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Abstract

Can processes occurring in one individual’s nervous system influence the physiology of
the descendants? Here we explored the provocative hypothesis that parents’ sensation or
perception of environmental cues can influence their offspring, extending across many
subsequent generations. We show that in Caenorhabditis elegans, temperature perception on
its own can induce transgenerational changes in RNAi factors, small RNAs, and the genes that
they regulate. Moreover, we identified secreted factors that enable a pair of thermosensory
neurons (AFD) to communicate with the germline and trace the path of the epigenetic signal.
We further modeled the process mathematically and validated the new predictions generated
by the model experimentally. Hence, our results demonstrate that sensory perception is

sufficient to trigger small RNA-mediated heritable gene expression memory.
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Introduction

The nervous system is unrivaled in its ability to gather, process, and integrate
information about the environment. Using data collected from sensory and internal organs,
neurons orchestrate behavioral and physiological responses and prime future decisions,
shaping the organism’s response to environmental cues. In this study, we sought to test the
provocative hypothesis that perception - the interpretation of sensory information - not only
influences decision-making and physiology within the same generation but also generate long-
term, heritable epigenetic memory transmitted across generations. Such a mechanism may be
adaptive, although carry-over of aberrant epigenetic information may also be neutral or have

negative consequences on health and survival of the animals *™.

C. elegans is a powerful model organism, offering unique advantages for investigating
potential links between the nervous system, the germline, and inheritance. Thanks to the
deterministic development of their nervous system, consisting of only 302 neurons, and their
mapped neuronal connectome > these worms enable studying the nervous system at the
circuit and single neuron levels. Moreover, C. elegans possess a vast array of small RNA-
controlled processes >*° and, contrary to the longstanding dogma that DNA being the sole
hereditary materials, have shown to be capable of inheriting small RNA responses and regulate

germline gene expression transgenerationally 2,

Small RNA inheritance in C. elegans is achieved owing to the active amplification of

small RNA responses by the RNA-dependent RNA polymerases (RdRPs) RRF-1 and EGO-1 “7*%,
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11,19-23

Exogenous and endogenous siRNAs may trigger systemic gene silencing and a suite of

Argonaute proteins regulate the establishment and maintenance of this response 2#2>2%%¢733,

Environmental stimuli play a role in regulating the synthesis and inheritance of small

13,35,36 37-40

RNAs. For example, it has been shown that viral and bacterial infections , starvation .

394142 can modify the worms’ small RNA pools transgenerationally.

and changes in temperature
In particular, some germline-expressed transgenes undergo accumulative transgenerational
epigenetic silencing when worms are grown at 20°C (a non-stressful temperature), but become

% Importantly,

re-expressed when worms are grown at 25°C (a mildly stressful temperature)
whether or not the different above-mentioned heritable effects of environmental challenges
involve the action of the nervous system is unclear. More specifically, it is unknown whether

the effects of temperature on transgene silencing is mediated by specific neuronal

thermosensation pathways or by general physiological temperature responses.

Perception occurs following the activation of sensory neurons in response to specific
stimuli. The received information is interpreted, inducing changes in behaviors, metabolism, or
development that allow the animals to adapt to novel environments. In C. elegans,

temperature sensation in the non-noxious range is mediated mainly by the AFD pair of sensory

neurons *°™*®, with additional contributions from the AWC, ASI and ASJ neurons **™. Both the

AFD and the AWC sensory neurons are postsynaptically connected to the AlY interneurons via

chemical synapses 8 and the AlY, together with other downstream neurons, mediate

48,52

thermotaxis behavior The AFD thermosensory circuit is capable of detecting both

53,54

temperature changes and long-term ambient temperature >°. Multiple groundbreaking

studies have shown that the AFD thermosensory neurons participate cell-nonautonomously in
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long-term physiological responses to temperatures. AFD activation was shown to be sufficient
to induce somatic expression of the transcription factor Heat Shock Factor-1 (HSF-1) *°, which

partakes in the heat-shock response *” and promote longevity at 25°C >,

Previous studies suggest that certain neuronal processes that initiate in parents could
continue to affect their F1 progeny ® For example, parental exposure to pheromones was
shown to affect the children’s reproduction and developmental rates °. However, these effects
did not last beyond the F1 generation — an exemplar of intergenerational inheritance lasting a
single generation, as opposed to perduring transgenerational inheritance that affects
descendants not directly exposed to the original trigger (for example in utero exposure)ﬁs. In
contrast, recent studies have demonstrated that endogenous small RNAs synthesized in
neurons can affect gene expression and behavior transgenerationally (=> 3 generations) in C.
elegans ! and that neuronal hairpin-derived dsRNA can be transmitted to the germline and
induce transgenerational gene silencing 9 still, a causal relationship between brain activity or

sensory perception and transgenerational small RNA inheritance is yet to be established.

In this work, we used multiple independent experimental systems, coupled with
computational modeling, to separate the direct biophysical effects of ambient temperature
from its neuronal perception. Our findings reveal that the neuronal perception of temperature
via AFD neurons, on its own, plays a pivotal role in governing transgenerational small RNA
inheritance by controlling the expression of small RNA machinery in the germline. This
neuronally mediated regulation of small RNA machinery depends on the secretion of the

neuropeptide FLP-6, serotonergic signaling, and the transcription factor HSF-1. Our findings
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imply that sensory perception regulates transgenerational inheritance of gene expression

memory, which may influence the animal’s survival fitness in changing environments.

Results

Disrupting AFD functions delays transgenerational gene silencing kinetics

To study whether temperature perception can affect inheritance, we first investigated
the effect of AFD-mediated temperature perception on temperature-dependent transgene
silencing. We used worms that carry a low-copy integrated gfp transgene expressed in the
germline under the control of a germline promoter (bnis1[pie-1p::gfp::pgl-1; unc-119(+)], which

®48> (see Figure 1A and Methods). This transgene is constitutively

were previously described
silenced at 20°C. However, we observed that growing the worms at elevated temperature
(25°C) for 1-2 generations rapidly and robustly triggered gfp expression from the transgene
(Figure 1B). Shifting the worms back to low temperatures (20°C) resulted in a gradual,
cumulative silencing response over 3-7 generations (Figure 1C). This heritable silencing
response depends on small RNA inheritance as it was abolished in mutants lacking hrde-1, a

gene encoding an Argonaute protein required for germline nuclear RNAi and many heritable

small RNA-controlled processes *°, when raised at 20°C (Supplementary Figure 1).

We employed multiple complementary methods to disrupt AFD-mediated temperature
sensation. These include ablating the AFD neurons, inducibly changing their membrane
potential, or knocking out different AFD-specific genes required for temperature sensation,

acclimation, or signal transduction to downstream neurons. In a typical experiment, we raised
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both wild-type and different mutant worms at 25°C to achieve full transgene expression in the
entire population. To track the dynamics of the temperature-dependent transgene silencing,
we transferred wild-type and mutant worms to 20°C and monitored the expression of the

germline transgene over at least three generations.

First, we noted that it took longer for the transgene to get transgenerationally silenced
in worms that expressed a reconstituted caspase under the control of AFD-specific gcy-8
promotor *® (Supplementary Figure 2), providing a clue that AFD temperature sensation could
affect germline small RNA-mediated silencing in a cell-nonautonomous manner. However, the
transgenic worms expressing the caspase were sick and exhibited severe reduced brood size at
both 20°C and 25°C. Hence, we deemed this AFD-disruption method suboptimal and proceeded
to examine the AFD neurons’ role in heritable gene silencing using alternative methods. To
further examine the impact of AFD neuronal activity on temperature-dependent transgene
silencing, we utilized the Drosophila histamine-gated chloride channel HisCI1 to reversibly

hyperpolarize the AFD neurons **%

. We generated three independent lines expressing HisCl1
under the control of AFD-specific gcy-8 promoter (see Methods). Worms carrying AFD:HisCI1
experience hyperpolarization of the AFD neurons when exposed to exogenous histamine
(Supplementary Figure 3A). We then examined the impact of chronic HisCll-driven AFD
silencing, maintained through histamine supplementation, on temperature-dependent small
RNA-mediated transgene silencing. We found that AFD:HisCI1 worms grown on histamine
exhibited delayed silencing dynamics of the GFP reporter (Figure 1D; Supplementary Figure

3B). While the wild-type control groups exhibited the expected progressive silencing of the GFP

reporter over the course of 3-6 generations, the experimental group maintained stable GFP
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expression in the population for at least 7 generations (Figure 1D; Supplementary Figure 3B). It
is noteworthy that AFD:HisCI1 worms not exposed to histamine exhibited an intermediate
effect between the experimental group and the wild-type control groups. This may be a result
of “leakiness” of the HisCl1 channels, even in the absence of histamine, which has been
previously reported ®8 Taken together, these results suggest that disrupting AFD activity delays

small RNA-mediated gene silencing.

