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Abstract
As a major risk factor to human health, obesity presents a massive burden to people and society.
Interestingly, the obese status of parents could affect progeny’s lipid accumulation through multi-
generational epigenetic inheritance. To date, many questions remain as to how lipid accumulation leads
to signals that are transmitted across generations. In this study, we established a model of C. elegans fed
with a high fat diet (HFD) that led to obvious lipid accumulation, which can be propagated their progeny.
Using this model, we discovered that transcription factors DAF-16/FOXO and SBP-1, nuclear receptors
NHR-49 and NHR-80, and delta-9 desaturase (fat-5, fat-6, and fat-7) are required for transgenerational fat
accumulation. Additionally, histone H3K4 tri-methylation (H3K4me3) marks genes related to lipid
metabolism and increases their transcription response to multigenerational obesogenic effects. In
summary, this study establishes that a network of lipid metabolic genes and chromatin modi�cations
work together to achieve multigenerational obesogenic effects.

Introduction
Metabolic diseases are the result of a combination of genetic and environmental effects. Common
environmental factors affecting metabolic diseases include nutrition, microbiome, exercise, and
individual behaviors 1, 2, 3, 4. Interestingly, studies in animal models and humans have indicated that
environmental in�uences that parents experience can not only in�uence their own health, but also affect
the health of their descendants, initiating a pass-down of disease risk across generations. For the
incidence of obesity and type II diabetes (T2D), besides genetic and environmental factors, family history,
especially the parental experiences before and during pregnancy, is also now recognized as an important
factor 5. The study of Netherlands’ famine period “hunger winter” was very instructive in understanding
how environmental stress stayed as a transgenerational physiological memory. During the sudden and
severe famine, children born to pregnant mothers who experienced undernutrition were found to possess
a higher risk of metabolic disorders 6, 7, 8. In a study of Caenorhabditis elegans (C. elegans), it was also
found that information from parents who experienced acute periods of starvation can be passed on to
their progeny 9, 10, 11. In modern societies, people no longer live in fear of famine. Instead, we live in a
condition of over-nutrition, which is followed by a high incidence of obesity, and thus a variety of
metabolic diseases such as type II diabetes, hypertension, and coronary heart disease. Therefore, it is
important to study whether and how obesity induces multigenerational inheritance, and the nature of the
underlying molecular mechanisms.

The nematode C. elegans is a relevant and tractable model for the study of multigenerational obesogenic
effects. Nematode genes for lipid metabolism are mostly conserved in mammalian models, with core
lipid metabolic pathways in C. elegans having homologs in humans. The transgenerational epigenetic
inheritance (TEI) machinery that has until now been elucidated is also conserved across species. For
example, histone modi�cations involving methylation of H3K4, H3K9, and H3K27, and inherited RNAs are
required for TEI among different species from C. elegans to mice 12, 13, 14, 15. Recently, some progress has
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been made in the study of TEI using nematodes as a model. For example, C. elegans learn to avoid
pathogens and transmit the ability to avoid dangerous conditions to their progeny for 4 generations 16, 17.
An arti�cial environment such as Bisphenol (BPA) exposure can cause transgenerational inheritance, with
one-generational parental (P0) exposure BPA leading to a decrease of H3K9me3 and H3K27me3 levels
for 5 generations 14, 18. In our recent study, we found that hormetic heat stress-induced survival
advantage could be passed down to progeny though histone H3K9me3 and DNA N6-mA modi�cations
19(in press).

The question of whether, and if so how, TEI plays a role in lipid metabolism has attracted the attention of
researchers in recent years. For example, it was reported that the TEI obesogenic effects of
sulfomethoxazole are associated with histone H3K4me3 modi�cation 20. However, some mechanisms of
the underlying multigenerational obesogenic effects remain unclear. For example, how are genes related
to fat metabolism linked to chromatin modi�ers to achieve the lipid metabolism-associated TEI? In this
study, we used a high-fat diet (HFD, egg yolk) to feed C. elegans to establish a lipid accumulation model.
Using this model, we characterized the critical factors for implementing of regulation of lipid metabolism
and transmitting transgenerational memories in descendants from parents fed with HFD.

Results
Lipid accumulation from the HFD exposure can be transmitted across generations

