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Abstract
Double stranded RNA (dsRNA) introduced into C. elegans can move throughout the worm to
initiate RNAi-mediated silencing in recipient cells. DsRNA movement, both within a worm and
between generations, requires the conserved dsRNA-transporting protein SID-1. I have found
that a transgenic multi-copy array of the sid-1 upstream intergenic region (promoter and 5' UTR)
silences sid-1 and upstream genes in the germline and soma. This is surprising for two reasons.
First, arrays containing multiple copies of promoters have never been shown to stably silence
endogenous genes. Second, heritable epigenetic gene silencing has not previously been
described in the soma in C. elegans. Once silenced, the sid-1 locus can remain silenced for up
to 13 generations in the absence of the array. Reminiscent of paramutation, a silenced sid1 locus can silence a naive locus introduced by mating in the germline. Surprisingly,
transmission of silencing does not require transmission of chromatin. Instead, small interfering
RNAs (siRNAs) mediate sid-1 silencing in the germline; worms containing the sid-1 promoter
array have a three-fold increase in small RNAs targeting the sid-1 locus. This increase is
maintained even in the absence of the array indicating that these small RNAs are likely the
transgenerational signal that epigenetically silences sid-1 in the germline. Genetic analysis
reveals that efficient initiation of sid-1 silencing partially requires the piRNA-stabilizing
Argonaute PRG-1 and that maintenance of sid-1 silencing requires HRDE-1, an Argonaute that
stabilizes secondary siRNAs in the germline nuclear RNAi pathway. Further, I identify the
specific endogenous piRNA that is required for efficient initiation of silencing. While the germline
nuclear RNAi pathway is required for promoter-mediated sid-1 silencing in the germline, the
somatic nuclear RNAi pathway is not required for sid-1 silencing in the soma. Instead, I find that
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multi-generational somatic silencing of sid-1 specifically requires several chromatin modifying
enzymes, leading to the intriguing possibility that the mechanisms of transgenerational silencing
in the soma and germline are distinct.
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Chapter 1: Introduction

i. RNA interference in C. elegans
Discovery of RNA interference
The first observation of RNA interference (RNAi) was reported over two decades ago,
although the significance of this observation was not fully understood at the time (Guo and
Kemphues, 1995). In this study, the authors attempt to disrupt par-1 function by injecting the
corresponding antisense RNA into the germline. They hypothesize that the antisense RNA
molecule will bind to par-1 mRNA and inhibit translation (“antisense inhibition”). Injection of this
antisense RNA resulted in the expected embryonic lethality phenotype in 50% of progeny.
However, injection of the sense par-1 RNA also resulted in par-1 phenotypes, indicating that
antisense inhibition cannot be the mechanism of action (Guo and Kemphues, 1995). Next,
antisense transcripts against genes required for endoderm specification were used to disrupt
gene function (Rocheleau et al., 1997). Because it was now known that sense RNA also
produces the expected effect, the authors no longer call this knockdown antisense inhibition, but
instead refer to it as RNA interference (RNAi), the mechanism of which was still unclear at this
time.
It was subsequently shown that it is not the activity of the sense or antisense RNA that
results in knockout phenotypes. Instead, double stranded RNA (dsRNA) efficiently degrades
homologous RNA transcripts in C. elegans (Fire et al., 1998). The experiments that disrupt par1 and endoderm specification genes described above produced the expected phenotypes
because the single stranded RNA products contained small amounts of dsRNA. dsRNA
injection for most tested genes produced the expected knockdown phenotype in C. elegans,
indicating that RNAi is not limited to certain genes (Fire et al., 1998; Kamath and Ahringer,
2003; Parrish et al., 2000). dsRNA-mediated silencing is incredibly potent; although each
muscle cell contains several thousand unc-22 transcripts, it is estimated that just two unc-22
dsRNA molecules per cell are sufficient to knock down these transcripts (Fire et al., 1998). As
dsRNA length increases, efficiency of silencing increases, but dsRNAs as short as 26 base
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pairs can silence unc-22 in a fraction of treated worms (Parrish et al., 2000). Homology is crucial
for silencing; silencing ability decreases significantly for dsRNA with 88% identity to the gene
being silenced, and dsRNA with 78% identity is unable to induce any silencing (Parrish et al.,
2000).
dsRNA-mediated silencing could occur prior to transcription by altering DNA sequence
or inhibiting transcription or post-transcriptionally by degrading either pre-mRNA or mRNA.
Several observations suggest that RNAi acts on the mature RNA transcript. First, RNAi does not
alter the DNA sequence of the targeted gene (Montgomery et al., 1998). Second, injection of
dsRNA homologous to promoter regions and introns does not produce gene knockdown
phenotypes; only dsRNA targeting mRNA sequences can eliminate the homologous transcript
and silence genes (Fire et al., 1998). Third, it is not possible to knock down two genes in an
operon by targeting just one of those genes with dsRNA. Genes in an operon are transcribed as
a single RNA, trans-spliced in the nucleus, and transported to the cytoplasm as two separate
molecules. This suggests that silencing occurs post-transcriptionally rather than by preventing
transcription or by acting on the pre-mRNA (Montgomery et al., 1998). Fourth, careful
observation of a dsRNA-targeted gfp transgene that accumulates in the nucleus and cytoplasm
showed that dsRNA injection fully eliminates cytoplasmic transcripts and only partially
eliminates transcripts that accumulate in the nucleus. This suggests that RNAi acts primarily on
cytoplasmic mRNA (Montgomery et al., 1998). However, there may be a smaller nuclear
component to the silencing.
The mechanism of RNA interference in C. elegans seems to be highly conserved. Plants
are resistant to injection of dsRNA producing viruses, as they are able to degrade this dsRNA
(Waterhouse and Graham, 1998). It is thought that a similar mechanism is responsible for cosuppression in plants, in which multi-copy transgenes that can produce dsRNAs result in
silencing of the endogenous homologous sequence by post-transcriptional gene silencing
(PTGS) (Palauqui et al., 1997; Ratcliff et al., 1997). dsRNA-mediated silencing has also been
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described in many animals, including Drosophila and planaria (Kennerdell and Carthew, 1998;
Misquitta and Paterson, 1999; Sánchez Alvarado and Newmark, 1999). In addition, dsRNAs can
induce gene silencing in mammals if the interferon response is inactivated (Svoboda et al.,
2000; Wianny and Zernicka-Goetz, 2000; Yang et al., 2001).
Remarkably, in C. elegans dsRNA does not need to be injected into the germline to
produce an effect in the F1 progeny. Injection of dsRNA anywhere in the body is sufficient to
silence transcripts in the progeny (Fire et al., 1998). Furthermore, injection of dsRNA into
somatic cells can induce a silencing phenotype within the injected worm. Thus, dsRNA or a
downstream product is mobile between cells (Fire et al., 1998).

Delivery of dsRNA into C. elegans
The remarkable ability of localized dsRNA introduction to initiate silencing throughout
the body in C. elegans (Fire et al., 1998) allows dsRNA to be introduced into C. elegans via
several simple methods. Initial studies of RNAi were performed by injecting dsRNA into the
worm (Fire et al., 1998). dsRNA expressed from an exogenously introduced transgene can also
initiate RNAi throughout the body of the worm (Knight and Bass, 2001; Winston et al., 2002).
Additionally, ingesting dsRNA by feeding on bacteria expressing dsRNA can induce efficient
RNAi in C. elegans (Timmons and Fire, 1998). Simply soaking worms in a dsRNA solution that
they ingest can also induce RNAi (Maeda et al., 2001). With all of these methods, efficiency of
RNAi is highly dependent on concentration of delivered dsRNA. Direct injection of dsRNA into
the body produces the most potent response.

Processing of dsRNA into small interfering RNAs (siRNAs)
The initial observation that relatively few dsRNA molecules can produce potent silencing
in several hundred progeny of an injected worm suggested that the silencing molecule may be
amplified or may act multiple times in a catalytic reaction (Fire et al., 1998). Several initial
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observations indicated that dsRNA-mediated silencing could involve processing of the dsRNA
molecule into smaller RNAs, called small interfering RNAs (siRNAs). In plants, posttranscriptional endogenous gene silencing initiated by a transgene results in 25 nucleotide
molecules antisense to the endogenous target (Hamilton and Baulcombe, 1999). In Drosophila
S2 cells, silencing of either lacZ or and endogenous target results in small RNAs of about 25
nucleotides (Hammond et al., 2000). Another in vitro study in Drosophila refined the length to
21-23 nucleotides, showed that both sense and antisense small RNAs are produced, and finally
found that the presence of a homologous mRNA target is not required for the production of
these small RNAs (Zamore et al., 2000). Similar short RNAs are also observed in C. elegans
undergoing RNAi; radioactively labeled dsRNA injected into a worm produces two products; one
product represents the originally injected long dsRNA, but a second product is a short RNA that
is less than 26 base pairs in length (Parrish et al., 2000).
Next, the sequence of these small RNAs revealed that not only are small RNAs
corresponding to the injected dsRNA produced, but antisense small RNAs are also made
against sequences of the mRNA target that do not correspond to injected dsRNA (Sijen et al.,
2001). It was thus concluded that there are two pools of siRNAs; primary siRNAs are produced
directly by cleavage of the dsRNA, while secondary siRNAs are highly amplified and produced
by a distinct mechanism. Secondary siRNAs that correspond to a dsRNA-targeted transcript but
are outside the region targeted by the dsRNA can be produced in a process called transitive
RNAi (Sijen et al., 2001). To determine whether secondary siRNAs produced by transitive RNAi
can target homologous sequences for degradation, dsRNA targeting lacZ was introduced into C.
elegans with two transgenes: NLS::gfp::lacZ, which encodes a GFP localized to the nucleus,
and a Mito::gfp transgene that results in mitochondrial GFP. This dsRNA silenced both the
nuclear and mitochondrial gfp, indicating that secondary siRNAs produced outside of the dsRNA
targeted region can promote efficient silencing (Sijen et al., 2001). A similar experiment with a
gfp fused to an endogenous gene showed that transitive RNAi can also silence endogenous
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transcripts. Efficiency of transitive RNAi decreases as distance between the dsRNA-targeted
sequence and the secondary target to be silenced increases (Sijen et al., 2001). These
secondary siRNAs contribute to the impressive efficiency of RNAi in C. elegans.
Elucidation of the biochemical properties of siRNAs in worms undergoing RNAi revealed
that secondary siRNAs are newly synthesized antisense to the mRNA being targeted rather
than the product of degradation of amplified dsRNA molecules (Pak and Fire, 2007; Sijen et al.,
2007). The authors make the crucial realization that 22 nucleotide long secondary siRNAs have
a 5’ triphosphate (Pak and Fire, 2007; Sijen et al., 2007). First, this property indicates that
siRNAs are individually transcribed and argues against the model that secondary siRNAs are
the product of newly synthesized and processed dsRNA (Pak and Fire, 2007; Sijen et al., 2007).
Identification of rare siRNAs aligning antisense to an exon-exon junction suggests that mRNA
acts as the template for antisense secondary siRNA synthesis before it is degraded (Pak and
Fire, 2007). Second, this realization is also critical for sequencing of secondary siRNAs, as this
5’ triphosphate must be removed for efficient adapter ligation prior to sequencing (Pak and Fire,
2007; Ruby et al., 2006). Sequencing of all secondary siRNAs, irrespective of the 5’ end greatly
increases the number of siRNAs that can be sequenced. Although initiation of silencing via
expression of a single primary siRNA produces secondary siRNAs synthesized only 5’ of the
trigger (Sijen et al., 2007), other studies argue that although secondary siRNAs made via
transitive RNAi are enriched 5’ of the trigger, siRNAs 3’ of the trigger can also be made (Pak
and Fire, 2007; Sapetschnig et al., 2015).

Genetic requirements for cell autonomous RNAi
Forward genetic studies and subsequent biochemical experiments designed to identify
the molecular basis for dsRNA-mediated silencing led to a multi-step model for RNAi. First
dsRNA must be processed into primary siRNAs. Second, these primary siRNAs must be
stabilized to direct the production of secondary siRNAs. Third, these secondary siRNAs must
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also be stabilized and must promote post-transcriptional silencing of the targeted mRNA or
inhibit transcription. Factors required for these steps are described below.
The enzyme that processes dsRNA into shorter fragments was first identified in
Drosophila lysates (Bernstein et al., 2001). Drosophila Dicer, a nuclease that belongs to the
RNase III family, can produce 22 nucleotide small RNAs when incubated with dsRNA. This
cleavage is energy-dependent, as efficiency decreases six-fold when ATP is depleted
(Bernstein et al., 2001). Dicer is not only sufficient to degrade dsRNA, but is required for
dsRNA-mediated silencing in S2 cells (Bernstein et al., 2001). Dicer is highly conserved and the
C. elegans Dicer homolog, dcr-1, is also required for RNAi (Knight and Bass, 2001). Like the
Drosophila protein, DCR-1 has several functional domains - an RNA helicase domain, two
RNase III-like domains and a dsRNA binding domain - that are consistent with its role in dsRNA
processing. dcr-1 mutants are sterile, indicating a role for this enzyme in germline maintenance
but precluding study of its function in germline RNAi (Knight and Bass, 2001). Although the role
of DCR-1 in the soma is complicated, DCR-1 is required for somatic RNAi in some cases; when
dsRNA targeting somatic genes is delivered via injection, silencing can occur in the absence of
DCR-1. However, delivery of dsRNA from a transgene requires DCR-1 function (Knight and
Bass, 2001).
A forward genetic screen for RNA interference deficient (rde) worms identified several
factors required for RNAi, including RDE-1 and RDE-4 (Tabara et al., 1999). RDE-4 has two
dsRNA binding domains, interacts with dsRNA both in vitro and in vivo in worms fed dsRNA,
and is required for RNAi although this requirement can be overcome by high levels of dsRNA
(Habig et al., 2008; Tabara et al., 2002). RDE-4 interacts directly with DCR-1 in complex with
dsRNA, but does not interact with downstream siRNAs or the target mRNA (Tabara et al.,
2002). RDE-1 is one of 27 Argonaute family proteins in C. elegans (Yigit et al., 2006). It does
not bind dsRNA, although it may be required for dsRNA accumulation in response to feeding
RNAi (Tabara et al., 2002). Instead, RDE-1 binds the short dsRNA intermediate produced by
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DCR-1 cleavage and processes it into a single stranded siRNA capable of downstream
silencing (Parrish and Fire, 2001; Steiner et al., 2009). rde-1 mutants are resistant to all dsRNA
independent of delivery method and a cell lacking rde-1 function cannot silence a targeted
transcript even when the dsRNA is injected into that cell, indicating that RDE-1 acts cell
autonomously in RNAi (Tabara et al., 1999). Somewhat surprisingly, siRNAs are produced and
stable even in the absence of RDE-1 (but not RDE-4) (Parrish and Fire, 2001). However, they
persist in complex with DCR-1 and cannot produce a silencing effect in the absence of RDE-1
(Sijen et al., 2007). Genetic analysis reveals that when dsRNA is injected into the maternal
germline, RDE-1 and RDE-4 function in the maternal germline is sufficient to produce silencing
in the progeny. rde-1 and rde-4 mutant progeny from heterozygous moms are competent for
silencing (Grishok et al., 2000).
Once the primary siRNA is produced from processed dsRNA, it directs the production of
secondary siRNAs. RDE-1 does not interact with secondary siRNAs (Yigit et al., 2006). C.
elegans has 26 other Argonaute proteins, some of which interact with secondary siRNAs
produced by dsRNA-mediated RNAi (Yigit et al., 2006). Full RNAi resistance requires loss of
multiple Argonaute proteins, and loss of single Argonautes produces various degrees of
resistance indicating that Argonaute proteins are partially redundant in RNAi (Yigit et al., 2006).
Two RNA dependent RNA polymerases (RdRPs) transcribe secondary siRNAs. The
RdRP RRF-1 is required for RNAi in some, but not all somatic tissues (Kumsta and Hansen,
2012; Sijen et al., 2001). Direct visualization of siRNAs reveals that secondary siRNAs are not
produced in rrf-1 mutants exposed to dsRNA targeting a somatic gene (Sijen et al., 2001).
However, RRF-1 is not required for RNAi targeting germline genes (Sijen et al., 2001). This is
because another RdRP, EGO-1, functions in the germline (Smardon et al., 2000). While rrf-1
mutant worms are viable and have no obvious deleterious phenotypes, ego-1 mutants are
sterile (Sijen et al., 2001; Smardon et al., 2000). Downstream of siRNA transcription by RdRPs,
secondary siRNAs also depend on several Mutators (mut) genes that are also required for
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transposon inhibition in the germline (Chen et al., 2005; Grishok et al., 2000; Ketting et al.,
1999; Kim, 2005; Tabara et al., 2002; Tijsterman et al., 2002; Tops et al., 2005; Zhang et al.,
2011).
The final crucial step of RNAi is the degradation of the targeted RNA. While Argonautes
in other species can cleave RNA targets, Argonaute-directed cleavage of RNA does not seem
to contribute to C. elegans RNAi. dsRNA-mediated silencing can proceed even when the
conserved domains predicted to be required for cleavage activity are mutated in the C. elegans
RDE-1 (Pak and Fire, 2007; Steiner et al., 2009). Furthermore, Argonautes that bind secondary
siRNAs do not contain regions that would be predicted to cleave RNA (Yigit et al., 2006).
Although the question of how siRNAs direct post-transcriptional degradation of mRNA in C.
elegans remains largely mysterious, the identification of an endoribonuclease that functions in
RNAi provides a mechanism by which silencing may occur. When recruited by RDE-1, the
endoribonuclease RDE-8 can direct mRNA cleavage in addition to secondary siRNA synthesis
(Tsai et al., 2015).

