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GENETICS

N°-methyldeoxyadenine and histone methylation
mediate transgenerational survival advantages

induced by hormetic heat stress
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Environmental stress can induce survival advantages that are passed down to multiple generations, representing
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an evolutionarily advantageous adaptation at the species level. Using the nematode worm Caenorhabditis elegans
as a model, we found that heat shock experienced in either parent could increase the longevity of themselves and
up to the fifth generation of descendants. Mechanistic analyses revealed that transcription factor DAF-16/FOXO,
heat shock factor HSF-1, and nuclear receptor DAF-12/FXR functioned transgenerationally to implement the
hormetic stress response. Histone H3K9me3 methyltransferases SET-25 and SET-32 and DNA N°-methyl methyl-
transferase DAMT-1 participated in transmitting high-temperature memory across generations. H3K9me3 and
N®-methyladenine could mark heat stress response genes and promote their transcription in progeny to extend
life span. We dissected the mechanisms responsible for implementing and transmitting environmental memories
in descendants from heat-shocked parents and demonstrated that hormetic stress caused survival benefits could
be transmitted to multiple generations through H3K9me3 and Né-mA modifications.

INTRODUCTION

Physical and behavioral characteristics, including physical appearance
(1), energy metabolism (2), behavioral state (3, 4), and longevity
(5, 6), have been shown to be influenced by the environment,
partially by nongenetic information, known as an epigenetic mark.
Epigenetic information can be transmitted from generation to
generation through DNA methylation, histone modifications,
or small RNAs (7). This phenomenon is known as transgenerational
epigenetic inheritance (TEI). TEI has been extensively studied in
different model organisms (8), in which a few traits have been char-
acterized, including flower color in plants (9), longevity in worms
(5), and heat stress response in Drosophila (10). TEI has been shown
to play an important role in physiological responses to stress, such
as that caused by pathogenic bacteria (4), osmosis (11), oxidation
(11), and starvation (12).

Caenorhabditis elegans has become a powerful model for study-
ing TEI because it has short reproductive cycles, large broods, an
easily manipulated germ line, and evolutionarily conserved epigen-
etic mechanisms. Moreover, using C. elegans, a large number of re-
cent studies have elucidated the molecular mechanisms of TEI in
organisms undergoing different environmental experiences. For
example, parent mitochondrial stress leads to progeny with the
mitochondrial stress adaptation through histone H3K4me3 and
DNA N6-methylde0xyadenine (N®-mA) modifications (6). Starvation-
induced TEI in C. elegans is conferred by small RNAs and histone
H3K4me3 modification (12, 13). Transgenerationally learned patho-
genic avoidance is mediated by Piwi Related Gene (Piwi)/PRG-1 argo-
naute and H3K9me3 (3, 4). Heritable adaptation to pathogen infec-
tion of C. elegans is mediated by cysteine synthases (14). These
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previous studies revealed that C. elegans has become a powerful
model organism with which to elucidate the underlying molecular
mechanisms of TEIL

As an important environmental factor, temperature is always
experienced by all organisms. Previous studies have demonstrated
that mild heat stress can increase life span and stress resistance. This
adaptive induction of stress tolerance is called hormesis and has
been observed in many model systems, including Drosophila (15),
human fibroblasts (16), and C. elegans (17, 18). In C. elegans, that
exposure to high environmental temperature-induced hormetic heat
stress activates a series of transcription factors, including heat shock
factor HSF-1, DAF (abnormal DAuer Formation)-16/FOXO (forkhead
box O transcription factor), HLH-30 (Helix Loop Helix)/transcription
factor EB (TFEB), and nuclear receptor DAF-12, which, in turn, up-
regulate the expression of stress response genes (i.e., hsp-70, hsp-16.2,
and hsp-12.6) and autophagy genes (i.e., Igg-1, bec-1, and unc-51),
promoting life-span extension and stress tolerance (17, 19). In addi-
tion, high temperature-induced TEI effects have been observed in
C. elegans (20) and Drosophila (10), in which the high-temperature
memory is transmitted from the parental generation to the off-
spring. However, it is still unclear whether organisms can transmit
hormetic heat stress-induced survival advantages to descendants
through TEL If the survival advantages can be inherited nongenetically,
then the underlying epigenetic mechanisms have not been charac-
terized yet. Although a recent study showed that in Artemia, parents
exposed to nonlethal heat shock could transmit the high-temperature
memory to their descendants, leading to increased tolerance toward
lethal heat stress and elevated resistance against pathogens (21), many
underlying molecular mechanisms remain unknown.

Here, we report that in C. elegans, hormetic heat stress—induced
life-span extension can be passed down to progeny for as many as
five generations. Moreover, we characterize the critical factors for
implementing and transmitting environmental memories in de-
scendants from heat-shocked parents. Our findings also demon-
strated that H3K9me3 and N°-mA modifications played important
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roles in transmitting transgenerational survival advantages induced
by hormetic stress.

RESULTS
Heat stress induces a transgenerational inheritable
survival advantage
The environment experienced by an animal can influence varia-
tions in gene expression for one or a few subsequent generations. A
previous study reported that a temperature-mediated environmen-
tal change can induce long-lasting epigenetic memory in C. elegans
(20). Exposure of C. elegans to hormetic heat stress can increase
their life span (17, 18). We hypothesized that C. elegans could trans-
mit the survival advantage induced by hormetic heat stress to their
naive, unstressed progeny (Fig. 1A). To test this hypothesis, we randomly
selected one wild-type hermaphrodite worm and obtained a popu-
lation with the same genetic background through its self-fertilization.
We then exposed wild-type worms to 35°C for 1 hour on day 1 of
adulthood and bleached the parent generation (P0) mothers to obtain
the F1 generation. Our results showed that the life span of the heat-
shocked parents and their F1 progeny (cultured unimpeded under
normal 20°C temperature) is significantly extended (Fig. 1, B and C).
The F1 progeny may have been exposed to the temperature stimuli
while still inside the mother, in which case, the beneficial longevity
effect in the F1 worms would be considered intergenerational in-
heritance, not transgenerational inheritance. Therefore, we tested
for the transgenerational effect and determined the number of gen-
erations displaying survival advantage induced by heat stress in the
parental worms. We found that preexposure of PO animals to heat
stress extended the F1 generation life span. This life-span extension
effect persisted into the F5 generation, although the F1 to F4 gener-
ation animals never experienced heat shock. Sixth generation (F6)
descendants had a normal life span (Fig. 1, D to F). Here, life-span
analyses were conducted with 5-fluoro-2'-deoxyuridine (FUDR).
Considering that FUDR might affect TEI because of its function on
DNA/RNA synthesis, we tested whether FUDR affected the life-
span extension across generations. Life-span analyses revealed no
difference between worms treated with or without FUDR, indicat-
ing that FUDR did not affect TEI in our settings (fig. S1).
Transgenerational inheritance has been shown to be transmitted
through both oocytes and sperm (20). To determine whether the
survival advantage induced by heat shock was conferred by oocytes,
sperm, or both, we conducted reciprocal matings and survival anal-
yses of cross-progeny (Fig. 1, G and J). All matings were set up with
wild-type hermaphrodites and green fluorescent protein-positive
(GFP™) males to differentiate cross-progeny from self-fertilized
progeny. As expected, the F1 progeny of the heat-shocked males
mated with non-heat-shocked hermaphrodites and their F2 generation
(Fig. 1, H and I), as well as the F1 progeny of non-heat-shocked
males mated with heat-shocked hermaphrodites and their F2 descen-
dants (Fig. 1, K and L), all exhibited significant life-span extension,
suggesting that both sperm and oocytes can transmit information
induced by hormetic heat stress that provides a survival advantage.

