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SUMMARY
Experiences trigger transgenerational small RNA-based responses in C. elegans nematodes. Dedicated ma-
chinery ensures that heritable effects are reset, but how the responses segregate in the population is un-
known. We show that isogenic individuals differ dramatically in the persistence of transgenerational
responses. By examining lineages of more than 20,000 worms, three principles emerge: (1) The silencing
each mother initiates is distributed evenly among her descendants; heritable RNAi dissipates but is uniform
in every generation. (2) Differences between lineages arise because the mothers that initiate heritable re-
sponses stochastically assume different ‘‘inheritance states’’ that determine the progeny’s fate. (3) The likeli-
hood that an RNAi response would continue to be inherited increases the more generations it lasts. The in-
heritance states are determined by HSF-1, which regulates silencing factors and, accordingly, small RNA
levels. We found that, based on the parents’ inheritance state, the descendants’ developmental rate in
response to stress can be predicted.
INTRODUCTION

Even when environmental conditions are tightly controlled,

isogenic Caenorhabditis elegans nematodes exhibit inter-indi-

vidual differences inmany traits, including developmental timing,

response to stress, behavior, and lifespan (Bazopoulou et al.,

2019; Burga et al., 2011; Casanueva et al., 2012; Perez et al.,

2017; Rea et al., 2005; Rechavi et al., 2014; Stern et al., 2017).

Moreover, worms display substantial variability in the manifesta-

tion of heritable epigenetic effects (Alcazar et al., 2008; Houri-

Ze’evi et al., 2016; Vastenhouw et al., 2006). The source of this

variation is currently unknown.

C. elegans regulates genes transgenerationally via heritable

small RNAs that mediate RNA interference (RNAi) (Ashe et al.,

2012; Gu et al., 2012; Luteijn et al., 2012; Perales et al., 2018; Re-

chavi et al., 2011; Shirayama et al., 2012). Heritable small RNAs

regulate genes across the genome, and their inheritance is

modulated by external and internal processes (Hall et al., 2013;

Moore et al., 2019; Ni et al., 2016; Rechavi et al., 2011, 2014;

Sims et al., 2016) and is under control of the nervous system

(Posner et al., 2019). Inherited small RNAs are amplified by

RNA-dependent RNA polymerases (RdRPs); this way, they avoid

‘‘dilution’’ and persist for multiple generations (Rechavi

et al., 2011).

Exogenous introduction of double-stranded RNA (dsRNA)

triggers transgenerational silencing, which typically lasts �3–5

generations (Alcazar et al., 2008). However, the precise number
1186 Cell 182, 1186–1197, September 3, 2020 ª 2020 The Author(s).
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of generations varies between experiments and also depends on

the gene being silenced. Repetitive activation of the RNAi ma-

chinery can extend the duration of ancestral RNAi responses

(Houri-Ze’evi et al., 2016), and inherited effects are terminated

earlier when the progeny are stressed (Houri-Ze’evi et al.,

2019). Although, at the population level, RNAi peters out after a

number of generations, some individuals continue to silence

genes for a very long time, and others rapidly lose the inherited

effects. Selection of individuals that silence the target gene en-

ables maintenance of heritable RNAi indefinitely (Vastenhouw

et al., 2006). Control over the duration of transgenerational

silencing is achieved via an elaborate regulatory pathway (Hou-

ri-Ze’evi et al., 2016), and disabling some of the genes in the

pathway (e.g., met-2, which encodes for an H3K9 methyltrans-

ferase) leads to stable inheritance (Lev et al., 2017, 2019; Perales

et al., 2018). The duration of heritable RNAi is affected by compe-

tition between different small RNA species over shared biosyn-

thesis resources (Houri-Ze’evi et al., 2016; Sarkies et al., 2013;

Zhuang and Hunter, 2012). However, there are currently no

models that explain why genetically identical individuals differ

in their capacity to inherit epigenetic responses.

In thismanuscript, we studied how heritable silencing is segre-

gated across generations in multiple lineages of worms and

tracked back the origin of the inter-individual variability in small

RNA inheritance. We suggest three simple principles that

together enable prediction of the fate of heritable physiological

responses to environmental challenges.
Published by Elsevier Inc.
creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. Inheritance Patterns of an Anti-gfp Silencing Response Reveal Striking Uniformity in Heritable Silencing inWorms that Are Derived

from the Same Mother

(A) Four P0 mothers, derived from one single ancestor, initiate an anti-gfp RNAi response. At each generation, the inheritance phenotype of the entire syn-

chronized progeny of each mother is scored, and three worms are randomly selected to generate the next generation. (i) Displayed are the proportions of worms

that still inherit the anti-gfp silencing response (dark circles) and worms that lost the silencing response (green circles) in each progeny group. (ii) Displayed is the

percentage of worms that re-express the target gene (gfp) in each lineage across generations (dotted lines) and the percentage of re-expressing worms in all

(legend continued on next page)
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RESULTS

To study how heritable silencing is distributed in the population,

we initiated a heritable RNAi response by exposing worms con-

taining a germline-expressed single-copy gfp transgene to anti-

gfp dsRNA. We scored gfp silencing in sister worms that derive

from a single mother that was exposed to RNAi (STARMethods).

dsRNAwas delivered by feeding to circumvent the high technical

variability inherent in dsRNA injections and to avoid the stress

involved in the injection process (we recently described the dra-

matic effects of different types of stress on small RNA inheri-

tance dynamics; Houri-Ze’evi et al., 2019; STAR Methods). As

expected, 100% of the worms that were directly exposed to

RNAi (the P0 generation) silenced gfp. We then examined how

these isogenic sisters pass on the silencing response transge-

nerationally. For this purpose, we used two different experi-

mental setups. In the first set of experiments, we tracked

silencing across multiple generations by propagating a few

randomly selected individuals from each lineage in every gener-

ation (on separate plates; Figure 1A; STAR Methods). In the sec-

ond set of experiments, we examined inheritance in individual

worms by monitoring heritable silencing for one generation and

scored all the progeny groups of the entire synchronized RNAi-

exposed population (Figure 1B; STAR Methods). Importantly,

in both types of experiments, the ‘‘P0 mothers’’ all derived

from a single mother and were exposed to RNAi together (they

shared the same plate and experienced the same conditions;

STARMethods). In contrast to these experiments, where individ-

ual lineages of worms were examined for transgenerational in-

heritance, in the past, RNAi experiments were traditionally per-

formed by exposing populations of worms to RNAi followed by

random sampling of worms in every generation (e.g., Buckley

et al., 2012; Houri-Ze’evi et al., 2016, 2019; Lev et al., 2017).

We analyzed the results to identify underlying principles that

could explain why isogenic worms differ from one another in

the degree of small RNA-mediated silencing they inherit and to

study how the effects are segregated across the population.

When comparing multiple groups of progeny that were derived

from different RNAi-treated P0mothers, we observed strong dif-

ferences in the dynamics and penetrance of heritable silencing

between the different lineages (Figures 1A and 1B). We

wondered whether the differences between the lineages arise

early, when the heritable response is initiated, or later, in the gen-

erations that maintain the effect transgenerationally.

Rule 1: The Silencing Response Each Mother Initiates Is
Distributed Evenly among Her Descendants
The first rule that emerged from analyses of multiple lineages

is that, in every generation, individuals descending from a sin-

gle RNAi-treated worm exhibit striking uniformity in heritable

silencing levels. Heritable silencing usually peters out, and,

as generations pass, silencing levels change, but in every

generation, all sisters that derive from the same RNAi-treated
examined lineages together (solid black line). The number of worms in each group

worms were examined because of partial sterility of the mother.)

(B)Multiple (41) synchronized P0mothers, derived from one single ancestor, initiat

of the F1 generation to the dsRNA trigger was further minimized. For further deta
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ancestor display the same degree of silencing. We found that

the very small differences in heritable silencing that might be

observed between F1 sisters are canceled in later generations

(Figure 1A). In a second set of experiments, we further

controlled for differences in in utero exposure of the F1 prog-

eny to the external dsRNA trigger (STAR Methods) and were

able to eliminate heritable variability even in the F1 generation.

Similar to the first set of experiments, we observed that all

progeny that derive from the same RNAi-exposed mother

exhibit the same inherited response. Still, progeny that derive

from different isogenic RNAi-exposed mothers are strikingly

different in their inheritance response (Figures 1A and 1B).

Finally, summing up the inheritance responses across all the

individual lineages recapitulates the dynamics of RNAi inheri-

tance that are observed in typical population-based assays

(Figure 1A). Thus, by examining inheritance across lineages

that originate in single mothers, we revealed that the variability

in inheritance dynamics that is observed in the population can

be attributed to differences that begin in the RNAi-exposed

mothers.

