a standard NGM plate to assess the extent of bacterial accumulation in the intestine. To determine the size of
the intestinal lumen, the worms were stained with a fluorescent fluid-phase marker, Texas Red-dextran (40,000 MW, Thermo Fisher
Scientific) at 1 mg/L in M9 for 1 hour. The OP50-GFP E. coli was obtained from CGC and the dextran stain assay was performed as
described previously (Saegusa et al., 2014).
QUANTIFICATION AND STATISTICAL ANALYSIS
All data are presented as mean ± standard error of mean (SEM). The P values (log-rank test) for lifespan comparison, mean and median lifespan were determined using Kaplan-Meier survival curves in JMP software (version JMP Pro 12). The analysis of variance for
each set of biological replicates was carried out with the SAS statistical program (version SAS 9.00), and significance was determined
by Duncan’s multiple range test (more than two treatments) or Student t test procedure (two treatments) at * p < 0.05, ** p < 0.01, and
*** p < 0.0001. These statistical methods were chosen because they are standard in the field and are typically used for the assays we
performed. Statistical details of experiments can be found in the figure legends. No methods were used to determine whether the
data met assumptions of the statistical approach.
DATA AND SOFTWARE AVAILABILITY
The accession number for the RNA-seq data reported in this paper is GEO: GSE92902.
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Figure S1. The p38–ATF-7 innate immunity pathway is required for DR longevity, Related to Figure 1
(A) The p38–ATF-7-regulated innate immune response signalling pathway in C. elegans.
(B, C) The sek-1(km4) mutant, which is susceptible to pathogens (Kim et al., 2002), failed to undergo lifespan
extension in response to reduced food intake. Survival curves are shown for wild type N2 (B) and sek-1(km4) (C)
animals that were fed different concentrations of antibiotic-arrested OP50 bacteria in liquid medium.
(D) DR failed to extend the lifespan of a different sek-1 mutant (ag1), or of nsy-1(ag3) animals.
(E) Effect of DR on the survival of N2 and sek-1(km4) animals that were maintained on agar plates. The medium
and OP50 amounts added are identical to those used in the liquid DR method. The experiment was terminated
early because of the tendency of wild type animals under DR to crawl off of the NGM agar surface. Three
independent experiments gave consistent results.
(F) Effect of DR on the survival of pathogen-sensitive tir-1(tm3036) mutants.
(G) The dual role of ATF-7 in regulating p38-induced innate immunity (Shivers et al., 2010). When p38 (PMK-1) is
inactive, ATF-7 represses immune gene expression. Phosphorylation of ATF-7 by PMK-1 relieves this repression,
and ATF-7 is then required for full immune gene activation.
(H–J) ATF-7 is required for DR longevity downstream of the p38 pathway. atf-7(gk715) (H) is a 1197 bp deletion
(loss-of-function) mutant. All strains in (J) carry the agIs219 transgenic GFP fusion reporter (see I), which monitors
activity of the ATF-7 target gene T24B8.5 (Shivers et al., 2010).
(K) Expression of sek-1 from its own promoter rescued DR lifespan extension.
Unless otherwise specified, lifespans were measured at 20°C from hatching, and results are representative of at
least two independent assays. The percent to which DR Increased lifespan (%) is indicated for individual strains in
each figure. Complete data and statistics for all lifespan experiments, including repeat trials, are presented in Data
S1.
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Figure S2. DR increases cytoprotection but inhibits p38-regulated immunity genes, Related to Figure 2
(A, B) Venn diagram showing overlap between SEK-1-regulated genes and DR-upregulated (A), or DRdownregulated (B) genes.

2

(C) Comparison of our SEK-1-regulated genes to those that were identified as upregulated by SEK-1 in (Troemel et
al., 2006).
(D) Potential cytoprotective genes that are DR-upregulated and SEK-1-downregulated under various scenarios of
extended life (higher expression in sek-1 mutants under both AL and DR conditions), defined by protein function
analysis. These include heat-shock protein, proteostasis (F-Box, MATH) and stress resistance (GSTs, UGTs)
genes. Numbers indicate genes that overlap between the two groups.