Inheritance induced by hormetic heat shock enhances
survival of progeny to improve animal fitness

The hormetic heat stress could ameliorate aging, in which loss of
protein homeostasis is a pivotal hallmark (22). A recent study re-
ported that hormetic heat stress can significantly reduce the pro-
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gressive accumulation of protein (17). Because the beneficial hormetic
effects of heat stress on longevity can pass transgenerationally to
descendants, we speculated that improvement of proteostasis by
hormetic heat shock may also transmit to progeny. To test this
hypothesis, we examined a transgenic C. elegans strain NL5901, a
Parkinson’s disease model, which expresses human o-synuclein-
yellow fluorescent protein (YFP) in worms’ body-wall muscle cells
of the nematode (23). Exposure of these transgenic worms to
hormetic heat stress on day 1 resulted in beneficial hormetic effects
in terms of both intergenerational and transgenerational inher-
itance, which reduced the protein deposition of a-synuclein to
maintain protein homeostasis (Fig. 2, A and B).

Hormetic heat shock induces the expression of autophagy genes
in a HSF-1-dependent manner, which is required for heat shock-
mediated survival benefit (17). Therefore, we monitored the auto-
phagy of C. elegans using a GFP-tagged LGG-1 (LC3, GABARAP and
GATE-16 family)/Atg8 reporter. Our results showed that heat-
shocked PO worms and recovered F1 and F2 progeny from heat-
shocked parents exhibit a marked elevation in the number of
GFP:LGG-1 puncta in the hypodermal seam cells (Fig. 2, C and D).
These results demonstrated that heat shock-induced autophagy is
heritable across generations, which is correlated with the transgener-
ational inheritance of heat shock-mediated survival benefits.

Heat shock-induced autophagy is regulated by the transcrip-
tional factor HLH-30, which is the ortholog of mammalian TFEB, a
master regulator of autophagy and lysosomal genes (17). We found
that hormetic heat stress caused translocation of GFP-tagged HLH-
30 into the nucleus and elevated protein levels of HLH-30 (fig. S2).
This heat stress memory was transmitted to progeny, causing sig-
nificant elevation protein level and accumulation of HLH-30 in the
nuclei of the naive progeny of heat-shocked parents (Fig. 2E and fig.
§S2). Collectively, these results demonstrated that high-temperature
memory leads to up-regulation of autophagy in offspring, which
contributes to the TEI effects of hormetic heat stress-induced sur-
vival benefits.

HSF-1, DAF-16/FOXO, and DAF-12/FXR are required

for the transgenerational inheritance induced by heat shock

To examine the molecular mechanisms underlying hormetic heat
stress, we evaluated the contribution of two transcription factors
and one nuclear receptor, each of which have well-characterized
and important roles in sensing and subsequently responding to heat
stress. HSF-1 is a highly conserved transcription factor that func-
tions in the heat stress response (19). Our results showed that loss of
hsf-1 caused defects in life-span extension induced by hormetic heat
stress in the PO, F1, and F2 generations (Fig. 3A and fig. S3, B, Q,
and R). To more definitively characterize the role of hsf-1 in the F1
and F2 generations, we used RNA interference (RNAi) to knock
down hsf-1 exclusively in the F1 or F2 generation following parental
exposure to heat stress. Here, an RNAi-sensitive rrf-3 mutant was
used to elevate the silencing efficiency in all corresponding analyses
with RNAi (24). We found that the survival advantage was lost only
in the F1 or F2 generations exposed to hsf-1 RNAi (Fig. 3F and fig.
S3G), although their heat-shocked mothers retained longevity ben-
efits (Fig. 3E and fig. S3F), suggesting that hsf-1 acts in the progeny
to mediate life-span extension. Moreover, consistent with the previ-
ous report that HSF-1 was constitutively localized to the nucleus
upon heat shock (25), we observed the same localization in parents
exposed to heat stress (fig. S4A), while the expression level maintained
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Fig. 1. Longevity induced by heat stress can be inherited. (A to E) Transgenerational inheritance of heat shock induces a survival advantage in C. elegans. Experimental

scheme (A) and life-span analyses of with or without treatment PO (B), F1 (C), F2 (D),

ed using the log-rank test, and the life-span values of the replicated tests are listed

and F3 (E). Life span was analyzed using the Kaplan-Meier test; P values were calculat-
in table S1. (F) Mean life span of generations F1 to F7. Naive progeny from generation

F1 to F5 of parents exposed to high temperature had extended life spans; the sixth generation returned to normal life span (mean +SD, n > 3; *P < 0.05 and ***P < 0.001;

NS, not significant; Student’s t test). (G to L) Longevity induced by heat shock is tran

smitted through both male and female germ lines. Experimental scheme (G and J) and

life-span analyses of the progeny of fathers exposed to high temperature (H and 1) and the progeny of mothers exposed to high temperature (K and L) (P value by
log-rank test). The experiments were repeated at least three times. Detailed life-span values are listed in table S1. WT, wild type.

the same (fig. S4B). Therefore, we deduced that the transgenera-
tional survival advantage was mediated by the heat stress-induced
translocation of HSF-1 to the nucleus. We found that naive F1
progeny derived from heat-shocked parents maintained HSF-1
nuclear subcellular localization (fig. S4A). Collectively, these results
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indicate that HSF-1 is involved not only in the heat stress response
of the PO worms but also in the transgenerational inheritance of
hormetic heat effects.