Rule 2: Each Mother Stochastically Assumes a Global,
Non-target-specific ‘‘Inheritance State’’
Why do isogenic mothers initiate different heritable RNAi re-

sponses? We reasoned that this inter-individual variability could

arise because each mother was exposed to different amounts of

dsRNA or, more interestingly, because the RNAi inheritance ma-

chinery in isogenic mothers can assume different internal

‘‘states.’’ Despite extensive efforts to minimize potential differ-

ences in exposure of individual worms to the dsRNA trigger

(STAR Methods), we still observed remarkable variability in

anti-gfp RNAi inheritance between lineages. It is impossible to

completely rule out minimal differences in exposure to anti- gfp

dsRNA; however, the observed differences between P0-derived

lineages are dramatic (full expression in some, complete

silencing in others) and are difficult to explain by minute expo-

sure differences. We therefore examined whether the variability

could instead be explained by internal inter-individual differ-

ences in the overall activation state of each worm’s RNAi

machinery.

To study the internal state of the RNAi machinery, we analyzed

the silencing patterns of a germline-expressed mcherry trans-

gene that is spontaneously silenced by endogenous small

RNAs independent of exogenous dsRNA (Zhang et al., 2018).

As we observed when examining dsRNA-induced anti-gfp

silencing, we found that isogenic worms vary in their tendency

to silence the mcherry transgene. mcherry silencing is inherited

over generations and accumulates over time so that repeated

random sampling of worms results in increasingly homogeneous

populations in which all worms silence the transgene (Figure S1;

STAR Methods). Variation in silencing occurred in every genera-

tion anew, and, as long as the accumulation of silencing was not

complete, the mothers that were randomly selected could
of progeny ranged from 25–90. Mean, 43; median, 41.5. *In group 3.2., only 7

e an anti-gfpRNAi response. In these sets of experiments, the in utero exposure

ils regarding synchronization and exposure times, see STAR Methods.



Figure 2. Inter-individual Variability in Anti-gfpSmall RNA Inheritance CanBePredicted by the Rate of SpontaneousmCherry Silencing at the
Parental Generation

(A) Schemes of genomically integrated single copies of the gfp and mCherry transgenes (Sapetschnig et al., 2015; Zeiser et al., 2011; STAR Methods).

(B) Experimental scheme. Worms that bear both transgenes were subjected to anti-gfp RNAi treatment and scored for spontaneous silencing of the mcherry

transgene at the generation of exposure to RNAi. Experiments were done in triplicates, with each replicate of P0 mothers derived from one single ancestor.

Inheritance of anti-gfp silencing response was scored in the next generations separately for each P0-derived lineage.

(C) Composite fluorescencemicroscope images of sister wormswhich are exposed to anti-gfpRNAi.While all mothers completely silence the gfp transgene upon

exposure to RNAi (the green signal in the pictures stems from gut autofluorescence), the mcherry transgene is spontaneously silenced to different degrees in

sister worms.

(D) Matched scores of parental mCherry expression and inheritance of anti-gfp silencing across generations. Each individual P0 mother was examined for

mCherry expression levels at the parental generation and ranked based on its relative expression compared with its sister worms. Presented are the log10

expression levels (corrected total fluorescence [CTF]) of mCherry for each mother and the proportion of GFP silencing (dark gray) versus re-expressing (green)

progeny in each lineage across generations.

(E) Visual summary of all anti-gfp RNAi inheritance lineages examined in this study (>20,000 worms) and the inheritance rules that emerge from the data. Data are

presented as inheritance ‘‘sequence’’: the course of silencing/expression across generations and the number of worms that show the specific sequence of

inheritance in each lineage (e.g., an inheritance sequence in a lineage could be P0: silencing > F1: silencing > F2: re-expression > F3: re-expression). Each colored

section of the inner circle represents one separate lineage originating from an individual P0mother. The outer circles represent the consecutive generations of the

lineages and the scored silencing phenotype for the specified generation. OFF, full silencing of gfp; ON, re-expression of GFP.
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generate progeny with a range of silencing levels, including

highly and lowly expressing worms (Figure S1).

The inter-individual variability in mcherry silencing cannot be

ascribed to differences in exposure to exogenous dsRNA

because silencing of this transgene does not depend on exoge-

nous dsRNA. Therefore, we hypothesized that at each genera-

tion every worm stochastically assumes a general internal

silencing state that manifests in differences in endogenous

silencing ofmcherry, and which might also explain the observed

differences in the heritable dsRNA-induced response against

gfp. Thus, we examined whether the worms that express

mcherry at the parental generation are also less susceptible to

anti-gfp heritable silencing. To test this hypothesis, we gener-

ated worms that contain gfp and mcherry transgenes, which

are integrated into different genomic locations on different chro-

mosomes (containing the same promoter and 30 UTR; Figure 2A

and STARMethods). For these experiments, we selected worms

inwhich themcherry transgene is still expressed and varies in the

population and exposed their progeny (hereafter called the P0

generation) to anti-gfp dsRNA. We then examined whether the
levels of spontaneous endogenous small RNA-mediated

silencing ofmcherry could predict the fate of the dsRNA-initiated

RNAi inheritance against gfp (Figures 2B and 2C). We found that

mothers that spontaneously silence the mcherry transgene

induce stronger and more penetrant heritable gfp-silencing re-

sponses across generations compared with their sisters (Fig-

ure 2D). Thus, the two silencing phenomena are coordinated,

and their observed variability is shared. We conclude that each

mother assumes a general, non-target-specific ‘‘small RNA

inheritance state’’. Importantly, the mother’s silencing state in it-

self is not inherited (in each generation, we observe re-distribu-

tion of silencing states; Figure S1). In addition, although the

spontaneous silencing of the mcherry transgene predicted the

strength of the dsRNA-triggered anti-gfp RNAi inheritance, the

expression of the two transgenes in the absence of anti-gfp

dsRNA-induced RNAi was not positively correlated (Figure S1).

Thus, the second rule we uncovered is that isogenic mothers

stochastically assume different internal inheritance states that

determine the fate of inherited responses that propagate and

segregate across generations.
Cell 182, 1186–1197, September 3, 2020 1189
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Rule 3: The Likelihood that an RNAi Response Would
Continue to Propagate across a Lineage Increases the
More Generations the Response Lasts
Overall and throughout the different experiments carried out in

this study, we examined inheritance in lineages composed of

more than 20,000 worms. The third rule emerged from analyzing

the ‘‘transition rules’’ of all silencing responses across multiple

generations and experiments. Systematic analysis of the anti-

gfp inheritance data revealed that the more generations a herita-

ble response lasts, the higher the chances that it will be

transmitted to the next generation. In summary, we observed

a transgenerational silencing ‘‘momentum’’: 46.5% of the

silencing worms kept silencing the gfp transgene at the transition

from the first to the second generation, 80.5% at the transition

from the second to the third, and 92.6%–100% starting from

the third generation (Figure 2E).

Characterizing the Different Inheritance States
What are the molecular mechanisms the three rules reflect? We

discovered that the inheritance state of the mother determines

the fate of the silencing response for the entire progeny across

generations. To understand what underlies the inheritance

states that different mothers assume, we characterized the dif-

ferences in gene expression and small RNAs in worms that as-

sume different RNAi inheritance states. We isolated four sister

worms that derive from a single mother and allowed each of

these worms to lay eggs for 6 h on separate plates. The worms

exhibit a range of silencing levels, and we used a COPAS

Worm Sorter (Pulak, 2006) to sort progeny (�80 synchronized

worms) that either strongly expressed or spontaneously silenced

mcherry in each of these 4 groups of progeny (25th top and bot-

tom percentiles; see scheme in Figure 3A). We sequenced small

RNAs and mRNA from the sorted worms to investigate what un-

derlies the different internal inheritance states. We found that the

overall endogenous small RNA levels are reduced in worms that

spontaneously silence the mcherry transgene (Figure 3B). The

worm has a complex pool of small RNAs composed of many

different endogenous small RNA species, and production of

some small RNA species comes at the expense of others as

different small RNA pathways compete over limited shared

biosynthesis machineries (Zhuang and Hunter, 2012). It is there-

fore possible that the decrease in endogenous protein-coding-

targeting small RNAs in mcherry-silencing worms makes more

small RNA-processing machinery available for additional endog-

enous or exogenous small interfering RNA (siRNA) species. To

study these differences further, we examined whether the

mRNA levels of worms of opposing inheritance states might

explain the varying silencing capacities that are observed in

worm populations.

Although we sequenced tightly synchronized isogenic prog-

eny that were derived from a single mother, we found that 349

genes are differentially expressed between sisters that strongly

express or silence the mcherry transgene (Figure 3C). Tellingly,

genes that exhibited altered expression in the two states of in-

heritance we examined were found to be significantly enriched

for immune and defense response processes (defense

response, fold enrichment = 6.4, q = 3.4 3 10�15; immune sys-

tem process, fold enrichment = 6.7, q = 4.1 3 10�12) (Figure 3D;
1190 Cell 182, 1186–1197, September 3, 2020
Figure S2). RNAi in worms also serves to protect against viruses

and other selfish elements (Fischer et al., 2013; Lu et al., 2005).