Nuclear RNAi
Although the studies described above suggest that RNAi-mediated silencing is posttranscriptional, a screen for RNAi resistance in a sensitized background revealed that
transcriptional silencing via nuclear Argonaute proteins can also contribute to exogenous RNAi
(Guang et al., 2008). Specifically, worms that exhibit enhanced RNAi sensitivity due to the lack
of an endogenous silencing pathway (eri-1 mutants, described further below) were mutagenized
and fed dsRNA targeting one gene of an operon that results in lethality only if a downstream
gene in that operon is silenced. Because these two genes exist in a single transcript only in the
nucleus, the authors reasoned that worms resistant to this dsRNA may be defective in either
transcriptional silencing or post-transcriptional silencing in the nucleus (Guang et al., 2008).
Resistant worms were identified as suppressors of nuclear RNAi. One of these suppressors
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mapped to the Argonaute protein Nuclear RNA interference Defective-3 (NRDE-3) (Guang et
al., 2008).
NRDE-3 is a somatically expressed protein that moves into the nucleus only when
bound by secondary siRNAs (Guang et al., 2008). This siRNA/Argonaute complex physically
associates with a homologous pre-mRNA, and inhibits transcription in several ways. First,
nuclear RNAi is associated with RNA Polymerase II pausing at the targeted gene (Guang et al.,
2008; 2010). Second, introduction of dsRNA targeting a gene results in nuclear RNAidependent histone H3K9 methylation at the targeted locus (Burkhart et al., 2011; Gu et al.,
2012a; Guang et al., 2010). NRDE-3-directed transcriptional silencing relies on several
downstream proteins that are always localized in the nucleus. In addition to NRDE-3, RNA
polymerase II inhibition in response to dsRNA requires the conserved nuclear localized protein
NRDE-2 (Guang et al., 2008; 2010). The nuclear proteins NRDE-4 and NRDE-1 are also
required for histone H3K9 methylation in nuclear RNAi. NRDE-4 is required for NRDE-1mediated physical interaction between siRNAs, pre-mRNA and chromatin (Burkhart et al.,
2011). Nuclear RNAi-mediated silencing results in an increase in H3K9 methylation in the
progeny of worms undergoing RNAi rather than the immediate generation exposed to RNAi,
indicating that nuclear RNAi may contribute to heritable transmission of silencing information
(Burton et al., 2011).
The initial report of RNA interference showed that exposure to dsRNA leads to silencing
in the progeny (Fire et al., 1998). A screen for factors required specifically to inherit the silencing
signal identified a germline Argonaute that is required for this heritable transmission of silencing
called Heritable RNA interference Defective-1 (HRDE-1) (Ashe et al., 2012; Buckley et al.,
2012). HRDE-1 is molecularly and functionally similar to NRDE-3, but it functions exclusively in
the germline (Buckley et al., 2012). Like NRDE-3, HRDE-1 co-precipitates with secondary
siRNAs antisense to the gene targeted by dsRNA and silencing is associated with a HRDE-1-
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dependent increase in histone H3K9me3. Furthermore, HRDE-1-mediated silencing also relies
on the downstream nuclear RNAi factors NRDE-1, NRDE-2 and NRDE-4 (Buckley et al., 2012).
Although the nuclear Argonaute proteins are not conserved, nuclear RNAi is a broadly
used mechanism of gene silencing. The ability of small RNAs to act with chromatin modifying
factors in the nucleus to inhibit transcription was first demonstrated in S. pombe
heterochromatin establishment (Iida et al., 2008; Volpe et al., 2002). There is also surprising
evidence that nuclear RNAi Argonautes can also contribute to silencing post-transcriptionally.
Nuclear RNAi in both the soma and germline can also promote the production of small RNAs
that silence genes in trans without an absolute requirement for chromatin structure modification
(Sapetschnig et al., 2015; Zhuang et al., 2013).

ii. Systemic transport of dsRNA in C. elegans
The transmembrane protein SID-1 is required for dsRNA import into cells
RNAi in C. elegans is systemic; dsRNA injected anywhere in the worm can initiate
silencing throughout the body of the worm and in its progeny, indicating that dsRNA or
downstream silencing signals can be transmitted between cells (Fire et al., 1998). All genetics
components for RNAi described above are cell autonomous components, and therefore function
downstream of silencing signal transport. To identify genes required for the transport of
silencing signals across cell boundaries, the Hunter lab constructed a worm strain that can
distinguish between a defect in cell autonomous and systemic RNAi (Winston et al., 2002). In
this strain, worms express gfp in the muscle (myo-3::gfp) and pharynx (myo-2::gfp) and also
express a gfp hairpin in the pharynx that will result in gfp dsRNA when transcribed (myo-2::gfp
dsRNA). This strain should silence gfp in both the pharynx (requires only cell autonomous
RNAi) and the body wall muscle (requires cell autonomous and systemic RNAi). Worms that
lack cell autonomous RNAi function will express gfp in both tissues. Worms that lack systemic
RNAi will still silence gfp in the pharynx, but express gfp in the body wall muscles, because the
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dsRNA or downstream silencing signal is unable to travel from the pharynx. A forward genetic
screen in this strain for worms exhibiting specifically systemic RNAi defects identified five genes
required for systemic RNAi. The most abundantly represented complementation group identified
in this screen mapped to sid-1 (Systemic RNA interference Defective-1) (Winston et al., 2002).
SID-1 encodes a highly conserved transmembrane protein with 11 predicted
transmembrane domains (Feinberg and Hunter, 2003; Winston et al., 2002). Transcriptional
(Psid-1::gfp::unc-54 3’ UTR) and translational (Psid-1::sid-1::gfp::unc-54 3’ UTR) reporters are
expressed in almost all somatic tissues with the exception of neurons (Winston et al., 2002).
Although germline expression cannot be assessed by multi-copy arrays, sid-1 mRNA is also
present in the germline (Arnold et al., 2014; Baugh et al., 2003).
Worms with mutations in sid-1 cannot respond to any dsRNA introduced by feeding
regardless of tissue targeted, and injection of dsRNA into the soma of sid-1 mutants cannot
produce silencing in most progeny (Winston et al., 2002). Injection of dsRNA targeting a
maternally contributed essential germline gene into a single gonad of a sid-1 mutant results in
50% embryonic lethality, whereas a wild-type injected worm would produce only dead embryos.
This result indicates that sid-1 is required for transport of the silencing signal to the other gonad,
but not required within the injected gonad because the germline is a syncytium without cell
boundaries (Winston et al., 2002). Worms lacking cell autonomous RNAi function (i.e. rde-1
mutants) are fully resistant to such injections, with 100% of progeny of injected worms surviving.
dsRNA introduced into a worm can produce silencing phenotypes in the progeny (Fire
et al., 1998). sid-1 is required for the transmission of the silencing signal across generations.
Injection of unc-22 dsRNA into the gonad of a sid-1 mutant can produce a phenotype in the
progeny only if a wild-type copy of sid-1 is introduced into the progeny by mating of injected
worms to a wild-type male (Winston et al., 2002). Thus, sid-1 is required for dsRNA transport
within a worm and between generations (Winston et al., 2002).
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To understand the transport capability of SID-1, sid-1 was expressed in Drosophila S2
cells (Feinberg and Hunter, 2003). The requirement for SID-1 in systemic RNAi could reflect a
function in the transport of the initiating dsRNA molecule or in a silencing molecule produced
downstream of the dsRNA. While Drosophila S2 cells can normally initiate cell autonomous
RNAi, they cannot transport dsRNA into the cell. Expression of C. elegans sid-1 in Drosophila
S2 cells is sufficient for transport of dsRNAs, which can be measured directly using radioactively
labeled dsRNA or indirectly using silencing of lacZ as a measure of transport (and silencing)
ability (Feinberg and Hunter, 2003; Shih et al., 2009). A length of at least 100 base pairs is
required for efficient SID-1-mediated transport of dsRNA (Feinberg and Hunter, 2003). dsRNA
transport into S2 cells via SID-1 is not dependent on ATP, indicating passive transport of
dsRNA. Electrophysiology experiments suggests that SID-1 forms a channel gated by dsRNA.
In the presence of dsRNA, membrane conductance increases, suggesting that a channel
formed by SID-1 or multiple SID-1 proteins opens in response to dsRNA (Shih and Hunter,
2011). In contrast, dsDNA cannot open the channel and is therefore not transported into cells
via SID-1. Thus, SID-1 is a dsRNA-specific channel (Shih and Hunter, 2011).
The ability of SID-1 to transport dsRNA into Drosophila S2 cells is supported by genetic
experiments in which the ability of a dsRNA expressed in a tissue lacking RNAi pathway
components to target a gene in a wild-type tissue is measured (Jose et al., 2011). Silencing
signals can be transported from tissues lacking RDE-1 and RDE-4 function via SID-1,
suggesting that an unprocessed dsRNA can be transported between cells (Jose et al., 2011).
This is consistent with experiments in Drosophila S2 cells expressing C. elegans SID-1 that are
described above (Feinberg and Hunter, 2003; Shih et al., 2009). A converse experiment
indicates that in addition to dsRNA, a processed, RDE-4-dependent signal can also move via
SID-1. In this experiment, an RNAi-competent tissue expressing dsRNA can produce silencing
in a tissue lacking RDE-4 (Jose et al., 2011). The ability to bypass the need for RDE-4 in the
recipient tissue suggests that an RDE-4-processed signal can move to other tissues via SID-1.
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This processed signal is not an siRNA, since a recipient tissue lacking RDE-1 cannot silence the
target (Jose et al., 2011). This is also consistent with experiment in SID-1 expressing Drosophila
S2 cells, which cannot uptake siRNAs (Feinberg and Hunter, 2003).
The S2 cell experiments describe above indicate that SID-1 expression allows import of
dsRNA into a cell. In vivo experiments confirm that SID-1 is required specifically for dsRNA
import. Mosaic animals fed gfp dsRNA expressing functional SID-1 in some, but not all cells,
silence gfp in those cells that express SID-1 (Winston et al., 2002). While this experiment
indicates a requirement for SID-1 in import of the silencing signal, it does not test whether SID-1
is required for export of the silencing signal. Several experiments suggest that SID-1 is not
required for export of silencing signals. First, although sid-1 is not expressed in neurons
(Winston et al., 2002), dsRNA expressed in neurons can efficiently silence a target expressed in
muscle cells, suggesting SID-1-independent export (Jose et al., 2009). Second, a dsRNA
expressed in a pharynx that lacks SID-1 function can induce silencing of a gfp expressed in a
different tissue if that tissue has functional SID-1 (Jose et al., 2009). Thus, SID-1 is required
only for the import of silencing signals into cells.

sid-1 homologs in Caenorhabditis species and mammals
sid-1 is highly conserved among Caenorhabditis species that are competent for systemic
RNAi and many other animals including mammals (Winston et al., 2002; 2007). Mice have two
SID-1 homologs, SIDT1 and SIDT2. Because of its high conservation, sid-1 seems to be
critically important for animal survival in the wild. One unanswered question is whether sid-1
transports dsRNA in the wild, or if it serves another yet unidentified function. Besides dsRNA
transport defects, no other obvious defects have been reported for sid-1 mutant worms. Studies
of mammalian sid-1 homologs could help to answer these questions. SIDT2 is reportedly
enriched in lysosomes from mouse brain (Aizawa et al., 2016). Lysosomes overexpressing
SIDT2 can import more RNA to be subsequently degraded by the lysosome than lysosomes
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from wild-type cells. Conversely, lysosomes from cells in which SIDT2 is knocked down cannot
uptake RNA and are thus unable to degrade it. In this study, the authors argue that the
biological function of mammalian SIDT2 is to transport RNA to the lysosome for degradation
(Aizawa et al., 2016).

Other genes required for systemic RNAi in C. elegans
In addition to sid-1, four other genes required for systemic RNAi were identified (Winston
et al., 2002). sid-2 encodes a protein with a single transmembrane segment that is required only
for transport of dsRNA via feeding. That is, sid-2 mutant worms fed dsRNA are resistant to this
dsRNA, while sid-2 mutant worms injected with dsRNA into the germline are sensitive (Winston
et al., 2007). This phenotype is consistent with the localization of SID-2 in the gut and suggests
that SID-2 is required for uptake of dsRNA from the environment and gut lumen. Like SID-1,
SID-2 specifically transports dsRNA when expressed in Drosophila S2 cells (McEwan et al.,
2012). Unlike SID-2, transport is ATP-dependent and suggests that uptake of dsRNA via SID-2
occurs by endocytosis. Because SID-1 is required for RNAi in the gut, one model predicts that
endocytosis-mediated dsRNA uptake from the lumen depends on SID-2, while release of this
dsRNA from the resulting vesicle into the gut and body cavity depends on SID-1 (McEwan et al.,
2012).
sid-3 encodes a tyrosine kinase expressed in the cytoplasm of many tissues that is also
required specifically for dsRNA transport rather that for cell autonomous RNAi (Jose et al.,
2012). sid-5 is found in endosomes and is required for systemic RNAi (Hinas et al., 2012).
Unlike sid-1, sid-5 mutant worms are only partially resistant to RNAi and restoration of SID-5
function just in the gut makes worms sensitive to ingested dsRNA targeting a body wall muscle.
Thus, SID-5 may be important only in the exporting tissue (Hinas et al., 2012). sid-4 is not yet
characterized (Winston et al., 2002).
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iii. Endogenous small RNA pathways in C. elegans
26G siRNA pathways
The discovery of the exogenous RNAi pathway led to the realization that endogenous
small RNAs can also affect gene expression in C. elegans (Ambros et al., 2003; Ruby et al.,
2006). The three main endogenous small RNA silencing pathways in C. elegans are
distinguished by different primary siRNAs, Argonautes and other pathway components. In the
ERGO-1 and ALG-3/4 pathways, 26 nucleotide primary siRNAs with a guanine at the 5’ end
(26G siRNAs) are transcribed from endogenous RNAs by the RdRP RRF-3 and stabilized by
the Argonautes after which the pathways are named. The ERGO-1 pathway targets somatic
genes during embryogenesis (Gent et al., 2010; Vasale et al., 2010), while the ALG-3/4 pathway
functions in sperm (Conine et al., 2010). When these endogenous small RNA pathways are not
functional, knockdown phenotypes from ingested dsRNA are even stronger (“enhanced RNAi”),
indicating that the exogenous and endogenous RNAi pathways compete for a limited factor
(Kennedy et al., 2004; Sijen et al., 2001).

piRNAs and endogenous roles for nuclear RNAi
The piRNA pathway is a germline specific endogenous RNAi pathway in C. elegans.
There are more than 16,000 endogenous piRNAs, which are transcribed by RNA Polymerase II
primarily from two genomic loci on chromosome IV (Bagijn et al., 2012; Batista et al., 2008).
Their transcription depends on Forkhead (FKH) family transcription factors that bind a
conserved upstream motif (Cecere et al., 2012). Additionally, the DNA binding protein SNPC-4
is bound to many sites across the piRNA cluster and is required for piRNA transcription (Kasper
et al., 2014). SNPC-4 localization at the piRNA cluster DNA depends on PRDE-1, another factor
that has been implicated in piRNA production (Kasper et al., 2014; Weick et al., 2014). Although
SNPC-4 binding across the piRNA cluster is required for piRNA production, it is not yet clear
how this factor promotes piRNA transcription (Kasper et al., 2014). Once transcribed, piRNAs
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are processed from 26 nucleotide precursors to 21 nucleotide molecules with a 5’ uracil, and are
thus sometimes called 21U RNAs (Gu et al., 2012b; Ruby et al., 2006). piRNAs are stabilized by
PRG-1 (Bagijn et al., 2012; Batista et al., 2008; Wang and Reinke, 2008), one of two
Argonautes that is closely related to the Drosophila PIWI protein. Only PRG-1 functions in the
piRNA pathway in C. elegans; no role for PRG-2 has been described (Bagijn et al., 2012;
Batista et al., 2008).
PRG-1/piRNA complexes can recognize target mRNA sequences with imperfect
sequence specificity, and direct the production of abundant antisense 22G secondary siRNAs
by the RdRPs EGO-1 and RRF-1 (Ashe et al., 2012; Bagijn et al., 2012; Batista et al., 2008; Lee
et al., 2012). piRNA-dependent secondary 22G siRNAs can be produced against RNAs targeted
by a piRNA with up to three mismatches (Bagijn et al., 2012; Lee et al., 2012). Although the
Argonaute HRDE-1 was identified in a screen for response to exogenously introduced dsRNA, it
also functions in endogenous small RNA-mediated pathways, including the piRNA pathway
(Buckley et al., 2012). In the absence of any exogenous silencing signals, HRDE-1
immunoprecipitates with endogenous siRNAs targeting several hundred genes in C. elegans
(Buckley et al., 2012). Furthermore, both pre-mRNA and mRNA levels of some HRDE-1
targeted genes increase in hrde-1 mutant worms, indicating a functional relationship between
HRDE-1-stabilized siRNA and gene expression regulation (Buckley et al., 2012). piRNAmediated silencing also requires HRDE-1 to stabilize 22G siRNAs that execute silencing (Ashe
et al., 2012; Bagijn et al., 2012). Thus, the Argonaute HRDE-1 is required for piRNA-directed
silencing via 22G siRNAs.
The ability to target RNA sequences with up to three mismatches potentially allows the
~16,000 piRNAs to target many RNAs, leading to the proposition that these piRNAs function as
a surveillance mechanism against foreign nucleic acid (Lee et al., 2012). This is supported by
the finding that a transposon that can be targeted by a single endogenous piRNA is derepressed in prg-1 mutants (Batista et al., 2008). However, this transposon is the exception;
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although many genes are targeted by 22G siRNA whose production is dependent on piRNAs,
the expression of most of these genes remains unchanged in prg-1 mutants (Batista et al.,
2008).
piRNAs are critical for the health of the C. elegans germline. In prg-1 mutants, the
number of germ cells is reduced significantly and these worms produce fewer progeny (Batista
et al., 2008). Furthermore, prg-1 mutants are sterile at the mildly elevated temperature of 25°C.
It is possible that the role for prg-1 in fertility is independent of its role in piRNA stability, as prg-1
mutants lack piRNAs at all temperatures but are sterile only at the elevated temperature (Batista
et al., 2008). Alternatively, it is possible that the lack of piRNAs contributes to the fertility defect
only at this higher temperature. PRG-1 rescue experiments in sperm and oocytes suggest that
both oocyte and sperm abnormalities in prg-1 mutants contribute to the sterility phenotype, as
wild-type sperm or oocytes can only partially rescue the sterility phenotype of prg-1 worms at
elevated temperatures (Batista et al., 2008; Wang and Reinke, 2008). Another study suggests
that the reduction in brood size in prg-1 mutants can be attributed solely to a sperm defect at
20°C, as wild-type sperm rescue this defect completely (Wang and Reinke, 2008).
Similar to prg-1, worms with mutation in the nuclear RNAi genes hrde-1, nrde-1 and
nrde-2 also exhibit germline defects. When these mutants are grown at 25°C, brood size drops
dramatically three generations after loss of these factors and worms become completely sterile
two generations later (Buckley et al., 2012). Thus, in addition to their shared role in piRNAmediated silencing the Argonaute protein PRG-1 and HRDE-1 also both function in germline
maintenance.