In addition to HSF-1, the forkhead transcription factor DAF-16
and a nuclear receptor DAF-12 play essential roles in the heat stress
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Fig. 2. Effect of heat stress on C. elegans fitness. (A and B) Representative images (A) and quantification of muscle a-synuclein aggregates of a-synuclein::YFP worms
with or without treatment. (C and D) GFP:LGG-1/Atg8 puncta in the hypodermal seam cells with or without treatment. Means + SD, n > 30 per condition; P value was
calculated by Student’s t test; **P < 0.01 and ***P < 0.001. (E) Representative images of the nuclear localization of HLH-30::GFP in worms with or without treatment. Each

experiment was repeated at least three times.

response (26). Similar to HSF-1, both daf-16 and daf-12 loss of
function completely suppressed the heat stress—induced life-span
extensions in the PO, F1, or F2 generations (Fig. 3, B and C, and fig.
$3,C, D, O, and P). To confirm this observation, we also used RNAi
specific for F1 or F2 generations to knock down daf-12 and daf-16.
Like hsf-1 RNAI, either daf-12 or daf-16 RNAi in the F1 or F2 de-
scendants derived from the heat-stressed PO parents abrogated the
hormetic longevity effect (Fig. 3, G and H, and fig. 3, H and I).
Reportedly, heat stress—activated DAF-16 is translocated to
nucleus and regulates the expression of downstream heat stress re-
sponse genes (27). In agreement with the previous study, upon heat
shock, worms had elevated protein levels of DAF-16 and an obvious
accumulation in nuclei (fig. S4, C and D). Consistently, naive F1
generation animals from heat-shocked PO worms had nuclear accu-
mulation of DAF-16 and increased protein levels (fig. S4, C and D).

Wan et al., Sci. Adv. 2021; 7 : eabc3026 1 January 2021

The degree of nuclear aggregation in F1 animals is not as extensive
as that of the P0 animals, in which high DAF-16 accumulation was
found in various tissues. In the F1 generation, most of the nuclear
translocation of DAF-16 was found in the hypodermis, while little
accumulation was apparent in the intestine.

To more definitively dissect whether the role of hsf-1, daf-16,
and daf-12 is to implement a heat stress response, to transmit her-
itable memory, or both, we used RNAi to silence hsf-1, daf-12, and
daf-16 exclusively in the F1 generation following parental exposure
to heat stress and then conducted the life-span analyses of F2 gener-
ation (Fig. 3I). If a gene is required for transmitting temperature
memory, then the silencing of that gene in the F1 generation will
lead to the loss of transgenerational memory transmitters, which
will result in the disappearance of the life-extending phenotype of the
F2 generation. Alternatively, if a gene only functions in implementing
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Fig. 3. DAF-16, DAF-12, and HSF-1 are required for transgenerational inheritance. (A to C) Life-span analyses of (A) hsf-1 mutants, (B) daf-12 mutants, and (C) daf-16
mutants exposed or not exposed to high temperature. (D) Experimental scheme. (E to H) PO worms were heat shocked without RNAi exposure, and then F1 progeny were
exposed to (E) control (HT115), (F) hsf-1, (G) daf-12, and (H) daf-16 RNAi to test the requirement for daf-16, daf-12, and hsf-1 in the F1 generation (P value by log-rank test).
(1) Experimental scheme. (J to M) PO animals were heat shocked, and then F1 progeny were subjected to (J) control (HT115), (K) hsf-1, (L) daf-12, and (M) daf-16 RNAi, and
life span of F2 progeny were analyzed. The experiments were repeated at least three times. Detailed life-span values are listed in table S1.

a hormetic response, then the silencing of that gene in the F1 gener-
ation should only affect the life-span of F1 progeny so that we would
still detect the life-span extension phenotype in F2 generation. One
concern is that the RNAI effect might be transmitted to the next
generation. To exclude this effect, we fed Dicer (dcr-1) RNAi bacte-
ria to F2 that were born from F1 with RNAi-silenced hsf-1, daf-12,
or daf-16 (fig. S3]J) (28). The results showed that silencing of
daf-12 or hsf-1 in F1 did not abolish the life-span extension of F2
(Fig. 3, ] to L, and fig. S3, K to M), suggesting that daf-12 and hsf-1
participated only in implementation but not in transmission; the
silencing of daf-16 in F1 caused the loss of the life-span extension of
F2 (Fig. 3M and fig. S3N), indicating a role in transmission in addi-
tion to implementation. Collectively, in line with reports from a
previous study, our results showed that hsf-1, daf-16, and daf-12
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contribute to the heat stress response in the PO generation. In addi-
tion, we found that hsf-1 and daf-12 also play roles in implementing
heat stress response in the progeny to extend the life-span; however,
for DAF-16, it not only implements heat stress response but also
transmits heritable memory to progeny.

H3K9me3 histone modification is required for the TEI
induced by heat shock

The disappearance of the survival advantage in the F6 generation
suggests that heat stress might induce epigenetic changes rather
than genetic mutations in descendants. Histone methylation has
been implicated in TEI regulation in C. elegans, and a recent study
showed that the TEI induced by high-temperature exposure is asso-
ciated with a decreased H3K9me3 level (20). In results consistent
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with this research, we found that the loss of set-25 or set-32, genes
encoding H3K9me3 methyltransferases, compromised the survival
advantage in progeny (Fig. 4, E and G, and fig. S5, I and K). Neither
set-25 nor set-32 is required for implementing hormetic heat stress
response because their loss-of-function mutants have a similar
increased life span under heat-shock condition wild-type animals
(Fig. 4, Cand D, and fig. S5, H and ]). To more definitively exclude
the role of set-25 and set-32 in the PO generation, we also used RNAi
to knock down set-25 or set-32 in F1 and F2 progeny derived from
heat-stressed PO worms and found that the life-span advantage of
the RNAi-treated progeny was abrogated (fig. S5, A to G). These
data suggest that set-25 and set-32 are specifically required for
transmitting the memory of heat stress. In addition, other histone
modifications, including H3K9me2, H3K4me3, H3K27me3, and
H3K36me3, were also reported to mediate the life-span extension
and the TEI in C. elegans (29). To characterize the roles of these
histone modifications in heat stress—induced TEI of life-span exten-
sion, we evaluated their contribution using corresponding mutants.
Our results showed that the deletion of the histone modifiers rbr-2
(histone H3K4me3 demethylase), spr-5 (histone H3K4me2 de-
methylase), set-18 (histone H3K36 dimethyltransferase), and met-2
(histone H3K9me2 methyltransferase) did not abrogate the survival
advantage in the F1 or F2 generation (fig. S5, L to P). These results
indicated that the TEI induced by heat stress depended on the his-
tone modification H3K9me3.