Supplementation of different lipids, including oleic acid (OA) or palmitoleic acid (PA), in food, can
signi�cantly increase fat accumulation in C. elegans 21, 22. Similarly, using Oil-Red-O (ORO) staining, we
found that the ORO level was obviously elevated when animals were fed with OA, PA, cholesterol, or egg
yolk compared with the OP50 medium, and that supplementation with egg yolk showed the most
signi�cant lipid accumulation (Fig 1a). Therefore, in the subsequent assays, we used egg yolk as a high-
fat diet (HFD) to feed C. elegans and establish a fat accumulation model. To test whether the HFD-
induced lipid accumulation phenomenon can transmit to the descendants raised on OP50, we randomly
selected one wild-type hermaphrodite worm and obtained a population with the same genetic background
through its self-fertilization. Then we fed wild-type worms with the HFD and bleached the mothers to
obtain F1, F2, and Fn generations (Fig 1b). We found that the ORO levels were signi�cantly increased, in
either the HFD-fed parents or their F1 and F2 progeny (fed with normal OP50) (Fig 1c and d), but did not
increase ORO levels of their F3 descendants (data not shown), suggesting that the HFD can induce a
multigenerational epigenetic inheritance phenotype on descendants from a single exposure of the P0
generation. Considering that the F1 generation may have been exposed to the HFD while still inside the
mother, in which case the obesogenic effect in the F1 worms would be considered intergenerational
inheritance, not trans-generational inheritance. Therefore, we fed P0 generation animals with HFD from
L1 to L4 larvae, then transferred them to NGM plates with normal food to prevent F2 primordial germ cells
(PGCs) from exposure. We found that pre-exposure of P0 worms to HFD until L4 larvae could also induce
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the lipid accumulation of their naive F1 and F2 progeny (Fig 1e), suggesting that HFD can induce a
transgenerational epigenetic inheritance (TEI) obesity phenotype.

In our heritable obesity effect model, we found that F2 populations exhibited a minor lipid accumulation
phenotype. One concern is that HFD-induced fat accumulation could trigger a maternally heritable
response in a dose-dependent manner instead of TEI effect. In order to eliminate this concern, we
exposed multiple consecutive generations of animals to HFD. We found that, the exposure of four
consecutive generations of animals (P0, F1, F2, and F3), three (F1, F2, and F3), two (F2, and F3), or one
(F3), did not affect lipid accumulation their recovered F4 or F5 descendants (Fig 1f and g). In addition, we
observed that lipid accumulation induced by oleic acid (OA) or palmitoleic acid (PA) can also transmit to
their naive progeny (Fig S1c-e). Altogether, these results demonstrated that exposure of HFD induces
transgenerational obesity effect.

To further elucidate the TEI phenotype and possible mechanisms induced by the HFD, we performed RNA
sequencing (RNA-seq) analysis. Consistent with a previous study, functional annotation analysis
indicated that genes regulated after feeding with the HFD were enriched in the innate immune response,
metabolism and lipid metabolism (Fig S1a). Notably, a series of genes which were regulated by the HFD
in the P0 generation overlapped with those regulated in the F1 and F2 naive progeny derived from P0
parents given the sole exposure to the HFD (Fig S1b). Collectively, these results demonstrated that the
HFD can induce a memory of fat accumulation that can be transmitted to descendants.

 

HFD-induced transgenerational inheritance is mediated by nuclear receptors NHR-49, NHR-80, and
transcription factors SBP-1 and DAF-16

To determine the molecular mechanisms underlying the HFD-induced TEI, we evaluated the contribution
of several nuclear receptors and transcription factors which play essential roles in lipid metabolism in C.
elegans. SBP-1, a sterol regulatory element-binding protein (SREBP), is a crucial transcription factor
governing fat metabolism 21. NHR-49, a functional homolog of mammalian peroxisome proliferator
activated receptor (PPAR) alpha, and NHR-80, a homolog of mammalian hepatocyte nuclear factor 4
(HNF4), are both important nuclear hormone receptors involved in the control of fat consumption and
fatty acid composition in C. elegans 23, 24, 25, 26. Forkhead transcriptional factor DAF-16/FOXO, a central
downstream effector of the insulin/insulin-like growth factor (IGF) signaling pathway, is a critical and
well-conserved metabolic regulator 27, 28. Our results demonstrated that the elevated fat level induced by
HFD in P0 was not affected in a sbp-1 loss-of-function (lof) mutant (Fig 2a), an nhr-80 lof mutant (Fig 2b)
or an nhr-49 lof mutant (Fig 2c). However, lipid accumulation was abrogated in F1 or F2 descendants of
these mutants. By contrast, the elevated lipid phenotype induced by HFD was abolished in P0 parents as
well as in their recovery F1 and F2 progeny in the daf-16 lof mutant (Fig 2d). These results indicated that
SBP-1, NHR-49 and NHR-80 work in the F1 generation to mediate TEI of fat accumulation induced by the
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HFD; whereas DAF-16 not only act in the F1 generation, but also is required for the execution of the lipid
metabolism response in the P0 generation.

Here, considering that daf-16 contributed to regulation of lipid metabolism in P0 generation, to more
de�nitively identify the role for daf-16 in F1 generation, we used RNAi to knock down daf-16 exclusively in
the F1 generation derived from the P0 parents fed the HFD. We found that speci�c knockdown of daf-16
in the F1 generation also abrogates the elevated fat level (Fig 2e & f). Moreover, we also performed
similar analyses using nhr-49, nhr-80 and sbp-1 RNAi. We found that silencing nhr-49, nhr-80 and sbp-1 in
F1 progeny also abolished their lipid accumulation (Fig S2a-e), suggesting that daf-16, nhr-49, nhr-80 and
sbp-1 act in the progeny to increase lipid level.