Next, we examined whether the effect we observed is specific to the AFD neurons or
caused by external factors such as the presence of an extrachromosomal array, stress response
induced by the high-copy HisCl1 channels, or other non-specific effects on the nervous system.
To that end, we generated a worm strain carrying a similar genetic construct expressing HisCl1
under the control of ASK-specific sra-7 promoter, replacing the AFD-specific gcy-8 promotor *°.
Like the AFD neurons, the ASK neurons are a symmetric pair of amphid head-sensory neurons.
Unlike the AFD neurons, however, the ASK neurons are not known to respond to temperature
stimuli or share direct synapses/gap junctions with other temperature-sensing neurons (ASK
neurons are among the few known to not respond to temperature stimuli; see Supplementary
Table 1 summarizing current knowledge about the involvement of different sensory neurons in
temperature sensation). We observed that ASK:HisCll1 had no effect on temperature-
dependent gene silencing, regardless of the presence of exogenous histamine (Supplementary

Figure 3C).

To further investigate our hypothesis regarding the “leakiness” of the HisCl1 channels,
we attempted to engineer a worm strain expressing AFD:HisCI1 at a much lower level using a

single-copy insertion (SC-AFD:HisCl1, see Methods). We reasoned that lowering the expression
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level would mitigate the leakiness we observed in untreated worms, while still preserving some
sensitivity to exogenous histamine treatment. However, we could not observe any transgene
silencing effect in response to exogenous histamine treatment in SC-AFD:HisCl1 worms
(Supplementary Figure 4), possibly because single copy of the channel is not potent enough to
cause substantial hyperpolarization of the neurons. Indeed, it is important to note that in all

previous published studies the channel was expressed in high-copy number 67°%7°,

To better assess the transgenerational effects of short-term vs. chronic AFD
hyperpolarization, we investigated whether the effects of histamine treatment exhibit a dose-
response relationship over generations. To that end, we used the experimental setup described
above, however, in every generation of the experiment, we split some of the histamine-treated
worms into a different experimental group, which we no longer treated with histamine. Those
groups were termed “split” groups, and numbered according to the generation in which we
split them from the histamine-treated parent group (see Supplementary Figure 5A for an

illustration of the experimental design).

We found that histamine treatment of AFD:HisCl1 worms for one generation was
sufficient to delay transgene silencing for the subsequent two generations, similar to worms
that were grown on histamine for 2-4 generations and those that were exposed through the
entire course of the experiment (Supplementary Figure 5B). This response was apparent even
after two generations without histamine exposure and did not appear to increase in magnitude

with longer exposure beyond two generations of histamine treatment.
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Next, we examined whether the effect on small RNA-mediated gene silencing is
transgenerationally inherited, persisting even when the AFD:HisCI1 construct is no longer
present. To that end, we tested worms whose ancestors carried the AFD:HisCl1 construct for
multiple generations (4 generations at 20°C, F1-F4) and then monitored them for multiple
generations once they no longer carried the AFD:HisCl1 construct (the arrays are lost
spontaneously in ~30% of the worms as confirmed by PCR, see Methods) (see Supplementary
Figure 6A for an illustration of the experimental design). We found that AFD:HisCl1 induces
changes in temperature-dependent small RNA-mediated transgene silencing that lasts for at
least 3 generations after losing the construct, establishing that temperature sensation via AFD
induces transgenerational changes in germline gene expression (see Supplementary Figure 6B).
Taken together, these results imply that short term (1 generations) manipulation of activity in
the AFD neurons can cause long-term (> 3 generations) transgenerational expression memory

mediated by small RNAs in the germline.

AFD-controlled thermosensation regulates germline small RNA-mediated gene silencing

To further test our previous conclusions, we proceeded to investigate the impacts of
temperature perception on small RNA-dependent gene silencing using a non-transgenic model,
avoiding all possible unanticipated effects from introducing high-copy number of foreign DNA,
which could potentially affect epigenetic processes. To that end, we examined many different
genetic mutants with abolished temperature responses in the AFD neurons. We first examined

triple mutants carrying null mutations in the three genes encoding AFD-specific guanylyl
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cyclases gcy-8, gcy-18, and gcy-23 (henceforth referred to as “AFD triple mutants” for brevity).
These individual guanylyl cyclases are partially redundant but knocking out all three factors

completely eliminates thermosensation in the AFD neurons "7

. When comparing the
temperature-dependent silencing dynamics of AFD triple mutants and wild-type worms, we
found that the AFD triple mutants showed a delayed temperature-dependent silencing
response over multiple generations (Figure 1E and Supplementary Figure 7A), in agreement
with the phenotypes of AFD ablated worms and animals carrying AFD:HisCI1. Notably, these

three guanylyl cyclases are expressed exclusively in the AFD neurons '*’°

, indicating that
temperature sensation in the AFD neurons in particular affects heritable small RNA silencing,
consistent with our previous findings. It is important to note that, while our results support the

role of AFD activity in regulating epigenetic inheritance, we cannot rule out that other sensory

neurons can also contribute to this process (see below).

Thermosensation controls germline small RNA-mediated gene silencing via neuropeptide

signaling

To understand the mechanisms through which temperature perception affects heritable
gene silencing responses in the germline, we examined additional mutants that lack
components downstream to GCY-8/18/23 (Figure 2A). We started by inspecting mutants
defective in the gene cmk-1/CaMKI. CMK-1 is a calcium/calmodulin-dependent kinase
expressed primarily in sensory neurons, and most prominently in the AFD neurons. In fact,

compared to other neuronal classes, AFD exhibits both the highest cmk-1 level and constitutes
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the largest fraction of isolated cells that express cmk-1 based on the CeNGEN single cell

76

sequencing dataset (see Supplementary Figure 8A) "°. CMK-1 is required for long-term

>>7778 \We found that mutants of cmk-1 exhibited a

temperature adaptation in the AFD neurons
defective transgenerational silencing response, similar to AFD triple mutants (Figure 2B and

Supplementary Figure 7B).

Previous studies have shown that CMK-1 can phosphorylate the CREB homolog CRH-1 at

58,79

the serine 48 residue . Moreover, it was demonstrated that CMK-1 phosphorylates CRH-1 in

the AFD neurons in a temperature-dependent manner, promoting the expression of the

neuropeptide-encoding gene fip-6 >°

. FLP-6 subsequently mediates communication between
the AFD thermosensory neurons and the AIY interneurons 2. We therefore hypothesized that
the AFD-AIY thermosensory circuit could regulate temperature-mediated gene silencing in the
germline. When examining mutants of flp-6, we found that they exhibited a defective
transgenerational transgene silencing response to low ambient temperatures, similar to that of
AFD triple mutants (Figure 2C and Supplementary Figure 7C). This phenotype persisted for at
least 10 generations following the transition to 20°C (see Supplementary Figure 8B). The
prolonged de-silencing of transgenes in flp-6 mutants, which was longer-lasting than that

observed in AFD triple mutants, suggests the potential involvement of other neurons in this

process (see Discussion).

Taken together, our results suggest a model whereby CMK-1, functioning downstream
of GCY-8/18/23 in AFD, activates neuropeptide FLP-6, which leads to transgenerational

silencing of germline transgene.
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Change in ambient temperatures and HSF-1 activity affect small RNA inheritance in both

sensation-dependent and -independent manners

HSF-1, a conserved transcription factor involved in development and stress response,
has previously been shown to determine the epigenetic “inheritance state” of worms by
regulating small RNA factors in the germline %°. In particular, low activity of HSF-1 reduces small
RNA-dependent silencing of transgenes and RNAi inheritance, while HSF-1 over-expression
supports small RNA-mediated gene silencing. Moreover, the AFD neurons have been shown to
regulate germline activation of HSF-1 cell-nonautonomously through serotonergic signaling

57,59

mediated by serotonin receptor SER-1 . We therefore hypothesized that HSF-1 may similarly

regulate the effects of neuronal sensation on small RNA inheritance.