iv. Transgenerational epigenetic inheritance in C. elegans
Epigenetic mechanisms can alter gene expression without altering DNA sequence.
These mechanisms include modifications to chromatin structure and siRNA-mediated regulation
of transcription and mRNA stability. Several example in C. elegans and other animals suggest
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that epigenetic modifications can be inherited across generations in the absence of the
environmental or genetic signal that initiated the epigenetic modification. Thus, epigenetic
mechanisms of gene regulation allow an organism to modulate gene expression within just a
single generation in response to a changing environment and provide a way to transmit this
information to future generations.

Heat stress-induced heritable epigenetic regulation
C. elegans is most comfortable at a temperature of 20°C. Growth at 25°C is considered
mildly stressful for the worm and results in gene expression changes. Notably, some of these
gene expression changes are inherited by offspring grown at 20°C (Schott et al., 2014). In this
experiment, P0 parents are grown at 25°C or 20°C (control) and their F1 progeny and
subsequent generations are grown at 20°C. mRNA expression is measured at the F1 and F3
generation. A total of 23 genes significantly alter their expression in F1 worms from 25°C
parents compared to F1 worms from 20°C parents and maintain this altered expression in the
F2 grand-progeny, with some genes decreasing and other genes increasing expression.
Furthermore, two genes measured remain misregulated even three generations after return to
20°C, with one of these genes persisting even in the fourth generations, indicating that a
heritable, epigenetic signal transmits gene regulating information across generations (Schott et
al., 2014). These heritable gene expression changes are more dramatic when ancestors are
heat stressed for two consecutive generations, further supporting the notion that heat stress
specifically causes heritable changes in gene expression (Schott et al., 2014).
The identification of heritable misexpressed genes in response to ancestral heat stress,
together with the previously described role for siRNAs in transgenerational gene regulation,
leads the authors to hypothesize that changes in siRNA levels may direct these heritable gene
expression changes (Schott et al., 2014). This hypothesis is consistent with the finding that
genes heritably altered in progeny of heat stressed parents are highly enriched for genes that
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could be targeted by piRNA-directed and HRDE-1-stabilized 22G siRNAs in the oocyte. If
siRNAs are really controlling these gene expression changes, then siRNAs should also show
heat-induced heritable changes, and they do; the heritably decreased gene exhibits elevated
levels of antisense 22G siRNAs and the heritably increased gene exhibits decreased levels of
antisense 22G siRNAs (Schott et al., 2014). These changes in siRNAs persist in non-heat
stressed progeny, grand-progeny and great grand-progeny of heat stressed worms. To
determine whether changes in these siRNAs are responsible for heritable gene expression
changes, the authors measure gene expression in worms three generations removed from the
heat shock in mut-2 mutants that lack siRNAs. Heritable misexpression of both genes requires
mut-2 function and therefore likely siRNAs, as mut-2 mutant worms subjected to this treatment
do not show heritable misexpression of the two genes tested (Schott et al., 2014). This result
repeats with a second genotype, in which worms lack siRNAs due to knockdown of mut-16.
These data clearly show that heat stress result in a heritable, siRNA-dependent signal that
alters gene expression in future generations (Schott et al., 2014). It will be interesting to
determine if the heritable gene expression changes have a physiological impact. Are these
genes a byproduct of experienced stress or do they contribute to the ability to survive an
environmental stress?

Starvation-induced heritable epigenetic regulation
C. elegans is incredibly resistant to starvation. Starved L1 larvae enter a reversible larval
arrest phase that can last for weeks in the absence of food (Baugh, 2013; Johnson et al., 1984).
Despite this impressive ability to survive starvation, starvation does have physiological
consequences. L1 larvae worms that experience starvation for eight days exhibit several
disadvantageous phenotypes once they are returned to food, including reduced growth, reduced
feeding and reduced fecundity (Jobson et al., 2015). In addition, previously starved worms
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produce smaller embryos. These phenotypes lead to the intriguing possibility that starvation
could induce an epigenetically altered state that affects the physiology of future generations.
Starved worms exhibit a reduced ability to respond to future starvation; when re-starved,
they survive worse than control worms that were not previously starved (Jobson et al., 2015).
This observation is somewhat surprising, given the often proposed thrifty phenotype hypothesis,
which predicts that challenging experiences in early life result in epigenetic changes that
prepare an organism to better withstand these environmental conditions (Hales and Barker,
2001). However, despite reduced resistance in the P0 generation, F1 progeny from P0 worms
starved for eight days are able to withstand stress better than worms from non-starved parents
(Jobson et al., 2015). This phenotype is transmitted to F2 progeny, but with diminished strength.
Transmission of this phenotype is not necessarily the result of heritable epigenetic regulation, as
it is not transmitted further than the F2 generation. To detect starvation induced epigenetic
regulation, it must be transmitted over at least three generations, as any effects in the first two
generations could be from a signal physically contributed by the mother (maternal affect) rather
than from a true epigenetic and heritable signal (Jablonka and Raz, 2009).
Increased heat resistance in response to starvation exhibits transmission properties that
suggest that this trait is epigenetically regulated (Jobson et al., 2015). F1 progeny of previously
starved parents are better able to survive heat shock than control worms from parents that did
not experience starvation. This effect is not only transmitted with full strength to the F2 grandprogeny generation, but also transmitted to the F3 great grand-progeny, albeit with diminished
strength (Jobson et al., 2015). Transmission to the F3 progeny suggests that an epigenetic
signal, the molecular identity of which was not identified in this study, promotes increased heat
resistance in response to ancestral starvation.
Small RNA sequencing in starved larvae and subsequent progeny reveals that some
small RNAs are altered in response to starvation and that these alterations persist (Rechavi et
al., 2014). First, many secondary 22G siRNAs (predicted to target >1000 genes) are
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misregulated (both increased and decreased) in young adult worms that were starved as larvae
compared with continuously fed worms. mRNA sequencing in previously starved worms reveals
that 88 genes at which 22G siRNAs decrease in starved worms are upregulated. F3 progeny
from P0 starved worms inherit some starvation-induced siRNA expression differences, with
about a quarter of upregulated small RNA clusters in P0 starved worms also showing significant
upregulation in F3 progeny and more than half of downregulated small RNA clusters in P0
starved worms remaining downregulated in F3 progeny (Rechavi et al., 2014). The inheritance
of many of these siRNA expression changes depends on RDE-4, a factor required for 26G
RNA-mediated pathways (in addition to the exogenous RNAi pathway) (Lee et al., 2006), as
well as the nuclear RNAi Argonaute, HRDE-1 (Rechavi et al., 2014). The mRNAs that could be
targeted by siRNAs that are modulated in response to starvation are enriched for nutrient
reservoir activity function, providing a possible yet unverified physiological role for heritable
siRNA changes in response to starvation conditions.

Heritable silencing of transgenes
Both endogenous genes and gfp transgenes targeted by injected or fed dsRNA in the
mother can often also be silenced in the progeny (Fire et al., 1998; Vastenhouw et al., 2006). In
fact, a multi-copy integrated germline-expressed gfp transgene can be silenced across many
generations in the absence of the initiating gfp signal. In this case, silencing is not passed on to
all progeny; silencing is transmitted to all F1 progeny of fed worms, but strong silencing is
transmitted to only 30% of the F2 generation, with weaker silencing transmitted to the rest
(Vastenhouw et al., 2006). Silencing penetrance decreases with every generation, but silencing
can persist indefinitely in a small fraction of worms (Vastenhouw et al., 2006). Although several
exogenous RNAi factors are required for initiation of silencing in the generation exposed to
dsRNA, they are not required for inheritance of the silencing signal. A genetic screen reveals
that several proteins predicted to modify chromatin structure are instead required for inheritance
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of the silencing signal, suggesting that chromatin modifications may underlie heritable silencing
of this gfp transgene. These include a predicted histone deacetylase (hda-4), a histone
acetyltransferase (K03D10.3), a protein with a chromodomain (mrg-1) and an ATPase whose
homolog remodels chromatin in yeast (isw-1) (Vastenhouw et al., 2006).
Two additional independent screens for factors required for heritable silencing of a
germline-express transgene identified other factors required for this silencing (Ashe et al., 2012;
Buckley et al., 2012). In contrast to the initial screen (Vastenhouw et al., 2006), these studies
used a single copy integrated pie-1::gfp::h2b transgene that is heritably silenced in 60-80% of
progeny for at least four generations after the ancestor is fed gfp dsRNA (Ashe et al., 2012;
Buckley et al., 2012). The genetic basis for heritable silencing of this single copy gfp transgene
is at least partially distinct from the genetic basis for heritable silencing of the multi-copy gfp
transgene (Vastenhouw et al., 2006). Silencing of this single copy transgene does not require
mrg-1 or hda-4 (Ashe et al., 2012). Instead, it requires the nuclear RNAi Argonaute HRDE1/WAGO-9 (referred to here as HRDE-1) (Ashe et al., 2012; Buckley et al., 2012). Additionally,
the chromatin modifying methyltransferase SET-25 is required for heritable silencing (Ashe et
al., 2012). Consistent with a role for the nuclear Argonaute HRDE-1, 22G secondary siRNAs
antisense to the transgene persist even in F4 worms whose P0 ancestor was exposed to the gfp
dsRNA (Ashe et al., 2012). Silencing of the gfp transgene is not only detected visually, but gfp
mRNA decreases significantly in silenced worms. Although pre-mRNA also decreases, the
decrease is much smaller than the decrease in mRNA, indicating a post-transcriptional
contribution to silencing (Ashe et al., 2012).
Although piRNA-mediated silencing directs the production of HRDE-1-stabilized siRNAs
(Bagijn et al., 2012), the requirement for piRNAs in the transgenerational silencing phenomenon
described above was not tested (Ashe et al., 2012). Instead, a piRNA sensor strain was
constructed in which a gfp transgene expressed in the germline contains an upstream sequence
that can be targeted by a piRNA (Pmex-5::gfp::his-58::21nt piRNA target site::tbb-2 3’ UTR).

23

This transgene is called the “piRNA sensor” (Ashe et al., 2012; Bagijn et al., 2012). Silencing of
the piRNA sensor strain also relies on HRDE-1 and SET-25. Additionally, other chromatin
modifying enzymes, including SET-32 and the Heterochromatin Protein 1 homolog HPL-2 are
also required for piRNA-mediated silencing (Ashe et al., 2012). Importantly, both initiation and
maintenance of silencing of the piRNA sensor strain require the piRNA Argonaute PRG-1.
When prg-1 function is removed, the sensor is reactivated. When the silenced piRNA sensor is
crossed into a worm expressing gfp in both the germline and soma, the silencing signal
dominantly silences the gfp signal in the germline, but it cannot silence somatic gfp (Ashe et al.,
2012).
The silencing signal that silences the gfp is heritable even when the piRNA sensor is
crossed away (Sapetschnig et al., 2015). Silencing persists for all 12 generations tested,
indicating that the silencing signal is very stable (Sapetschnig et al., 2015). Furthermore, this
silenced transgene can dominantly silence other previously expressed gfp transgenes,
reminiscent of paramutation. Finally, the silencing signal can be transmitted without
transmission of the silenced transgene, indicating that an extragenomic silencing signal is
sufficient to induce paramutation (Sapetschnig et al., 2015).
piRNAs also participate in the spontaneous silencing of single copy transgenes. While
multi-copy transgenes are often silenced in the germline, single copy transgenes usually escape
this silencing (Kelly et al., 1997). However, some single copy transgenes still get silenced in the
germline (Shirayama et al., 2012). The silencing is largely transcriptional, as pre-mRNA of a
silenced single copy transgene decreases dramatically. Furthermore, silencing is associated
with an increase in histone H3K9me3 levels along the transgene DNA, suggesting a
transcriptional component to the silencing (Shirayama et al., 2012). When a silenced and
expressed single copy transgene are introduced into a single animal by mating, both transgenes
become silenced, indicating that the silencing signal is dominant. Although both a maternally
and a paternally contributed silenced transgene can silence an active transgene, a maternally
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contributed transgene silences with higher efficiency (Shirayama et al., 2012). This
phenomenon is called RNAe for “epigenetic”. Transmission of silencing requires mut-2 and mut7, two factors required for secondary siRNAs. Additionally, small RNAs antisense to the
silenced gfp transgene are detected in all silenced animals, whether silenced spontaneously or
after a cross with a silenced worm (Shirayama et al., 2012). As would be expected based on the
increase in small RNAs, several Argonaute proteins are required for RNAe. First, disruption of
hrde-1 function de-silences one RNAe-silenced transgene fully and another transgene only
partially. Full de-silencing of this transgene requires mutations in both hrde-1 and the
cytoplasmic Argonaute wago-10. Desilencing of some transgenes increases in
hrde-1; wago-1 mutants. These results suggest that both cytoplasmic and nuclear Argonatues
contribute to silencing (Shirayama et al., 2012).
RNAe requires piRNAs only for the initiation of silencing (Shirayama et al., 2012). Once
the transgene is silenced, inactivation of prg-1 does not result in de-silencing. However, direct
introduction of these single copy transgenes into prg-1 mutants never results in a silenced
transgene, indicating that piRNAs likely participate only in the initiation of transgene silencing
(Shirayama et al., 2012). This is in contrast to the requirement for PRG-1 in the silencing of the
piRNA sensor, where PRG-1 is required for both the initiation and maintenance of silencing
(Ashe et al., 2012).
Heritable silencing of endogenous genes
There has been one report of epigenetic silencing of endogenous genes across several
generations (Vastenhouw et al., 2006) and another report of heritable silencing of a modified
endogenous gene (Alcazar et al., 2008). In both cases, silencing is initiated by dsRNA targeting
the endogenous locus. Injection of dsRNA targeting ceh-13 results in indefinite silencing of the
gene across generations, but the silencing is transmitted to only 30% of progeny (Vastenhouw
et al., 2006). The silencing signal can be transmitted from the mother to a naïve previously
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expressed allele that is introduced from a male (Vastenhouw et al., 2006). Although ceh-13 is
primarily a somatic gene, it is unclear whether silencing of this gene reflects somatic silencing or
whether silencing in the maternal germline results in the knockdown phenotype. The authors
state that 13 other genes (of 171 tested) could be silenced for several generations, but it is
unclear how long this silencing lasts and how penetrant the silencing is, since the data is not
shown (Vastenhouw et al., 2006).
In a second example, the germline gene oma-1 can be heritably silenced following
dsRNA introduction (Alcazar et al., 2008). oma-1 and oma-2 are partially redundant germline
genes that participate in oocyte maturation. A dominant negative allele of oma-1, zu405,
encodes an OMA-1 protein with a single amino acid change that results in temperature sensitive
embryonic lethality (Lin, 2003). Silencing of oma-1(zu405) rescues this phenotype, as the
dominant negative OMA-1 protein is not made, and OMA-2 function is sufficient in the absence
of OMA-1. Progeny of oma-1(zu405) worms injected with dsRNA targeting oma-1 into the
germline therefore survive at high temperatures (Alcazar et al., 2008). Viable progeny are
recovered for the next two generations at high temperatures, indicating that oma-1 remains
silenced. By the F4 generation, no viable progeny are found indicating that oma-1(zu405) is reexpressed. Both F2 males and hermaphrodites of injected worms can transmit the silencing
signal to a naïve allele, indicating that the silencing signal is dominant and can be transmitted
through the maternal and paternal germlines (Alcazar et al., 2008).