DAF-16 responses to environmental stress by activating a series of target genes 28. We found that the
mRNA level of the target genes of DAF-16 (sod-3 and dod-3) was signi�cantly upregulated in P0 fed with
the HFD or their naive F1 progeny (Fig S3c). The expression of SOD-3::GFP was consistent with the
mRNA level of sod-3 (Fig S3a and b). Altogether, these results indicated that DAF-16 functioned in
response to altered lipid metabolism induced by HFD in P0 and their recovered progeny.

To more de�nitively dissect whether the role of daf-16, nhr-49, nhr-80 and sbp-1 is to implement
regulation of lipid level (an “executor”), to transmit the heritable memories (a “transmitter”), or both, we
used RNAi to silence daf-16, nhr-49, nhr-80 and sbp-1 exclusively in the P0 generation, and then analyzed
the fat level of F1 generation raised on OP50 (Fig 2g). As reported in our recent study 19 (in press), if a
gene is a transmitter, the silencing of that gene in the P0 generation will prevent the transmission of trans-
generational memory, which will result in the elimination of the lipid accumulation of the F1 generation.
Alternatively, if a gene only functions as an executor, the silencing of that gene in the P0 generation
should only in�uence the lipid level of P0 generation, so that we would still detect the elevation of fat
level in F1 generation. The results showed that silencing of nhr-49 and nhr-80 did not abrogate the lipid
accumulation of F1 progeny (Fig 2i and j), suggesting that nhr-49 and nhr-80 are purely executors but not
transmitters; the silencing of daf-16 or sbp-1 in P0 generation caused the loss of lipid accumulation of F1
(Fig 2h and k), indicating their roles as transmitters.

Taken together, our results demonstrated that daf-16, nhr-49, nhr-80 and sbp-1 were required for HFD-
induced TEI of lipid accumulation. Among them, nhr-49 and nhr-80 functioned solely as executors; sbp-1
was responsible for transmitting the heritable memories, though we could not rule out its role as an
executor; for daf-16, it not only functions as an executor to regulate lipid accumulation, but also as a
transmitter to pass down heritable memory to progeny.

 

Delta-9 desaturase mediated the heritable memories

In C. elegans, delta-9 desaturases are well-characterized targets downstream of highly conserved
transcriptional factors SBP-1, NHR-49, NHR-80 and DAF-16 (Fig 3a) 11, 25, 29, 30. Because SBP-1, NHR-49,
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NHR-80 and DAF-16 have been detected to mediate TEI of lipid accumulation in our settings, we
wondered whether delta-9 desaturases participated in the TEI of lipid accumulation. We used the delta-9
desaturases-related mutants including fat-5, fat-6, and fat-7 lof mutants, and fat-5; fat-6 and fat-5; fat-7
double mutants to test our hypothesis. Our results showed that the fat elevated phenotype remained
largely unaffected in the P0 generation of these mutants; however, these mutations abrogated the
elevated fat level in F1 progeny (Fig 3b-f). These results revealed that delta-9 desaturases function in TEI
induced by the HFD. To more de�nitively specify the role of delta-9 desaturases in HFD-induced TEI, we
chose fat-5 as the representative of desaturase to conduct two sets of RNAi experiments similar to that
performed in the above-mentioned treatments (daf-16, nhr-49, nhr-80 and sbp-1). We found that silencing
fat-5 in F1 abolished the lipid accumulation (Fig 3g), however, silencing fat-5 in P0 generation did not
affect the phenotype of fat accumulation in their recovered F1 progeny (Fig 3h), suggesting that delta-9
desaturases just execute regulation of lipid metabolism in HFD-induced TEI, but not transmit heritable
memory.

 

Memory of HFD-induced lipid metabolism was conferred by histone H3K4me3 modi�cation

HFD-induced lipid accumulation in parents could just pass down to F2 generation, and F3 is back to
normal lipid level, suggesting that HFD might induce epigenetic changes rather than genetic mutations in
descendants. Reportedly, a set of chromatin-modifying enzymes, including deacetylases and H3K4me3
methyltransferase, in�uence lipid metabolism 31, 32. To understand whether methyltransferase mediated
the HFD-induced TEI of obesogenic effect, we performed a targeted mutant screen by selecting genes
which participated histone methylation (Fig S4a and b). We found that loss of wdr-5.1, a H3K4me3
complex component, abolished the lipid accumulation in progeny (Fig 4a). Furthermore, wdr-5.1 did not
execute in responding to lipid metabolism induced by the HFD, because ORO signaling of the wdr-5.1
mutant remained mostly increased in the P0 parents (Fig 4a). Moreover, we detected that the mRNA level
of wdr-5.1 was slightly (but statistically signi�cant) upregulated when animals were fed with the HFD
compared with the control (Fig S4c). By contrast, our results showed that other histone modi�cations
including H3K27me3 and H3K36me3 did not contribute to the TEI induced by the HFD, because lipid
accumulation induced by the HFD was not abrogated in the P0, F1 and F2 generations in the loss of
function H3K27 demethylase mutant jmjd-3.1 33 and in the loss of function H3K36 methyltransferase
mutant met-1 14 (Fig S4a and b). Furthermore, we observed that H3K4me3 methylation was signi�cantly
increased in the P0 generation fed with HFD (Fig 4b) and in their recovered progeny (Fig 4b, c and d).
Moreover, upregulation of H3K4me3 methylation induced by feeding with HFD was abolished in a wdr-5.1
mutant (Fig S4d).