To investigate the involvement of serotonin release in small RNA-mediated gene
silencing, we examined whether mutants of the tryptophan hydroxylase tph-1 or the serotonin
receptor ser-1 show modified temperature-dependent transgene silencing. We found that tph-
1 mutants exhibited a strong delayed heritable transgene silencing (Figure 2D and
Supplementary Figure 7D), persisting for at least 10 generations following the transition to
20°C (see Supplementary Figure 8C). However, we could not detect any difference in heritable
transgene silencing in ser-1 mutants (Supplementary Figure 9). These results suggest that,
while serotonin mediates the effects of AFD thermosensation on germline small RNA-mediated

gene silencing, other serotonin receptors, either instead of or in addition to SER-1, are involved.
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Next, to investigate the involvement of HSF-1, we examined the temperature-
dependent silencing dynamics of hsf-1 partial loss-of-function mutants (hsf-1 null mutants are

lethal %73

). Since hsf-1 mutants are hypersensitive to heat stress (they die at 25°C), we
conducted these experiments within a narrower temperature range (20-22°C). We found that -
hsf-1 mutants display a delayed silencing phenotype reminiscent of flp-6 and tph-1 mutants
(Figure 2E and Supplementary Figure 7E). These results indicate that heritable transgene

silencing in the germline depends on serotonin release, likely from ADF and NSM downstream

of AFD in the thermosensory circuit, as well as HSF-1 activity in the germline (more below).

Mutants of cmk-1, unlike other sensory mutants, exhibit a high-variance gene silencing

response at high ambient temperature

Intriguingly, in all mutants that we examine, other than cmk-1, we observed defective
transgenerational silencing only when the worms were transitioned in one direction - from high
(25°C) to low temperatures (20°C) (Figure 2 and Supplementary Figure 7). When we
transitioned the worms from low temperature (20°C) to high temperature (25°C), we did not
detect any difference between wild-type worms and tph-1, flp-6, and gcy-8/18/23 mutants
(Figure 2F-1 and Supplementary Figure 7F-1), with all strains achieving near-complete de-

silencing of the GFP reporter within 2-3 generations.

In cmk-1 mutants, on the other hand, we observed a very interesting and unusual high-
variance response when transitioning from low to high temperature: some worm lineages

exhibited rapid de-silencing of the GFP reporter, others maintained complete silencing for at
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least 7 generations, and still others repeatedly fluctuated between the two extremes (Figure
2G, Supplementary Figure 7G, and Supplementary Figure 10). This suggests that different
factors, perhaps in neurons outside of AFD, coordinate the responses to changes in
temperature, depending on whether the worms transition up or down the temperature

gradient (see Discussion).

Characterizing the effects of neuronal temperature sensation on the composition of the
endogenous heritable small RNA pool

Our foregoing results demonstrate that AFD thermosensory circuit has a major impact
on transgenerational transgene silencing at different temperatures; we then sought to further
explore the small RNA responses to changes in ambient temperature. Thus, we used RNA
sequencing to characterize the differences in gene expression and heritable small RNAs in

worms with defective temperature sensation at multiple stages of the sensory pathway.

First, we characterized the changes in small RNA pools cloned from wild-type and AFD
triple mutant (gcy-8/18/23) day 1 adult worms across multiple generations during the transition
from a high temperature (25°C) to a low temperature (20°C) (see experiment summary in
Figure 3A and detailed experimental plan in Methods). We found that, in accordance with the
cumulative silencing phenotype we observed upon temperature transition, anti-gfp SiRNAs
appear to accumulate over generations (q = 0.058981), with overall higher levels in wild-type
worms compared to AFD triple mutants (Figure 3B, q = 0.08163). Interestingly, this

accumulation does not appear to be linear, as the level of anti-gfp small RNAs modestly
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decreases in the first generation at 20°C before significantly increasing in the subsequent

generations.

We identified two groups of siRNAs targeting protein-coding genes that significantly
accumulate over generations at 20°C based on their transgenerational accumulation dynamics
(see Figure 3C and Methods). Interestingly, both groups showed significantly slower
transgenerational accumulation in AFD triple mutants compared to wild-type worms (Figure
3D). We found that the first group is enriched for small RNAs associated with the germline
Argonautes HRDE-1, PPW-1, PPW-2, and WAGO-1, as well as the ubiquitous Argonaute NRDE-3
(Figure 3E — left panel). The second group, whose accumulation pattern resembled that of anti-
GFP siRNAs, is similarly enriched for small RNAs bound to the germline-specific Argonautes

HRDE-1, PPW-1, PPW-2, and WAGO-1 (Figure 3E - right panel).

In summary, our findings reveal a transgenerational accumulation of siRNAs targeting
specific genes, including the gfp transgene, following the transition from high to low
temperatures. This accumulation appears more pronounced in wild-type worms compared to
AFD triple mutants and the small RNAs tend to associate with specific germline Argonautes,
suggesting that the perception of temperature can transgenerationally modulate the

composition of heritable small RNA pools in the germline.

Next, given the unusual gene silencing behaviors of cmk-1 mutants compared to other
sensory mutants we analyzed, we sought to characterize the high-variance response that we
observed in cmk-1 mutants upon transition from low to high temperatures (Figure 2G and

Supplementary Figure 10). To that end, we sequenced small RNAs and mRNAs from wild-type
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and cmk-1 worms before and after transitioning from a low temperature (20°C) to a high
temperature (25°C). For the mutant worms, we isolated both “expressing” lineages (i.e.,
lineages in which GFP silencing was abolished at high temperature) and “silencing” lineages
(i.e., lineages in which GFP silencing was maintained at high temperature) (see Figure 4A and

Methods).

Interestingly, in the small RNA data sequenced from the PO generation (20°C), we did
not detected changes in anti-gfp siRNA levels between “expressing” and “silencing” lineages
(Supplementary Tables 2). In F3 (25°C), however, we detected differences in anti-gfp siRNAs
(Figure 4B-C, g < 0.006), as well as changes in small RNAs known to be associated with specific
Argonautes (Supplementary Tables 4 and 5). These results indicate that the bimodal silencing
phenotypes we observed in cmk-1 mutants emerges only after the transition to a high

temperature and cannot be directly predicted from the small RNA pools of the PO ancestors.

In agreement with the reduction in the gene silencing capacity we observed in cmk-1
mutants, we detected a significant reduction in the fraction of siRNAs targeting protein-coding
genes in cmk-1 mutants grown in both 20°C and 25°C (Figure 4D). Interestingly, while piRNAs
were downregulated in wild-type worms upon transition to high temperatures, as previously
shown *, cmk-1 showed an upregulation of piRNAs (Figure 4E), which may explain the high-

variance stochastic silencing response in the mutants at 25°C (see below).

We next proceeded to analyze the changes in the pools of endogenous siRNAs following
changes in ambient temperature. We found siRNA changes that are both sensation-dependent

(i.e., occur in wild-type worms but not in cmk-1) and -independent (i.e., common to both wild-
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type worms and cmk-1) (Figure 4F). While the siRNAs changing in a sensation-independent
manner were not enriched for targets of particular Argonaute proteins, we found that siRNAs
downregulated in a sensation-dependent manner were enriched for small RNAs bound to the
ubiquitous Argonautes SAGO-1, SAGO-2, and NRDE-3, as well as the germline-specific
Argonautes PPW-2 and WAGO-1 (Figure 4G) *°. Moreover, we found that siRNAs upregulated in
a sensation-dependent manner were enriched for CSR-1- and WAGO-4-bound small RNAs,
which were previously shown to target a similar cohort of constitutively-expressed germline

30,84,85

genes Of particular interest, WAGO-4 has previously been found to mediate

84,86

transgenerational epigenetic inheritance . Additionally, CSR-1 is thought to protect germline

mRNAs from piRNA silencing, which may be enhanced in cmk-1 (Figure 4E) %78,

All together, these results indicate that, while high temperatures can non-specifically
disrupt small RNA-mediated gene silencing, the neuronal perception of ambient temperature

may regulate specific small RNA pathways in the germline.