The enrichment we detected for defense and immune functions

might hint at the existence of a coordinated gene expression pro-

gram and could echo the evolutionary origins of small RNAs as

part of theworm’s immune system (Yan andChen, 2012). Among

the genes that differentiate the inheritance states, we identified

irg-1 (immune response gene 1), a gene that has a critical role

in immunity and specifically in the response to pathogenic Pseu-

domonas (PA14) (Dunbar et al., 2012). We used a fluorescent re-

porter to quantify Pirg-1::GFP levels in individuals to validate the

sequencing results. We found that irg-1 indeed shows variable

pathogen-induced transcription levels in isogenic synchronized

individuals (Figure S3).

Next we examined individual worms that were selected

randomly and not sorted based on their inheritance state to

see whether the 349 state-typical genes display inter-individual

variability even in such populations. We analyzed the gene

expression profiles of 41 synchronized individuals (Perez et al.,

2017) and found that the genes that differentiate the inheritance

states show higher inter-individual variability in their expression

(Figure S3). Furthermore, we found that the genes that define

each state also tend to change together at the single-worm level

(Figure S3).

A Coordinated Transcriptional Switch
We found that genes that show altered expression between

different states of inheritance include multiple genes that func-

tion together in specific regulatory pathways (Figure S2; Table

S1). Among these genes, we identified hsp-16.2, a heat shock

protein whose variable activation upon heat stress is a classic

example of stochastic gene expression differences between

isogenic worms. Non-genetic variable expression of hsp-16.2

has been shown to predict the worm’s lifespan and stress

resistance (Rea et al., 2005). Interestingly, the promoter of

hsp-16.2 is shared (in the opposite orientation; Figure S3)

with hsp-16.41, another heat shock protein. We found that

hsp-16.2 and hsp-16.41 show similar transcriptional changes

between states (Figure S3), indicating that the observed vari-

ability might arise from variation at the level of transcriptional

regulation. Closer examination revealed multiple pairs of genes

that are regulated by a shared promoter and show coordinated

gene expression changes between different inheritance states

(Figure S3).

We therefore looked for transcriptional regulators that might

synchronize distinct RNAi inheritance states. The existence of

multiple heat shock proteins that vary between the different

inheritance states and the unexpected enrichment for cuticle-

structure genes (Figure 3D) pointed us toward heat shock factor

1 (HSF-1)-dependent regulation (Brunquell et al., 2016).

HSF-1 is a highly conserved transcription factor and a master

regulator of proteostasis whose activity is important under

stressful and non-stressful conditions (Li et al., 2016). HSF-1

has been shown recently to be involved in transcriptome remod-

eling of non-coding RNA pools in response to heat shock in

C. elegans (Schreiner et al., 2019) and to account for cell-to-

cell variation and phenotypic plasticity in budding yeast (Zheng

et al., 2018).
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Figure 3. The Transcriptomic Changes that Underlie the Different Inheritance States in Isogenic Sister Worms

(A) The experimental design for collecting tightly synchronized, isogenic sister worms bearing different inheritance states (STAR Methods).

(B) Global changes in expression levels of small RNA species in silencer versus non-silencer worms (c2 test). The y axis represents the normalized total number of

reads for each indicated type of small RNA species. Each coupled measurement of progeny (silencer and non-silencer sisters) is marked with a dotted line. See

STAR Methods for full details regarding analyses. *** represents p value < 0.001.

(C) Volcano plot depicting the differences in expression levels of mRNAs in silencer versus non-silencer worms. Each dot represents expression of a single gene.

The y axis represents -log10 of adjusted p values (correction for multiple comparisons). The x axis represents the fold change in mRNA expression between

silencer and non-silencer worms.

(D) Gene Ontology (GO) enrichment of genes that typify the two states of inheritance (Angeles-Albores et al., 2018).

See also Figure S2.

ll
OPEN ACCESSArticle
To directly test the involvement of HSF-1 in generating vari-

able inheritance states, we first examined whether individual

worms display variability in HSF-1 expression. In accordance

with previous observations showing that HSF-1’s activity is

regulated at the post-translational level (Huang et al., 2018),

we did not detect variability in hsf-1 mRNA levels. Instead,

we used a single-copy integrated GFP translational reporter

to monitor HSF-1 aggregation because it has been shown

recently in C. elegans that HSF-1 activity corresponds to for-

mation of nuclear stress granules (Morton and Lamitina,

2013). We found that the number of HSF-1 granules and

HSF-1 expression intensity vary in the syncytial germline

nuclei of isogenic and tightly synchronized sister worms

(Figure 4A).
To understand how HSF-1 regulation corresponds to the vari-

ability in inheritance states, we analyzed mRNA sequencing data

of worms that overexpress hsf-1 and worms with reduced hsf-1

levels (hereafter called HSF-1High and HSF-1Low, respectively)

(Brunquell et al., 2016; Sural et al., 2019). The results revealed

a striking overlap between HSF-1-regulated genes and genes

that define each inheritance state (Figure 4B). We found that

genes that are upregulated in silencers are also upregulated in

HSF-1High worms. In contrast, genes that are upregulated in

non-silencers are upregulated in HSF-1low worms (Figure 4B).

To investigate whether HSF-1 plays a role in constituting the

different inheritance states, we tested how changes in HSF-1 ac-

tivity affect silencing of the mcherry transgene, which was used

to differentiate silencers from non-silencers. We examined the
Cell 182, 1186–1197, September 3, 2020 1191
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Figure 4. HSF-1 Regulates the Inheritance States and Suppresses Endogenous Small RNA Pathways

(A) A translational reporter of HSF-1 reveals inter-individual variation in the formation of HSF-1 stress granules in the germline. Each dot represents GFP levels

(y axis) in one syncytial nucleus. Data were collected from 10 separate and tightly synchronized individual worms (x axis).

(B) Genes that are upregulated in silencer worms (right) overlap with genes that are positively regulated by HSF-1 (up in HSF-1High worms and down in HSF-1Low

worms). Genes that are upregulated in non-silencer worms (left) overlap with genes that are negatively regulated by HSF-1 (down in HSF-1High worms and up in

HSF-1Low worms). Values on the x axis represent the number of overlapping genes. Hypergeometric test.

(legend continued on next page)
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silencing states in HSF-1High and HSF-1Low worms (HSF-1 over-

expression and reduction of function, respectively) bymeasuring

the rate and variability of spontaneous mcherry silencing. We

found that, in HSF-1High and HSF-1Low worms, the variability in

silencing between isogenic sisters (namely, the existence of

both mcherry silencing and non-silencing worms) is completely

abolished, and in each group, all worms exhibited uniform levels

of the mcherry transgene and acquired the same silencing state

(Figure 4C). Specifically, all HSF-1High wormswere silencers and,

thus, exhibited complete silencing of the mcherry transgene; in

contrast, all HSF-1Low worms were non-silencers and exhibited

strong expression of the mcherry transgene (Figure 4C). These

results are in agreement with the observed overlap in gene

expression changes between HSF-1High and silencer worms

(Figure 4B, right), and HSF-1Low and non-silencer worms (Fig-

ure 4B, left). Together with previous evidence showing that

HSF-1 sculpts the pools of different endogenous small RNAs

(Schreiner et al., 2019), these observations suggest that HSF-1

can tune the function of the silencing machinery.

HSF-1 is a transcription factor that controls the expression of

many genes. Gene Ontology (GO) enrichment analysis of genes

that are differentially regulated in HSF-1High and HSF-1Low

worms revealed an enrichment for ‘‘gene silencing by RNA’’.

Examination of a comprehensive list of 310 small RNA and

epigenetic factors (an updated version of the list used here; Hou-

ri-Ze’evi et al., 2016; Table S2) revealed that 22.9% (71 of 310,

4.69-fold enrichment, p value = 1.6 3 10–28, Figure 4D) of the

examined small RNA and epigenetic factors are consistently

suppressed by HSF-1 (namely, these genes were downregu-

lated in HSF-1High and upregulated in HSF-1Low worms). In

contrast to the many silencing-related factors that are sup-

pressed by HSF-1, only 3 of 310 (less than 1%, 4.73 times less

than expected, p value = 0.0003, hypergeometric test) of the

examined epigenetic factors showed activation byHSF-1 (Figure

4D and Table S2). This suggests a specific role of HSF-1 in sup-

pressing components of small RNA functions and epigenetic

processes. To study how HSF-1-mediated suppression can co-

ordinate the inheritance states and regulate the RNAi machinery,

we examined the small RNA and epigenetic factors that show

altered expression in HSF-1High and HSF-1Low worms. We found

that multiple Argonaute genes (ppw-1, hrde-1, wago-1, wago-2,

C14B1.7, prg-1, C04F12.1, ergo-1, C06A1.4, and alg-5) (Fig-

ure 4E; Grishok, 2013) are suppressed by HSF-1. These HSF-

1-suppressed Argonautes are at the core of various endogenous
(C) Variability in spontaneous silencing of the mcherry transgene is abolished in

silencing of the mcherry transgene, whereas in HSF-1Low worms, we observe

expression of the mcherry transgene. Each dot represents a measurement of tot

(D) HSF-1 suppresses multiple small RNA and epigenetic factors. Presented a

HSF-1High and HSF-1Lowworms. ‘‘Overlap’’ represents small RNA and epigenetic

HSF-1High and up in HSF-1Low worms). Hypergeometric test.