To determine whether the prolongevity effects induced by heat
stress are related to heritable changes in H3K9me3 at specific loci,
we conducted RNA sequencing (RNA-seq) and chromatin immu-
noprecipitation and sequencing (ChIP-seq) to compare changes in
the enrichment of H3K9me3 peaks. H3K9me3 peaks were marked-
ly decreased at gene promoters after heat shock (Fig. 4B and fig.
S6B). Combining RNA-seq and ChIP-seq data, we found that upon
heat shock, the transcription level of many genes was up-regulated;
the H3K9me3 level was decreased (fig. S6, A and B). Upon hormetic
heat stress, animals activated a series of transcription factors, in-
cluding HSF-1, DAF-16, and nuclear receptor DAF-12, which sub-
sequently regulate the expression of genes involved in the stress
response. Regulation of these genes induces the innate immune
response, resets metabolism, and contributes to the maintenance
of protein homeostasis, ultimately leading to a survival advantage
(19, 26). Using ChIP-quantitative polymerase chain reaction (QPCR),
we found that, following heat stress in PO worms, the number of
H3K9me3-occupied sites was obviously decreased in the promoters
of heat stress response- and longevity-associated genes, including
daf-16, hsf-1, and the respective target genes of daf-16, hsf-1, and
daf-12. The decrease observed in PO was maintained in the F1 and
F2 generations (Fig. 4F and fig. S6C). We also found that the heat
stress response-related genes had decreased histone H3K9me3 lev-
els but notably elevated transcripts levels (Fig. 4H). Overall, these
results indicated that chromatin marks were established in the PO
generation following heat shock, and these marks persisted in the
subsequent generations to transmit heritable memories.

N°-mA DNA modification mediates the TEl induced by

heat shock

In addition to its role in histone modification, methylation is also
known to modify DNA to render it a carrier of inheritable informa-
tion (30). Recent studies have revealed that N®-mA-modified DNA
mediates TEI in C. elegans (6, 31). Notably, using dot blot analysis,
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we found a clear elevation of N°-mA in animals subjected to heat
stress (Fig. 5C). The elevation of N®-mA-modified DNA was main-
tained in naive progeny from heat-shocked mothers through four
generations, a finding that was correlated with the survival advantage
returning to normal levels in the F6 generation (Fig. 5C). The N°-mA
methyltransferase mutants damt-1 (tm6887) and damt-1(gk961032),
as well as the N®-mA demethylase nmad-1 (0k3133) mutants, failed
to elevate the levels of N®-mA following heat stress (fig. S8, A to C).
In addition, the results from survival analyses of the damt-1 and
nmad-1 deletion mutants showed that loss of function of both
damt-1 and nmad-1 abolished the survival advantage of heat-
stressed PO and their recovered F1 and F2 progeny (Fig. 5, B and E,
and figs. S7, A to F, and S8, I to K). To more definitively characterize
the role of damt-1 in heat-induced TEI, we conducted two sets of RNAi
experiments similar to that performed in the above-mentioned
treatments (hsf-1, daf-12, and daf-16 RNAi). The first experiment
was to feed damt-1 RNAi to F1 or F2 worms from heat-shocked PO
and measure their life span, respectively. We found that silencing
damt-1 in F1 or F2 progeny abolished the hormetic heat stress
benefits (fig. S7, G to K), suggesting that damt-1 acts in the progeny to
extend life span. The other silencing experiment was to feed damt-1
RNAI to F1 exclusively and measure the life span of F2. Our results
showed that F2 progeny without RNAi [or with dcr-1 RNAI to
exclude the possible RNAi inheritance (28)] from F1 with RNAi-
silenced damt-1 also abolished the hormetic heat stress benefits (fig.
S7, L and M), suggesting that damt-1 contributed to transmitting
heat stress memories.

Notably, the basal level of N®-mA in the damt-1 mutant is com-
parable to that of the wild-type N2 strain (fig. S8, A and B), while
the level of N°-mA in the nmad-1 mutant was significantly elevated
(fig. S8C). These results were consistent with those reported previ-
ously (6, 31). For nmad-1 loss-of-function worms (heat-shocked
PO, recovered F1, or F2), no change was detected for both N°-mA
levels and life span compared with corresponding controls (fig. S8,
C, 7, and K), likely because the nmad-1 mutant, which has no de-
methylase activity, maintains a high level of N°-mA (fig. S8C); the
mild heat shock could not induce a significant increase of the
N°-mA to transmit heritable memory.

To determine which N®-mA-modified genes are affected when
animals are subjected to heat stress, we immunoprecipitated
N°®-mA-modified DNA and conducted subsequent sequencing
(MeDIP-seq). MeDIP-seq showed that the N°>-mA DNA modifica-
tion of some genes was significantly increased following heat stress,
and the modification of some other genes was decreased (Fig. 5G).
A recent study reported that over 80% of N®-mA DNA-marked re-
gions intersected with regions occupied by heterochromatic histone
modifications (H3K9me3 and/or H3K27me3) (32). We speculated
that relationship existed between the DNA methylation-modified
regions and the histone methylation-modified regions under heat
stress. Notably, N°-mA and H3K9me3 marks were found at the same
loci in the genome (Fig. 5]), and the ratio of the marks appeared to
be associated with gene transcription activity. MeDIP-qPCR analy-
ses revealed that, for heat stress response-related genes, reduced
H3K9me3 (Fig. 4F) and elevated N°-mA (Fig. 5K) increased tran-
scription levels (Fig. 4H). Under heat stress, the N®-mA elevation
and H3K9me3 reduction collaboratively promote transcription of
stress response genes to extend life span.

To determine whether the factors that respond to heat stress—
induced life-span extension, including DAF-12, DAF-16, and HSF-1,
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and ***P < 0.001.

may establish or maintain changes within the chromatin landscape
following acute heat stress, we performed dot blot analyses on the
corresponding mutants. We found that daf-16 regulated N°-mA
level following heat stress (Fig. 5, H and I, and fig. S8, E, F, and H).
By contrast, daf-12 and hsf-1 did not affect the increase in N°-mA
level under heat stress (Fig. 5, D and F). However, inactivating the
H3K9me3 methyltransferase genes set-25 and set-32 moderately
increased N°-mA level in unstressed animals, but heat stress did not
cause an extra increase in the N°®-mA level in set-25 and set-32 ani-

Wan et al., Sci. Adv. 2021; 7 : eabc3026 1 January 2021

mals (fig. S8, D and G). These results agreed with our observation
that set-25 and set-32 mutations abolished the TEI effect induced by
hormetic heat stress, and they further indicated that N®-mA was
colocalized with H3K9me3 mark. In addition, in daf-16 loss-of-
function worms, no difference of H3K9me3 modification levels
was observed between animals with or without heat shock (fig. S9).