We then proceeded to examine changes in gene expression in response to changes in
ambient temperature and its perception. When examining the mRNA sequencing data, we
found that a large group of epigenetic factors, comprising multiple Argonaute genes (including
the germline-specific Argonaute genes hrde-1, wago-1, wago-4, and ppw-1), as well as multiple
RNA-dependent RNA polymerase genes (rrf-1, rrf-3, and ego-1), are significantly downregulated
at high temperatures in wild-type animals. All of these genes are chronically downregulated in
cmk-1 mutants (Figure 5A-B and Supplementary Table 3); however, we did not detect any
significant differences in gene expression between the GFP-silencing and GFP-expressing

lineages of cmk-1 at the mRNA levels, despite changes in the siRNA pools (see Supplementary
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File 2). Importantly, we observed a similar trend of downregulation in epigenetic genes when
examining the mRNA sequencing data of AFD-ablated worms (Figure 5C and Supplementary
Table 3) %, suggesting that the sensation of high temperature, particularly in AFD, reduces the

capacity of the small RNA machinery.

Remarkably, we found that many of these small RNA factors (75 out of 312 epigenetic
genes) are similarly downregulated following germline-depletion of HSF-1 (Figure 5D and
Supplementary Table 3) *°, further supporting the involvement of germline HSF-1 in the small

RNA response to temperature sensation.

In summary, while exposure to high temperature appears to disrupt worms’ small RNA
pools in a non-specific manner, the perception of temperature alone leads to targeted changes
in the composition of small RNAs. Of note, AFD disruption leads to downregulation of
epigenetic factors, which may subsequently impair germline siRNA-mediated gene silencing.
The overlapping transcriptional signatures observed in cmk-1 and AFD-ablated worms suggest
that AFD-mediated temperature sensation elicits specific epigenetic responses in the germline,

although other neurons may also play a role.

Predicting the impact of changes in ambient temperatures and sensory input on small RNA-
mediated gene silencing
Multiple theoretical models have been proposed to explain the dynamics of

24,25,91,92

transgenerational inheritance of epigenetic information . To further explore the impact

of temperature and temperature perception on transgenerational inheritance, we expand upon
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2

the recently published mathematical model developed by Karin et al. ** (see Figure 6,

Supplementary file 1 and Methods for the detailed assumptions and parameters of the model).

Our revised model makes three additional assumptions based on our RNA sequencing
data: (1) high temperatures (or defective temperature perception) reduce the silencing capacity
of the worms; (2) the gfp reporter gene is targeted by stochastic silencing events at a high
frequency; and (3) the frequency of stochastic silencing events against gfp is reduced by high

temperatures (or cmk-1 loss-of-function).

Our simulations show that the model predicts the empirically observed kinetics of gfp
silencing following temperature transitions: a rapid, uniform de-silencing response upon
transition from low to high temperature (Figure 6C), and a stochastic and cumulative silencing
response upon transition from high to low temperature (Figure 6B). Moreover, in agreement
with our RNA sequencing results, our simulations suggest that a perception-dependent
reduction in silencing capacity is sufficient to explain the reduced transgene silencing
phenotype we observed in multiple temperature sensory mutants (see Figure 6B-D for

simulated results; see also Figure 2 for experimental results).

More importantly, a new prediction was raised by our theoretical model: worms
defective in temperature sensation should be deficient in the inheritance of all RNAi responses,
including exogenous, target-specific, dSRNA-induced RNAI, even in the absence of temperature
changes and regardless of stochastic silencing responses (Figure 7A). We proceeded to test this
prediction and examine the potency of RNAI inheritance in worms defective in temperature

sensation. We exposed wild type and cmk-1 mutants carrying germline GFP (mjis134[mex-
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5::GFP]) to anti-gfp dsRNA and monitored the inheritance of GFP silencing. We found that,
while the basal expression mex-5::GFP remains unchanged in cmk-1 mutants (Supplementary
Figure 11A), these mutants are heritable RNAI deficient (“Hrde”), even at normal temperature
(20°C) (Figure 7B and Supplementary Figure 11B). This, and our previous results, strongly
demonstrate that neuronal temperature perception alone, independent of the actual
temperature or the biophysical effects of heat, could modify transgenerational inheritance of

epigenetic information.

Discussion

In this study, we found that perception of temperature via the AFD neurons affects
germline small RNAs cell-nonautonomously, influencing the dynamics of transgenerational
epigenetic inheritance. AFD controls the expression of small RNA factors, including Argonaute
proteins and RdRPs, as well as heritable RNAi through FLP-6 neuropeptide and serotoninergic
signaling, which directly or indirectly affects the activity of transcription factor HSF-1 in the

germline (Figure 7C).

In this manuscript, we used three different model systems to interfere with neuronal
perception of temperature: an ablation model, a chemogenetic model, and genetic knockout
models. Each of these models has inherent weaknesses. Neuron ablation is an aggressive
procedure that may induce additional stress responses in the worms. Indeed, these worms are
sick and infertile. The chemogenetic model suffers from “leakiness”, complicating its study. The

knockout models, and in particular the triple mutants lacking three AFD-specific guanylyl
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cyclases that we used in many assays, are not inducible. Despite these individual weaknesses,
however, the complementary nature of these diverse approaches provides a robust framework
for investigation. The similarity of outcomes across different model systems, as well as between
the many additional mutant strains that we used to examine different stages of the
thermosensory circuit, strengthen our conclusion that thermosensation non-cell autonomously
affects germline Argonaute activities, leading to heritable gene expression memory. In addition
to AFD, it is likely that other sensory neurons are involved in promoting germline gene silencing.
Supporting this notion, animals lacking flp-6, which is expressed in other amphid neurons
outside of AFD, including ASE and ASG neurons >°, showed a stronger a phenotype than AFD
triple mutants. Similarly, knocking out cmk-1, which is expressed in multiple neuronal types ”/,
causes a bistable expression pattern when the mutants were transferred from low to high

temperature —a phenotype absent in other thermosensory mutants we analyzed in this work.

This work supports our previous finding on the roles of HSF-1 in regulating heritable
small RNA responses 2> . We showed that disrupting AFD thermosensation and eliminating HSF-
1 relief epigenetic silencing in the germline. Previous studies have demonstrated that HSF-1 has
at least two roles — a developmental program and a stress-response program - both of which

2094% While we did not focus on the molecular details of HSF-1

compete for HSF-1 binding
regulation in this manuscript, other works have indicated that HSF-1 binds the promoters of
some epigenetic genes under non-heat shock conditions 2 Consistently, we found that
germline-specific depletion of HSF-1 causes downregulation of genes encoding Argonautes and

other epigenetic regulators. Future studies are required to understand how HSF-1 and the small

RNA machinery co-regulate development and stress responses.
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In this work, we zeroed in on the perception of temperature due to the profound roles

temperature play in development, reproduction, and aging >**°*®

. However, other neuronally
perceived stimuli - such as other types of stress, positive cues, or even neuronally-controlled
learned behaviors - may be able to affect small RNA silencing, similar to the effects of
temperature we reported here. Our approach - disrupting the function of specific neurons using
complementary strategies and characterizing environment-sensitive transgenerational silencing
of specific genes - offers a straightforward paradigm for studying neuron-to-germline

communication in regulating inheritance. Future research could aim to decipher the neuronal

'code’ that modulates epigenetic inheritance and characterize its physiological relevance.

It is likewise possible that different regimes of temperature stimuli, such as low
temperature exposure (12-19°C), a transient heat shock, or recurring temperature fluctuations,
may have different repercussions on small RNA inheritance. For example, our previous work
has shown that a 2-hour heat shock is sufficient for “resetting” of ancestral small RNA
responses °°. In this work, we focus on the effects of prolonged (> 5 generations) exposure to
elevated temperature; future research could explore the consequences of fluctuating

environments on the worms’ small RNA pool and transgenerational epigenetic inheritance.

Why would worms actively repress small RNA pathways when exposed to high
temperatures? Reducing epigenetic regulation could constitute a mechanism for increasing
genetic and phenotypic variability in largely isogenic population. C. elegans can distinguish
between self and non-self genes, actively repressing foreign elements using heritable small
RNAs *. In normal conditions, the activity of small RNA machinery is required for maintaining

genome stability and preventing the harmful effects of transposition. When faced with stress,
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on the other hand, inhibition of the small RNA machinery may induce phenotypic plasticity
and/or novel genetic variants, potentially allowing the animals to adapt to the environments
19 " Indeed, while in this study we focused on how temperature perception controls
transgenerational epigenetic regulation, an accompanying paper reports that AFD dysfunctions
leads to mobilization of transposable elements in the germline, which may serve as building

blocks for genetic novelty 3*%°.