Inheritance of chromatin modifications across generations
The examples of heritable transmission above suggest that transmission is associated
with changes in siRNAs that result in gene silencing, either transcriptionally or posttranscriptionally. Additionally, some of these silencing mechanisms are also associated with
changes in chromatin modifications while others require chromatin modifying enzymes to
persist. These findings are strengthened by the observation that in C. elegans, the repressive
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histone H3K27me3 mark can be transmitted from the sperm to the next generation (Gaydos et
al., 2014). Furthermore, H3K27me3, which depends on the activity of Polycomb Repressive
Complex2 (PRC2), can remain associated with chromatin for up to four rounds of DNA
replication and cell division during embryogenesis even in the absence of PRC2 activity
(Gaydos et al., 2014).
Unregulated transmission of epigenetic marks on chromatin is detrimental to the C.
elegans germline. In C. elegans, the demethylase SPR-5 contributes to erasing the H3K4me2
histone modification in primordial germ cells. Without this demethylase, H3K4me2 levels
increase across generations and worms become progressively sterile (Katz et al., 2009). This
retention of H3K4me2 is associated with a progressive increase in expression of several genes,
many of which function in spermatogenesis. Thus, the demethylase activity of SPR-5 is crucial
to erase the memory of an otherwise stable epigenetic histone mark to prevent its accumulation
across generations (Katz et al., 2009).
Perturbations in histone modifying complexes can lead to a heritable increase in
longevity. The ASH-2 complex methylates histone H3K4 in C. elegans and other animals.
Disruption of this complex results in a decrease in histone H3K4me3 marks and also extends
life span in C. elegans (Greer et al., 2010). Notably, increased longevity persists for four
generations even after the function of this histone modifying complex is restored (Greer et al.,
2011). This persistent increase in longevity depends on the presence of a histone H3K4me3
demethylase, which suggests that changes in H3K4me3 levels likely contribute to the longevity
phenotype in worms lacking the ASH-2 complex. Despite a global restoration of H3K4me3
levels to wild-type levels in wild-type progeny from ancestors that lacked ASH-2 complex
activity, these progeny still have longer life spans, suggesting that regulation at a few genes
may contribute to longevity. Consistent with this hypothesis, many genes whose proper
expression depends on the ASH-2 complex function in longevity and growth and a significant
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portion of these genes remains misregulated in wild-type worms three generations after
restoration of the ASH-2 complex (Greer et al., 2011).

v. Transgenerational epigenetic inheritance in Drosophila melanogaster
In Drosophila melanogaster, transgenes integrated into a telomeric region of the genome
can induce silencing of a homologous transgene integrated far away in a euchromatic region in
a phenomenon called trans-silencing effect (TSE) (Josse et al., 2007; Roche and Rio, 1998).
Some transgenes integrated into euchromatic regions can also induce TSE, while others cannot
(de Vanssay et al., 2012). In particular, a seven copy PlacZ transgene called P1 can induce
TSE. Sequencing of ovarian small RNAs reveals that TSE induction is associated with small
RNAs that resemble both piRNAs and siRNAs antisense to the silenced region (de Vanssay et
al., 2012).
To determine whether the TSE-associated silencing signal is dominant, the authors take
advantage of the fact that not all transgenes integrated into the same locus induce TSE (de
Vanssay et al., 2012). A cross between T-1/+ hemizygous females that exhibit TSE and BX2/+
hemizygous males, which carry the same transgene but show no TSE, results in progeny that
silence the TSE reporter transgene (PlacW), even when they do not inherit the T-1 locus. BX2
flies showing TSE from this cross can now transmit silencing when crossed to males carrying
the TSE reporter. Thus, a signal from the T-1 mother can convert BX2 to a locus capable of
TSE. Furthermore, this locus continues to exhibit silencing activity for 115 generations with very
little reversion (de Vanssay et al., 2012; Hermant et al., 2015). The BX2 locus itself is now
paramutagenic, as it can convert naïve BX2 paternal allele with no TSE capacity to a
paramutagenic allele capable of TSE. Such an experiment can be repeated for five generations,
without losing paramutagenic ability, but the silencing signal can be transmitted only maternally
(de Vanssay et al., 2012).

28

Small RNA profiles antisense to the BX2 locus reveal that paramutated BX2 females
have abundant small RNAs targeting this locus, in contrast to non-paramutated BX2 ovaries,
and similar to T-1 ovaries. The presence of antisense piRNA and siRNAs is not merely
correlated with silencing ability, but it is also crucial for TSE; the silencing capacity of the
paramutated BX2 allele depends completely on the piRNA biogenesis factor aubergine,
indicating that piRNAs are required for this process. However, it is independent of Dicer2,
indicating that siRNAs are dispensible for silencing (de Vanssay et al., 2012).
Subsequent to the initial observations described above, a more detailed analysis of the
genetic basis of BX2 silencing in paramutated flies was carried out (Hermant et al., 2015). The
PlacW transgene of the BX2 locus and the PlacZ transgene of the T-1 locus contain the white
gene for selection. The authors find that piRNA-mediated silencing of the white gene in T-1 lines
and in paramutated BX2 lines can impact somatic phenotypes, resulting in flies with white
patches in their eyes. As with germline phenotypes, this phenotype requires transmission
through the oocyte, but can occur without transmission of the silenced locus (Hermant et al.,
2015). Silencing of the white gene in the soma could be the result of active silencing in the
soma or previous silencing in the maternal germline. The genetic basis for silencing in the soma
was not determined, so it is difficult to distinguish between the two possibilities. Nonetheless,
the possibility that an epigenetically silenced allele can impact somatic phenotypes suggests an
epigenetic system that can quickly act on the soma, perhaps in response to environmental
conditions.

vi. Transgenerational epigenetic inheritance in mice
Examples of heritably transmitted epigenetic states become more difficult to identify in
organisms with longer generation times. Nonetheless, an example of a paramutated locus has
been described in mice (Rassoulzadegan et al., 2006). The Kit locus encodes a Kit tyrosine
kinase receptor that is essential for development. Mice with one wild-type Kit locus and a
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second locus disrupted by a large deletion (Kit/+) have a white tail and white feet. Surprisingly,
the wild-type (+/+) progeny from two Kit/+ parents also exhibit this phenotype (Rassoulzadegan
et al., 2006). Importantly, the silencing signal can be transmitted from either the father or the
mother; progeny or Kit/+ (white tail) and wild-type parents have white tails, whether the Kit/+
parent is the father or mother. This paramutated locus can further transmit this phenotype to the
next generation, when crossed to another paramutated animal or to a wild-type animal. Again,
the silencing signal can be transmitted from either the father or the mother in this cross
(Rassoulzadegan et al., 2006). Because this signal can be transmitted through the father,
transmission to just two generations is sufficient to indicate the potential presence of an
epigenetic signal.
Although the authors cannot exclude a chromatin contribution to this phenotype, they
find no evidence that chromatin modifications are involved in this process; histone H3K4me2
and H3K9me2 and cytosine methylation at the Kit locus is unchanged between paramutated
and non-paramutated alleles (Rassoulzadegan et al., 2006). Instead, an RNA molecule seems
to carry the silencing information. The white tail phenotype in Kit/+ mice results from a 2-fold
decrease in Kit mRNA in these mice compared to wild-type mice. This 2-fold decrease persists
in +/+ mice whose parent (mother or father) was Kit/+. In addition, Kit mRNAs in both Kit/+ and
paramutated +/+ parents are of varied and improper length, although the cause of this
observation remain to be determined. In contrast to the global 2-fold decrease in Kit mRNA,
Kit/+ and paramutated +/+ mice contain Kit mRNA (also of varying lengths) in sperm. This is
surprising, as Kit mRNA is never detected in non-silenced mice. To determine whether Kit
mRNA transmits silencing information, Kit mRNA from sperm or from somatic tissues of Kit/+
mice was injected into naïve embryos. This injection resulted in mice with white tails.
Furthermore, it seems that the degraded mRNA products are sufficient to induce the silenced
phenotype. Injection of two microRNAs that degrade Kit mRNA is sufficient to produce the white
tail phenotype (Rassoulzadegan et al., 2006).
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vii. Transgenerational epigenetic inheritance in humans
Transgenerational studies in humans have found that food availability during a
grandparent’s childhood (prior to puberty) can influence the risk for diseases associated with
metabolic syndrome in their grandchildren. One study found that a grandchild is more likely to
die from diseases associated with metabolic syndrome, including cardiovascular disease and
diabetes, if their paternal grandfather lived during a time at which food availability was high prior
to puberty (Kaati et al., 2002). This risk decreased for grandchildren whose paternal grandfather
experienced a food shortage prior to puberty, but increased for grandchildren whose maternal
grandmother experienced a food shortage (Kaati et al., 2002). The molecular basis for these
associations is not yet clear. Although the authors of the study propose that imprinting upstream
of a genomic locus associated with type 2 diabetes risk could mediate this effect (Kaati et al.,
2002; Pembrey, 2002), several studies challenge this hypothesis (Bennett et al., 2005; Meigs et
al., 2005).

viii. Thesis summary
In Chapter 2, I show that a transcriptional reporter for sid-1 can silence the endogenous sid-1
transcript in the germline. The ability of a transcriptional reporter to silence an endogenous gene
is unprecedented, and becomes even more mysterious when I show that silencing of this gene
is stably inherited for more than a dozen generations by progeny that do not inherit the array
that initiated the silencing. This suggests that sid-1 is silenced by a stable, heritable, epigenetic
signal. I determine that an array containing just the region upstream of sid-1 is sufficient to
produce this heritable silencing signal, and identity a smaller fragment of this region that is
sufficient to initiate silencing. I also show that genes upstream of sid-1 can be silenced by this
same multi-copy transgene.
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In Chapter 3, I determine that the heritable silencing signal is transmitted only through the
female germline. I show that this transmitted signal is capable of silencing a previously
expressed paternally contributed sid-1 allele and find that this signal is extra-genomic.
Furthermore, silenced worms that contain the transcriptional array and non-array progeny that
silence sid-1 show an increase in siRNAs that could contribute to sid-1 silencing, suggesting
that an siRNA-mediated mechanism may silence sid-1.

In Chapter 4, I find that the germline-specific nuclear Argonaute protein HRDE-1 is required for
germline sid-1 silencing, suggesting that the siRNAs that target sid-1 in silenced worms are
required for sid-1 silencing. I show that the piRNA Argonaute PRG-1 is partially required only to
initiate sid-1 silencing and identify an endogenous piRNA that contributes to efficient initiation of
silencing. Furthermore, I present genetic evidence that suggests that siRNAs embody the
inherited silencing signal and provide a model for how the promoter array initiates sid-1
silencing.

In Chapter 5, I show that sid-1 is also silenced in the soma in worms containing a multi-copy
transcriptional sid-1 reporter. Like silencing in the germline, silencing in the soma also persists
in worms that do not inherit the promoter array for several generations. Silencing in the soma is
directed by silencing in the maternal germline, but uniquely requires chromatin modifying
enzymes, suggesting that the mechanisms for heritable silencing in the germline and soma are
distinct.

In Chapter 6, I first compare various characteristics of sid-1 transgenerational epigenetic
silencing including its initiation, stability, transmission properties, silencing mechanism and
tissue specificity, to previously described examples of heritable silencing in C. elegans. I then
discuss the implications of the major conclusions of this study and suggest experiments to
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continue to test those conclusions and implications. Finally, I discuss why sid-1 might be unique
in its silencing capacity and offer several strategies that may help identify other epigenetically
silence-able genes.
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Chapter 2: Transgenerational silencing of sid-1 in the germline

i. Introduction
In C. elegans, introduction of dsRNA to any cell of the body results in RNAi throughout the body
of the worm in a phenomenon called systemic RNAi (Fire et al., 1998). To identify genes
required for systemic RNAi, Bill Winston performed a genetic screen in the Hunter lab, and
identified several sid (“Systemic RNA interference Deficient”) genes, including sid-1. sid-1
encodes a highly conserved trans-membrane protein that specifically transports dsRNA
(Feinberg and Hunter, 2003; Winston et al., 2002).
To understand where sid-1 functions, Bill introduced a multi-copy transcriptional reporter
containing the promoter of sid-1 (716bp fragment, starting 10 base pairs upstream of the start
codon) fused to gfp and an unc-54 3’ UTR (Winston et al., 2002). When injected into C. elegans,
such a construct forms an extrachromosomal array (Ex) that can be integrated into the genome
(Is) (Mello et al., 1991). This sid-1 transcriptional gfp reporter (Psid-1::gfp::unc-54 3’ UTR,
hereafter referred to as “Psid-1::gfp”) is broadly expressed in the soma but undetectable or very
weakly expressed in the germline, which is common for multi-copy transgene reporters (Kelly et
al., 1997; Winston et al., 2002). Direct measurement of sid-1 expression in germlines, germlineless worms and in pre-transcriptional embryos confirms that sid-1 is also germline expressed,
and highly enriched in the adult hermaphrodite germline compared to the soma (Figure 2.4)
(Arnold et al., 2014; Baugh et al., 2003). A Psid-1::sid-1::gfp::unc-54 3’ UTR translational fusion
is also broadly expressed and can rescue the RNAi resistance of a sid-1 mutant, indicating that
the Psid-1 fragment is sufficient to drive the expression of sid-1 (Winston et al., 2002).
In this chapter, I describe the surprising finding that a multi-copy array of the sid-1
transcriptional fusion (Psid-1::gfp) silences the endogenous sid-1 locus and surrounding genes.
First, I find that multiple copies of the sid-1 promoter are sufficient to silence the endogenous
locus. Then, I show that this locus remains silenced in the absence of the initiating Psid-1::gfp
array by a stable, epigenetic silencing signal.
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ii. sid-1 transcriptional reporters silence germline sid-1 expression
Surprisingly, I found that animals harboring the multi-copy Psid-1::gfp array were
defective for RNAi induced by ingested dsRNA (feeding RNAi). While wild-type worms exposed
to dpy-11 RNAi food for two generations become dumpy (Dpy), Psid-1::gfp worms are
completely resistant to dpy-11 RNAi feeding (Figure 2.1). It is not immediately clear why worms
carrying a transcriptional sid-1 reporter are resistant to dsRNA targeting dpy-11. Because the
resistant phenotype of Psid-1::gfp worms phenocopies sid-1 mutant worms, one possibility is
that Psid-1::gfp worms fail to express sid-1. Quantitative reverse transcription (qRT)-PCR to
measure sid-1 expression showed that sid-1 mRNA levels were reduced ten-fold in Psid-1::gfp
worms compared to wild-type (Figure 2.2). This decrease in sid-1 expression was observed in
one extrachromosomal (Ex) and two independent chromosomally integrated (Is) Psid-1::gfp
array lines (only one integrated line shown).
Multi-copy transcriptional fusions for many genes have been made and analyzed in C.
elegans (Dupuy et al., 2007). None have been reported to silence the endogenous transcript. In
a phenomenon called co-suppression, multi-copy arrays containing coding sequences can
silence endogenous transcripts in the C. elegans germline (Dernburg et al., 2000; Ketting and
Plasterk, 2000). However, co-suppression requires that the coding sequence be present in the
multi-copy array. Thus, the ability of the sid-1 promoter to silence sid-1 is unprecedented.
To start to understand the properties of sid-1 silencing by this multi-copy sid-1
transcriptional fusion, I fed Psid-1::gfp worms dsRNAs targeting seven genes expressed in
different tissues. Psid-1::gfp-induced sid-1 silencing results in feeding RNAi defects for some,
but not all, RNAi foods (Figure 2.3A). Psid-1::gfp worms were sensitive to unc-22 (muscle), fkh6 (gonad), and act-5 (intestine) feeding RNAi, but resistant to dpy-11 (hypodermis), par-1 (germ
line), pos-1 (germ line), and pha-4 (pharynx) RNAi. The three RNAi foods that Psid-1::gfp
worms are sensitive to are potent RNAi triggers that require one generation of exposure for wild-
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Psid-1::gfp

sid-1(qt9)

Figure 2.1 Progeny of parents fed dpy-11 RNAi from the L4 larval stage.
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Figure 2.2 sid-1 mRNA expression in mixed stage worms. Each point is a biological
replicate, average in red. Expression is relative to gpd-3, wild-type is set to 1.0.
Is=integrated, Ex=extrachromosomal array.
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Figure 2.3 (A) RNAi sensitivity of >100 progeny of wild-type (WT) or Psid-1::gfp worms
fed RNAi from L4 larval stage. (B) RNAi sensitivity of WT adults exposed to weak or strong
RNAi foods as embryos (at least 50) or progeny of WT L4 worms (average of 91) placed
on RNAi foods. Sensitive worms are dumpy (Dpy) on dpy-11 RNAi, embryonic lethal on
par-1, pos-1 and pha-4 RNAi, twitchers on unc-22 RNAi, arrested larvae on act-5 RNAi
and sterile on fkh-6 RNAi.
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type worms to show the phenotype (Figure 2.3B). In contrast, Psid-1::gfp worms are resistant to
weak RNAi triggers (dpy-11, par-1, pos-1, pha-4) that require two continuous generations of
exposure for wild-type worms to show the expected phenotype (Figure 2.3A, B). The specific
resistance of Psid-1::gfp worms to weak RNAi foods that require maternal transmission of
silencing signals is consistent with sid-1 silencing in the germline, as maternal transmission of
dsRNA requires sid-1-mediated passage of dsRNA across generations (Winston et al., 2002).
Direct measurement of sid-1 mRNA in adult worms cannot distinguish between germline
and somatic transcripts. To confirm the hypothesis that sid-1 is silenced in the germline of these
Psid-1::gfp worms, I measured sid-1 expression in germline-less worms harboring a
temperature-sensitive mutation in glp-1 (Priess et al., 1987). First, comparison of sid-1
expression measured in single wild-type and germline-less glp-1(e2141ts) adult worms showed
that sid-1 is much more highly expressed in the germline than in the soma, as germline-less
worms have roughly a 10-fold reduction in sid-1 mRNA (Figure 2.4). Second, sid-1 mRNA levels
were similarly reduced in germline-depleted young adults, with or without the Psid-1::gfp array
(Figure 2.4). Thus, in adults, sid-1 is primarily expressed in the germline and the Psid-1::gfp
array strongly reduces this expression. Importantly, both the two-generation dpy-11 RNAi assay
and direct qRT-PCR measurements of sid-1 expression primarily reflect germline sid-1
expression. The sensitivity of Psid-1::gfp worms to strong RNAi foods and the inability to detect
a difference in sid-1 expression in germline-less worms with and without the Psid-1::gfp array
indicates that in Psid-1::gfp worms, somatic sid-1 expression is either not silenced or
incompletely silenced beyond levels of detection by these assays, and is discussed further in
Chapter 5.