To more de�nitively characterize the role of wdr-5.1 in HFD-induced TEI, we also conducted two sets of
RNAi experiments similar to that performed in the above-mentioned treatments (daf-16, nhr-49, nhr-80
and sbp-1). We found that silencing wdr-5.1 in F1 abrogated the lipid accumulation (Fig S4e), and
silencing wdr-5.1 in P0 generation also abolished the phenotype of elevation of fat level in their recovered



Page 8/24

F1 progeny (Fig S4f), suggesting the role of wdr-5.1 as a transmitter instead of an executor. Collectively,
these results suggested that histone H3K4me3 modi�cation plays a speci�c role in transmitting the
heritable memory induced by the HFD.

To test whether lipid accumulation induced by the HFD is associated with heritable changes of H3K4me3
at speci�c loci, we used CHIP-qPCR and found that H3K4me3 occupancy was signi�cantly increased at
the promoter of several genes related to lipid metabolism (Fig 4f). These genes are also signi�cantly
upregulated, as shown by the RNA-seq analysis of the P0, F1 and F2 generations. In addition, the mRNA
level of these genes was con�rmed to be elevated by RT-qPCR (Fig 4g).

We further investigated whether the transcription factors (sbp-1 and daf-16) and nuclear receptors (nhr-49
and nhr-80), which have been identi�ed to mediate HFD-induced TEI, also regulated the levels of histone
H3K4me3 modi�cation. We found that all mutations (daf-16, nhr-49 and nhr-80) except sbp-1 had no
effect on H3K4me3 modi�cation in animals fed with the HFD when compared with controls (Fig 4e, S5b,
S5c and S5d). In addition, the elevated transcription level of wdr-5.1 induced by the HFD was abrogated
in the sbp-1 mutant (Fig S4C). These �ndings suggested that sbp-1 might mediate the HFD-induced
memory transmission of lipid accumulation through upregulating wdr-5.1 expression to increase the
H3K4me3 level.

 

Germ-to-soma communication in the HFD-induced transgenerational inheritance

To detect tissues in which daf-16 and sbp-1 function in response to lipid metabolism and in regulating
histone modi�cations, respectively, we conducted tissue-speci�c gene knockdown assays by using
strains which can process RNAi e�ciently only in speci�c tissues, such as germline, muscle, or neuron
(Fig 5a). Firstly, we performed the tissue-speci�c RNAi of daf-16 to detect the ORO staining. We found
that muscle-speci�c RNAi of daf-16 in the P0 generation led to the suppression of the lipid accumulation
(Fig 5g). However, other tissue-speci�c RNAi, including in the intestine, neuron or germline, could not
compromise the elevated fat level (Fig 5h-k).

We then performed tissue-speci�c knockdown of sbp-1 to assess the variation of histone H3K4me3
induced by the HFD. We found that intestine-speci�c, muscle-speci�c, germline-speci�c, or intestine- and
germline-speci�c RNAi of sbp-1 abolishes the elevated H3K4me3 modi�cation levels (Fig 5b-f). These
results indicated that the function of sbp-1 to regulate the variation of H3K4me3 modi�cation induced by
the HFD in several tissues may be redundant. Collectively, tissue-speci�c RNAi studies demonstrated that
among tissues, communication across generations may coordinately regulate TEI of lipid accumulation
induced by the HFD.

Discussion
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During the last few decades, the number of obese people has been growing rapidly in many countries,
causing a huge economic burden to society 34. However, for metabolic diseases such as obesity and T2D,
besides genetic and environmental factors, family history has increasingly been considered to be an
important factor. In fact, genetic background only contributes ~5%-10% of overall risk for developing T2D
5. Recently, considerable efforts have been done to elucidate the TEI-associated obesity induced by
overnutrition. However, many mechanisms remain uncovered. In this work, we use C. elegans as a model,
and induce lipid accumulation by feeding HFD (egg yolk) to C. elegans. Our results demonstrated that an
obesity effect in parents in C. elegans can be induced by feeding egg yolk, and could be transmitted to
their naive progeny which have never been exposed to the HFD.