The nervous system of C. elegans in general, and the AFD neurons in particular, were

shown to mediate a variety of cell-nonautonomous processes >°>%10171%

. Persistent epigenetic
memory of temperature stress in the absent of the initial trigger has been shown to have a
negative fitness cost, at least under laboratory conditions **. It is tempting to speculate that
intact thermosensation is required for re-calibration of the epigenetic states, allowing animals
to readily adapt to new environments and promote the survival fitness of future generations —
an intriguing model that warrants future investigation. In summary, the findings of this study

illuminate a novel mechanism by which neuronal activity could control gene expression non-cell

autonomously and direct non-Mendelian inheritance.
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Materials and Methods

Worm cultivation

We used standard culture techniques to maintain the nematodes. We grew the worms
on Nematode Growth Medium (NGM) plates and fed with OP50 bacteria. We took extreme
care to avoid contamination or starvation for at least five generations prior to each experiment.
We discarded contaminated or starved plates from the experiments. We performed all
experiments with at least three biological replicates. We indicated all of the nematode strains

we used in this study in the Key Resources Table.

Histamine treatment

In experiments where worms were treated with histamine, we added a sterile-filtered
1M solution of histamine dihydrochloride to NGM agar at 50°C immediately before pouring the
plates, to a final concentration of 10mM °°. We stored histamine plates in 4°C for up to a month

before usage.

In experiments where worms lost the HisCl1 extrachromosomal construct, we validated
that all P-1 parents of worms lost the construct via PCR amplification of the HisCl1 construct,

discarding any plate that showed residual presence of HisCI1.

Fluorescence microscopy
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For fluorescent microscopy assays, we used either an Olympus IX83 motorized inverted
wide-field microscope, or an Olympus BX63 motorized upright wide-field microscope. We
imaged experiments with a 10X objective lens, with an exposure time of 1000ms for GFP and

1500ms for mCherry.

Generally, we picked worms onto a microscope slide with 2% agarose pad containing
drops of levamisole to induce paralysis, covered them with a glass coverslip, and imaged them

after 2-5 minutes.

Scoring of germline GFP reporter silencing

We scored GFP silencing and inheritance using a binary system: no visible expression
(OFF), or any level of expression (ON). The results of each experimental group within each

biological replicate were summarized as the percentage of worms showing any GFP expression,

ON
ON+OFF

out of the entire worm population ( * 100). The experimenters were blinded to the

experimental conditions while scoring the experiments using DoubleBlind 106,

In experiments and experimental conditions expressing HisCI1 constructs, we discarded
worms that exhibited a non-specific expression pattern or no visible expression in the

appropriate neuron pairs from the analysis.

In experiments where we quantified the basal expression level of GFP (Supplementary
Figure 11A), we used the Imagel Fiji ‘measure’ function '°’ to measure the integrated density

of the three germline nuclei closest to spermatheca in each worm, as well as a mean


https://doi.org/10.1101/2024.12.02.626416
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.12.02.626416; this version posted December 5, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

background measurement of the worm in the germline’s vicinity. If less than three germline
nuclei were visible, we took the remaining measurements in the estimated location and size of
the germline nuclei instead. We calculated the corrected total cell fluorescence (CTCF) of each

d 1% wWe used the mean of all three CTCF scores as the

germline nucleus as previously describe
worm’s fluorescence score, and normalized the scores of each biological replicate to the mean

of the control condition in that biological replicate.

Since some genetic background/experimental conditions can lead to developmental
delays, worms in different conditions sometimes reached adulthood in different days. To avoid
age bias between the different conditions, we tracked the developmental stages of all worms,

and imaged them when they reached the ‘day-one adulthood’ stage.

Statistical analysis

For transgenerational silencing experiments, we analyzed the data using a mixed effect
model, with the genotype/treatment considered as a categorical factor, and the generation
considered as repeated-measures data. We then followed up with multiple comparisons,
comparing the means of the experimental conditions to the mean of the control condition

within each generation.

In experiments with exactly two conditions (experimental vs control), we used the
Unpaired Student’s t-test with Welch’s correction for unequal variances. For experiments with
multiple conditions and/or generations, we corrected for multiple comparisons using the Two-

stage step-up method of Benjamini, Krieger and Yekutieli *®.
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mRNA and small RNA sequencing experiments

Collecting worms for sequencing

For the gcy-8/18/23 mutant experiment, we raised wild-type and mutant animals in
25°C for at least 5 generations. We ran the experiment in three biological replicates, each
containing 3-5 technical replicates. We initiated each technical replicate with 25 parent worms
in the P-1 generations. After 2-3 hours of synchronized egg laying, we imaged the parent worms
to ensure a uniform starting point of GFP reporter expression. We additionally imaged the
worms in every generation, to keep track of the GFP expression phenotype of each technical
replicate. We synchronized each new generations from 25 randomly selected parent worms.

We isolated adult worms in the PO, F1, F2, and F3 generations.

From each biological replicate, we selected one wild-type and one mutant replicate,
based on their GFP reporter expression in the F3 generation: we selected the replicate whose
GFP expression was closest to its genotype’s median GFP expression. We did this to ensure that
the samples we chose were representative of the phenotype we observed in previous

experiment, while avoiding selection bias.

For the cmk-1 mutant experiment, we raised wild-type and mutant animals in 20°C for
at least 5 generations. We ran the experiment in three biological replicates, each containing 8-
10 technical replicates. We initiated each technical replicate with 25 parent worms in the P-1
generations. After 2-3 hours of synchronized egg laying, we imaged the parent worms to ensure
a uniform starting point of GFP reporter expression. We additionally imaged the worms in the

F2 generation, to keep track of the GFP expression phenotype of each technical replicate. We
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synchronized each new generations from 25 randomly selected parent worms. We isolated

adult worms in the PO and F3 generations.

From each biological replicate, we selected two technical replicates to be sequenced
based on their GFP expression in the F2 generations: we selected the worms with highest GFP
expression (“expressing” samples), and the worms with the lowest GFP expression (“silencing”
samples). We did this to ensure that we picked worms representing both extremes of the
silencing phenotypes we observed in previous experiments and facilitate comparisons between

worms that responded differently to changes in temperature.

RNA extraction

We performed RNA extraction as previously described 2. We lysed worms using the
TRIzol reagent. We added 400 ul of TRIzol to 100 ul of adult worms and performed three cycles
of freezing in -80°C and vortexing at RT for 15 minutes. We added 100 ul of chloroform to the
samples, transferred them to pre-spun Heavy Phase-Lock tubes, and rested them on ice for 10
minutes. Next, we centrifuged the tubes at 16,000 g for 15 minutes at 4°C. We transferred the
aqueous phase to a second pre-spun Heavy Phase Lock tube, added 1:1 of a
Phenol:Chloroform:lsoamyl Alcohol (25:24:1) mixture, and centrifuged the samples at 16,000 g
for 5 minutes at RT. We transferred the aqueous phase to a 1.5 ml Eppendorf tube and added
20 ug of Glycogen and 1:1 Isopropanol. We incubated the samples at -20°C overnight, and then
spun them for 30 minutes at 16,000 g at 4°C. We washed the resulting pellet twice with ice-cold

70 % ethanol and then air-dried for 10 minutes. We then re-suspended the pellet in 20 ul of
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RNase-free water. We validated the concentration of the total RNA using Qubit RNA high-
sensitivity kit, and ensured that the RNA integrity was sufficiently high (RIN >= 7) using an

Agilent 4150 BioAnalyzer instrument and High Sensitivity RNA ScreenTapes.

mRNA libraries

We enriched the samples for poly-A-tailed mRNA molecules using the NEBNext Poly(A)

MRNA Magnetic Isolation Module, using a starting quantity of 100-1000 ng Total RNA.

For the cmk-1 mRNA samples, we generated cDNA libraries using the NEBNext Ultra Il
Directional RNA Library Prep Kit and the NEBNext Dual Index Primers multiplex oligos. We

sequenced the libraries using an lllumina NextSeq 500 instrument.