iii. Genes upstream of sid-1 are also silenced by the sid-1 promoter array
To characterize the specificity of this unusual silencing phenomenon, I sequenced
mRNA from synchronized wild-type and Psid-1::gfp young adults, first using a library
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Figure 2.4 sid-1 mRNA expression in single young adults grown at 25°C. Expression is
relative to gpd-3, wild-type is set to 1.0. Average ± SD of two technical replicates.
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preparation method that did not maintain strand-specific information (Table 2.1, Figure 2.5A)
and subsequently a method that maintained strand-specific information (Table 2.1, Figure 2.5B)
Two replicates for each strain were included in the analysis. Only three genes showed
significant silencing in both sets of libraries: sid-1 and its two immediate upstream (5’)
neighbors, C04F5.8 and C04F5.9, which are likely co-transcribed in an operon (Table 2.2, Table
2.3, Figure 2.6A). I confirmed that these upstream genes are silenced in Psid-1::gfp worms by
qRT-PCR in synchronized young adults (Figure 2.6B). These two genes are conserved but
largely uncharacterized. A transcriptional reporter for C04F5.8 reveals that it is somatically
expressed in the pharynx, intestine and hypodermis (Mounsey et al., 2002) and expression
measurement of larvae with and without a germline as well as expression analysis in pretranscriptional embryos suggests that this gene is also expressed in the germline (Arnold et al.,
2014; Levin et al., 2012). RNA-seq analysis suggests that C04F5.9 is also expressed in both the
germline and soma (Arnold et al., 2014; Levin et al., 2012). C04F5.9 is not required for RNAi, as
C04F5.9(tm482) mutant worms are fully sensitive to dpy-11 and unc-22 RNAi (data not shown).
Although the gene downstream (3’) of sid-1 (F14F9.5), may be down-regulated in Psid-1::gfp
worms, the expression difference is not statistically significant. Thus, the repetitive Psid-1::gfp
transgene array causes silencing of multiple genes in the vicinity of the endogenous sid-1 locus.
In addition to the three significantly down-regulated genes in Psid-1::gfp libraries in both
experiments, two genes, srbc-15 and F56A4.3, are upregulated in both experiments. However,
these genes are unlikely to be biologically relevant to the phenotype of interest because both
have many paralogs and reads aligning to srbc-15 do not align to the whole gene, indicating that
they are likely misaligned. Many genes specifically upregulated in non-stranded Psid-1::gfp
libraries are collagens and other genes that are specific to the larval L4 stage (Table 2.2).
Although worms were aged to young adult prior to RNA collection, Psid-1::gfp worms grow
slightly slower than wild-type worms. Thus, the Psid-1::gfp library contained a small amount of
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Table 2.1 Summary of RNA sequencing libraries.
Replicate
Non-stranded RNA-seq libraries, paired end sequencing
WT
Replicate 1
Replicate 2
Psid-1::gfp
Replicate 1
Replicate 2
Stranded RNA-seq libraries, single end sequencing
WT
Replicate 1
Replicate 2
Psid-1::gfp
Replicate 1
Replicate 2
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Reads

Mappable reads

31266730
51690113
26304787
53063970

75.0%
74.4%
73.8%
76.6%

31530057
32512275
29478738
26689337

79.8%
79.0%
80.6%
78.6%

Table 2.2 Differentially expressed genes in non-stranded RNA-seq libraries.
Gene
ZK1025.3
dpy-5
grl-16
col-54
myo-1
col-63
sqt-1
rol-1
F49C5.11
E01G4.6
W06A11.4
col-17
col-73
rol-8
col-77
col-38
col-138
dpy-13
ZK180.5
col-161
col-162
sri-24
srbc-15
F56A4.3
Y47D7A.15
F41F3.3
C04F5.8
C04F5.9
sid-1
F25E5.1
myo-2
col-175

Location
WT FPKM Psid-1::gfp FPKM Psid-1::gfp/WT FPKM
I:11460779-11463068
0.00
1.20
INF
I:5432157-5433054
0.74
12.30
16.64
I:572176-575119
0.32
3.80
11.91
I:5842713-5844057
0.00
0.50
INF
I:7258920-7267079
14.40
3.47
0.24
I:8243692-8244961
0.66
7.49
11.28
II:11336690-11337835
0.27
5.39
20.04
II:12172572-12176071
0.24
4.02
16.86
II:12555908-12557100
0.00
0.64
INF
II:13482404-13485780
0.26
3.70
14.35
II:4055938-4057653
3.49
15.36
4.40
II:4866435-4867574
0.19
5.51
29.63
II:4872097-4873127
0.72
15.04
20.78
II:7544105-7545332
0.40
4.26
10.69
II:8358227-8359378
1.26
10.63
8.44
II:8568032-8569088
2.10
12.74
6.08
IV:17182799-17183740
1.03
8.07
7.83
IV:4235613-4236706
0.65
7.08
10.95
IV:4515038-4517169
0.40
3.48
8.77
V:13317031-13318010
0.67
9.40
14.01
V:13441966-13443402
0.42
5.11
12.29
V:15212168-15213706
0.00
0.51
INF
V:2345675-2348178
0.00
8.18
INF
V:2453413-2456147
0.00
45.76
INF
V:4431685-4433187
0.38
3.97
10.41
V:4647660-4648241
1.05
13.76
13.06
V:5111496-5113754
60.82
11.23
0.18
V:5114744-5119209
32.57
6.26
0.19
V:5119969-5126916
31.87
2.11
0.07
V:7465888-7471209
11.69
30.40
2.60
X:12468060-12475341
9.12
2.56
0.28
X:9233641-9234616
0.53
9.10
17.29
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p
0.03
0.03
0.05
0.03
0.03
0.03
0.03
0.03
0.05
0.03
0.05
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.05
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03

Table 2.3 Differentially expressed genes in stranded RNA-seq libraries.
Gene
unc-54
F26B1.8
F07A11.4
T10D4.6
npl-4.1
dod-24
asm-3
Y102A5C.36
fbxa-192
srbc-15
F56A4.3
ugt-64
C04F5.8
C04F5.9
sid-1
pgp-8

Location
WT FPKM
I:14855898-14863540 125.14
I:6329535-6330183
18.27
II:11603955-11611532
4.56
II:3119330-3123184
24.25
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Figure 2.5 Gene expression (FPKM) for WT and Psid-1::gfp young adult RNA-seq
libraries (A) that did not maintain strand-specific infomation and (B) that maintained
strand-specific information (2 replicates per strain). Genes significantly (FDR < 0.05)
downregulated (red) or upregulated (purple) in Psid-1::gfp in both experiments are
highlighted. Genes differentially expressed in only one experiment are in blue and orange.
The two genes upregulated in both experiments (srbc-15, F56A4.3) are unlikely to be
biologically relevant to the phenotype of interest because both have many paralogs and
reads aligning to srbc-15 do not align to the whole gene, indicating that they are likely
misaligned. Only genes tested for significance are shown.
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Figure 2.6 (A) Silenced region on chromosome V. Exons are represented as blocks,
introns are represented as lines. (B) mRNA expression in synchronized young adults.
Expression is relative to gpd-3, wild-type is set to 1.0. Average ± SD of two technical
replicates.
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contaminating L4 larvae. Psid-1::gfp worms were aged longer than wild-type worms to correct
for this slower growth in subsequent experiments.

iv. The sid-1 promoter is sufficient to silence sid-1
The Psid-1::gfp transcriptional fusion contains the entire 716bp region starting 10 base
pairs upstream of the sid-1 start codon. To determine whether the sid-1 promoter is sufficient to
silence sid-1 or whether gfp transcription is also important, I injected into wild-type worms the
716bp sid-1 promoter DNA (50ng/µl) along with a co-injection marker and DNA ladder to make
complex arrays. Representative F2 worms from 36 established lines were placed on dpy-11
RNAi food as an indirect measure for sid-1 expression. 23/36 lines produced 100% resistant
progeny, indicating that the sid-1 promoter array is sufficient to silence sid-1 (Figure 2.7, 2.8). In
a separate experiment, although less than half of transformed lines showed strong silencing at
the F2 generation, nearly all lines produced 100% resistant progeny at the F6 generation
(Figure 2.9), suggesting a progressive increase in the silencing signal; in some cases, the
silencing signal takes time to accumulate to levels detectable by the dpy-11 RNAi assay.
Diluting the sid-1 promoter decreased the number of lines that immediately silence sid-1 (Figure
2.7, 2.8), as would be expected of the silencing agent. Furthermore, injection of the sid-1
promoter with a different co-marker similarly silenced sid-1 (data not shown). These results
confirm that sid-1 promoter arrays induce sid-1 silencing.
To determine whether smaller fragments of the sid-1 promoter are sufficient to silence
sid-1, I injected fragments of the sid-1 promoter at 50ng/µl (along with a co-injection marker and
DNA ladder to make complex arrays) into wild-type worms (Figure 2.10A). I fed resulting lines
dpy-11 RNAi and scored the progeny phenotype as an indirect measure for sid-1 expression.
The distal half of the promoter (1-328bp) can silence sid-1, although not as efficiently as the full
length sid-1 promoter (1-716bp) (Figure 2.10B). In contrast, the proximal half of the sid-1
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Figure 2.7 Fraction of dpy-11 RNAi resistant F2 Psid-1 array lines (n). Three L4 worms
from each line were fed dpy-11 RNAi two generations after injection of the Psid-1 array
and their progeny scored.
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Figure 2.8 Data used to generate Figure 2.7. Each bar represents the RNAi sensitivity of
the progeny of three L4 worms from each line fed dpy-11 RNAi. Progeny were scored as
adults.
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Figure 2.9 Transgenic lines produced by injected sid-1 promoter (“Psid-1”, injected at
25-75ng/µl) scored on dpy-11 RNAi two or six generations post injection (g.p.i.). Each bar
represents the RNAi sensitivity of the adult progeny (average of 55 per line) of three L4
larvae from each independent line fed dpy-11 RNAi. Line order is the same for both
graphs.
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Figure 2.10 (A) sid-1 promoter (”Psid-1”) fragments tested for silencing capacity. (B)
Fraction of Psid-1 fragment lines (n) that produce at least 60% resistant progeny when fed
dpy-11 RNAi from the L4 larval stage. Lines were tested up to 16 generations after
injection.
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promoter (329-716bp) is unable to silence sid-1. Furthermore, while a 140-496bp sid-1 promoter
fragment can silence sid-1, efficiency of silencing drops in worms injected with a 222-496bp sid1 promoter fragment (Figure 2.10B). This result suggests that the 140-221bp piece may
contribute to sid-1 silencing, and is discussed further in Chapter 4. As previously seen with the
full-length promoter, silencing of sid-1 in response to these promoter fragments took several
generations to establish in some cases (Figure 2.11). Thus, multiple copies of the distal portion
of the sid-1 promoter is sufficient to silence sid-1.

v. A heritable epigenetic signal silences sid-1 in the germline
In feeding RNAi experiments, all progeny of Ex[Psid-1::gfp] worms, whether they
inherited the array or not, were resistant to dpy-11 RNAi. I continued to test subsequent
generations of non-array worms on dpy-11 RNAi at the L4 larval stage to determine whether the
silencing of sid-1 continues to be transmitted across generations even in the absence of the
array (Figure 2.12A). Remarkably, in four independent experiments, worms remained resistant
to dpy-11 RNAi food for 8-13 generations after loss of the Psid-1::gfp extrachromosomal array
(Figure 2.12B). Similar results were obtained for non-array worms that segregated from Is[Psid1::gfp]/+ worms (data not shown). Thus, once established, silencing is stably inherited across
generations. Once sid-1 becomes re-expressed (resulting in Dpy worms), it is stably reexpressed (Figure 2.12B). Importantly, in these inheritance experiments there is no selection to
maintain the silenced state; at each generation 3-20 worms are placed on dpy-11 RNAi to test
for continued silencing (Figure 2.12A). It is therefore possible that silencing can persist for
longer than 13 generations in a small subset of the population. Thus, a remarkably robust
silencing signal silences sid-1 for more than a dozen generations.
To confirm that the progeny phenotype on dpy-11 RNAi is a reliable indirect measure for
germline sid-1 expression, I measured sid-1 expression directly in siblings of non-array worms
tested on dpy-11 RNAi in Figure 2.12. qRT-PCR analysis in mixed stage worms lacking the
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Figure 2.11 Data used to generate Figure 2.10B. Three transgenic L4 worms from each
line were fed dpy-11 RNAi and their progeny were scored for sensitivity. Only fragments
tested at multiple generations are shown.
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Figure 2.12 (A) Experimental setup to test for heritable transmission of silencing. (B)
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(c, d) L4 larvae fed dpy-11 RNAi.
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array confirmed that sid-1 expression correlated with resistance and sensitivity to dpy-11 RNAi
(Figure 2.13). sid-1 expression progressively increases toward wild-type levels as the number of
generations since an ancestor carried the Psid-1::gfp array increases and as worms
progressively become sensitive to dpy-11 RNAi. Measurements in single adult worms showed
that the upstream genes also remain silenced over multiple generations after loss of the Psid1::gfp array (Figure 2.14). However, heritable silencing at these genes is more variable than at
sid-1 (which is reliably heritably silenced in all non-array worms whose parent carried the array).
Therefore, exposure to the Psid-1::gfp array initiates a robust and stable heritable epigenetic
silenced state at the sid-1 locus.
One concern in this experiment was that the array in “non-array” worms is not really lost,
but instead silenced and therefore undetectable. I can eliminate this possibility for two reasons.
First, if a portion of the array were integrated into the genome but undetectable by somatic gfp
expression, then I would expect sid-1 to be permanently silenced. However, sid-1 eventually
becomes re-expressed in non-array worms in all four independent experiments (Figure 2.12B).
Second, I designed a single primer in the sid-1 promoter that specifically amplified the Psid1::gfp array DNA in Ex[Psid-1::gpf] worms (Figure 2.15A, B), likely because the multi-copy array
contains Psid-1 fragments that are fused within the array in opposite directions. This single
primer does not amplify any DNA from wild-type worms or from non-array F1 worms (picked as
“non-array” from Ex[Psid-1::gfp] parent based on lack of gfp and rol-6D co-marker). These
observations confirm that “non-array” worms do not contain the Psid-1::gfp array (Figure 2.15B),
and therefore silence sid-1 by a stable, heritable epigenetic signal.
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Figure 2.13 sid-1 expression in mixed stage line b worms from Figure 2.12B. Expression
is relative to gpd-3, wild-type is set to 1.0. Average ± SD of two technical replicates.
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Figure 2.14 qRT-PCR analysis of C04F5.8, C04F5.9 mRNA levels in single young adult
wild-type, Ex[Psid-1::gfp], and non-array worms segregated from Ex[Psid-1::gfp].
Expression is measured relative to cpf-1 and wild-type expression is set to 1.0. Average of
two worms and two technical replicates ± SD is shown.
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Ex[Psid-1::gfp] array fragment amplified.
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vi. Conclusion
The ability of the sid-1 promoter DNA to stably silence the endogenous locus for over a
dozen generations provides an opportunity to study the molecular basis for transgenerational
inheritance of epigenetic signals. Most studies of epigenetic, transgenerational silencing in C.
elegans use silenced artificial reporters. gfp transgenes in the germline can be stably silenced
by introduction of gfp dsRNA (Ashe et al., 2012; Buckley et al., 2012; Vastenhouw et al., 2006)
or by endogenous piRNAs in RNAe (Shirayama et al., 2012). Although these studies contribute
significantly to our understanding of transmission of heritable silencing signals, it is unclear
whether the molecular basis for heritable silencing of artificial arrays and endogenous genes is
shared or distinct.
The finding that Psid-1 worms silence the endogenous sid-1 locus raises two interesting
questions. First, it is completely unexpected that a transcriptional fusion of a gene would silence
the endogenous locus. How does the sid-1 promoter induce silencing of sid-1? Second, this
Psid-1 array induces the production of a silencing signal that is inherited for more than a dozen
generations. A single C. elegans worm produces several hundred progeny. Therefore, silencing
cannot be achieved simply by transmission of a silencing signal produced in the presence of the
Psid-1 multi-copy array. Instead, this silencing signal must be amplified to be stably transmitted.
What is the identity of the silencing signal and how is the silencing information passed on and
maintained through multiple generations?
Identification of stably silenced endogenous genes has been elusive. Although dsRNA
targeting several genes can heritably silence them, transmission of silencing in each generation
is low; fewer than half of the progeny inherit the silenced state (Vastenhouw et al., 2006). It has
also been shown that oma-1 dsRNA can silence a dominant mutant allele of oma-1 in the
germline for up to four generations, if the silenced state is selected at every generation (Alcazar
et al., 2008). Although genes required for transmission of silencing of endogenous loci have
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been identified (Alcazar et al., 2008; Vastenhouw et al., 2006), the low transmission rate of the
silencing signal makes it difficult to study the molecular basis for silencing. In contrast, sid-1 is
stably silenced for up to 13 generations with 100% penetrance in the absence of selection for
the silenced state, allowing for a detailed study of the molecular basis and transmission
properties of the inherited silencing signal.
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Chapter 3: Transmission properties of the silenced sid-1 allele