(E) Expression change for vitellogenin genes (Murphy et al., 2003) in response to DR and sek-1 deletion, derived
from RNA-Seq data.
(F) Regulation of the gene T24B8.5 (ShK toxin gene) by the p38–ATF-7 pathway in day-one-adults, assayed by
qRT-PCR in the indicated mutants or transgenic animals.
(G) Chromatin immunoprecipitation showing occupancy of ATF-7–GFP and DAF-16–GFP fusion proteins at the
p38–ATF-7-regulated downstream genes within promoter and 3’UTR regions.
(H) Effect of RNAi knockdown of DR-downregulated p38–ATF-7 target genes on DR longevity. Empty vector control
RNAi is indicated in black.
All the RNA-seq data sets generated in this study are summarized in Data S2.
Mean ± SEM, two-tailed t-test. * P < 0.05, ** P < 0.01, *** P < 0.0001.
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Figure S3. Similar modulation of p38-ATF-7-mediated immunity by DR and rIIS, Related to Figure 3
(A) Schematic for assaying effects of daf-2 RNAi and liquid DR on lifespan. Animals were raised on OP50 food on
plates, exposed to HT115 RNAi food for three days, then maintained in OP50 liquid cultures. Under these RNAi
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culture conditions WT animals typically lived 10-15% longer than when they were maintained continuously on OP50
in liquid (Figures 1A and 3A). It is unclear why this is the case, but switching diets during development has been
shown to influence lifespan (Pang and Curran, 2014). Importantly, under these RNAi culture conditions the animals
responded robustly to both daf-2 RNAi and DR (Figure 3A).
(B–D) Comparison of DR and daf-2(RNAi) effects on the survival of nsy-1(ag3) (B), pmk-1(km25) (C) and atf7(qd22 qd130lf) (D) animals.
(E) Pathogen resistance assay in which animals that had been treated with six days of DR were exposed to P.
aeruginosa PA14.
(F) Effect of RNAi knockdown of DR-downregulated p38–ATF-7-dependent genes on daf-2(RNAi) longevity. daf2(RNAi);EV(RNAi) is the control, and all double RNAi lifespans were performed under AL conditions.
(G, H) Numerous genes that were identified in a previous microarray-based comparison of daf-2 loss with WT
(Murphy et al., 2003) were present in our DR-regulated gene set detected by RNAseq. Venn diagrams show
overlap between DR-upregulated (G) or -downregulated (H) genes and daf-2(–)-regulated genes.
(I, J) Venn diagrams show overlap between DR-upregulated (I) or -downregulated (J) genes and daf-2(–)-regulated
genes identified in (Tepper et al., 2013).
(K) Effects of DR and daf-2 RNAi on expression of canonical daf-2(-)-upregulated downstream genes (sod-3, hsp16.1, hsp-16.11 and hsp-16.48) and downregulated targets (dod-17, dod-24, clec-265 and clec-209) (Murphy et al.,
2003) in wild type and sek-1(km4) animals, examined by qRT-PCR. DR was performed for three days.
Mean ± SEM, two-tailed t-test. * P < 0.05, ** P < 0.01, *** P < 0.0001.
See also Data S1.
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Figure S4. Regulation of p38–ATF-7 immunity and DR longevity by nutrients, Related to Figure 4
(A, B) Effect of an OP50 supernatant and a bacterial lipopolysaccharide preparation (LPS) at 200 mg/L on
activation of T24B8.5 reporter. The images shows day-six-adult WT worms that have been fed for three days under
indicated conditions in liquid medium.
(C, D) mTORC1-independent regulation of the p38–ATF-7 target gene T24B8.5. Fluorescence microscopy images
(C) and quantification (D) indicate GFP expression from day-six-adult WT worms that carry the agIs219 transgene,
and have been subjected to three-day RNAi treatment (L4–A3d) followed by three-day DR treatment with the
antibiotic-arrested OP50 bacteria. LET-363 is the C. elegans ortholog of the mTORC1 kinase, and RAGA-1, RAGC1, and RSKS-1 function specifically in the mTORC1 pathway (Robida-Stubbs et al., 2012; Saxton and Sabatini,
2017). RICT-1 is a component of the mTORC2 complex, which has different growth-related functions. mTORC1
inhibition slightly increased reporter expression, and did not impair its response to DR.