In addition, our study revealed that TEI of lipid accumulation was mediated by histone H3K4me3
modi�cation. Moreover, we found that among factors identi�ed in TEI of fat accumulation, tissue-tissue
communication exists to execute the regulation of TEI effect. Consistent with previous reports 28, 29, we
found that DAF-16 is an essential regulator in the response to variation of lipid metabolism induced by
the HFD. Furthermore, we observed that sbp-1, daf-16, nhr-49, nhr-80, and delta-9 fatty acid desaturase
genes (fat-5, fat-6, and fat-7) were responsible for TEI of obesogenic effects. Among them, nhr-49 and
nhr-80 contributed to regulating lipid metabolism; sbp-1 transmitted transgenerational memory; while daf-
16 acted in both regulation of lipid metabolism and transmission of obesogenic information. Strikingly,
sbp-1 itself also contributed to regulating the level of histone H3K4me4 modi�cation. Consistent with our
observations, a previous study has discovered that in C. elegans, a complex transcriptional network
consisting of SBP-1, MDT-15, DAF-16, NHR-49, and NHR-80 regulates the activity of the delta-9 fatty acid
desaturase genes (fat-5, fat-6, and fat-7). In turn, these factors affect the modi�cation of H3K4me3,
ultimately affecting the lifespan and lipid metabolism of the nematodes 32. Taken together, these results
suggest that, upon animals being fed with the HFD, the stress of lipid accumulation in the parental
generation induces activity of lipid metabolic transcription factors sbp-1, daf-16, nhr-49, and nhr-80. At
the same time, sbp-1 regulates histone H3K4me3 modi�cation, and establishes the epigenetic marks in
descendants. In turn, the H3K4me3 marks in the progeny promote the recruitment of lipid metabolism-
related genes (i.e. sbp-1 and daf-16) and facilitate the activation of the response to lipid metabolism and
ultimately reset the metabolic processes, thereby completing the TEI of obesity effect (Fig 6).

In this study, we used egg yolk as the HFD to induce the obesity model of C. elegans. We found that,
except for daf-16, loss of function of other genes, including nhr-49, nhr-80, and sbp-1 which are
recognized as central regulators of lipid metabolism, cannot completely block lipid accumulation induced
by the HFD in the P0 generation. A possible explanation is that the composition of the egg yolk is
complex, so that these genes only partially mediate the egg yolk-induced lipid accumulation. Because our
work focused on the transgenerational inheritance of lipid accumulation, we have not yet fully elucidated
the underlying details of molecular mechanisms which regulate lipid metabolism changes induced by
egg yolk. This will be a subject of future work.

In addition, it is still unclear how sbp-1 regulates the level of histone H3K4me3 modi�cation in this work.
Epigenetic mechanisms include chromatin structure and modi�cation, DNA methylation and noncoding
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RNAs. In this study, we identi�ed histone H3K4me3 modi�cation as contributing to the TEI of obesity
effect, however, the function, if any, of DNA methylation and noncoding RNAs remains ambiguous.
Therefore, more work is needed to further disentangle the molecular mechanisms of TEI related to
obesity, including how and when the epigenetic memory is established, as well as how lipid metabolism
genes interplay with genes involved in epigenetic inheritance. Our research provides evidence that the
lifestyle of parents is very important to the metabolic status of offspring in nematodes, and it is tempting
to speculate that these �ndings may be relevant to mammalian systems. Moreover, our study also
uncovered an intrinsic molecular mechanism underlying a multigenerational obesity effect.

Materials And Methods
Nematode strains and maintenance

C. elegans strains used in this work were obtained from Caenorhabditis Genetic Center (CGC) (University
of Minnesota, USA), which is supported by the NIH NCRR. All strains were maintained on standard
nematode growth medium (NGM) plates with Escherichia coli (E. coli) OP50 as previously described 35.
All experiments were performed at 20 °C. Strains used in this work were: wild type (N2), RB1304 wdr-
5.1(ok1417) III., ZR2 jmjd-3.1(gk384) X., VC1666 met-1(ok2172) I., BX165 nhr-80(tm1011) III., BX107 fat-
5(tm420) V., BX110 fat-6(tm331) IV; fat-5(tm420) V., BX106 fat-6(tm331) IV., BX160 fat-7(wa36) fat-
5(tm420) V., BX153 fat-7(wa36) V., CE541 sbp-1(ep79) III., VC870 nhr-49(gk405) I., CF1038 daf-16(mu86)
I, CF1553 muIs84 [(pAD76) sod-3p::GFP + rol-6(su1006)], NR350 kzIs20 [hlh-1p::rde-1 + sur-5p::NLS::GFP],
AMJ345 jamSi2 [mex-5p::rde-1(+)] II, TU3401 uIs69 [pCFJ90 (myo-2p::mCherry) + unc-119p::sid-1],
MAH23 rrf-1(pk1417) I, VP303 kbIs7 [nhx-2p::rde-1 + rol-6(su1006)], STE70 nhr-80(tm1011) III.

 

RNA interference

RNAi was essentially conducted as previously described 36. The E. coli HT115 transformed with vectors
expressing corresponding dsRNA and empty vector were derived from the Ahringer library (Source
Bioscience, Nottingham, UK). All vectors were con�rmed by sequencing. RNAi bacteria were cultured at 37
°C in LB with 100 μg mL-1 ampicillin. Freshly prepared bacteria were spotted on NGM plates with 1 mM
isopropyl-B-D-thiogalactoside (IPTG) before using. All RNAi treatments began from synchronized L1
larvae.