(E) Small RNA and epigenetic factors that are suppressed by HSF-1 are part of m

(F) Targets of small RNAs that show significantly altered expression in the differen

small RNA pathways, including the same pathways that are suppressed by HSF

(G) Global changes of different small RNA species in silencer versus non-silencer

that show enrichment for targets of state-dependent differentially expressed sma

indicated type of small RNA species. Each coupled measurement of silencer an

See STAR Methods for full details regarding analyses.

*** represents p value < 0.001 and **** represents p value < 0.0001.
small RNA (endo-siRNA) pathways; they bind and execute the

functions of ‘‘primary’’ 26G small RNAs, microRNAs, PIWI-inter-

acting small RNAs, and ‘‘secondary’’ RdRP-amplified 22G small

RNAs (Billi et al., 2014; Figure 4E). In addition, we found that

HSF-1 suppresses numerous silencing factors that act upstream

and downstream in the pathways of the identified Argonaute pro-

teins (Figure 4E). Notably, among these HSF-1-supressed

silencing genes, we found a strong representation of endoge-

nous small RNA factors that have been specifically shown before

to compete with and restrict exogenous dsRNA-mediated RNAi

and transgene silencing (e.g., eri-1, eri-3, and eri-9. Mutants in

which these genes are disabled exhibit an enhanced RNA inter-

ference phenotype [Billi et al., 2014; Figure 4E]). Further, we

found that germ granule components that control the potency,

duration, and selectivity of small RNA inheritance were also sup-

pressed by HSF-1 (e.g., meg-3, meg-4, and deps-1; see the full

list in Figure 4E; Lev et al., 2019).

Because our results suggest that, in HSF-1High worms, the

endogenous silencingmachinery is suppressed, we next wanted

to find out whether the corresponding endogenous small RNA

pathways are downregulated in silencer worms. We analyzed

small RNA changes in worms with different inheritance states

and found 320 genes that had significantly different levels of en-

do-siRNAs antisense to them. Of these, most of the targets (229

of 320, 71.6%) had reduced levels of endo-siRNAs antisense to

them in silencer compared with non-silencer worms. Analyses of

gene set enrichment of these genes (Yang et al., 2016) again re-

vealed enrichment of multiple different endo-siRNA pathways,

including the same pathways we found to be suppressed by

HSF-1 (Figure 4F; Table S3). We then quantified the total endo-

siRNA levels in the different endogenous small RNA pathways

and found consistent downregulation of overall endo-siRNA

levels in silencer compared with non-silencer worms (Figure 4G).

Thus, we conclude that inheritance states are controlled by the

conserved transcription factor HSF-1, which suppresses multi-

ple endogenous small RNA factors and the corresponding small

RNA populations.

Predicting the Progeny’s Responses Based on the
Parent’s Inheritance State
To further explore how small RNA inheritance is affected by the

silencing states isogenic worms assume, we built a minimal

mathematical model that expands on our previous work (Hou-

ri-Ze’evi et al., 2016). Before, we identified competition over
HSF-1High and HSF-1Low worms. In HSF-1High worms, we observe complete

strong expression in all worms. Wild-type groups represent typical variable

al fluorescence in one individual worm (Mann-Whitney test).

re changes in expression of 310 known small RNA and epigenetic factors in

factors that show consistently altered expression in both datasets (e.g., down in

ultiple small RNA pathways in the worm.

t states of inheritance are enriched (Yang et al., 2016) for multiple endogenous

-1.

worms (c2 test). The presented species correspond to the small RNA pathways

ll RNAs (F). The y axis represents the normalized total number of reads for each

d non-silencer sisters is marked with a dotted line.
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Figure 5. Predicting the Progeny’s Heritable Response Based on the Parental Inheritance State

(A) The scheme and equation of the updated mathematical model to describe small RNA inheritance dynamics and the three rules of inheritance. Blue arrows

indicate interactions that appear in the previous model (Houri-Ze’evi et al., 2016) and were omitted from the current version (STAR Methods).

(B) Model parameter scan. The model is bistable for the high rescaled amplification coefficient g=ak and high RNAi replication cooperativity n (yellow region),

leading to eventual re-expression of the target gene or long-lasting silencing, depending on the parental inheritance state (STAR Methods). Other parameter

combinations lead to monostability, with all of the population eventually re-expressing the target gene (blue region).

(C) The silencing response (z) against the target gene (left) and re-expression of the target gene across generations (right). Different colors represent different initial

states of the inheritance machinery (y). The purple trajectory remains silenced, whereas other trajectories transition from silencing to re-expression of the target

gene at different generations. A dashed line represents the threshold for detection of re-expression (STAR Methods).

(D) A simulated parental inheritance state distribution y (top panels) determines the distribution of the silencing response z across generations (center panels) and

the percentage of worms that re-express the target gene (bottom panels). Although other parameters remain constant in the different simulations (m= 0:8;n= 3;

T= 0:5;g= 2), changing the distribution of the parental inheritance state (s) leads to altered inheritance dynamics across generations.

(E) The worms’ response to starvation stress can be predicted by examination of the inheritance state at the parental generation prior to starvation (STAR

Methods). The progeny of non-silencer worms show pronounced variability and developmental delay following recovery from 8 days of starvation. Left panel:

length measurements (Hakim et al., 2018) 60 h after transferring the worms to plates with food. Differences in variance were assessed by F test. Right panel:

frequency of developmentally delayed worms (arrest as L1/L2) 48 h after transferring the worms to plates with food (c2 test). *** represents p value < 0.001

and **** represents p value < 0.0001.
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resources of synthesis and utilization of small RNAs as a major

force that drives small RNA inheritance dynamics.We suggested

that this competition eventually leads to termination of small

RNA inheritance after several generations. Specifically, we

modeled the competition between exogenous and endogenous

small RNAs as determining the duration of transgenerational

RNAi at the population level. We updated the model according

to the principles discovered in this manuscript and, in particular,

by analyzing inheritance dynamics at the resolution of individ-

ual worms.

We found that two different regimes—or possible outcomes—

of inheritance dynamics emerge from including the three inheri-

tance principles in the model (Figures 5A and 5B; Data S1; STAR

Methods). In one scenario, all of the population eventually re-ex-
1194 Cell 182, 1186–1197, September 3, 2020
presses the silenced gene (monostability; Figure 5B). In the other

scenario, some lineages eventually re-express the target gene,

whereas others continue to stably silence it (bistability, as seen

here experimentally; Figures 2E, 5B, and 5C). Based on the up-

dated components of the model and their set of relationships

in the system, we simulated the dynamics of silencing in isogenic

worm populations and the way the fate of the silencing is

affected by the parental distribution of inheritance states (Fig-

ure 5D). Changing the parental distribution of inheritance states

while leaving all other parameters fixed (e.g., the same mean)

can dramatically alter the inheritance dynamics across the pop-

ulation, leading to inheritance that peters out quickly or is fixed in

most of the worms (Figure 5D). Thus, a simple model based on a

minimal set of parameters, updated to include the three
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inheritance principles, recapitulates the inheritance dynamics

typically observed in the lab. Importantly, this model shows

that the inheritance state of the parents that initiate silencing,

and not the inheritance states in the next generations, can deter-

mine the fate of the heritable RNAi response.

Finally, to understand whether the different inheritance states

could predict physiologically relevant transgenerational inheri-

tance responses, we subjected worms to starvation. Survival

during long periods of starvation requires HSF-1 (Roux et al.,

2016). In the absence of food, worms arrest their development

at the first larval stage; starvation alters the transgenerational

pool of heritable small RNAs (Houri-Ze’evi et al., 2019; Rechavi

et al., 2014) and leads to multiple phenotypic changes in the

progeny (Jobson et al., 2015; Rechavi et al., 2014; Webster

et al., 2018). Interestingly, isogenic worms produce different

transgenerational responses following starvation (Jobson et al.,

2015), and these responses correspond to the developmental

delay rate of the worms following recovery from starvation. We

hypothesized that the inheritance states of the parents could

predict the heritable phenotypic responses to starvation. We

found that starved progeny of mothers that silence the mcherry

transgene did not show pronounced variability in recovery time

following starvation, as measured by size distribution and the

presence of L1/2-arrested worms in the population (Figure 5E).

In contrast, progeny of mothers that express the mcherry trans-

gene exhibited high variability in recovery time following starva-

tion and higher rates of developmental delay (Figure 5E). Overall,

these results indicate that themother’s inheritance state predicts

multiple heritable small RNA-related phenotypes: transgenera-

tional dsRNA-induced silencing, spontaneous transgene-

silencing, and the inherited outcomes of stress responses.