(E–G) Survival of wild type N2 and atf-7(gf) animals that had been fed with the indicated nutrients or mixtures.
Lifespan extension from A6d-initiated DD was suppressed by continued CeNRM feeding, DD but not CeNRM-fed
lifespan was further extended in an atf-7-dependent manner by treatment with vitamins (E) and glutamine (F) but
not amino acids (G). These last three individual nutrients did not affect immunity gene expression (Figure 4G).
Scale bar, 100 µm. Mean ± SEM, two-tailed t-test. * P < 0.05, ** P < 0.01, *** P < 0.0001.
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Figure S5. Effects of IIS and DAF-16 on feeding-associated parameters, Related to Figure 5

7

(A) Effect of rIIS and DAF-16 on expression of the p38–ATF-7 target reporter T24B8.5 in the three E. coli strains.
Fluorescence microscopy images and quantification (shown in Figure 5E) indicate GFP levels after four days of DD
treatment (day-seven adult).
(B, C) Effects of DD and autoclaved milk powder on expression of the p38–ATF-7-regulated gene T24B8.5. This
experiment was performed similarly to Figure 5I, but without FUdR treatment. Day-three-adults were transferred to
DD medium, and fluorescence microscopy images (B) and quantification (C) indicate GFP levels after four days of
DD treatment (day-seven adult).
(D, E) rIIS decreases the presence of bacteria in the intestinal lumen. (D) Imaging of intestinal size and bacterial
occupancy. Representative images are shown of day-three adults in which the intestinal lumen is labeled with red
dye (see methods), and GFP-labeled OP50 E. coli is present in the intestine. The intestinal lumen shows similar
size in these strains, but intestinal E. coli levels are markedly reduced by rIIS. This can be explained by the
increase in bacterial clearance that is characteristic of daf-2 mutants (Evans et al., 2008; Podshivalova et al., 2017)
but also is consistent with reduced food intake. (E) Effects of rIIS and DAF-16 on OP50 intestinal colonization. The
three scoring levels for the intestinal OP50-GFP are shown in (D). P value were determined by chi2 test at * P <
0.05, ** P < 0.01, *** P < 0.0001.
(F) Effects of rIIS and DAF-16 on pharyngeal pumping rate. The modest reduction in pumping seen in daf-2
mutants is consistent with results of some previous studies (Dillon et al., 2016; Gems et al., 1998), although other
studies did not detect a reduction in pumping rate (Kenyon et al., 1993; Lapierre et al., 2013; Yin et al., 2014).
(G) Effects of rIIS and DAF-16 on defecation frequency of day-three-adults. The frequency of defecation is
decreased (and the period is longer) when feeding is reduced (Evans et al., 2008; Thomas, 1990).
(H) Effects of rIIS and DAF-16 on quiescence, a sleep-like state in which pharyngeal pumping and movement
cease (McCloskey et al., 2017; You et al., 2008). The percent quiescence reflects the proportion of animals that
were in a quiescent state when plates were initially placed on a microscope for examination.
Scale bar, 100 µm. Mean ± SEM, two-tailed t-test. * P < 0.05, ** P < 0.01, *** P < 0.0001.
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Figure S6. Modulation of p38–ATF-7 downstream gene expression determines lifespan, Related to Figure 7
(A) vhp-1 RNAi shortened lifespan.
(B) qRT-PCR was used to examine mRNA levels of the p38–ATF-7-dependent genes C17H12.8, K08D8.5 and
T24B8.5 in day-one-adult animals.
(C) Effect of DR on the survival of animals carrying an integrated atf-7::GFP transgene. Note the extremely robust
response to DR.
(D) Effects of daf-2 RNAi and DR on the survival of atf-7::GFP transgenic (extrachromosomal) animals.
Mean ± SEM, two-tailed t-test. * P < 0.05, ** P < 0.01, *** P < 0.0001.
See also Data S1.
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