 

Fatty acid supplementation

All fatty acids and cholesterol used in this study were purchased from Sigma-Aldrich (Munich, Germany).
The fatty acid supplementation protocol was performed as previously described 32. A �nal concentration
of 4 mM oleic acid (OA), 4 mM palmitic acid (PA) and 50 mg/mL cholesterol were used for experiments.
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For egg yolk supplementation, the cooked egg yolk is ground and mixed with OP50 (volume ratio, 1:5) to
provide the C. elegans a food supplement. The mixture of egg yolk and bacteria is freshly made before
each experiment.

 

Conditions for inducing lipid accumulation

To induce lipid accumulation, ~500 synchronized L1 larvae were raised on NGM plates with or without
the HFD. To obtain F1 generation worms, gravid day 1 adults treated with or without the HFD were
bleached and hatched overnight in 10 mL M9 buffer, and subsequently grown on NGM plates without the
HFD. This process was repeated to obtain the Fn generations. For worms fed with HFD until L4 larvae,
synchronized L1 larvae were grown on NGM plates with HFD until L4 larvea, then transferred them to
NGM plates with normal food, Fn generations animals were obtained using similar protocol above
mentioned.

 

Oil Red O staining and quanti�cation

Oil Red O (ORO) staining and quanti�cation were conducted as previously described 36. Brie�y, all strains
were cultured as described under conditions to accumulate lipid to obtain P0, F1 and F2 generation
animals. Then animals were �xed, ORO stained, and mounted to agar plates for imaging at 200×
magni�cation with a Nikon Ti2-U microscope. The same exposure setting were used across all condition
within each experiment. The ORO intensity (arbitrary unit, a.u.) was measured using ImageJ processing
software as previously described after background removed and greyscale converted 37. Statistical
signi�cance was analyzed using two-tailed Student’s t test by GraphPad Prism. At least 30 worms were
used per experiment, and the experiment was repeated at least three times.

 

Quantitative RT-PCR

RNA extraction and real-time qPCR were conducted as previously described 36. Brie�y, about 4000 worms
were used to extract total RNA with RNAiso Plus (Takara). Then RNA was reverse transcribed into cDNA
using a cDNA Reverse Transcription Kit (ABclonal) as per the manufacturer’s instructions. Real-time qPCR
was conducted in triplicate for each gene using a CFX96 Real-Time PCR system (Biorad) with SYBR
Green select master mix (ABclonal). The quanti�cation was computed by 2–ΔΔCt method after being
normalized to gene cdc-42. The primers are summarized in the Table S1, Supporting information.

 

RNA-seq
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Total RNA was extracted using RNAiso Plus (Takara). The RNA was then sequenced by the WuXi App Tec
RNA-seq service (n=3). Genes with a greater than twofold change and False Discovery Rate (FDR) <0.01
were de�ned as differentially expressed genes (DEG). Functional annotation of DEG was analyzed
through various databases, including Gene Ontology (GO), Kyoto Encyclopedia of Gene and Genomes
(KEGG) and EuKaryotic Ortologous Groups (KOG). HFD-induced DEG were assigned functional categories
using the Database for Annotation, Visualization and Integrated Discovery (DAVID).

 

CHIP-qPCR

Chromatin immunoprecipitation (CHIP) experiments were performed on embryos as previously described
19 (in press). Embryos were collected and �ash-frozen in liquid nitrogen. Embryo pellets (50-100 μL) were
incubated with CHIP cross-linking buffer (M9 containing 2% formaldehyde (Sigma)) at room temperature
for 30 min. After quenching with glycine (125 mM �nal), the pellets were washed three times in PBS.
Afterwards, samples were resuspended in FA buffer (50 mM HEPES/KOH [pH 7.5], 1 mM EDTA, 1% Triton
X-100, 0.1% sodium deoxycholate, and 150 mM NaCl, 1% proteinase inhibitor cocktail (Roche)) and
sonicated with a Bioruptor at maximum power for 30 s on and 30 s off. Samples were then centrifuged at
12,000 rpm for 10 min at 4 °C, and the supernatants were stored at -80 °C. For H3K4me3 CHIP
experiments, chromatin extract (1 mg of total protein) was thawed, precleared, then immunoprecipitated
with 5 μL H3K4me3 antibody (Millipore 04-745) at 4 °C for 12-16 h. Next, 40 µL pre-blocked SureBeadsTM

Starter Kit Protein G (Bio-Rad) were added, and the tubes rotated at 4 °C for 4 h. Beads were washed with
1 mL of the following buffers for 5 min at room temperature: two times FA buffer, once with FA-1M NaCl
buffer (50 mM HEPES/KOH [pH 7.5], 1 mM EDTA, 1% Triton X-100, 0.1% sodium deoxycholate, and 1 M
NaCl), once with FA-500 mM NaCl buffer (50 mM HEPES/KOH [pH 7.5], 1 mM EDTA, 1% Triton X-100,
0.1% sodium deoxycholate, and 500 mM NaCl), twice with TEL buffer (0.25 M LiCl, 1% NP-40, 1% sodium
deoxycholate, 1 mM EDTA, 10 mM Tris-HCl (PH 8.0)), and �nally with twice 1×TE buffer. Samples were
eluted using elution buffer (1% SDS in TE with 250 mM NaCl). Supernatants and input samples were
incubated with proteinase K (0.1 µg/mL) for 2 hours at 50 °C and then de-crosslinked overnight at 65 °C.
DNA was puri�ed before preforming qPCR with SYBR. The quanti�cation was computed by the 2-ΔΔCt

method. The primer from an intergenic region on chromosome IV was used as an internal control, as
previously described 38. Sequences of qPCR primers are listed in Table S2, Supporting information.