Small RNA libraries

We treated total RNA samples with RNA 5’ Polyphosphatase (LGC, Biosearch
Technologies) to ensure 5 monophosphate-independent capture of small RNAs. We prepared
small RNA libraries using the NEBNext® Small RNA Library Prep Set for lllumina® according to
the manufacturer’s protocol. We separated the cDNA libraries on a 4 % agarose E-Gel
(Invitrogen, Life Technologies), and selected the 140-160 nt length bands. We pooled and
purified the size-selected cDNA using the MinElute Gel Extraction kit (QIAGEN). We sequenced

the libraries using an Illumina NextSeq 500 instrument.
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RNA sequencing analyses

Sequencing analyses were done using RNAlysis 119 "and all of the details of the analyses,
including workflow, function parameters, graphs, and intermediate data, are available in

Supplementary Files 2-4 — RNA Sequencing Interactive HTML Report.

For small RNA sequencing datasets, we used FastQC to assess sample quality ', filtered
out reads shorter than 15 nucleotides after adapter trimming using CutAdapt 12 aligned small

114

k * and counted aligned small RNA reads using FeatureCounts ~™".

RNA reads using ShortStac

For mRNA sequencing datasets, we used FastQC to assess sample quality, aligned reads

115

using HISAT2 ~~, and counted aligned reads using FeatureCounts.

Classification of groups of siRNAs that accumulate transgenerationally in 20°C

First, to identify groups of siRNAs whose expression changes significantly over
generations in 20°C, we ran differential expression analysis using Limma-Voom, with the design
formula “~ Genotype + poly(Generation, degree = 2)”. We kept only siRNAs whose polynomial

coefficients of the Generation parameter were significantly different from 0 (q<0.1).

Next, to group these siRNAs based on their change pattern, we filtered genes based on
the values of their 1 and 2" polynomial coefficients, keeping only those whose 1% and 2"
coefficients were larger than 0.5 or smaller than -0.5. We then examined the four possible
combinations of coefficient ranges (1%/2", greater than 0.5/lesser than -0.5), and picked the

two groups of siRNAs that exhibited transgenerational accumulation dynamics.
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Mathematical model

We based our mathematical model on the Toggle-Inhibitor-Competition (TIC) model
developed in Karin et al., 2023, which aimed to explain transgenerational inheritance of small
RNA responses, as well as the similarities and differences in small RNA inheritance between
isogenic worms. We expanded this model to apply to temperature-dependent small RNA-
mediated gene silencing and simulated the effects of the changes in the model’s parameters

and components affecting this process.

Based on our experimental results, we aimed to fulfill the following requirements:

1. Change of growth temperatures modifies the small RNA responses of worms in both
sensation-dependent and -independent manners.

2. The gfp reporter should acquire silencing gradually and stochastically when transitioned
from high to low temperatures, but de-silence rapidly and uniformly when transitioned
from low to high temperatures.

3. Worms defective in AFD temperature sensation show delayed accumulation of silencing

in low temperatures, but de-silence normally in high temperatures.

Based on our mRNA and small RNA sequencing results, we made the following assumptions:

1. High temperatures, or defective temperature sensation, reduce the silencing capacity of
worms (Viot) by ~two-fold. We base this on the observed downregulation of small RNA

machinery genes in 25°C, and in worms defective in AFD temperature sensation (Figure
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3). This is also supported by Figure 3A of Houri-Zeevi et al., 2021, which demonstrates
that RNAi inheritance is reduced when worms are raised in high temperatures in the
generation following RNAI.

2. To explain the RNAi-free accumulation of silencing in low temperatures, the gfp reporter
gene must be targeted by stochastic silencing events at a higher frequency than other
genes. According to our small RNA sequencing data, it is in the top 1% of small RNA-
targeted genes — normalized siRNA levels are ~20-25 fold larger than that of the average
protein-coding gene (Supplementary Table 6).

3. To explain the maintenance of near-100 % expression of the gfp reporter at high
temperatures, the frequency of gfp silencing events must be reduced by high
temperatures. This is possibly due to reduction in piRNA levels (and probably other

factors), which we observed in our small RNA sequencing data (Figure 4C).

We then proceeded to simulate transgenerational-silencing experiments, where worms
are transitioned from a higher temperature to a lower temperature, or vice versa. As in the

III

“real” experiments, we started each simulated experiment with 25 random worm lineages, and
randomly picked 25 worms at each generation (84 hours) to spawn the next generation of

worms.

For the simulated RNAIi experiment, we initiated an RNAI trigger as in Karin et al. 2023,
with the entire simulation being conducted in a lower temperature, such that the silencing

capacity (Viot) of wild-type worms is ~2 times higher than in the mutants.
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The simulation code is available online at github.com/GuyTeichman/Teichman 2024, as

well as Supplementary File 1 — simulation code.

DNA constructs and transgenic animals

To express HisCl1 and GCaMP6 in the AFD neurons we used the AFD-specific promoter -

. An expression vector containing gcy-8p::HisCl1::SL2:mCherry:unc-54 3’UTR was

gcy-8
generously gifted by the lab of Dr. Piali Sengupta. An expression vector containing gcy-

8p::GCaMP6:unc-54 3’UTR was generously gifted by the lab of Dr. Daniel Colén-Ramos.

To improve the expression specificity of the construct, we replaced the unc-54 3’'UTR
sequence in both vectors was replaced with the rab-3 3’UTR sequence (656bp amplified from

genomic DNA) via Gibson Assembly.

To express HisCl1 and GCaMP6 in the ASK neurons we used the ASK-specific promoter

sra-7 *7°

. We amplified 4kbp upstream of the sra-7 ORF from C. elegans genomic DNA
following ®° using the primers ATAGCGGCCGCGAGAAATATTTGATGGATGTTTG (forward) and
ATTGGGATCCCAAAAGTCAACGGACTGTGA (reverse), which also inserted the restriction sites for
Notl and BamHI respectively. We used Phusion® High-Fidelity DNA Polymerase (NEB) to amplify
the sra-7 promoter using the company’s protocol. We purified the resulting PCR product
(QiaQuick PCR Purification Kit, Qiagen) and double-digested it using Notl-HF and BamHI-HF

(rCutSmart buffer, NEB) following the manufacturer’s standard procedure. We then purified the

inserts (Qiaquick PCR Purification Kit, Qiagen).

We cut each of the vectors in a similar manner using the same restriction enzymes. We

separated the resulting products in agarose gel (1 %) and purified them (Wizard SV Gel and PCR
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Clean-Up System, Progema). We then ligated the inserts and vectors with Quick Ligase (NEB)
following the company’s standard procedure. We transformed the ligated constructs to TOP10
competent cells under selection using carbenicillin at 100 ug/ml (Sigma). After transformation,
we extracted the plasmids (QlAprep Spin Miniprep Kit, Qiagen). We verified the plasmid

sequences using Sanger sequencing with an M13 primer (AGCGGATAACAATTTCACACAGGA).

We injected the HisCl1 and GCaMP6 constructs into N2 worms, along with the co-
injection marker rol-6(su1006) (pRF4) and DNA ladder (1kb DNA Ladder N3232, NEB),
generating the three AFD-specific independent lines BFF95, BFF96, BFF97: pigEx17/18/19[gcy-
8p::HisCl1::SL2::mCherry::rab-3  3'UTR + rol-6p::rol-6(sul006)::rol-6 3'UTR + gcy-
8p::GCaMP6::rab-3 3'UTR], as well as ASK-specific line BFF126: pigEx21[sra-
7p::HisCl1::SL2::mCherry::rab-3  3’UTR  +  rol-6p::rol-6(sul006)::rol-6  3'UTR +  sra-

7p::GCaMP6::rab-3 3’UTR].

We injected the constructs in the following concentrations: HisCI1 (25 ng/ul), GCaMP6
(25 ng/ul), pRF4 (25 ng/ul) and DNA ladder (25 ng/ul). We then crossed the various HisCl1 lines

into worm strain SS747, which contains a GFP temperature-dependent silencing reporter.
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Figure Legends

Figure 1. The AFD thermosensory neurons control temperature-dependent small RNA-

mediated gene silencing

(A) Representative images of worms containing the bnis1 transgene, grown in either

high (25°C) or low (20°C) temperatures.

(B, C) The archetypal dynamics of transgene silencing and de-silencing upon transition

between temperatures.

(D) Hyperpolarization of the AFD neurons suppresses transgene silencing upon

transition to a low temperature.