Together, our observation demonstrated that TEI induced by
hormetic heat stress required daf-16, H3K9me3, and N°-mA modi-
fication. Upon hormetic heat stress, several genes are activated to
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Fig. 5. DNA N°-mA mediates the transgenerational inheritance induced by heat stress. (A) Experimental scheme. (C) Representative dot blot analysis from three
biological replicates used to analyze the global N°-mA level in genomic DNA (gDNA) in control and P0-F6 worms. Methylene blue detected DNA loading. (B and E) Trans-
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respond to heat stress and prolong life span. At the same time, heat stress—-induced survival benefits. We also detected the effect
high-temperature memory will be passed down to the offspring, in  of daf-16, H3K9me3, and N°-mA modification on hormetic heat
which stress response genes and autophagy-related genes will be  shock-induced TEI of animal fitness improvement. Our ob-
up-regulated in offspring to contribute to the TEI effects of hormetic ~ servations showed that loss of daf-16, set-25, and damt-1 abolished
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transgenerational inheritance of the a-synuclein deposition of reduction
(fig. S10, A to C), the GFP::LGG-1 puncta elevation in the hypoder-
mal seam cells (fig. S10, D to F), and the nuclear translocation
of HLH-30 (fig. S10, G to I). Here, we applied damt-1 RNAi in
LGG-1::GFP analyses, as we failed to obtain damt-1(tm6887);
lgg-1::GFP double mutant by numerous matings. In addition, we
also found the up-regulation of heat stress response genes (i.e., hsp-6,
hsp-70, hsp-12.6, and hsp-16.2) to be eliminated because of the loss
of set-32, set-25, and damt-1 (fig. S10, J to L). These results indicated
that daf-16, H3K9me3, and N®-mA modification played important
roles in transmitting heritable memories.

DISCUSSION

Animals exposed to hormetic heat stress have the ability to activate
an innate immune response, to extend life span, to increase stress
resistance, and to maintain proteostasis (19). In this study, we found
that parental generation could transmit information of survival
benefit induced by hormetic heat shock to descendants to extend
their life span. In agreement with a previous study (20), we found
that high-temperature memory from parents can be transmitted to
progeny to induce a series of genes expression, in which H3K9me3
marks were involved in the underlying mechanisms. New evidence
in the present study suggested that the exposure to hormetic heat
stress established H3K9me3-dependent and N°-mA-dependent
transgenerational inheritance networks to confer gene expression
and behaviors changes, which ultimately lead to a survival advan-
tage in the progeny. Hormetic heat stress in the parent generation
activates daf-16, hsf-1, and daf-12 to extend life span, and daf-16
regulates the N°-mA and H3K9me3 levels and establishes these epi-
genetic marks in descendants. In turn, H3K9me3 and N°-mA mark
the progeny genome to promote the recruitment of stress response-
related genes (i.e., daf-16, hsf-1, and target genes for daf-12, daf-16,
and hsf-1) and facilitate the activation of the heat stress response,
ultimately leading to the TEI of the survival benefit (Fig. 6).

Findings in this study suggested that the functions of hsf-1,
daf-16, and daf-12 were required for TEI induced by hormetic heat
stress. Among them, hsf-1 and daf-12 were responsible for imple-
menting heat stress response, while daf-16 acted in both implemen-
tation and transmission. Notably, daf-16 itself is critical for elevating
the N®-mA levels and reducing the H3K9me3 levels to transmit
the transgenerational memories. In addition, we also observed the
autophagy induction, the nuclear translocation of HLH-30, and re-
duced protein aggregation in the naive offspring from heat-shocked
parents. These findings demonstrate that daf-16, hsf-1, daf-12, and
hlh-30 function in implementation, transmission, or both under
thermal stress conditions to realize hormetic stress-induced surviv-
al benefit in both parent and descendant generations.

In present study, we found that the H3K9 methyltransferases
set-25 and set-32 were both required for efficiently propagating
high-temperature memory in all subsequent generations. The role
of set-25 as the methyltransferase of H3K9me3 was identified by
Zeller et al. (33), as no H3K9me3 was detectable in set-25 knockout
worms. However, the role of set-32 is more complicated. Wood-
house et al. (34) found no difference in the levels of H3K9me3 be-
tween sef-32 mutant with wild type, but others reports a correlation
between loss of set-32 and a decrease in H3K9me3 modification
(35, 36). The discrepancy reported by different researchers indicates
that the role of set-32 in H3K9me3 modification might be different
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at specific loci or development stages or in response to particular
stimuli.

Moreover, we found that set-25 and set-32 are both required for
maintenance of TEI induced by hormetic heat stress in all genera-
tions. It seems to be different from what Woodhouse et al. (34)
reported, in which they demonstrated that SET-25 and SET-32 are
required for the establishment of a transgenerational silencing
signal but not for long-term maintenance of this signal across
subsequent generations. These interesting findings were not in
contradiction of our results, as Klosin et al. (20) reported that the
inactivation of RNAi components [such as Heritable RNAi Deficient
(HRDE-1) or Nuclear RNAi DEfective (NRDE-2)] does not affect
the H3K9me3-mediated epigenetic transmission of high-tempera-
ture memory.

Notably, met-2 deletion did not abrogate the survival advantage
in the F1 or F2 generation (fig. S5P), suggesting that the TEI of heat
stress—induced survival benefits does not require histone METhyl-
transferase-like (MET-2)/SETDB1. This makes our findings distinct
from other TEI studies in C. elegans that were focused on the inher-
itance of exogenously induced silencing in the germ line (5, 29). In
our settings, it was implied that the life-span extension in progeny
had to do with their soma, although the signals must travel through
the germ line to the next generation. This might bring up the
possibility that SET-32, whose role remains variable in different
studies (34-36), might play context-specific roles when MET-2 was
not involved.