 

Western blot analysis

Young adult worms treated as described under conditions to accumulate lipid were collected with M9
buffer, washed 3 times and pellets were snap frozen in liquid nitrogen and stored at -80 °C. Pellets were
lysed in RIPA buffer. Next, pellets were ground twice using a TissueLyser at 75 Hz for 6 min at 4 °C, and
centrifuged at 10000g at 4 °C. Supernatants were collected. All supernatants were quanti�ed with a BCA
Protein Assay Kit. Worm RIPA samples were boiled at 95 °C for 5 min before being resolved on SDS-PAGE
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(13.5%) and transferred to nitrocellulose membrane. The membranes were blocked in 5% milk, then
incubated with primary antibodies to H3K4me3 (1:3000, Millipore 04-745) or H3 antibody (1:10000, CST,
H9715). The primary antibody was visualized using horseradish peroxidase-conjugated anti-rabbit
secondary antibody (1:5000) and ECL Western Blotting Substrate.

 

Worm eggs immunocytochemistry

For immunostaining of worm eggs, eggs were bleached from gravid worms and washed 3 times with M9
buffer. Eggs were resuspended in �xing solution (160 mM KCl, 40 mM NaCl, 20 mM Na2EGTA, 10 mM
spermidine HCl, 30mM NaPIPES, 50% methanol, 2% beta-mercaptoethanol, 2.5% polyformaldehyde) and
frozen in liquid nitrogen for 10 min. Fixed eggs were kept at -80 °C for long term storage. Before staining,
eggs were thawed and �xed at 4 °C for 30 min, and washed two times using Tris-Triton buffer (100 mM
Tris-HCl pH 7.4, 1 mM EDTA, 1% Triton X-100) for 5 min. Eggs were then blocked with PBST-A buffer (PBS
PH 7.4, 1% BSA, 0.5% Triton X-100, 5 mM sodium azide, 1 mM EDTA) for 20 min and incubated overnight
with primary antibodies to H3K4me3 (1:100 in PBST, Millipore 04-745). Eggs then were washed three
times, each time for 10 min, with PBST-B (PBS PH 7.4, 0.1% BSA, 0.5% Triton X-100, 5 mM sodium azide,
1 mM EDTA), and then incubated with Alexa Fluoro 546 secondary antibody (1:300). DAPI (2 mg mL-1)
was added to visualize nuclei. Eggs were mounted to a microscope slide and visualized using a Zeiss
Axio Imager Z2 with Apotome.2 microscope at 630-fold magni�cation. The �uorescence intensity was
analyzed using ImageJ software. Statistical signi�cance was analyzed using two-tailed Student’s t test.
At least 20 eggs and 10-20 nuclei per egg were used per experiment, and experiments were repeated at
least three times.

 

Fluorescence microscopic imaging

Quanti�cation of SOD-3 was performed as previously described 36 19(in press). Brie�y, synchronized L1
larvae of CF1553 (SOD-3p::GFP) were treated as described above to induce accumulation of lipid. Young
adult worms were mounted to agar plates for imaging using a Nikon Ti2-U �uorescence microscope with
20× air objectives. To exhibit the �uorescence intensity, 6-7 randomly selected worms were put together to
take images. For quanti�cation purpose, each worm was imaged individually. The GFP �uorescence
intensity was quanti�ed by Mean �uorescence intensity (Total Intensity/Area) using ImageJ software. At
least 30 animals were used per experiment. Statistical analyses were performed using a two-tailed
Student’s t test.
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Figure 1

HFD-induced transgenerational lipid accumulation. (a) Quanti�cation of ORO staining of wild-type (N2)
treated with different lipid foods. PA: palmitoleic acid; OA: oleic acid. (b) Experimental scheme. (c, d)
Transgenerational inheritance of lipid accumulation induced by HFD (egg yolk) in wild-type C. elegans. (e)
Transgenerational inheritance of lipid accumulation induced by HFD in wild-type C. elegans. Here, worms
were fed with HFD from L1 to L4 larvae, then they were transferred to normal food until day 1 adulthood.
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Embryos collected by bleaching to obtain F1 animal, and F1 animals were fed with OP50. F2-Fn
generations were obtained using the same protocol. (f, g) Quanti�cation of ORO staining of F1 or F2 wild-
type (N2) from parent exposed to HFD four (P0, F1, F2 and F3), three (F1, F2 and F3), two (F2 and F3) and
one (F3) generation of animals. Graph data are presented as mean ± SD, statistical analyses were
performed by unpaired two-tailed Student’s t-test; ***P<0.001, **P<0.01, and *P<0.05, and the ORO
staining values of the replicated tests are listed in Supporting File Table 1.