i. Introduction
In Chapter 2, I showed that an epigenetic signal stably silences sid-1 for up to 13
generations. This is the first case of stable heritable silencing of an endogenous gene in C.
elegans. This remarkable stability poses many questions about the molecular mechanisms that
maintain stable silencing, and provides an opportunity to study this phenomenon in detail. In this
Chapter, my goal is to begin to understand the identity of this heritable silencing signal and the
mechanism by which this signal silences sid-1. To begin to answer this question, I first ask
whether the expressed or silenced state of the sid-1 allele is dominant. After I determine that the
silencing signal is dominant, I then determine that it is transmitted only through the female
germline.
There are two well-described mechanisms by which silencing signals could be
transmitted across generations: small RNAs and chromatin modifications. Small RNAs are short
RNA molecules that can target homologous RNAs for silencing, either transcriptionally (Buckley
et al., 2012; Burkhart et al., 2011; Burton et al., 2011; Guang et al., 2008; 2010) or posttranscriptionally (Gu et al., 2009; Sapetschnig et al., 2015; Tsai et al., 2015; Yigit et al., 2006).
They can be produced from dsRNA (exogenous) or transcribed from gDNA or RNA
(endogenous) (Billi et al., 2014; Fire et al., 1998). Many studies have shown associations
between silencing and increased small RNAs targeting the silenced region (Sijen et al., 2001;
2007).
In addition to small RNAs, chromatin modifications can epigenetically modulate gene
expression. Chromatin can be modified in several ways, including methylation of nucleotides or
by chemical modification of histone tails (Kouzarides, 2007). In C. elegans, methylation of DNA
has only been recently described (Greer et al., 2015), but histone modifications, associated with
either a transcriptionally silenced or transcriptionally active state, are much more prevalent (Cui
and Han, 2007; Schaner and Kelly, 2006). Chromatin modifying enzymes have been implicated
in heritable silencing of transgenes (Ashe et al., 2012; Vastenhouw et al., 2006). Furthermore, it
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has been shown that histone modifications associated with gene silencing can be transmitted
across generations, providing a possible mode by which silenced genes could maintain their
expression states in future generations (Gaydos et al., 2014). In this Chapter, I show that
chromatin at the sid-1 locus is not required to transmit the silencing information. Instead, an
increase in small RNAs at the sid-1 locus is associated with the silenced state. This increase in
small RNAs is maintained even in the absence of the Psid-1::gfp array, raising the possibility
that these small RNAs contribute to sid-1 silencing across generations.

ii. A silenced sid-1 locus can convert an active locus to the silenced state
To characterize the transgenerational transmission properties of the stable silenced sid1 state, I wanted to determine what happens when a silenced sid-1 allele encounters a naïve,
expressed sid-1 allele. To answer this question, I crossed a wild-type male that expresses sid-1
to a sid-1 silenced non-array hermaphrodite whose parent carried the Psid-1::gfp array. There
are three possibilities for the status of sid-1 expression in the progeny of this cross: (1) both
alleles could maintain their silenced and expressed states, (2) the silenced allele could convert
the previously expressed allele to the silenced state or (3) the expressed allele could convert
the previously silenced allele to the expressed state. To distinguish between these possibilities,
I placed F2 cross progeny (identified by fluorescent marker in P0 male) on dpy-11 RNAi as L4
larvae and scored their progeny (Figure 3.1A). If both alleles maintain their original expression
states in the F1, then I expect a 1:3 ratio of resistant:Dpy F2 progeny. If both alleles become
silenced in the F1, all F2 should be resistant to dpy-11 RNAi. If both alleles became expressed
in the F1, all F2 should be sensitive (Dpy) on dpy-11 RNAi. I found that all (13/13) cross
progeny F2 produced only resistant F3 progeny (Figure 3.1A, 3.2, 3.3). Thus, a silenced sid-1
allele dominantly converts an expressed allele to the silenced state. This is reminiscent of
paramutation, a phenomenon previously described in both plants and animals, in which a
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from the L4 larval stage.
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Figure 3.3 Data used to generate Figure 3.2. Each bar represents the RNAi sensitivity of
the adult progeny of a single L4 worm fed dpy-11 RNAi.
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silenced allele converts an expressed allele to the silenced state in the absence of change to
the DNA sequence (Chandler, 2010).
To determine whether the paramutated allele is silenced stably, I continued to test
subsequent generations from the paramutation cross on dpy-11 RNAi food. Like F2 cross
progeny, F3 cross progeny produce only resistant F4 worms, indicating that sid-1 remains stably
silenced (Figure 3.2). Furthermore, some resistant progeny are produced for an additional two
generations. Thus, a maternally provided signal stably silences a previously expressed sid-1
allele.

iii. Males cannot transmit sid-1 silencing signal
Paramutation-like silencing of transgene reporters and heritable silencing of the
endogenous oma-1 gene can be transmitted via sperm and oocytes in C. elegans (Alcazar et
al., 2008; Ashe et al., 2012; Sapetschnig et al., 2015; Shirayama et al., 2012). However, heat
stress induced epigenetic changes in C. elegans and paramutation-like silencing of transgenes
in Drosophila can be transmitted only via oocytes (de Vanssay et al., 2012; Hermant et al.,
2015; Schott et al., 2014). To determine whether the silenced sid-1 state can be transmitted by
males, I crossed non-array males derived from Psid-1::gfp hermaphrodites to wild-type
hermaphrodites (Figure 3.1B, 3.2, 3.3). I found that cross progeny F2 worms fed dpy-11 RNAi
produce only Dpy F2 progeny, indicating that sid-1 is expressed in these worms. Furthermore,
F3 worms fed dpy-11 RNAi also produce only Dpy F4 progeny (Figure 3.2, 3.3). Thus, males
cannot transmit the silencing signal, indicating that the silencing signal is transmitted exclusively
through oocytes. Importantly, I confirmed that sid-1 was silenced in F1 non-array males to
eliminate the possibility that males cannot transmit the silencing signal simply because they do
not epigenetically silence sid-1 (Figure 3.4, discussed further below).
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Figure 3.4 Normalized sid-1 mRNA levels (relative to cpf-1) in single silenced and
non-silenced parents and progeny from crosses described in Figure 3.1. Average ± SD of
two technical replicates.
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Although non-array silenced males cannot transmit enough of the silencing signal to
silence sid-1 in the progeny, indirect evidence suggests that sperm can contribute to efficient
silencing. When the Psid-1 DNA fragment is injected into wild-type worms, about 50% of lines
silence sid-1 two generations after injection while the rest of the lines take several more
generations to silence (Figure 2.9). In contrast, when the Psid-1::gfp array is crossed into wildtype worms through the male, all resulting Psid-1::gfp+ progeny silence sid-1 completely (Figure
3.5). Because the male-contributed array silences more efficiently than a newly introduced array
by injection, it suggests that the male does contribute some minimal silencing capacity.
However, consistent with the paramutation experiments showing that the female germline
contributes the majority of the silencing signal, the male contributed Psid-1::gfp array is not as
robust in transmitting silencing to non-array progeny as is a female contributed Psid-1::gfp array
(Figure 3.5). That is, while non-array F2 progeny from the maternal cross fully silence sid-1, all
non-array F2 progeny from the paternal cross only partially silence sid-1, as all give rise to some
Dpy worms when fed dpy-11 RNAi (Figure 3.5). Although the male may contribute some
silencing signals, the paramutation experiments described above (Figure 3.1-3.4) indicate that
heritable silencing of sid-1 is primarily achieved by transmission of the silencing signal from the
mother.

iv. sid-1 expression measurements confirm paramutagenic ability of maternal sid-1 allele
The paramutation experiments rely on inferring sid-1 expression from a phenotype on
dpy-11 RNAi. To confirm that the phenotype on dpy-11 RNAi reflects sid-1 expression, I
repeated the paramutation crosses that test for maternal and paternal transmission of the
silencing signal as described above and measured sid-1 expression directly in single cross
progeny worms. Single-worm qRT-PCR confirmed that all four tested cross-progeny from the
non-array silenced hermaphrodite x wild-type male cross, which tests maternal transmission,
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Figure 3.5 (A) Genetic crosses to compare capacity of sperm and oocyte-contributed
Psid-1::gfp array to induce silencing in array-containing progeny and non-array
grand-progeny. (B) Each bar represents the RNAi sensitivity of the progeny (average 172)
of a single worm of the given genotype fed dpy-11 RNAi from the L4 larval stage.
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silenced sid-1 as expected (Figure 3.4). In contrast, six cross-progeny from the wild-type
hermaphrodite x non-array silenced male cross expressed sid-1 (Figure 3.4). This result is
consistent with the fact that these worms produce sensitive progeny when fed dpy-11 RNAi.
Thus, direct measurement of sid-1 expression confirms that the silencing signal is transmitted
maternally.

v. Transmission of the silenced sid-1 state does not require chromatin transmission
Epigenetic silencing in C. elegans is often associated with changes to chromatin
structure. For example, heritable dsRNA-initiated silencing of a transgene requires nuclear RNAi
factors that associate with pre-mRNA and transcriptionally silence gene expression by
promoting methylation of histone H3K9 and by stalling RNA pol II (Buckley et al., 2012; Burton
et al., 2011; Guang et al., 2010). Furthermore, heritable silencing of transgenes requires several
factors that modify chromatin structure, including two histone H3K9 methyltransferases (Ashe et
al., 2012; Vastenhouw et al., 2006). Above I showed that silenced non-array hermaphrodites
can transmit the silencing signal to progeny through the oocyte. Next, I wanted to determine
whether the sid-1 locus DNA is required for transmission of the sid-1 silenced state. If silencing
information is encoded in chromatin modifications, then the sid-1 DNA should be required to
transmit the signal. Alternatively, if the silencing signal is extra-genomic, it may be transmitted
even in the absence of the physical chromatin.
To distinguish between the two possibilities described above, I generated Psid1::gfp/+;sid-1+/nDf32 worms that contain a large deficiency (nDf32) that spans the sid-1 locus
(Winston et al., 2002) (Figure 3.6). I then crossed wild-type males (marked by fluorescent
marker) to silenced sid-1+/nDf32 progeny. Resulting F2 L4 cross progeny were placed on dpy11 RNAi and their progeny were scored for the Dpy phenotype (Figure 3.7A, B). Embryonic
lethality in the F3 was used to determine whether F2 worms carried the nDf32 deficiency (Figure
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Figure 3.6 nDf32/+ V; Is[Psid-1::gfp]/+ X P0 worms (referred to as “P0” for consistency
with Figure 3.1) are generated from described cross. Note that +/eT1 III; dpy-11(e224)
Df32/eT1 V worms are referred to as +/eT1 III; nDf32/eT1 V. The genotype of P0 worms is
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non-complementary inheritance of eT1 or inheritance of two nDf32 chromosomes. The
chromosome III breakpoint of the reciprocal translocation eT1 disrupts the unc-36 locus,
thus worms that inherit both sets of translocated chromosomes are uncoordinated. F1
progeny that all contain Psid-1::gfp are self progeny. F1 progeny from nDf32/+ V;
Is[Psid-1::gfp]/+ X P0 worms who do not contain the array are singled and crossed to
wild-type males (marked by Is[Podr-1::rfp]). Cross-progeny F2 are placed on dpy-11 RNAi
food as L4 larvae and their progeny scored as adults. The genotype of F2 worms is
determined by the presence of dead F3 embryos from nDf32/+ V F2s. Only F2s from the
nDf32
of nDf32/+ V F2s). .
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Figure 3.7 (A) Genetic cross to test for maternal transmission of silencing without
chromatin. (B) RNAi sensitivity of progeny (average 68 per worm) from (n) F2
sid-1+/nDf32 hemizygous or sid-1+/sid-1+ cross progeny fed dpy-11 RNAi.
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3.6). If chromatin at the sid-1 locus is required to transmit the silencing signal, then progeny that
inherit the deficient chromosome will not be able to silence the paternal allele. However, all
resulting cross-progeny, whether they inherited the intact sid-1 locus (sid-1+/sid-1+, 71/71) or
the deficient chromosome (sid-1+/nDf32, 35/35), produced resistant progeny when placed on
dpy-11 RNAi food (Figure 3.7A, B). Thus, the sid-1 locus and any associated chromatin marks
are not required for transmission of silencing signals.

vi. Chromatin modifying enzymes previously implicated in heritable transgene silencing
are not required to silence sid-1 in the germline
The deficiency experiment described above suggests that chromatin modifications at the
silenced sid-1 locus cannot be the silencing signal that directs a naïve (paternal) allele to be
silenced. However, it is still possible that chromatin modifications contribute to silencing of the
paternal allele in response to the maternally contributed silencing signal. Heritable silencing of
gfp transgenes in the germline, initiated by introduction of gfp dsRNA, requires several
chromatin modifying enzymes. First, worms that have mutations in one of two histone H3K9
methyltransferases set-25 and set-32 cannot heritably silence the gfp transgene (Ashe et al.,
2012). Furthermore, hpl-2, a homolog of Heterochromatin Protein 1 (HP1), which promotes
silenced chromatin architecture, is also required to heritably silence germline gfp (Ashe et al.,
2012). However, none of these factors are required to silence sid-1 in the germline of Psid1::gfp worms (Figure 3.8). set-25(n5021); Psid-1::gfp, set-32(ok1457); Psid-1::gfp and hpl2(tm1489); Psid-1::gfp worms fed dpy-11 RNAi produce resistant progeny, indicating that sid-1
is still silenced in these worms.
Because SET methyltransferases were previously implicated in heritable silencing, I
wondered whether set-32 and set-25 may act redundantly to silence sid-1. To test this, I
generated set-25(n5021); set-32(ok1457); Psid-1::gfp worms and fed them dpy-11 RNAi (Figure
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Figure 3.8 RNAi sensitivity of progeny (average of 47 per worm) from (n) worms of given
genotype fed dpy-11 RNAi from the L4 larval stage.

81

3.8) or measured sid-1 expression directly (Figure 3.9). Both assays revealed that set25(n5021);

set-32(ok1457);

Psid-1::gfp

worms

silence

sid-1,

even

when

both

methyltransferases are mutated. I next wondered whether these methyltransferases might be
specifically required to inherit silencing in the absence of the array (Figure 3.10). set-25(n5021)
progeny from set-25(n5021); Psid-1::gfp/+ parents invariably produce resistant progeny on dpy11 RNAi, indicating that set-25 is completely dispensable for sid-1 silencing in the germline and
for inheritance of silencing without the array. When set-32(ok1457) progeny from set32(ok1457); Psid-1::gfp/+ parents are placed on dpy-11 RNAi, most produce only resistant
(silenced) progeny (Figure 3.10). Interestingly, some worms produce Dpy progeny, indicating a
minor contribution of SET-32 in inheritance of sid-1 silencing (Figure 3.10). A similar cross that
generated hpl-2(tm1489) progeny from hpl-2(tm1489); Psid-1::gfp/+ parents showed that hpl-2
is also dispensable for inheritance of the silenced state in the absence of the Psid-1 array
(Figure 3.10).
Although it was previously thought that C. elegans lacked DNA methylation, adenine N6methylation on C. elegans genomic DNA was recently detected (Greer et al., 2015). The DNA
methyltransferase DAMT-1 and the demethylase NMAD-1 regulate adenine N6-methylation
levels in C. elegans (Greer et al., 2015). Although this modification has not been directly
implicated in gene expression regulation, there is evidence that the mark can increase across
generations, raising the possibility that it could carry heritable information (Greer et al., 2015). I
wondered whether this DNA modification might contribute to sid-1 silencing. However, progeny
of both damt-1(gk961032); Psid-1::gfp and nmad-1(ok3133); Psid-1::gfp worms placed on dpy11 RNAi are resistant, indicating that sid-1 can be silenced by multiple copies of the sid-1
promoter even in the absence of these enzymes (Figure 3.11).
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Figure 3.9 qRT-PCR measurement of sid-1 mRNA levels (normalized, relative to gpd-3)
in young adults. Average ± SD of two technical replicates is shown and wild-type
expression is set to 1.0.
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Figure 3.10 RNAi sensitivity of the progeny (average 87 per worm) from (n) worms fed
dpy-11 RNAi from the L4 larval stage.
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Figure 3.11 RNAi sensitivity of the progeny from (n) worms fed dpy-11 RNAi from the L4
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vii. sid-1 silencing is likely post-transcriptional
Epigenetic silencing in C. elegans is often associated with reduced transcription
(Buckley et al., 2012; Burton et al., 2011; Guang et al., 2010; Shirayama et al., 2012). For
example, comparison of pre-mRNA and mRNA levels indicates that dsRNA-mediated heritable
silencing of a gfp transgene involves both transcriptional and post-transcriptional regulation
(Ashe et al., 2012), while silencing of gfp in RNAe is primarily transcriptional (Shirayama et al.,
2012). If the 10-fold decrease in sid-1 mRNA in Psid-1::gfp worms is due to transcriptional
silencing, I also expect a 10-fold decrease in sid-1 pre-mRNA in Psid-1::gfp worms. However,
sid-1 pre-mRNA levels, inferred by qRT-PCR for portions of two sid-1 introns, were
indistinguishable in wild-type and Psid-1::gfp worms (Figure 3.12). Although pre-mRNA levels
are often difficult to measure, I found that the single-worm qRT-PCR protocol (see Materials and
Methods) results in reproducibly detectable levels of sid-1 pre-mRNA. Thus, although I cannot
rule out a minimal contribution of transcriptional silencing that may be undetectable by qRTPCR or more complex mechanisms of regulation, this result suggests that silencing does not
affect sid-1 transcription or RNA splicing rates and is likely post-transcriptional.

viii. sid-1 silencing is associated with an increase in secondary small RNAs antisense to
the sid-1 coding sequence
The results above eliminate the possibility that chromatin structure encodes the heritable
silencing information. Next, I wondered whether extra-genomic small RNAs might contribute to
sid-1 silencing. To determine whether the silenced sid-1 locus is associated with accumulation
of small RNAs, I sequenced two independent wild-type and four independent Psid-1::gfp small
RNA libraries from synchronized young adults (Table 3.1). Because individually transcribed
secondary small RNAs have a 5’ triphosphate that can interfere with library preparation, I
treated total RNA with a polyphosphatase enzyme that cleaves this triphosphate prior to library
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Figure 3.12 qRT-PCR measurement of sid-1 intron 4 and intron 6 expression in WT or
Psid-1::gfp single worm adults relative to cpf-1 intron 5 expression. cDNA used for
qRT-PCR was generated using a gene specific primer amplifying sid-1 and cpf-1. Average
± SD of two technical replicates is shown.
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Table 3.1 Summary of small RNA sequencing libraries.