Recent studies have revealed interplay between N°-mA and
H3K4me3 in C. elegans (6, 31), but interaction between H3K9me3
and N°-mA in C. elegans has not been reported. In our study, we
found that a large fraction of genes marked by N°-mA overlapped
with H3K9me3 occupancy genes. In C. elegans, it was reported that
N°-maA is associated with active transcription (6), while H3K9me3
is well known as a transcription-repressive modification. Therefore,
we hypothesized that, in our hormetic heat shock model, cross-talk
between N°-mA-modified DNA and the H3K9me3 mark leads to a
reduction in H3K9me3 occupancy and an increase in N®-mA level,
thereby collaboratively promoting the expression of stress response
genes to enhance resistance to stress and prolong life span. Note
that the TEI induced by hormetic heat stress is exhibited in only a
limited number of generations. A possible explanation is that, upon
heat shock, the H3K9me3 level is reduced, while the N°-mA level
and the heat stress response genes expression levels are elevated; in
the later generations grown under normal conditions, these changes
are gradually restored because of heterochromatin remodeling.

However, the mechanism by which DAF-16 induces epigenetic
alterations in response to heat stress, as shown in this study, remains
unclear. In the present study, we observed that N®-mA responds to
heat stress and the occupancy of the promoters in heat stress re-
sponse genes to promote life-span extension. However, how N°-mA
methyltransferase DAMT-1 (DNA N6 Adenine MethylTransferase)
recognizes and modifies the heat stress response genes needs to be
investigated. It will be interesting to study the molecular mechanism
that integrates and collaborates with this regulatory network
consisting of DAF-16, DAF-12, HSF-1, HLH-30, H3K9me3, and
N®-mA. It is also crucial to discover how epigenetic marks are gradually
erased and restored.

In summary, we characterized the inheritance of hormetic heat
effects across generations and identified the factors involved in the
memory transmission. Our study provided a framework for further
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understanding the underlying molecular mechanism of the TEI of
the effects induced by hormetic heat stress.

MATERIALS AND METHODS

C. elegans strain and cultivation

Strains were obtained from the Caenorhabditis Genetics Center and
the National BioResource Project. Worms were maintained on
nematode growth media (NGM) in plates at 20°C with Escherichia
coli OP50 bacteria, as described previously unless otherwise stated
(37). The following strains were used in this study: Bristol N2 wild type,
CF1038 daf-16(mu86) I, PS3551 hsf-1(sy441) I, AA89 daf-12(rh274)
X, tm5092 spr-5 (tm5092) I, RB1941 rbr-2(0k2544) 1V, VC767
set-18(gk334) I, MT17463 set-25(n5021) III, VC967 set-32(ok1457)
I, tm6887 damt-1 (tm6887) II, VC40319 damt-1 (gk961032) I,

Wan etal., Sci. Adv. 2021; 7 : eabc3026 1 January 2021

VC2552 nmad-1(0k3133) III, MT13293 met-2(n4256) III, NL2099
rrf-3(pk1426) I, OG532 drSil3 [hsf-1p::hsf-1::GFP::unc-54 3'UTR
II + Cbr-unc-119(+)], T]J356 zI1s356 [daf-16p::daf-16a/b::GFP +
rol-6(su1006)], NL5901 pkis2386 [unc-54p::a-synuclein: YFP + unc-119(+)],
DA2123 adls2122 [Igg-1p::GFP:lgg-1 + rol-6(su1006)], MAH240
sqIs17 [hlh-30p::hih-30::GFP + rol-6(su1006)], and MT18143 nls286
[mir-71(+) + sur-5::GFP] X.

RNA interference

RNAi experiments were performed using the standard feeding pro-
tocol as previously described (38). Bacterial clones expressing the
control (empty vector, pL4440) construct and double-stranded
RNA targeting C. elegans genes were obtained from the Ahringer
library (Source Bioscience, Nottingham, UK). All RNAi clones were
verified before use. RNAi bacteria were grown at 37°C in LB with
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ampicillin (100 pg/ml) and then freshly spotted on NGM plates
containing 1 mM isopropyl-B-p-thiogalactoside (IPTG) and ampi-
cillin (100 ug/ml). RNAI silencing was conducted by transferring
synchronized L1 larvae to fresh plates with gene-specific RNAi bacteria.

Environmental stressor conditions

For heat stress induction, ~500 animals were transferred to a single
non-prewarmed OP50-seeded 90-mm NGM plate and put into a
35°C incubator on day 1 for 1 hour. To obtain F1 progeny, ~500
stressed PO worms were shifted back from 35° to 20°C to for 8 hours
before they were bleached. As a control, ~500 unstressed gravid
adults at the same age were also bleached to obtain F1 animals. Af-
terward, the eggs were hatched overnight in 10 ml of M9 buffer, and
the larvae were subsequently cultured at 20°C on NGM plates for
3 days. F2 to Fn generations were obtained using the same protocol,
except that they were not stressed.

Life-span assay

All life-span assays were performed at 20°C on the basis of standard
protocols, as previously described (38). Briefly, ~100 late L4 larvae
or young adults were transferred to NGM plates with or without
10 uM FUDR (Sigma-Aldrich) seeded with heat-inactivated OP50.
RNAI life-span assays were performed similarly, except that worms
were fed with live RNAi bacteria on IPTG-containing NGM plates.
The day when the worms were transferred to the plates was defined
as day 1. Death events were scored daily. The experiments were
repeated at least twice. The mean, SEM, P, and life-span values are
summarized in table S1.

Mating protocol

To distinguish the cross-progeny from the self-fertilized ones, we
used a GFP" strain MT18143. Spontaneous males were picked out
and propagated. Before mating, day 1 worms were picked onto
non-prewarmed OP50-seeded NGM plates to heat shock at 35°C
for 1 hour. Worms (a ratio of males and females of 3:1) were put
onto OP50-seeded NGM plates to mate for 24 hours at 20°C. Two
days after mating, at least 60 GFP" F1 hermaphrodites were picked
out for life-span assays, and another ~500 GFP* hermaphrodites
were bleached to obtain F2 descendants.

Quantitative reverse transcription PCR assay

Total RNA was extracted using RNAiso Plus (TaKaRa) on the basis
of the phenol-chloroform extraction method from frozen day 1 an-
imals. Reverse transcription was performed using a cDNA reverse
transcription kit (TaKaRa or ABclonal) following the manufactur-
er’s protocol. qPCR was conducted with a CFX96 real-time system
(Bio-Rad) using SYBR Premix Ex Taq II (TaKaRa) or SYBR Green
select master mix (ABclonal). For each gene, triplicate biological
samples and three technical replicates were conducted. The relative
mRNA levels were calculated by the 274“" method after normaliza-
tion to the reference gene cdc-42. P values were calculated using
two-tailed Student’s ¢ tests. The primers used in this study are
summarized in table S2.