Figure 2
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NHR-49, NHR-80, SBP-1, and DAF-16 contribute to transgenerational inheritance of lipid accumulation.
Transgenerational inheritance test of lipid accumulation induced by HFD in sbp-1 mutant (a), nhr-80
mutant (b), nhr-49 mutant (c), and daf-16 mutant (d) (mean ± SD; Student’s t test; ***P<0.001, **P<0.01
and *P<0.05, ns: not signi�cant). (e, f) P0 worms were fed with or without the HFD and without any RNAi
exposure, and then F1 progeny were exposed to RNAi with daf-16 to test the requirement of daf-16 in F1s.
Quanti�cation of ORO staining of F1 worms (mean ± SD; Student’s t test; ***P<0.001, **P<0.01, and
*P<0.05). (g-k) DAF-16 and SBP-1, but not NHR-49 or NHR-80, contributes to transmit the
transgenerational information of lipid accumulation. (g) Experimental scheme. (h-k) P0 worms were fed
with or without the HFD, and subjected to sbp-1 RNAi (h), nhr-80 RNAi (i), nhr-49 RNAi (j) and daf-16 RNAi
(k), then F1 generation raised at OP50. Quanti�cation of ORO staining of F1 worms (mean ± SD; Student’s
t test; ***P<0.001, **P<0.01, and *P<0.05).
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Figure 3

Transgenerational inheritance of lipid accumulation depends on fat-5, fat-6, fat-7. (a) Transcriptional
network regulating delta-9 desaturase gene, modi�ed from Han S, et al. Nature, 2017, 544(7649): 185.
Transgenerational inheritance test of lipid accumulation induced by the HFD in fat-5 mutant (b), fat-6
mutant (c), fat-7 mutant (d), fat-5; fat-6 double mutant (e), and fat-5; fat-7 double mutant (f) (mean ± SD;
Student’s t test; ***P<0.001, **P<0.01 and *P<0.05). (g) P0 worms were fed with or without HFD, and F1
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progeny were exposed to fat-5 RNAi to determine the requirement of fat-5 in the F1 generation. (h) P0
animals were fed with or without HFD and subjected to fat-5 RNAi, and then lipid level of F1 progeny were
analyzed. Graph data are presented as mean ± SD, statistical analyses were performed by unpaired two-
tailed Student’s t-test; ***P<0.001, **P<0.01, and *P<0.05, and the ORO staining values of the replicated
tests are listed in Supporting File Table 1.

Figure 4
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Histone H3K4me3 modi�cation mediates the transgenerational inheritance of lipid accumulation. (a)
Transgenerational inheritance test in wdr-5.1 mutant (mean ± SD; Student’s t test; ***P<0.001, **P<0.01
and *P<0.05). (b) The level of histone H3K4me3 modi�cation in P0 animals fed with or without the HFD,
and their recovered progeny. Immunostaining image (c) and quanti�cation (d) analyzed the level of
histone H3K4me3 modi�cation in F1 embryos from parents fed with or without the HFD. Nuclei in blue,
H3K4me3 in red. Mean ± SD from 3 independent experiments, each with n=10-20 nuclei per worms, n ≥
20 worms per condition. (e) The level of histone H3K4me3 modi�cation in sbp-1 mutant fed with or
without the HFD. (f) H3K4me3 CHIP-qPCR of lipid accumulation response genes of wild-type animals fed
with or without the HFD and their recovery F1 and F2 progeny. (g) The mRNA level of genes detected in
the (f). Mean ± SD; Student’s t test; ***P<0.001, **P<0.01 and *P<0.05, ns: no signi�cance.
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Figure 5

Tissue-speci�c RNAi of daf-16 or sbp-1. (a) Strains used for the tissue-speci�c gene knockdown. (b-f) The
level of histone H3K4me3 modi�cation in worms subjected to neuron-speci�c sbp-1 RNAi (b), muscle-
speci�c sbp-1 RNAi (c), germline and intestine-speci�c sbp-1 RNAi (d), intestine-speci�c sbp-1 RNAi (e),
germline-speci�c sbp-1 RNAi (f). (g-l) quanti�cation of ORO staining in animals subjected to muscle-
speci�c daf-16 RNAi (g), neuron-speci�c daf-16 RNAi (h), intestine-speci�c daf-16 RNAi (i), germline and
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intestine-speci�c daf-16 RNAi (j), germline speci�c daf-16 RNAi (k) and without any RNAi exposure (l).
Mean ± SD; Student’s t test; ***P<0.001, **P<0.01 and *P<0.05, ns: no signi�cance.

Figure 6

Overview model of transgeneration inheritance in response to lipid accumulation induced by the HFD
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