Small RNA
sequencing library Replicate
WT
Psid-1::gfp

Non-array F6
Non-array F21
hrde-1; Psid-1::gfp

Replicate 1
Replicate 2
Replicate 1
Replicate 2
Replicate 3
Replicate 4
Replicate 1
Replicate 2
Replicate 1
Replicate 2
Replicate 1
Replicate 2

Reads

18-30nt reads
(% of total)

18-30nt reads aligned
to genes (%)

92713913
102401015
50373779
117640079
38514004
48670798
97289632
88131191
68187791
5100033
97331834
59003004

3980652 (4%)
9677194 (9%)
3785688 (8%)
8717573 (7%)
10920169 (28%)
19995607 (41%)
19507354 (20%)
21201384 (24%)
20843194 (31%)
2254248 (44%)
33007370 (34%)
19739543 (33%)

546024 (14%)
1064399 (11%)
544732 (14%)
1256504 (14%)
2087345 (19%)
4194219 (21%)
3803625 (19%)
4307632 (20%)
4192485 (20%)
565546 (25%)
7264087 (22%)
4409579 (22%)
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preparation to capture all small RNAs. Libraries were size selected to enrich for small RNAs
prior to sequencing. Resulting 21-26nt reads were aligned to the C. elegans genome.
First, I looked specifically at small RNAs that align, in either the sense of antisence
direction, to the sid-1 locus (Figure 3.13B). There are small RNAs that align to the sid-1 coding
sequence in wild-type worms. As expected of regulatory small RNAs, nearly all of these small
RNAs are antisense to sid-1 mRNA (Pak and Fire, 2007). Furthermore, these small RNAs
almost exclusively align to sid-1 exons. This is consistent with many previous observations
showing that both endogenous small RNAs and dsRNA-induced small RNAs are made primarily
against coding sequences (Pak and Fire, 2007; Ruby et al., 2006). Small RNAs were
normalized to total mapped 21-26nt small RNAs to compare between libraries. Importantly,
small RNAs antisense to the sid-1 coding sequence in Psid-1::gfp worms increased three-fold
compared to wild type (Figure 3.13B).
In all libraries, the small RNAs targeting sid-1 were highly enriched for 22 nucleotide
RNAs with a 5’ guanine, indicating that these small RNAs are likely 22G secondary siRNAs
(Figure 3.14A, B). Secondary siRNAs also have a 5’-triphosphate that, unless removed by
phosphatase treatment, interferes with capture of these small RNAs in sequencing libraries (Pak
and Fire, 2007; Sijen et al., 2001). To determine whether these anti-sid-1 siRNAs have a 5’
triphosphate as would be expected of secondary siRNAs, I prepared two Psid-1::gfp
synchronized young adult small RNA libraries (from the same RNA as was used for
polyphosphatase+ libraries), but I did not treat this RNA with polyphosphatase. Thus, any small
RNAs with a 5’ triphosphate would not be captured in this library. The output of this library is
difficult to compare directly to a polyphosphatase treated library due to a lack of a common
molecule to normalize against. However, the number of locations along the sid-1 sequence at
which sid-1 associated small RNAs are found in polyphosphatase- Psid-1::gfp small RNA
libraries is dramatically reduced compared to polyphosphatase+ Psid-1::gfp small RNA libraries
(Figure 3.15). Thus, this confirms that most small RNAs sequenced are not only 22G, but also
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Figure 3.13 Frequency and distribution of sense (red) and antisense (blue) 21-26
nucleotide small RNAs over the (A) sid-1 promoter and (B) the sid-1 gene (start codon to
3’ UTR). Total read counts (upper corner) are normalized to all 21-26 nt reads that map to
genes. Four Psid-1::gfp libraries and two libraries for all other genotypes were combined
as replicates.
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Figure 3.15 Number of locations at which 22G small RNA reads are found along sid-1
promoter and coding region in small RNA-seq libraries prepared with (5’ independent) or
without (5’ dependent) polyphosphatase treatment.
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contain a 5’ triphosphate. I conclude that Psid-1::gfp-dependent silencing is associated with an
increase in secondary 22G siRNAs antisense to the sid-1 mature transcript.

ix. sid-1 promoter associated small RNAs in Psid-1::gfp worms
In addition to the increase in 22G RNAs targeting the mature sid-1 transcript, small
RNAs also aligned to the sid-1 promoter region exclusively in Psid-1::gfp libraries (Figure
3.13A). These promoter small RNAs also exhibited 22G secondary siRNA characteristics
(Figure 3.14) and they were never detected in wild-type libraries. RNA-seq data indicates that
Psid-1::gfp worms contain abundant transcripts that map to the sid-1 promoter while no
transcripts were detected in the wild-type worms (Figure 3.16), suggesting that the small RNAs
that align to the sid-1 promoter are templated by Psid-1::gfp array-associated transcripts. The
presence of sid-1 promoter RNA in Psid-1::gfp worms likely reflects the fact that there is some
transcription of the sid-1 promoter within the multi-copy array. This is not very surprising, given
that the array is in multiple copies and likely has a complex structure. The importance of these
promoter-associated small RNAs is further discussed in Chapter 4.

x. Anti-sid-1 small RNAs persist in the absence of the array
The three-fold increase in small RNAs targeting the sid-1 coding sequence in Psid-1::gfp
worms and/or the sid-1 promoter associated small RNAs may be the sid-1 silencing signal.
However, for either of these populations to be able to contribute to heritable silencing, they
would have to be maintained in silenced worms that have lost the array. To determine whether
the 22G RNAs that align to either the sid-1 promoter or the coding region persist in the absence
of the Psid-1::gfp array, I established two independent lines segregated from Ex[Psid-1::gfp]
worms (Lines c and d in Figure 2.12B). I tested both lines for sid-1 silencing on dpy-11 RNAi at
each generation and first sequenced small RNAs from fully resistant worms six generations
removed from a Psid-1::gfp array ancestor. No small RNAs aligned to the sid-1 promoter in
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Figure 3.16 RNA-seq reads from two stranded Psid-1::gfp libraries were aligned to
Psid-1. Reads per nucleotide were averaged between the two libraries. Only reads that
were 75 or more nucleotides and aligned perfectly to Psid-1 were included in this analysis.
Forward reads (aligning to same strand as sid-1 RNA) are in red, reverse reads are in
blue. No reads from libraries prepared from wild-type worms aligned to the Psid-1 region.
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either line (Figure 3.13A), indicating that promoter small RNAs are not required for maintenance
of silencing. In contrast, I detected a continued increase in the number of small RNAs antisense
to the sid-1 coding region (Figure 3.13B), indicating that these small RNAs are renewed each
generation in sid-1 silenced animals. I generated Is[Psid-1::gfp]/+ worms, and sequenced small
RNAs in silenced F5 non-array worms derived from the Is[Psid-1::gfp]/+ ancestor and similarly
found a persistent increase in small RNAs antisense to the sid-1 coding sequence (data not
shown). Thus, anti-sid-1 coding sequence 22G secondary small RNAs persist in silenced
worms, and could therefore contribute to sid-1 silencing.
The eventual re-emergence of sid-1 expression in non-array worms predicts that if these
increased small RNAs contribute to sid-1 silencing, small RNA levels should decrease down to
wild-type levels in re-expressed worms. I sequenced small RNAs in non-array worms from an
Ex[Psid-1::gfp] ancestor at generation 21 (also from Lines c and d in Figure 2.12B), after reemergence of RNAi sensitivity and re-expression of sid-1. At generation 21, small RNA levels at
the sid-1 coding sequence are comparable to wild-type and promoter-associated small RNAs
are not detected (Figure 3.13B). These results extend the correlation between the presence of
coding region 22G RNAs and persistent sid-1 silencing.

xi. Small RNAs at genes upstream of sid-1
In Chapter 2, I showed that in addition to sid-1, the two uncharacterized genes upstream
of sid-1, C04F5.8 and C04F5.9, are also silenced in Psid-1::gfp worms and their non-array
progeny (Figure 2.6, 2.14). To determine whether the correlation between silencing and small
RNAs targeting the coding sequence extends to these upstream genes, I compared the number
of small RNAs that align antisense to these upstream genes in wild-type worms and sid-1
silenced worms. Surprisingly, comparison of wild-type to Psid-1::gfp and wild-type to silenced
non-array F6 small RNA libraries did not detect a statistically significant difference in small
RNAs targeting these genes (Figure 3.17). In contrast, comparison of small RNAs in silenced
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non-array F6 worms to de-silenced non-array F21 worms shows a statistically significant
increase in anti-C04F5.9 small RNAs in silenced worms (Figure 3.17). Both comparisons show
a non-statistically significant decrease in small RNAs at C04F5.8 in silenced worms (Figure
3.17). The significance and biological relevance of this difference in unclear and should not be
over-interpreted due to the small amount of small RNAs targeting this gene (nearly 200-fold
fewer than sid-1).
The upstream genes have many fewer small RNAs targeting them in wild-type worms
compared to the number of anti-sid-1 small RNAs. Thus, it is possible that this makes detecting
an increase in small RNAs at this locus challenging. A higher sequencing depth in F6 and F21
small RNA libraries (Table 3.1) compared to wild-type and Psid-1::gfp small RNA libraries may
be the reason that this difference can only be detected when comparing F6 to F21 libraries.
Thus, although the gene upstream of sid-1 may also be targeted by small RNAs in Psid-1::gfp
worms, the correlation does not hold in all silenced to de-silenced comparisons. It is also
possible that these upstream genes are silenced independently of small RNAs. This possibility
is further discussed in the Chapter 6.

xii. Other genes differentially targeted by small RNAs in silenced and expressed worms
Above I describe an association between sid-1 silencing and an increase in anti-sid-1
siRNAs. RNA-seq in wild-type and Psid-1::gfp worms suggests that worms harboring multiple
copies of the sid-1 promoter specifically silence the sid-1 region (Figure 2.5, 2.6). Thus, for the
increase in small RNAs at the sid-1 locus in Psid-1::gfp worms to have the potential to be the
causative silencing signal, this increase at the sid-1 locus should also be specific: that is, small
RNA profiles at other genes in the genome should remain largely unchanged. Although no
evidence exists that sid-1 modulates endogenous small RNA pathways, it is important to rule
out the possibility that silencing sid-1 causes changes to small RNA profiles across the genome.
Comparison of wild-type and Psid-1::gfp worms revealed that small RNAs increased in Psid-

97

1::gfp worms compared to wild-type at 29 genes (including sid-1) and decreased at 16 genes
(Figure 3.18). It could be that changes in small RNAs at these genes are important for sid-1
silencing. Alternatively, it is possible that differences in these small RNAs represent noise that is
due to a limited number of replicates or due to biological variation in small RNA levels among
worms. To distinguish between these possibilities, I compared small RNAs in (1) wild-type
worms to silenced non-array F6 worms and (2) silenced non-array F6 worms to de-silenced
non-array F21. If small RNA changes are relevant to the sid-1 silenced phenotype or are the
downstream result of silencing of sid-1, then they should be shared among all three silencedexpressed genotype comparisons. This analysis reveals that most of the differentially targeted
genes are noise, rather than biologically relevant to the silenced sid-1 state, as they are not
shared among the three comparisons. Only 6 genes, including sid-1, show changes in aligned
small RNA levels between silenced and de-silenced worms in all 3 comparisons (Figure 3.18).
While the biological relevance of the other 5 genes remains unclear, this analysis confirms that
silencing of sid-1 does not globally alter small RNA levels and suggests that the increase in
small RNAs at sid-1 is specific to the silenced sid-1 state.

xiii. Conclusion
In C. elegans, heritable silencing of both the endogenous oma-1 gene and of artificial gfp
transgenes in RNAe can be transmitted through both female and male germlines (Alcazar et al.,
2008; Shirayama et al., 2012). In contrast, the signal that silences sid-1 is solely transmitted by
the maternal germline, as is the heritable signal that induces persistent gene expression
changes in response to heat stress (Schott et al., 2014). This difference in transmission ability
could be because the molecular identity of the silencing signal is distinct between the different
phenomena, the same signal is packaged differently in germ cells, or because different amounts
of the signal are necessary to silence the different loci. For example, it could be that males do
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pass on some signals, as Figure 3.5 suggests, but they pass on too few signals to silence sid-1.
This possibility is further supported by the observation that in RNAe, males can pass on the
signal but silence with lower efficiency than do females (Shirayama et al., 2012). Nonetheless,
in the case of sid-1 silencing, the signal is dominantly inherited through the female germline.
The dominant transmission of the silencing signal, combined with the subsequent
stability of silencing at an endogenous locus, allowed me to test whether chromatin at the sid-1
locus contributes to transmission of the silencing signal. The result was remarkably clear, as the
silencing signal could be inherited even when sid-1 DNA was not inherited in 100% of cases.
Furthermore, chromatin modifying enzymes previously implicated in the silencing of transgenes
were not required to transmit the silencing, indicating that silencing of sid-1 is mechanistically
distinct from transgene silencing.
After ruling out chromatin modification as a mechanism of transmission, I found that sid1 is preferentially targeted by antisense small RNAs in Psid-1::gfp worms. Measurement of
small RNAs at the sid-1 locus in non-array silenced and de-silenced worms further extended the
correlation between the silenced state and an increase in small RNAs targeting sid-1. While this
correlation shows that these anti-sid-1 small RNAs could be the silencing signal, it does not
necessarily demonstrate a causative relationship between small RNAs and sid-1 silencing. In
Chapter 4, I design experiments to determine how these extra anti-sid-1 siRNAs are produced
and maintained. Identification of factors required for the extra small RNAs allows me to
determine whether these small RNAs are really required to silence sid-1. Furthermore, I
propose a model for how the Psid-1 array leads to the production of these small RNAs, and
argue that these small RNAs embody the inherited silencing signal.
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Chapter 4: Genetic requirements for sid-1 silencing in the germline

i. Introduction
The increase in siRNAs that could target the sid-1 coding sequence in Psid-1::gfp worms
suggests that these small RNAs may be important for silencing sid-1 via the transgene. In this
Chapter, I first hypothesize that the small RNAs targeting the sid-1 locus in Psid-1::gfp worms
are generated and stabilized by one of the known C. elegans small RNA pathways. In C.
elegans, small RNAs are produced by one of four genetically distinguishable pathways. One
pathway is the exogenous pathway and is only active when dsRNA is introduced into the worm
(Fire et al., 1998). The other three pathways are endogenous, and active in C. elegans in the
absence of any manipulation. I find that one endogenous pathway is required for sid-1 silencing.
All four pathways use common strategies to silence homologous transcripts via siRNAs.
First, primary siRNAs are produced (Parrish and Fire, 2001; Ruby et al., 2006). In the
exogenous pathway these siRNAs are produced from dsRNA in complex with RDE-4 and DCR1 and are stabilized by the Argonaute RDE-1 (Knight and Bass, 2001; Pak and Fire, 2007;
Parrish and Fire, 2001; Steiner et al., 2009; Tabara et al., 1999; Zamore et al., 2000). In two
endogenous pathways, primary siRNAs are transcribed from mRNA via a complex containing
the RNA dependent RNA polymerase RRF-3 and stabilized by either ERGO-1 or ALG-3/4
(Conine et al., 2010; Gent et al., 2010; Han et al., 2009; Vasale et al., 2010). ERGO-1 functions
in the female germline and ERGO-1 targeted genes are enriched for somatic transcripts. The
ALG-3/4 pathway acts in sperm (Conine et al., 2010; Han et al., 2009). The third endogenous
RNAi pathway is the piRNA pathway. piRNAs are transcribed by RNA polymerase II from
genomic DNA (Bagijn et al., 2012; Batista et al., 2008; Gu et al., 2012b; Ruby et al., 2006).
In all four pathways, primary siRNAs that find a homologous RNA target direct RNA
dependent RNA polymerases (RRF-1 and EGO-1) to produce highly amplified secondary
siRNAs targeting the transcript (Gu et al., 2009; Sijen et al., 2001). Secondary siRNAs
synthesized in the exogenous, ALG-3/4 and ERGO-1 RNAi pathways require a perfect match
between the primary siRNA and mRNA target. In contrast, piRNA-mediated silencing tolerates
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up to three mismatches between the piRNA and targeted RNA, potentially allowing piRNAs to
target many foreign sequences in a form of self/non-self immunity (Bagijn et al., 2012; Lee et al.,
2012). These secondary siRNAs are also stabilized by several partially redundant Argonaute
proteins.
Argonaute-stabilized