Western blot analysis

Animals were grown synchronously to day 1 adults and collected in
M9 buffer. After three washes, pellets were snap-frozen in liquid
nitrogen and stored at —80°C. To lyse the worms, pellets were put
in radioimmunoprecipitation assay buffer, ground twice using a
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TissueLyser at 75 Hz for 6 min at low temperature, and then centri-
fuged at 10,000¢ at 4°C to collect the supernatant. Protein concen-
trations were measured using the BCA Protein Assay Kit. Proteins
were separated using SDS-polyacrylamide gel electrophoresis
and transferred to nitrocellulose membrane. The membranes were
blocked in 5% milk and then incubated with primary antibodies to
H3K9me3 (1:1000; Abcam, ab176916), H3 antibody (1:10,000; Cell
Signaling Technology, H9715), GFP (1:5000; Roche, 11814460001),
or actin (1:5000; Sigma-Aldrich, A1978). Then, protein was visual-
ized using horseradish peroxidase-conjugated anti-rabbit (1:5000)
or anti-mouse (1:5000) secondary antibody and ECL Western Blot-
ting Substrate.

H3K9me3 ChiP-qPCR

ChIP experiments were conducted as previously described (39).
Embryo pellets (50 to 100 ul) were washed with M9 buffer three
times and incubated in ChIP cross-link buffer [M9 containing
2% formaldehyde (Sigma-Aldrich)] at room temperature for 30 min,
and then the reaction was terminated with 2.5 M glycine rotated at
room temperature for another 5 min. After cross-link termination,
the samples were washed and resuspended in 2 ml of FA buffer
[50 mM Hepes/KOH (pH 7.5), 1 mM EDTA, 1% Triton X-100, 0.1%
sodium deoxycholate, and 150 mM NaCl] with a proteinase inhibi-
tor cocktail (Roche) and sonicated for 13 cycles (each cycle, 30-s on
and 30-s off) with a Bioruptor 200 sonication system (Diagenode).
The lysates were precleared and then immunoprecipitated with 5 ul
of H3K9me3 antibody (Abcam, ab8898) at 4°C for 12 to 16 hours.
Then, 40 ul of preblocked SureBeads starter kit protein G (Bio-Rad)
was added and rotated at 4°C for 2 hours. Then, the beads were
washed sequentially with 1 ml of each of the following buffers as
indicated: twice with FA buffer (5 min each time), once with 1 M
NaCl FA buffer (10 min), twice with 500 mM NaCl FA buffer
(10 min each time), twice with TEL buffer [0.25 M LiCl, 1% NP-40,
1% sodium deoxycholate, 1 mM EDTA, and 10 mM tris-HCl (pH 8.0);
10 min each time], and lastly, twice with 1x TE buffer (5 min each
time). Then, the pellets were eluted with 200 ul of elution buffer
(1% SDS in TE with 250 mM NaCl). The supernatant and the input
samples were treated with proteinase K (0.1 pug/ml) for 2 hours at
50°C and then overnight at 65°C. The DNA was purified using the
phenol/chloroform/isoamyl extraction method for qPCR. ChIP-qPCR
data on the targeted genes were normalized to those of the coimmuno-
precipitated ama-1. The sequences of qPCR primers are listed in
table S2. For the data on each gene, triplicate biological samples and
three technical replicates were used.

H3K9me3 ChiP-seq
ChIP assays were performed according to the previously described,
with few modifications (6). ChIP-seq libraries were prepared and
sequenced by Wuhan IGENEBOOK Biotechnology Co. Ltd. Briefly,
3 g of C. elegans were harvested and washed with cold phosphate-
buffered saline buffer and then cross-linked with formaldehyde at a
final concentration of 1%. Afterward, samples were lysed on ice
to obtain chromatins. Chromatins were sonicated to get soluble
sheared chromatin [average DNA length of 200 to 500 base pairs
(bp)]. One part of the soluble chromatin was saved at —20°C for
input DNA, and the remainder was used for immunoprecipitation
by H3K9me3 antibody (Abcam, ab8898).

Immunoprecipitated DNA was used to construct next-generation
sequencing libraries following the protocol of the Illumina TruSeq
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ChIP Sample Prep Set A and then sequenced using Illumina X Ten
with PE 150. Trimmomatic (version 0.38) was used to filter out
low-quality reads. Clean reads were mapped to the C. elegans ge-
nome by BWA (Burrows-Wheeler alignment tool) (version 0.7.15)
(6), allowing up to two mismatches. After removing potential PCR
duplicates by using SAM Tools (version 1.3.1), the peaks were identi-
fied by using MACS2 peak caller software (version 2.1.1.20160309)
with default parameters, and then wig files produced by MACS
software were used for data visualization using Integrative Genom-
ics Viewer (version 2.3.91). The diffpeak was identified using Diff-
Bind (version 1.16.3). Gene ontology (GO) enrichment analysis was
performed using the EasyGO gene ontology enrichment analysis
tool (http://bioinformatics.cau.edu.cn/easygo/). The GO term en-
richment was calculated using hypergeometric distribution with
a P value cutoff of 0.01. KEGG (Kyoto Encyclopedia of Genes
and Genomes; http://genome.jp/kegg/) enrichment analysis was
performed using clusterProfiler (http://bioconductor.org/packag-
es/release/bioc/html/clusterProfiler.html) in R package. The heat-
maps, reads distribution of diffpeak, and all peaks were obtained
using deepTools (version 3.2.1) (40).

Purification of genomic DNA from the worms

The purification of genomic DNA (gDNA) from the worms was
performed as previously described (31). Young adult animals were
harvested with M9 and lysed with worm gDNA lysis buffer [200 mM
NaCl, 100 mM tris-HCI (pH 8.5), 50 mM EDTA (pH 8.0), 0.5%
SDS, and proteinase K (0.1 mg/ml)]. The lysate was then incubated
at 65°C for 1 hour with periodic vortexing. Then, the samples were
incubated at 95°C for 20 min to inactivate the proteinase K. After
that, ribonuclease A (RNase A) was added and incubated at 37°C
for 1 hour. Then, an equal volume of phenol:chloroform:isopentanol
(25:24:1) was added to the sample, mixed, and centrifuged (13,000 rpm,
room temperature) for 5 min. The aqueous phase was transferred
into a new tube, in which 0.1 volume of sodium acetate and 2 volumes
of 100% EtOH were added. The mixtures were incubated at —20°C
overnight. Then, the samples were spun at 16,000g at 4°C for 10 min
to obtain the DNA pellet, which was washed with 70% EtOH, air-
dried, and resuspended in TE buffer. Then, the purified gDNA was
treated with RNase A/T1 (Thermo Fisher Scientific) and RNase H
(New England Biolabs) for 1 hour at 37°C, followed by repurification
of the gDNA, starting at the phenol/chloroform/isopentanol ex-
traction step.