DISCUSSION

We observed three principles that enable prediction of the fate of

particular transgenerational small RNA responses. It is important

to clarify that, although gene- and trigger-specific RNAi re-

sponses are inherited and can be ‘‘fixed’’ over generations, the

global RNAi inheritance state of the worm is not in itself heritable,

nor can it be fixed; the inheritance state that is assumed anew in

every generation by each worm only affects the course of new

gene- and trigger-specific RNAi responses this individual worm

transmits to its progeny. The global inheritance state of the

next generation is not dictated by the inheritance state of the par-

ents, at least not in any trivial manner.

Different individuals might assume a range of intermediate in-

heritance states. To identify the underlying mechanisms, we

studied the molecular characteristics that typify strong silencers

and non-silencer worms (25th top and bottom percentiles). This

allowed revealing that the difference between states corre-

sponds to the activity level of HSF-1. Our analyses demonstrate

that multiple endo-siRNA factors are suppressed by HSF-1 and

that, in silencer worms (characterized by high HSF-1 activity),

small RNA molecules that are controlled by these endo-siRNA

factors are downregulated.

Interestingly, we found that the genes that have altered

expression levels in isogenic worms that assume different states

show enrichment for the neuropeptide signaling pathway (fold
enrichment = 3.3, q value = 0.027) (Figure 3D). In-depth tissue

enrichment analysis (Kaletsky et al., 2018) revealed that the

genes that differentiate the states are indeed predicted to be en-

riched for expression in the nervous system (Figure S4). We

recently showed that small RNAs that are synthesized in neurons

can affect expression of target genes in the germline and in the

next generations (Posner et al., 2019). Specifically, we reported

that the saeg-2 gene is strongly silenced in the germline in

response to synthesis of small RNAs in neurons and that this

response is transmitted transgenerationally and controls the

progeny’s behavior (Posner et al., 2019). Using single-molecule

fluorescence in situ hybridization (smFISH), we found that

HSF-1 affects saeg-2 silencing in the germline (Figure S4). It

would be interesting to study whether the worm’s nervous sys-

tem, perhaps via HSF-1 regulation, can control the state of the

small RNA inheritance system.

Theoreticians argue whether there are any real ‘‘rules’’ in

biology (in contrast to physics, for example; Beatty, 1993).

Indeed, even Mendel’s ‘‘laws’’ have numerous exceptions.

Regardless, we believe that our observations illuminate deep

patterns and could be shared across different inheritance sys-

tems because we show that epigenetic inheritance is not purely

chaotic; transgenerational small RNA responses spread across

lineages in a predictable manner. It is certainly possible that ex-

ceptions to our rules will be discovered, but we hope that, by

explicitly outlining the three principles that emerged from the

data, we provide the means to test new hypotheses and poten-

tially advance our understanding of this new and exciting mode

of inheritance.

Finally, it is still unclear whether and how epigenetic inheri-

tance contributes to the process of evolution. Variation is the

raw material of evolution, and our results suggest that, similar

to the mechanisms that evolved to generate genetic variation

(e.g., random assortment of chromosomes and recombination),

the innate mechanisms that give rise to variability in small RNA

inheritance could increase inter-individual differences on which

selection can act.
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Chemicals, Peptides, and Recombinant Proteins

Levamisole hydrochloride Sigma L0380000

Trizol Reagent Life Technologies 15596026

Phenol Chloroform Isoamyl Sigma P2069

Heavy Phase Lock tube QuantaBio 23028330

Ultra Pure Glycogen ThermoFisher 10814010

RNA 50 Polyphosphatase Epicenter RP8092H

NEBNext� Multiplex Small RNA Library Prep Set for Illumina New England Biolabs E7300

TapeStation screen tapes Agilent 5067-5582

5067-5588

TapeStation reagents Agilent 5067-5583

5067-5589

E-Gel 4% agarose Life Technologies G401004

MinElute DNA purification kit QIAGEN 28006

RNase free Nuclease-free water Ambion AM9932

Sodium Azide Sigma S2002

SMART-Seq v4 Ultra Low Input RNA Kit Nextera 634890

Nextera XT DNA Library Preparation Kit Illumina FC-131-1024

10X Phosphate Buffered Saline (PBS) Ambion AM9624

Formaldehyde Sigma F8775

RNase free Nuclease-free water Ambion AM9932

Dextran sulfate Sigma D8906-50G

Escherichia coli tRNA ROCHE 10109541001

Vanadyl ribonucleoside complex New England Biolabs S1402S

RNase free BSA Ambion AM2618

Formamide Ambion AM9342

20X SSC Ambion AM9763

1 M Tris-HCl, pH 8.0 Ambion AM9855G

Glucose oxidase stock Sigma G2133

Catalase suspension Sigma C3515

DAPI Sigma D9542

Critical Commercial Assays

TG NextSeq� 500/550 High Output Kit v2 (75 cycles) Illumina TG-160-2005

Deposited Data

States: small RNA sequencing data This study GEO: GSE149422

States: mRNA sequencing data This study GEO: GSE149422

HSF-1High: mRNA sequencing data Sural et al., 2019 GEO: GSE119993

HSF-1Low: mRNA sequencing data Brunquell et al., 2016 SRA: SRP078295

HSF-1 ChIP-seq data Li et al., 2016 GEO: GSE81523

Experimental Models: Organisms/Strains

C. elegans: Strain SX1263 The Eric Miska lab; Sapetschnig et al., 2015 SX1263

mjIs134 [Pmex-5::gfp::(Gly)5Ala/his-58/tbb-2 30UTR;
cb-unc-119(+)] II

(Continued on next page)
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C. elegans: Strain JA1527: The Julie Ahringer lab; Zeiser et al., 2011 JA1527

weSi14 [Pmex-5::mCherry::(Gly)5Ala/his-58/tbb-2 30UTR;
cb-unc-119(+)] IV

C. elegans: Strain JA1527 crossed to SX1263 This study N/A

(mjIs134 [Pmex-5::gfp::(Gly)5Ala/his-58/tbb-2 30UTR; cb-unc-
119(+)] II); (weSi14 [Pmex-5::mCherry::(Gly)5Ala/his-58/tbb-2

30UTR; cb-unc-119(+)] IV)

C. elegans: Strain PS3551 Caenorhabditis Genetics Center PS3551

hsf-1(sy441)

C. elegans: strain OG532 Caenorhabditis Genetics Center OG532

(hsf-1(sy441); drSi13 [Phsf-1::hsf-1::gfp::unc-54 30UTR +

Cbr-unc-119(+)] II)

C. elegans: strain OG532 This study OG532

(drSi13 [Phsf-1::hsf-1::gfp::unc-54 30UTR + Cbr-unc-119(+)] II) -

outcrossed to generate wild-type background, bearing two

copies of hsf-1

C. elegans: strain AU133 Caenorhabditis Genetics Center AU133

agIs17 [Pmyo-2::mCherry + Pirg-1::GFP] IV

C. elegans: Strain BFF12 Posner et al., 2019 BFF12

rde-4 (ne299)

Software and Algorithms

WorMachine Hakim et al., 2018 N/A

FastQC Andrews, 2010 N/A

Cutadapt Martin, 2011 N/A

Shortstack Shahid and Axtell, 2014 N/A

HTSeq count Anders et al., 2014 N/A

R Deseq2 Love et al., 2014 N/A

Fiji Schindelin et al., 2012 N/A

R (version 3.6.1) R N/A

GraphPad Prism (8.3.0) GraphPad Software N/A
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Lead Contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Oded

Rechavi (odedrechavi@gmail.com).

Materials Availability
This study did not generate new unique reagents.

Data and Code Availability
Small RNA and mRNA sequencing libraries generated during this study are available at the GEO repository accession number GEO:

GSE149422.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Nematodes’ growth and maintenance
Standard culture techniques were used to maintain the worms. Worms were grown on Nematode Growth Medium (NGM) plates and

fed with Escherichia coliOP50 bacteria. Strains maintenance and experiments were performed at 20�C. The wormswere kept fed for

at least five generations before the beginning of each experiment. Extreme care was taken to avoid contamination or starvation.

Contaminated plates were discarded from the analysis. The age of the examined worms is indicated per experiment, and the exam-

ined worms were all hermaphrodites.
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Strains
The following C. elegans strains were used in this study: N2, SX1263 (mjIs134 [Pmex-5::gfp::(Gly)5Ala/his-58/tbb-2 30UTR; cb-unc-
119(+)] II), JA1527 (weSi14 [Pmex-5::mCherry::(Gly)5Ala/his-58/tbb-2 30UTR; cb-unc-119(+)] IV) (Zeiser et al., 2011), PS3551

(hsf-1(sy441)), OG532 (hsf-1(sy441);drSi13 [Phsf-1::hsf-1::gfp::unc-54 30UTR + Cbr-unc-119(+)] II), OG532 outcrossed to generate

wild-type background (drSi13 [Phsf-1::hsf-1::gfp::unc-54 30UTR + Cbr-unc-119(+)] II) – bearing an additional copy of hsf-1, AU133

(agIs17 [Pmyo-2::mCherry + Pirg-1::GFP] IV), BFF12 (rde-4 (ne299)).