(E) Knocking out AFD-specific guanylyl cyclases gcy-8/18/23 inhibits transgene silencing

upon transition to a low temperature.

Graphs B-E indicate the percentages of worms positive for GFP expression (Y-axis) in
each generation (X-axis) and experimental condition (mean £ SEM). (*) indicates g < 0.05, (**)

indicates g < 0.01, (***) indicates q < 0.001, and (****) indicates q < 0.0001 (see Methods).
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Figure 2: A thermosensory circuit and HSF-1 regulates temperature-dependent

transgenerational gene silencing

(A) A scheme of the AFD thermosensory circuit and its downstream components. Based
on previous studies *>*>>7°%78,

(B) — (D) Knockout of components in the AFD thermosensory circuit inhibits transgene
silencing upon transition to a low temperature.

(E) Knocking out hsf-1 inhibits transgene silencing upon transition to a low temperature.

(F) = () Knocking out of components in the AFD thermosensory circuit, with the

exception of cmk-1 (G), does not abolish the archetypal transgene de-silencing upon

transition to a high temperature.

Graphs B-I indicate the percentages of worms positive for GFP expression (Y-axis) in each
generation (X-axis) and experimental condition (mean = SEM). (*) indicates q < 0.05, (**)

indicates g < 0.01, (***) indicates q < 0.001, and (****) indicates q < 0.0001 (see Methods).
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Figure 3: Identifying groups of endogenous small RNAs that accumulate transgenerationally in

a sensation-dependent manner

(A) GFP expression data in wild-type worms and AFD triple mutants selected for small
RNA sequencing (see Methods for the unbiased selection strategy). The graphs
indicate the percentages of worms positive for GFP expression for each generation
and experimental condition (mean £ SEM).

(B) Anti-gfp small RNAs accumulate transgenerationally in low temperatures in a
sensation-dependent manner. Shown are Relative Log Expression-normalized anti-
gfp small RNA levels (mean + SEM). Each dot represents a biological replicate.

(C) Two groups of siRNAs exhibit different dynamics of transgenerational accumulation
in AFD triple mutants and wild type upon transition from 25°C to 20°C. log,(FC) was
calculated on normalized read counts that were averaged over biological replicates.

(D) Rate of endogenous small RNA accumulation is lower in AFD triple mutants
compared to wild type. Shown are the standardized expression levels of the genes in
each group over generations and conditions. Each line represents the standardized
expression of a single siRNA, after being normalized and averaged over biological
replicates. Bold lines represent the mean of all genes in that group. Left and right
panels correspond to the left and right panels of (C) respectively.

(E) Fold enrichment and depletion for small RNAs (from C & D) based on their
association with specific WAGOs. Left and right panels correspond to the left and

right panels of (C) and (D) respectively.
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(*) indicates g < 0.05, (**) indicates q < 0.01, (***) indicates q < 0.001, and (****)

indicates g < 0.0001 (see Methods).
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Figure 4: Temperature perception regulates endogenous small RNA pathways

(A) Experimental scheme. We sequenced mRNA and small RNAs from wild-type and
cmk-1 mutant worms across generations and temperatures. We grew worms at 20°C
for multiple generations and then transferred them to 25°C for three generations.
We established independent lineages from PO, tracking GFP expression throughout.
We sequenced worms at PO (20°C) and F3 (after three generations at 25°C). For F3
cmk-1 mutants, we selected "expressing" (highest GFP expression) and "silencing"
(lowest GFP expression) lineages, based on their F2 phenotypes. This allows
comparison of differential responses to temperature change.

(B) Anti-gfp small RNA levels are downregulated upon transition to 25°C in a perception-
dependent manner. Shown are log(normalized read counts) of the small RNAs that
target (antisense) the bnis1 transgene (Y-axis) against coordinates along the bnis1
transgene (X-axis) in wild-type worms and cmk-1 mutants (expressing/silencing
lineages) before (left) and after (right) transition to 25°C. Reads were normalized
using the Relative Log Expression method.

(C) Anti-gfp small RNAs are downregulated upon transition to 25°C in a perception-
dependent manner. Shown are Relative Log Expression-normalized read counts of
the small RNAs that target the bnisl transgene (antisense) under the different
experimental conditions (mean £ SEM).

(D) Growing at 25°C and mutation in cmk-1 downregulates small RNAs targeting protein-

coding genes. Shown are the percentage of the total small RNA pool alighed to


https://doi.org/10.1101/2024.12.02.626416
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.12.02.626416; this version posted December 5, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

different types of genomic features (mean = SEM). Each dot depicts a biological
replicate.

(E) piRNAs are downregulated at 25°C in wild-type worms but are upregulated at high
temperatures in cmk-1(oy21) mutants. Shown are the log,(FC) values (mean t SEM)
of individual piRNAs in comparison to wild-type worms at 20°C.

(F) Growth at 25°C induces changes in small RNA pools in both a sensation-dependent
and -independent manner. Shown are Venn diagrams of the siRNAs significantly up-
or down-regulated in 25°C in wild-type worms only (green), cmk-1(oy21) mutants
only (grey), or both (yellow).

(G) Sensation-dependent changes in siRNAs following temperature transition are
enriched for specific Argonaute targets. Shown are fold enrichment and depletion
values for downregulated (bottom) or upregulated siRNAs (top), and siRNAs that
change in a sensation-dependent (right half) or -independent manner (left half).

Roman numerals (I-IV) correspond to (F).

(*) indicates q < 0.05, (**) indicates g < 0.01, (***) indicates q < 0.001, and (****)

indicates g < 0.0001 (see Methods).
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Figure 5: The perception of low temperatures promotes the expression of small RNA

machinery

(A) The expression of small RNA factors is increased in worms grown in 20°C (Y-axis)
compared to worms grown in 25°C (X-axis). Shown are the averaged expression
values (logi010 of Relative Log Expression-normalized read counts) of genes. Each dot
represents a protein-coding gene. Orange dots represent epigenetic-related genes.
Dotted line represents the diagonal (where expression values equal between the
two conditions).

(B) The expression of small RNA factors is increased in wild-type worms (Y-axis)
compared to cmk-1(oy21) mutants (X-axis).

(C) The expression of small RNA factors is reduced following AFD ablation. Shown is a
Venn diagram depicting the sets of (1) genes downregulated following AFD ablation
% (2) genes downregulated in cmk-1(oy21) mutants, (3) epigenetic genes. See
Methods for details about differential expression analysis.

(D) The expression of small RNA factors is decreased upon germline-specific degradation
of HSF-1. Shown are the Relative Log Expression-normalized expression levels
(geometric mean £ GSEM) of two germline-specific Argonaute genes (hrde-1 and

wago-1) and two ubiquitous Argonautes (ergo-1 and nrde-3). Each dot corresponds

to a single biological replicate.
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Figure 6: Predicting transgenerational small RNA-mediated gene silencing based on

temperature perception

(A) The scheme and added assumptions of the expanded mathematical model
describing the impacts of temperature perception on transgenerational small RNA
inheritance. The basic model was previously described 2,

(B) The simulated dynamics of transgene silencing after transition from high to low
temperatures, in wild-type worms (green) and temperature perception mutants
(grey). Simulates the experiments presented in Figure 2B-D.

(C) The simulated dynamics of transgene de-silencing after transition from low to high
temperatures in wild-type worms (green) and temperature perception mutants
(grey). Simulates the experiments presented in Figure 2F, H, I.

(D) The simulated dynamics of transgene de-silencing after transition from low to high
temperatures in wild-type worms (green) and cmk-1(oy21) mutants (grey). Simulates

the experiment presented in Figure 2G.

The graphs indicate the mean percentages of worms positive for GFP expression for

each generation and experimental condition (number of simulations = 1000).
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Figure 7: Modified temperature perception, even in the absence of temperature change,

repressed heritable small RNA responses

(A) The simulated dynamics of RNAi inheritance in wild-type worms (green) and
temperature perception mutants (grey).

(B) Defective temperature perception, on its own, is sufficient to dampen
transgenerational inheritance of RNAI responses initiated by exogenous dsRNA. The
graph indicates the percentages of wild-type and cmk-1(oy21) worms positive for
mex-5::GFP expression for each generation following initial RNAi treatment (mean *
SEM). (*) indicates g < 0.05, (**) indicates q < 0.01, (***) indicates q < 0.001, and
(****) indicates q < 0.0001 (see Methods).