Dot blot analysis

Dot blots were performed as previously described (6). gDNA sam-
ples were denatured at 95°C for 10 min and cooled on ice for 5 min.
For each sample, 300 ng of DNA was spotted on a membrane
(Amersham, Hybond-N¥, GE) and air-dried for 5 min, followed by
baking at 80°C for 1 hour and ultraviolet cross-linking. The
membrane was blocked with 5% nonfat milk in tris-buffered saline
containing 0.1% Tween-20 for 2 hours at room temperature and
then incubated overnight with N°-mA antibodies (1:1000; Synaptic
Systems, 202-003) at 4°C. After three washes, the membrane was
incubated with secondary antibody for 1 hour at room temperature.
Signals were detected with a Bio-Rad ChemiDoc MP imaging system.

MeDIP-qPCR
MeDIP-qPCR was performed as previously described (6). Briefly,
worm gDNA was fragmented to approximately 400 bp using a
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Bioruptor 200 sonication system (Diagenode). The fragmented
DNA (15 pg) was immunoprecipitated with 5 ul of N®-mA antibody
(Synaptic Systems, 202-003) at 4°C in a final volume of 500 pl con-
taining MeDIP buffer [10 mM sodium phosphate (pH 7.0), 140 mM
NaCl, and 0.05% Triton X-100]. Then, 40 ul of SureBeads starter kit
protein G (Bio-Rad) was added and incubated at 4°C for 4 hours.
Afterward, the beads were washed with MeDIP buffer (five times)
and then digested with proteinase K digestion buffer [50 mM tris-
HCI (pH 8.0), 10 mM EDTA, 0.5% SDS, and proteinase K (2.5 mg/ml)]
for 3 hours at 50°C. The DNA was purified and used for qPCR. The
sequences of the QPCR primers are listed in table S2. For each gene,
triplicate biological samples and three technical replicates were
conducted.

MeDIP-seq

Worm gDNA was sonicated to 200 to 300 bp with a Bioruptor
200 sonication system (Diagenode). Then, adaptors were ligated to
gDNA using a NEBNext Ultra II DNA library prep kit (Illumina).
The ligated DNA was denatured at 95°C for 10 min. A portion of
10 pl of DNA was saved as input. Then, the gDNA was pulled down
according to the MeDIP-qPCR protocol. After that, the N®-mA-
enriched DNA fragments were purified. Then, immunoprecipitated
DNA and input DNA were amplified by PCR with NEBNext Multi-
plex Oligos for Illumina following the manufacturer’s protocol and
were then subjected to sequencing with Illumina HiSeq 4000 se-
quencing. MeDIP-seq was sequenced by Wuhan IGENEBOOK
Biotechnology Co. Ltd. The adapter and low-quality reads were
filtered out through Trimmomatic (version 0.38). Clean reads were
mapped to the C. elegans genome by BWA (version 0.7.15), allow-
ing up to two mismatches. Then, the data analysis was performed
similarly to ChIP-seq using the same pipeline and software.

RNA-seq data analysis

Total RNA was extracted using the RNAprep Pure Kit DP432
(TIANGEN Biotech Co. Ltd., Beijing, China), following the manu-
facturer’s instructions. All RNA samples were assessed for their
integrity using Qsepl instrument. After polyadenylate-selected
RNA extraction, RNA fragmentation, random hexamer-primed re-
verse transcription, 100-nucleotide paired-end sequencing was per-
formed by BGI 500. Differentially expressed genes were identified
using DESeq2 with a filter threshold of adjusted g value < 0.05 and
|log, fold change| > 1. GO and KEGG analysis were performed
using the same method as ChIP-seq.

DAF-16, HLH-30, and HSF-1 localization

DAF-16, HLH-30, and HSF-1 localization was determined using
the worm strains TJ356, MAH240, and OG532, respectively. For
each assay, at least 30 worms were anesthetized in M9 containing
sodium azide (50 mM), mounted on 2% agarose pads, and directly
observed under a Zeiss Axio Imager Z2 with an Apotome.2 with a
63x oil immersion/1.4-numerical aperture objects. Muscle or intes-
tine cells were identified on the basis of the morphology and size of
nuclei. Z position was selected so that nuclei were clearly in focus.
Each experiment was repeated at least three times.

a-Synuclein aggregation assay

The aggregation of a-synuclein protein was analyzed using the
NL5901 strain. Animals were raised on NGM plates at 20°C and
treated as described in the “Environmental stressor conditions”
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section to obtain PO, F1, and F2 generation animals. Day 1 animals
were transferred to 2% agarose pads after paralyzing using 10 uM
levamisole and imaged using a Nikon Ti2-U epifluorescence micro-
scope with 20x air objectives. To demonstrate the fluorescence
intensity, six to seven randomly selected worms were put together
to take images. For quantification purpose, each worm was imaged
individually. To eliminate bias caused by different focal planes, we
took images right through the middle of worms. The whole-animal
fluorescence images were containing an entire worm taken and
outlined to quantify the total fluorescence intensity of each worm.
Aggregate a-synuclein protein levels were measured by mean fluo-
rescence intensity (total intensity/area) using Image]. Flat-field
and auto-fluorescence correction was performed on the basis of the
methods as previously reported by Klosin et al. (20). Nematodes
that overlap or are at the edge of the image were not analyzed.
Two-tailed Student’s ¢ test was performed using GraphPad Prism.
At least 30 animals were used for each experiment, and each exper-
iment was repeated at least three times.

Autophagy measurements

Autophagy was determined by counting the GFP-positive LGG-1
puncta in the seam cells of strain DA2123. For imaging and puncta
quantification, the animals were mounted on a 2% agarose pad, and
GFP::LGG-1 puncta were counted in the hypodermal seam cells
with a Zeiss Axio Imager Z2 with an Apotome.2 microscope at
630-fold magnification. At least 30 animals were imaged for each
condition, and two to three seam cells were counted for each worm.
The results from three independent assays were combined, and the
statistical analyses were performed using Student’s ¢ tests.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/1/eabc3026/DC1

View/request a protocol for this paper from Bio-protocol.
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