METHOD DETAILS

dsRNA administration
The standard assay for RNAi by feeding was carried out as previously described (Kamath et al., 2001): HT115 bacteria that transcribe

dsRNA targeting gfp were grown in Carbenicillin-containing LB and were than seeded on NGM plates that contain Carbenicillin

(100 mg/ml) and IPTG (1 mM). The plates were seeded with bacteria 24 hours prior to their use.

Lineages experiments
Diversifying anti-gfp RNAi lineages (Figure 1A)

An individual worm (day 2 of adulthood) was placed on a plate containing anti-gfp producing bacteria and was given 2-3 hours to lay

eggs (the P0 generation). We then let the eggs hatch, and the worms grow until they become young adults. Four P0 worms were then

transferred to plates containing regular bacteria (OP50) and were allowed to lay eggs (the F1 generation) for 6-8 hours. The P0

mothers were then removed and pictured for their silencing phenotype (all P0 mothers exhibited complete silencing).

The eggs (F1 generation) were then allowed to hatch, and theworms grew until reaching day 2 of adulthood. On day 2, we randomly

selected 3 F1 worms from each separate P0-derived group and transferred each of them to a new plate for 12-16 hours of egg laying.

We then pictured the entire F1 population and the three randomly selected F1 mothers. We repeated this procedure in the transmis-

sion between the F2 and F3 generation. In the F3 generation all 36 progeny groups were pictured. Across all generations, each group

of progenies was constructed of 25-90 worms, with an average of 43 worms per group (median = 41.5).

(4 P0s x 3 F1s each x 3F2s each = 36 F3 groups).

Uniformity of inheritance was observed regardless of the day in which the progeny were laid (namely, the uniformity in inheritance

does not depend on the mother’s age, (Beguet and Brun, 1972; Perez et al., 2017).

Multiple separate anti-gfp RNAi P0 mothers (Figure 1B)

To control for differences in in utero exposure of both the P0 and the F1 generation, we exposed the ancestor worm (which will lay the

P0 generation) to the RNAi signal from the beginning of the L4 stage (before the creation of eggs), and allowed the P0 worms to

‘‘recover’’ on control plated before laying the F1 generation that will be examined in the experiments. Namely: an individual L4

worm was placed on a plate containing anti-gfp producing bacteria until it reached day 2 of adulthood. It was then transferred to

a new anti-gfp plate and was allowed to lay eggs for 6-8 hours (the P0 generation). The eggs were allowed to hatch, and the worms

grew until they reached day 1-2 of adulthood. The P0mothers were transferred to regular plates for 4 hours (duringwhich the fertilized

eggs that were directly exposed to the RNAi signal should have all been laid). The P0mothers were then transferred to separate plate

(1 worm per plate) to lay eggs (the F1 generation) for 6-8 hours, and then removed and pictured for the silencing phenotype. The eggs

(F1 generation) hatched and the worm grew until day 1 of adulthood, in which they were scored for their silencing phenotype.

Diversifying mcherry stochastic silencing lineages experiments (Figure S1)

Five mCherry-expressing worms were chosen to create the five different lineages. Similar to anti-gfp lineages experiments, three

worms were randomly selected from the progeny to generate the next generation. This procedure repeated in each examined gen-

eration (until F3).

Coupled mcherry (stochastic silencing) and gfp (dsRNA-induced) lineages (Figure 2)

For each of the three replicates, a single expressing adult (day 2) worm was chosen and was allowed to lay eggs (the P0 generation)

on an anti-gfp RNAi plate for 6-8 hours. The eggs were allowed to hatch, and the worms grew until they reached adulthood. The P0

worms were then transferred to regular plates for 4 hours of ‘‘recovery’’ egg laying (to minimize differences in in utero exposure of the

eggs to the dsRNA signal). The P0mothers were then transferred to separate plates – one P0wormper plate – and allowed to lay eggs

(the F1 generation) for 6-8 hours. The mothers were then removed and pictured for the anti-gfp silencing phenotype and for their

mcherry silencing phenotype. The eggs were allowed to hatch, and worms grew until they reached day 2 of adulthood, at which

each group was pictured for the anti-gfp silencing phenotype and one wormwas transferred to a new plate to lay the next generation

(12-16 hours of egg laying). This procedure repeated itself in each examined generation.

Handling of the JA1527 strain
(bearing a stochastically silenced mcherry transgene)

The JA1527 strain was kindly received from the Julie Ahringer lab (University of Cambridge). After 6 outcrosses rounds, rapid

silencing of themcherry transgene was initiated in the population. To avoid a complete ‘‘drift’’ ofmcherry silencing in the population

we either (1) kept large stocks of frozen expressing JA1527 worms and thawed the worms a couple of weeks prior to the initiation of

experiments or (2) transferred the worms to 25�C for a couple of generations, transferred them back to 20�C and selected multiple
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expressing worms to create the next generations. We let these worms revive for at least 3 generations before the initiation of

experiments.

It is highly recommended to avoid repetitive selection of expressing worms (tens of generations of selection), as it seems to dras-

tically change RNAi sensitivity in the population.

RNA and small RNA sequencing experiments
Collecting worms for sequencing

four mCherry-expressing worms were allowed to lay eggs in separate plates (one worm per plate) for 8 hours. The eggs were allowed

to hatch and grew until they reached adulthood. Each group of progenies (isogenic sisters) was then washed with M9 buffer into a

1.5ml Eppendorf tube, followed by 3-4 M9 washes, in order to remove any residual bacteria. Each group was then examined in CO-

PASTM Biosort (Union Biometrica) and sorted to get the top and bottom 25% of mCherry expressing worms in each group. TRIzol�
(Life Technologies) was then added to each sorted tube, and the tubes were immediately transferred to �80�C until RNA extraction

procedure.

RNA extraction

RNA extraction was performed as previously described (Posner et al., 2019): For RNA isolation worms were lysed using the TRIzol

reagent. 300 mL of TRIzol was added to 50ul of adult worms and were subjected to three cycles of freezing in �80C and vortexing

at RT for 15mins. 60 mL of chloroform was added and samples were transferred to a pre-spun Heavy Phase Lock tube and

centrifuged at 12,000 g for 15mins at 4C. The aqueous phase was transferred to a pre-spun Heavy Phase Lock tube and 1:1

Phenol:Chloroform:Isoamyl Alcohol was added and centrifuged at 16,000 g for 5mins at RT. The aqueous layer was transferred to

a 1.5ml Eppendorf tube and 20 mg of Glycogen and 1:1 Isopropanol was added. The samples were incubated at �20C for

30 mins and then centrifuged for 30mins at 16,000 g at 4C. The pellet was washed 2 times with 70% ethanol and then air-dried

for 10 minutes. The pellet was re-suspended in 10ul of RNase free water.

Small RNA libraries

total RNA samples were treated with tobacco acid pyrophosphatase (TAP, Epicenter), to ensure 50 monophosphate-independent

capturing of small RNAs. Libraries were prepared using the NEBNext� Small RNA Library Prep Set for Illumina� according to the

manufacturer’s protocol. The resulting cDNAs were separated on a 4% agarose E-Gel (Invitrogen, Life Technologies), and the

140–160 nt length species were selected. cDNA was purified using the MinElute Gel Extraction kit (QIAGEN). Libraries were

sequenced using an Illumina HiSeq 2500 instrument.

mRNA libraries

cDNA was generated using SMART-Seq v4 Ultra Low Input RNA (Takara) and libraries were prepared using Nextera XT DNA Sample

Preparation Kit (Illumina). Libraries were sequenced using an Illumina MiniSeq instrument.