(C) A model summarizing our findings that temperature perception drives
transgenerational small RNA inheritance. AFD-mediated temperature perception
induces a cell-nonautonomous signaling cascade composed of GCY-8/18/23, CMK-1,
FLP-6, and serotonin (5-HT) signaling. This cascade may modify the activity of the
transcription factor HSF-1, which regulates the expression of small RNA machinery in

the germline, facilitating changes in transgenerational small RNA inheritance.
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Supplementary Figure 1: HRDE-1-dependent heritable small RNAs mediate Temperature-

dependent silencing of GFP transgene

hrde-1(tm1200) mutants de-silence the bnls1 transgene even when grown at 20°C.
The graph indicates the percentages of worms positive for GFP expression for each
experimental condition (mean = SEM). Each dot represents a biological replicate of the

experiment that consists of at least 30 worms (see Methods).
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Supplementary Figure 2: AFD-ablated worms exhibit delayed transgene silencing when

transitioning from high to low temperature.

Worms carrying transgene expressing caspase in the AFD neurons exhibit delayed
transgene silencing in the germline. The graph indicates the percentages of worms positive for
GFP expression for each generation and experimental condition (mean £ SEM). (*) indicates q <

0.05, (**) indicates q < 0.01.
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Supplementary Figure 3: HisCll-mediated hyperpolarization abolishes temperature-

dependent transgene silencing in an AFD-specific manner

(A) Histamine exposure reversibly hyperpolarizes HisCl1l-expressing AFD neurons.
Activity of the AFD sensory neurons was quantified by GCaMP6s fluorescence
intensity in a microfluidic device controlling histamine exposure. Wild-type (n=14)
and AFD:HisCI1 (n=14) worms were loaded into chips and exposed to 1mM HA for
two periods of 20 seconds (20-40 seconds and 60-80 seconds, see yellow bars).
Shown are the fluorescence intensity values over time, normalized to the initial
fluorescence.

(B) Hyperpolarization of the AFD neurons suppresses transgene silencing upon
transition to a low temperature, with the response lasting for at least 7 generations.

(C) Expression of HisCl1 and hyperpolarization of the ASK sensory neurons do not affect

temperature-dependent transgene silencing.

The graphs in B-C indicate the percentages of worms positive for GFP expression for
each generation and experimental condition (mean = SEM). (*) indicates g < 0.05, (**) indicates

g <0.01, (***) indicates q < 0.001, and (****) indicates q < 0.0001 (see Methods).
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Supplementary Figure 4: Single-copy expression of AFD:HisCl1 is not sufficient to abolish

temperature-dependent transgene silencing

Single-copy expression of the histamine-gated chlorine channel HisCI1 under the gcy-8
promoter does not suppress transgene silencing upon transition to a low temperature. The
graph indicates the percentages of worms positive for GFP expression for each generation and
experimental condition (mean + SEM). (*) indicates g < 0.05, (**) indicates q < 0.01, (***)

indicates g < 0.001, and (****) indicates q < 0.0001 (see Methods).
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Supplementary Figure 5: AFD:HisCl1 +HA treatment has a dose-response effect

(A) Experimental scheme. AFD:HisCI1 and control worms were transitioned from a high
to a low temperature. After each generation in the low temperature, some worms
from the AFD:HisCI1+HA group were transitioned to plates no longer containing
histamine, and were then tracked for more generations in those conditions. This led
to the creation of five experimental groups, that were exposed to histamine for
5/4/3/2/1 generations in total.

(B) Histamine treatment of AFD:HisCl1 worms suppresses temperature-dependent
silencing, even when the histamine treatment is stopped for 1-3 generations. The
graph indicates the percentages of worms positive for GFP expression for each
generation and experimental condition (mean £ SEM). (*) indicates q < 0.05, (**)
indicates q < 0.01, (***) indicates q < 0.001, and (****) indicates q < 0.0001 (see

Methods).
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Supplementary Figure 6: AFD:HisCl1-induced changes in small RNA-mediated silencing last for

at least 3 generations in the absence of AFD:HisCl1

(A) Experimental scheme. AFD:HisCl1 and control worms were transitioned from a high
to a low temperature. After 4 generations in the low temperature, some worms
from the AFD:HisCl1 group were selected to lose the extrachromosomal AFD:HisCI1
construct and were then tracked for three more generations in a low temperature.

(B) Worms whose ancestors expressed AFD:HisCl1 maintain GFP expression for at least
3 generations after losing the AFD:HisCl1 construct. The graph indicates the
percentages of worms positive for GFP expression for each generation and
experimental condition (mean £ SEM). (*) indicates q < 0.05, (**) indicates q < 0.01,

(***) indicates q < 0.001, and (****) indicates q < 0.0001 (see Methods).
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Supplementary Figure 7: A thermosensory circuit regulates temperature-dependent

transgenerational silencing cell-nonautonomously through HSF-1 (individual trajectories)

(A) — (D) Knocking out components in the AFD thermosensory circuit inhibits transgene
silencing upon transition to a low temperature.

(E) Knocking out hsf-1 inhibits transgene silencing upon transition to a low temperature.

(F) — (1) Knocking out components in the AFD thermosensory circuit, with the exception of
cmk-1 (G), does not abolish the archetypal transgene de-silencing upon transition to a
high temperature. We detected no effects except differences in baseline silencing levels

at 20°C (i.e. no difference in the slope of their de-silencing response).

The graphs indicate the percentages of worms positive for GFP expression for each
generation and experimental condition. Each line represents a replicate of the experiment,

consisting of at least 30 worms per generation (see Methods).
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Supplementary Figure 8: The long-term effects of the AFD thermosensory circuit on small

RNA silencing

(A) The CaM Kinase gene cmk-1 is expressed chiefly in the AFD neurons. Data is taken
from the CeNGEN Project ’°. Shown is a scatter plot comparing the average TPM of
cmk-1 in various neuron classes (Y-axis) to the percentage of cells of various neuron
classes with detectable expression of cmk-1 (X-axis). Each dot represents a neuron
class, with the orange dot representing the AFD neuron class.

(B) — (C) Knocking out the neuropeptide gene flp-6 and the tryptophan hydroxylase
gene tph-1 inhibits temperature-dependent small RNA-mediated gene silencing for
at least 10 generations following transition from high to low temperature. The
graphs indicate the percentages of worms positive for GFP expression for each
experimental condition (mean t SEM). Each dot represents a replicate of the

experiment that consists of at least 30 worms (see Methods).
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Supplementary Figure 9: The serotonin receptor SER-1 is not involved in temperature-

dependent transgene silencing

ser-1(ok345) mutants exhibit a typical silencing response upon transition from high to
low temperature. The graph indicates the percentages of worms positive for GFP expression for
each generation and experimental condition (mean = SEM). (*) indicates g < 0.05, (**) indicates

g <0.01, (***) indicates q < 0.001, and (****) indicates q < 0.0001 (see Methods).
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Supplementary Figure 10: Mutants of the CaM Kinase gene cmk-1 exhibit a high-variance de-

silencing response in high temperatures

When transitioned to high temperatures, cmk-1(oy21) mutants exhibit a high-variance
de-silencing response, with some lineages completely de-silencing the GFP transgene, while
others maintain complete silencing. Out of 27 replicates, we picked the three most extreme

samples in each direction for RNA sequencing (see Methods for full experimental protocol).

The graph indicates the percentages of worms positive for GFP expression for each
generation and experimental condition (mean £ SEM). Each dot represents a replicate (lineage)

of the experiment that consists of at least 30 worms (see Methods).
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Supplementary Figure 11: Modified temperature perception, even in the absence of

temperature change, repressed heritable small RNA responses (individual trajectories)

(A) The basal expression level of the mjis134[mex-5p::gfp::h2b::tbb-2] 1l transgene does
not differ between wild-type worms and cmk-1(oy21) mutants. The graph indicates
the Corrected Total Cell Fluorescence (CTCF) of each worm, relative to the average
of wild-type worms (mean + SEM). Each dot represents the average of three
measurements of an individual worm (see Methods).

(B) Defective temperature perception, on its own, is sufficient to dampen
transgenerational inheritance of RNAi responses. The graph indicates the
percentages of worms positive for GFP expression for each generation and
experimental condition. Each line represents a replicate of the experiment,

consisting of at least 30 worms per generation (see Methods).
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