Sequencing analyses
Small RNA libraries

Small RNA libraries were processed and analyzed as recently described (Houri-Ze’evi et al., 2019). The Illumina fastq output files

were first assessed for quality, using FastQC (Andrews, 2010), and compared to the FastQC-provided example of small RNA

sequencing results. The files were then assigned to adapters clipping using Cutadapt (Martin, 2011) and the following specifications

were used:

cutadapt -m 15 -a AGATCGGAAGAGCACACGTCT input.fastq > output.fastq

- m 15: discard reads which are shorter than 15 nucleotides after the adaptor clipping process

- a AGATCGGAAGAGCACACGTCT: the 30 adaptor sequence used as a query The clipped reads were then aligned against the

ce11 version of the C. elegans genome using ShortStack (Shahid and Axtell, 2014) using the default settings:

ShortStack–readfile Input.fastq –genomefile Ce11Reference.fa

Next, we counted readswhich align in the sense or antisense orientation to genes. Since stress is known to affect the abundance of

structural RNA molecules, we omitted reads which align to structural genes from our analyses. We used the python-based script

HTSeq-count (Anders et al., 2014) and the Ensembl-provided gff file (release-95), using the following command:

ANTISENSE

HTSeq:scripts:count � � stranded = reverse ��mode= union input:sam GENES:gff > output:txt

SENSE

HTSeq:scripts:count � � stranded = yes ��mode= union input:sam GENES:gff > output:txt

We then assigned the summarized counts for differential expression analysis using the R package DESeq2 (Love et al., 2014) and

limited the hits for genes which were shown to have an FDR < 0.1. Normalization of the total number of reads in each sample, and the

total number of reads which align to the different types of genomic features was generated based on the SizeFactor normalization

provided by the DESeq2 package (the median ratio method). To omit effects of PCR amplifications and additional sources of
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variability which are driven by sequencing artifacts, Chi square test was performed on DESeq2-size-factor normalized reads and the

statistic value of the test was normalized to the same size factors.

mRNA libraries. mRNA libraries (both of States worms and of HSF-1High worms (Sural et al., 2019)) were first assessed for quality

using the FastQC tool (Andrews, 2010) andwere then aligned to ce11 version of the genome using bowtie 2 (Langmead and Salzberg,

2012), using the command:

bowtie2 � � sensitive� local � x ce11Reference � U mRNA sample:fastq:gz>Alignment:sam
The aligned reads were then counted using the python-based scri
pt HTSeq-count (Anders et al., 2014) and the Ensembl-provided gff

file (release-95), using the following command:

HTSeq:scripts:count � � stranded = yes ��mode= union Alignment:sam ce11WBcel235:94:gtf >Counts:txt
The samples were then compared for differential expression using
 the R package DESeq2 (Love et al., 2014), and a ‘‘patient’’-based

comparison, to directly compare between each pairs of silencer and non-silencer sisters. Genes were regarded as differentially ex-

pressed if they pass the criterion of FDR < 0.1.

Small RNAs 30 polyuridylation analysis

small RNA reads were first aligned as described above. The unaligned reads were then assigned for 30 trimming of U (T) nucleotides.

The reads which were successfully trimmed (and thus are considered to be 30 polyuridylated small RNA reads) were then aligned

again to the ce11 reference genome using ShortStack and counted using HTSeq-count, as described above.

PA14 exposure experiments
Corresponds to Figure S3: worms were exposed to PA14 as previously described (Dunbar et al., 2012), with slight modifications:

Adult (day 2) AU133 and wild-type worms were allowed to lay eggs in separate OP50 plates (single worm per plate) for 10 hours.

The eggs hatched and the worms grew until they reached adulthood. The worms were then placed on PA14-containing plates for

8 hours. After 8 hours the worms were removed and pictured for Pirg-1::GFP expression.

HSF-1 translational reporter experiments
Corresponds to Figure 4B: Worms were first outcrossed with wild-type (N2) worms to generate worms which bear genomically in-

tegrated Phsf-1::hsf-1::gfp::unc-54 30UTR construct in a wild-type background. A single worm was allowed to lay eggs for 12 hours.

L4 worms were selected from the progeny to further facilitate synchronization between the different individuals and were examined

for the HSF-1 translational reporter expression 24 hours later. Similar results (variability in HSF-1 aggregation) were observed for

worms which bear the translational reporter in an hsf-1 (sy441) background.

smFISH experiments
smFISH experiments and analyses were performed as previously described (Posner et al., 2019) using the same probe set: Probes of

20nt in length targeting mature mRNAs were designed with Stellaris RNA FISH probe designer, and probe sets of 32-40 probes

selected based on gene target specificity, defined by a maximum complementary sequence of 16 nt to genes other than the defined

target transcript (ensembl BLAST tool. Probes were produced, conjugated to Quasar 670 and purified by Biosearch Technologies.

Populations of worms were treated with a sodium hypochlorite protocol and left to incubate at 20�C overnight in M9 buffer to reach a

synced L1 population. L1 larvae were transferred to plates with E.coli OP50 and allowed to develop at 20�C for 48 hours reaching

mid-late L4 stage. SNR (signal to noise ratio) of probes detecting tissue specific expression was optimal at the L4 stage. Synced

worms were collected in M9 buffer and washed three times in 1.5 mL Eppendorf tubes. Supernatant was removed and 1 mL of fix-

ation buffer (100ul 37% formaldehyde solution, 100ul 10X PBS and 800ul nuclease free water) added, followed by an incubation of

45 minutes on a rotator at room temperature. Worms were then washed twice with 1XPBS and suspended in 70% Ethanol and incu-

bated on a rotator for 30 hours at 4�C. Ethanol was removed and 1 mL wash buffer (100ul 20XSSC, 100ul deionized formamide and

800ul nuclease free water) added and let to stand for 5 minutes. Wash buffer was aspirated away and 100ul hybridization buffer (for

10mL: 1g dextran sulfate, 10mg Escherichia coli tRNA, 100 mL 200mMvanadyl ribonucleoside complex, 40 mL 50mg/mL RNase free

BSA, 1ml Formamide and nuclease freewater to 10mL final volume) with a concertation of 0.05uM single-molecule fluorescent in situ

hybridization (smFISH) probes added, and left for overnight incubation at 37C in the dark. Prior to imaging, hybridization buffer was

removed and 1mL of wash buffer added and left to incubate at 37C in the dark for 30minutes. Samples were then suspended in 1mL

of fresh wash buffer with 5ug/mL DAPI, and left to incubate at 37C in the dark for 30 minutes. Wash buffer was removed and worms

suspended in 1 mL 2XSSC. Buffer was aspirated and samples were incubated in 100ul GLOX buffer (for 1 mL: 40 mL 10% glucose,

10 mL 1 M Tris-HCl, pH 8.0, 100 mL 20X SSC and 850 mL nuclease-free water) for 2 minutes. Buffer was aspirated and 100ul GLOX

buffer with the addition of 1ul glucose oxidase (3.7mg/mL) and 1ul of mildly vortexed Catalase suspension, samples were kept on ice

until imaging. Images were acquired with an Olympus IX83 motorized inverted microscope coupled with an ORCA flash4.0 V2 Ha-

mamatsu camera. Exposure times and acquisition settings were identical between replicates. Individual worms were chosen for
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acquisition based on normal morphology and developmental stage was verified based on vulva morphology (Mok et al., 2015). Re-

gions of interest for acquisition were defined by nuclei DAPI staining. Z stacks were acquired with a 0.3 um step size ranging between

70-85 slices per stack.

Starvation experiments
Corresponds to Figure 5E: Multiple mCherry-expressing adult worms were allowed to lay eggs over-night. The eggs hatched and the

worms grew, until they reached day 2 of adulthood. The population was separated into silencers and non-silencers groups based on

mCherry fluorescence. Each group was bleached to achieve clean batches of eggs. The eggs were transferred to unseeded Nem-

atode Growth Medium (NGM) plates for either 24 hours of 8 days. After the indicated starvation period, worms were washed and

transferred to plates with food (OP50 bacteria) and were scored for size and developmental delay.

Scoring of developmentally delayed worms

After 48 hours of recovery, the worms were examined for the existence of developmentally delayed worms (arrested at the L1/L2

stage). The number of all worms and the developmentally delayed worms in each condition was counted. The investigators were

blinded to identity of the groups during their examination.

Measuring worms’ size using WorMachine

After 60 hours of recovery, each group of worms was washed, paralyzed, pictured and then analyzed using the WorMachine as pre-

viously described (Hakim et al., 2018), using the WorMachine software: Worms were washed three times to get eliminate bacterial

(OP50) residues. Worms were left in �100 mL of M9 buffer and paralyzed via the addition of sodium azide (final concentration of 25–

50 mM). The paralyzed worms were transferred to imaging plates and then physically separated from each other using a platinum-

wire pick. The imaging plates were 60-mm Petri dishes filled with 8 mL of modified transparent nematode growth medium (NGM, 2%

agarose, 0.3% NaCl, 5 mM K2PO4, 1 mM CaCl2, 1 mM MgSO4). Pictures were taken using a 4X objective lens.

Microscopy
We used an Olympus BX63 microscope for fluorescence microscopy assays (except for smFISH experiments). Unless otherwise

noted experiments were pictured using a 10X objective lens, and an exposure time of 750ms. Generally, worms were picked and

transferred to 2% agarose padded microscope slides containing drops of tetramisole to generate paralysis, covered with a glass

coverslip, and pictured after 2-5 minutes.

Measuring anti-gfp RNAi inheritance

GFP silencing and inheritance was scored using a binary system: no expression (OFF) or any level of expression (ON).

Measuring mCherry’s stochastic silencing and irg-1 reporter

Using Fiji, we measured the integrated density of the whole worm, based on its contour, as well as multiple background measure-

ments per picture. The corrected total fluorescence (CTF) of each worm was calculated as {Integrated Density – (Area of selected

worm X Mean fluorescence of background readings)}.

Measuring hsf-1 reporter

The syncytial germline of the worms was pictured using 40X objective lens. The GFP fluorescence in nuclei of each worm were then

measured using Fiji.

Mathematical model
To update our minimal mathematical model that describes the dynamics of silencing inheritance across generation we aimed to fulfill

the following requirement:

1. Based on rule #1, ‘‘uniform inheritance among sisters’’: The progeny’s inheritance state should not affect the course of inher-

itance, and therefore, all the progeny of a given mother should display the same inheritance phenotypes in each generation.

2. Based on rule #2, ‘‘stochastic states’’: Themother’s inheritance state will dictate the dynamics of transgenerational silencing in

its lineage.

3. Based on rule #3, ‘‘transgenerational momentum’’: The system should be bistable. Namely, some conditions should lead to a

decay of silencing across generations and transition to re-expression of the target gene, while other conditions should lead to

stable silencing inheritance across multiple generations.

The model is based on the following logic: The mother’s ‘‘inheritance state’’ sets the initial response to the dsRNA trigger, which

dictates the strength of the silencing response that is produced in themother and passed on to the next generation. The transgenera-

tional RNAi is then amplified in a non-linear fashion: high levels of small RNAs are amplified at a higher rate per unit and low levels of

small RNAs are amplified in a lower rate. Importantly, the amplification rate of the heritable small RNAs in the subsequent generations

is not affected by the inheritance state of the worms.

The non-linearity of small RNA amplification gives rise to a dependence on the mother’s stochastic inheritance state: If the mother

has a high inheritance state, high levels of small RNAs are transmitted to the progeny, and the silencing response is amplified to over-

come its natural dilution/degradation rate, leading to a sustained silencing. Conversely, if the mother has a low inheritance state, low

levels of small RNAs are transmitted to the progeny, and the silencing response is diluted/degraded faster than its amplification. This
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leads to a gradual loss of the silencing response and eventually to re-expression of the target gene. The generation in which silencing

terminates is determined by the initial response that is transmitted from the mother. Thus, the mother’s inheritance state determines

the fate of silencing and its termination in the entire lineage.

The three requirements that are detailed above can thus be fulfilled in the case that small RNA amplification is non-linear, with co-

operativity n> 1. Mathematically, we model the dynamics of the silencing response against the target gene, denoted as z. At t =

0 (generation P0), z is increased by an initial dsRNA trigger x. The trigger is processed to generate the silencing response z in a pro-

cess that depends on the worm inheritance state y. The silencing response z is further processed and amplified at a maximal rate g,

and degraded and diluted at rate a. We assume that the small RNA-mediated silencing response is amplified in a Hill-likemanner with

parameters n,k. This is summarized in the following equation:

dz

dt
= xy +g

zn

zn + kn
� az (1)
For simplicity, we regard the expression of the target gene as bin
ary: A worm is considered as either expressing the target gene or

silencing it. Thus, we assume that the target gene will be detected when the silencing response z falls below a certain threshold level

z0, and will not be detected when z > z0. We assume that the trigger x is only present at t = 0, so that the term xy only enters as initial

conditions.

The model has two regimes, depending on two parameters – the silencing response amplification rate scaled by the dilution rate

~g=g=ak, and the amplification cooperativity coefficient n. For small ~g,n, the system has only one stable steady-state – z= 0, i.e., the

system will eventually transition to a stable expression of the target gene. Notably, for n%1 the system will have only one stable so-

lution regardless of the value of g. For high n and high enough ~g, there are two stable states, depending on initial conditions: expres-

sion or silencing.We therefore conclude that the bistability that was observed experimentally indicates that RNAi amplification is non-

linear. The non-linearity of the amplification rate can represent the competition of different small RNA species over shared amplifi-

cation resources (see main text for further discussion regarding the effects of competition on inheritance).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed in R (version 3.6.1) or Graphpad Prism (version 8.3.0). Statistical tests were performed as two--

sided tests, unless inapplicable. Chi-square test and hypergeometric tests were performed using online tools. Sample sizes are indi-

cated per experiment in either the methods section or the figures. Graphs were created in R and Graphpad Prism. In all figures: **

represents p value < 0.01, *** represents p value < 0.001, and **** represents p value < 0.0001.
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Supplemental Figures

Figure S1. Stochastic Silencing of themcherry Transgene across Lineages and in Comparison with GFP Expression in the Absence of anti-

gfp RNAi, Related to Figure 2

A. Top panel: a scheme of examination of mcherry stochastic silencing across lineages (see STAR Methods). Bottom: mCherry expression levels in each

examined worm across the different lineages. Scale represent high (red) and low (dark) mCherry expression levels. Each square represents a measurement of a

single worm. Few groups were omitted from the analysis due to contamination or premature death.

B. Paired measurements of GFP and mCherry expression in the absence of anti-gfp RNAi treatment in worms which bear the two transgenes. Each dot

represents the GFP and the mCherry measurements of a single worm. Slight negative correlation is observed between the two expression levels (Spearman

correlation. r = �0.467 p value < 0.0005)
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Figure S2. GO Term Enrichment and STRING Representation of Genes that Typify the Two States of Inheritance, Related to Figure 3

A. Gene ontology (GO) enrichment of genes which are upregulated in silencer and non-silencer worms. Presented are the top 20 terms for each dataset which

display FDR < 0.05 (only 11 terms pass this criterion in the dataset of genes which are upregulated in non-silencers).

B. STRING representation of the protein-protein interactions between the geneswhich are differentially expressed in the two states of inheritance. Indicated is the

expected number of interactions, the observed number, and a significance value for enrichment of interactions (Fisher’s exact test followed by a correction for

multiple testing).

Both panels were created using ShinyGO v0.61 (Ge and Jung, 2018).
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Figure S3. Transcriptional Changes that Typify the Different Inheritance States, Related to Figure 3

A. Inter-individual variability in the expression of an irg-1 transcriptional reporter, one of the genes which were found to vary between the different inheritance

states. Expression was measured in progeny of individual worms following 8 hours of exposure to the pathogenic bacterium Pseudomonas aeruginosa (PA14)

(see STAR Methods).

B. Examination of variability and co-expression of the genes that typify the two inheritance states in gene expression profiles of 41 individual worms (Perez

et al., 2017).

i. Standard deviation of residual gene expression of the genes that typify the different states of inheritance (‘‘States Genes’’) across all individuals compared to

residual gene expression of the rest of the genes. Boxplot represents the 25%–75% percentiles of the data, whiskers represent 5%–95%, middle line represents

the median (Mann-Whitney test).

ii. Absolute averaged and median values of residual gene expression in the ‘‘States Genes’’ and in randomized groups of genes of the same size. Each dot

represents the averaged value (top) or the median value (bottom) of residual gene expression in an individual worm. Higher absolute averaged levels indicate co-

expression: the absolute averaged levels increase as many genes share the same directionality of residual gene expression and decrease toward 0 when di-

rectionalities are inconsistent across the tested gene (Wilcoxon test).

**** represents p value < 0.0001.

C. The heat-shock protein genes hsp-16.2 and hsp-16.41 share the same promoter and their expression levels change together in the two different states of

inheritance. Presented are normalized mRNA-seq reads along the two genes in the four matched groups of silencer and non-silencer worms. Grey areas

represent annotated exons locations.

(legend continued on next page)
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D. A summarizing table of genes that share their promoter region and exhibit shared altered expression (either up or downregulation) in the different states of

inehritance. The promoter region is considered to be shared if the two genes have a shared transcription start site upstream region (~2Kbp upstream of the TSS)

either in the same or the opposite orientation (e.g., panel C).

E. Total normalized (reads per million) levels of small RNA reads which possess 30 polyuridylation. Heritable small RNAs which are loaded by Argonautes with

opposing functions (e.g., HRDE-1-bound versus CSR-1-bound small RNAs) can differ in the levels of their 30 polyuridylation (van Wolfswinkel et al., 2009). An

analysis of 30 polyuridylation levels in small RNA pools of worms that assume the different inheritance states did not reveal consistent differences in small RNA

loading (see STAR Methods)
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Figure S4. Genes that Typify the Inheritance States Show Predicted Enrichment for Nervous System Expression, and HSF-1 Regulates

Expression of a Gene that Is Regulated by Neuronally Produced Small RNAs, Related to Figures 3 and 5

A. Tissue-enrichment analysis for genes which are up or downregulated between the two states of inheritance (Kaletsky et al., 2018). Red color represents higher

predicted gene expression in the indicated tissue.

B. Quantifications of saeg-2 transcripts using smFISH in wild-type, hsf-1 (sy441) and rde-4 (ne299) worms. Each dot represents one quantified worm. P values

were determined by Kruskal-Wallis test with Dunn’s post hoc correction for multiple comparison and asterisks represent p values in comparison to wild-type.

**** represents p value < 0.0001.
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