secondary

siRNAs

can

promote

gene

silencing

either

transcriptionally (Buckley et al., 2012; Burkhart et al., 2011; Burton et al., 2011; Guang et al.,
2008; 2010) or post-transcriptionally (Gu et al., 2009; Sapetschnig et al., 2015; Tsai et al., 2015;
Yigit et al., 2006). Transcriptional mechanisms of silencing, termed “nuclear RNAi” rely on
Argonautes that bind and translocate siRNAs into the nucleus. These siRNA target nascent
transcripts and lead to the localization of protein complexes that cause RNA polymerase II
pausing and an increase in methylation of histone H3K9 (Buckley et al., 2012; Burkhart et al.,
2011; Guang et al., 2008). Post-transcriptional mechanisms of silencing rely on highly
redundant WAGOs (Worm specific Argonautes), and the mechanisms of post-transcriptional
gene silencing remain largely mysterious, as silencing can occur even when Argonaute proteins
lack mRNA slicing activity (Yigit et al., 2006).
In this Chapter I show genetic evidence that the germline-specific nuclear Argonaute
HRDE-1 is required for the increase in anti-sid-1 small RNAs in Psid-1::gfp worms and for
silencing of sid-1 via multiple copies of the sid-1 promoter. Further, I find that a piRNA binding
site in the Psid-1 sequence is required for efficient initiation of sid-1 silencing. I then take
advantage of the stability of sid-1 silencing to further describe the genetic requirement for
HRDE-1 in inheritance of silencing in the absence of the array. This genetic analysis provides
the first evidence for the often proposed yet not previously demonstrated idea that small RNAs
embody the inherited silencing signal.
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ii. The Argonaute HRDE-1 is required to silence the sid-1 locus
In Chapter 3, I demonstrated that secondary siRNAs that can target sid-1 exons are
produced in sid-1 silenced worms. Specifically, there is a 3-fold increase in anti-sid-1 small
RNAs in Psid-1::gfp worms when compared to wild-type and this increase persists in silenced
future generations that lack the array (Figure 3.13). In the worm germline, secondary siRNAs
are produced by two partially redundant RdRPs, EGO-1 and RRF-1 (Gu et al., 2009). Although I
hypothesize that these siRNAs are likely produced by one or both of these RdRPs, the
requirement of these RdRPs in sid-1 silencing in the germline is difficult to test, as worms
lacking EGO-1 are sterile (Smardon et al., 2000). Therefore, I instead tested for a requirement
for MUT-2, a putative nucleotidyltransferase required for siRNA accumulation (Zhang et al.,
2011). qRT-PCR measurement of sid-1 shows that mut-2(ne298); Psid-1::gfp worms express
sid-1, indicating that MUT-2 is required for sid-1 silencing (Figure 4.1). The requirement for an
siRNA accumulation factor in promoter-mediated sid-1 silencing suggests that these increased
siRNAs at the sid-1 coding sequence could be the causal silencing agent.
The germline-restricted Argonaute HRDE-1 (Heritable RNAi Defective-1) has been
previously implicated in heritable silencing (Ashe et al., 2012; Buckley et al., 2012; Sapetschnig
et al., 2015). HRDE-1 is a germline-specific Argonaute that stabilizes secondary siRNAs and
transports these siRNAs to the nucleus (Buckley et al., 2012). Consistent with its localization in
the nucleus, HRDE-1 can silence genes transcriptionally (Buckley et al., 2012). In addition, it
has also been proposed that HRDE-1-mediated silencing can occur post-transcriptionally
(Sapetschnig et al., 2015). I found that a mutation in hrde-1 prevents sid-1 silencing by the Psid1::gfp array: direct qRT-PCR measurements of sid-1 show that sid-1 is expressed in hrde1(tm1200); Psid-1::gfp worms (Figure 4.1) and hrde-1(tm1200); Psid-1::gfp worms fed dpy-11
RNAi produce only Dpy progeny (Figure 4.2). Furthermore, nrde-2, a nuclear RNAi factor that
acts downstream of hrde-1 (Guang et al., 2010) is also required for sid-1 silencing by the Psid-
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Figure 4.1 Genetic requirements for sid-1 silencing. sid-1 mRNA expression in mixed
stage worms. Average (red bar) of biological replicates (black dots) relative to gpd-3.
Wild-type average is set to 1.0.
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Figure 4.2 RNAi sensitivity of progeny (average of 40 per worm) from (n) worms of given
genotype fed dpy-11 RNAi from the L4 larval stage.
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1::gfp array. This requirement is also demonstrated both by direct and indirect measurements of
sid-1 expression in nrde-2(gg91); Psid-1::gfp worms (Figure 4.1, 4.2).
I next wondered whether silencing of the genes upstream of sid-1 in Psid-1::gfp worms
also requires nuclear RNAi. I found that hrde-1(tm1200); Psid-1::gfp worms also fail to silence
the upstream genes, C04F5.9 and C04F5.8 (Figure 4.3). Thus, nuclear RNAi factors, including
an Argonaute protein, are required to silence the sid-1 locus and upstream genes.

iii. Anti-sid-1 small RNAs depend on HRDE-1
The requirement for the siRNA-stabilizing Argonaute HRDE-1 in sid-1 silencing suggests
that HRDE-1 is likely required for the accumulation of excess siRNAs at the sid-1 coding
sequence in Psid-1::gfp worms and/or the accumulation of anti-Psid-1 siRNAs in Psid-1::gfp
worms. To test this hypothesis, I sequenced small RNAs in hrde-1(tm1200); Psid-1::gfp
synchronized young adult worms (Table 3.1). First, I found that sid-1 promoter associated small
RNAs decrease significantly in hrde-1(tm1200); Psid-1::gfp worms compared to Psid-1::gfp
worms (Figure 4.4A). However, there is a small population of small RNAs that align to both
strands of the sid-1 promoter even in the absence of hrde-1 function. Second, the 3-fold
increase in small RNAs antisense to sid-1 exons depends on HRDE-1: small RNAs at the sid-1
coding sequence return to wild-type levels in hrde-1(tm1200); Psid-1::gfp worms (Figure 4.4B).
Small RNAs at both the promoter and sid-1 coding sequence are enriched for 22G siRNAs, as
expected (Figure 4.5). Importantly, I verified using previously published small RNA sequencing
data in hrde-1 mutants that anti-sid-1 small RNAs that exist in wild-type worms do not depend
on hrde-1 (Figure 4.6) (Ni et al., 2014). In fact, alignment of small RNAs from wild-type and
hrde-1 mutants shows a 2-fold increase in anti-sid-1 small RNAs in hrde-1 mutants worms. The
significance of this 2-fold increase is unclear and should not be over-interpreted, as only a
single replicate of each genotype was available for this analysis. Thus, in the presence of the
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Figure 4.3 C04F5.8, C04F5.9 mRNA expression measured by qRT-PCR in mixed stage
worms. Expression is relative to gpd-3, wild-type is set to 1.0. Average ± SD of two
technical replicates.
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Figure 4.4 Frequency and distribution of sense (red) and antisense (blue) 21-26
nucleotide small RNAs over the (A) sid-1 promoter and (B) the sid-1 gene (start codon to
3’ UTR). Total read counts (upper corner) are normalized to all 21-26 nt reads that map to
genes. Four Psid-1::gfp libraries and two libraries for all other genotypes were combined
as replicates.
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Figure 4.5 Characteristics of small RNAs that align to sid-1 promoter and coding
sequence. Reads (both strands) are highly enriched for (A) 22 nucleotide RNAs with (B)
a 5’ guanine in all libraries. Four Psid-1::gfp libraries and two libraries for all other
genotypes were combined as replicates.
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Figure 4.6 Alignment of 21-26nt small RNAs from wild-type and hrde-1 mutant worms to
sid-1 coding sequence. Data is from Ni et al., 2014. Small RNA abundance is normalized
to library size (total 18-30 nucleotide reads mapped to genome).
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Psid-1::gfp array, HRDE-1 is required for the accumulation and spread of 22G RNAs from the
sid-1 promoter region to the coding region.

iv. A model for promoter-mediated sid-1 silencing
How could small RNAs targeting array-produced promoter mRNA sequences direct
HRDE-1-dependent accumulation of small RNAs to the sid-1 coding region? Psid-1::gfp animals
contain

many

small

RNAs

complementary

to

the

abundant

array-transcribed

RNA

corresponding to the sid-1 upstream region (Figure 3.13A, Figure 3.16). Although I have thus far
referred to this region as the sid-1 promoter, this region also contains a long 5’ UTR of sid-1. In
C. elegans, 5’ UTRs are difficult to define, as they are trans-spliced soon after transcription
(Zorio et al., 1994). After trans-splicing, the predominant form of the sid-1 transcript contains just
a 7 nucleotide 5’ UTR. However, experiments designed specifically to detect transcription start
sites identify a site deep within the promoter region (Chen et al., 2013; Saito et al., 2013)
(Figure 4.7). Thus, prior to trans-splicing, sid-1 pre-mRNA contains a 5’ UTR that is homologous
to the Psid-1 region in the multi-copy array. The Psid-1 RNA detected in Psid-1::gfp worms likely
templates the production of abundant array-dependent small RNAs. I propose that these arraydependent small RNAs could then target the sid-1 primary transcript enabling HRDE-1dependent spread and accumulation of small RNAs targeting the sid-1 exons in a process
previously described and termed transitive RNAi (Figure 4.8) (Sijen et al., 2001).
The model described above explains the role of HRDE-1-stabilized siRNAs in
maintaining sid-1 silencing. My next goal is to determine the factors responsible for initiation of
sid-1 silencing. The requirement of secondary siRNAs in silencing sid-1 predicts that the
synthesis of these secondary siRNAs is directed by the presence of primary siRNAs. The
source of these primary siRNAs could potentially be Dicer-processed dsRNA or a primary
siRNA made by one of the three endogenous RNAi pathways described above. Below I
describe experiments that attempt to define the signal that initiates sid-1 silencing.
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Figure 4.7 sid-1 and C04F5.9 transcription start sites (TSS) defined in Saito et al., 2013.
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sid-1 “promoter” RNA
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PRG-1

HRDE-1

sid-1 5’ UTR
sid-1 pre-mRNA
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SL1
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Figure 4.8 A model for Psid-1-mediated sid-1 silencing. Psid-1 RNA is transcribed off of
Psid-1::gfp array. A PRG-1-dependent piRNA targets Psid-1 RNA. piRNAs promote
transcription of 22G secondary siRNAs. Secondary 22G siRNAs are amplified, stabilized
by HRDE-1. 22G siRNAs/HRDE-1 target the sid-1 5’ UTR before it is trans-spliced. 22G
siRNAs are transcribed off sid-1 coding sequence RNA via transitive RNAi. HRDE-1
dependent 22G RNAs targeting the sid-1 coding sequence are amplified to silence sid-1
even in the absence of the array.
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v. The piRNA stabilizing Argonaute PRG-1 contributes to initiation of sid-1 silencing
It has previously been demonstrated that piRNAs can direct the production of HRDE-1stabilized secondary siRNAs (Ashe et al., 2012; Bagijn et al., 2012; Lee et al., 2012).
Furthermore, the germline specific piRNA-stabilizing Argonaute PRG-1 has been implicated in
heritable silencing of single copy transgenes in the germline (RNAe) as well as heritable
silencing of an artificial piRNA sensor transgene (Sapetschnig et al., 2015; Shirayama et al.,
2012). While RNAe requires PRG-1 only to initiate silencing (Shirayama et al., 2012), silencing
of the piRNA sensor also requires PRG-1 to maintain heritable silencing (Ashe et al., 2012).
First, I found that PRG-1 is not required to maintain sid-1 silencing: prg-1(n4357); Psid-1::gfp
animals

that

segregate

from

silenced

prg-1(n4357)/+;

Psid-1::gfp/+

heterozygotes

(“Maintenance cross”) remained fully silenced (Figure 4.9, 4.10). However, this cross only tests
for maintenance of silencing (Figure 4.11). That is, if PRG-1 is specifically required to initiate
silencing, then silencing could initiate in the prg-1(n4357)/+ ;Psid-1::gfp/+ F1 generation in the
maintenance cross.
To test for a requirement of prg-1 specifically in the initiation of sid-1 silencing, I
introduced the Psid-1::gfp array from the male into prg-1(n4357)/prg-1(n4357) worms (Figure
4.11). Because the silencing signal is primarily transmitted through oocytes (Figure 3.2, 3.4),
this cross tests for a requirement in initiation. I found that prg-1(n4357)/+; Psid-1::gfp animals
produced by crossing the Psid-1::gfp array into prg-1 homozygotes through the Initiation cross
produce only resistant progeny, as expected (Figure 4.9, 4.10). In contrast, their prg-1(n4357)/
prg-1(n4357); Psid-1::gfp siblings are incompletely silenced; when fed dpy-11 RNAi as L4
larvae, they produce both sensitive and resistant progeny (Figure 4.9, 4.10). Thus, PRG-1 is
partially required to initiate sid-1 silencing.
The above results suggest one of two possibilities. It is possible that PRG-1 is only
partially required to initiate silencing. Alternatively, it is also possible that the Psid-1::gfp male
contributes a minimal amount of silencing signal that is sufficient to initiate silenced in the
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Figure 4.9 RNAi sensitivity of progeny of (n) F2 L4 larvae produced by the maintenance
and initiation crosses and fed dpy-11 RNAi (See Figure 4.11).
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Figure 4.10 Data used to generate Figure 4.9. Each bar represents the RNAi sensitivity
of the adult progeny of a single L4 worm fed dpy-11 RNAi.
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Figure 4.11 Genetic crosses to test for requirement in maintenance and initiation of sid-1
silencing by the Psid-1::gfp array. Silencing competent herpmaphrodite germline is
highlighted.

118

absence of PRG-1. To distinguish between these two possibilities, I injected the Psid-1 DNA
fragment into wild-type and prg-1(n4357) mutant worms (Figure 4.12A). High concentrations
(50ng/µl) of the Psid-1 DNA fragment caused prg-1-independent sid-1 silencing, indicating that
PRG-1 is dispensable for silencing at this high concentration. However, at lower concentrations
(1ng/µl), the Psid-1 DNA fragment was significantly better at silencing sid-1 in wild-type worms
than in prg-1 mutants (Figure 4.12A, 4.13). Thus, while PRG-1 contributes to efficient initiation
of sid-1 silencing, it is not absolutely required for sid-1 silencing in Psid-1::gfp worms.
In C. elegans, PRG-1 stabilizes over 16,000 endogenously transcribed piRNAs (Bagijn
et al., 2012; Batista et al., 2008). I wondered whether the contribution of PRG-1 to sid-1
silencing reflects a contribution of one or more endogenous piRNAs that can target Psid-1 RNA.
It is reasonable to suspect that such a piRNA might exist, given that even piRNAs that bind to
RNA with up to three mismatches can target production of secondary siRNAs (Bagijn et al.,
2012). I identified a 21 nucleotide sequence in the sid-1 promoter region that could be targeted
by the endogenous piRNA 14927-1 (Bagijn et al., 2012; Batista et al., 2008). This piRNA has the
potential to target base pairs 179-199 in the Psid-1 promoter. Intriguingly, analysis of silencing
capacity of smaller fragments of the Psid-1 DNA suggested that this region might be important
for silencing sid-1 (Figure 2.10B, compare 140-496bp vs. 222-496bp fragment). I disrupted the
putative piRNA binding site by four nucleotide changes (“Psid-1(piRNA-4A)”, Figure 4.12B) and
injected this altered Psid-1(piRNA-4A) fragment into wild-type worms. The efficiency of silencing
induced by the Psid-1(piRNA-4A) DNA fragment injection in wild-type worms was similar to that
observed by injecting the wild-type fragment into prg-1 mutant worms (Figure 4.12A, 4.13) Thus,
the requirement for prg-1 to initiate sid-1 silencing likely requires piRNA 14927-1.

vi. The exogenous RNAi pathway is not required for promoter-mediated sid-1 silencing
HRDE-1 dependent silencing of a germline gfp transgene can be initiated by exogenous
introduction of gfp dsRNA (Ashe et al., 2012; Vastenhouw et al., 2006). Multi-copy transgene
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Figure 4.12 (A) RNAi sensitivity of progeny of (n) F2 lines produced by injected wild-type
or piRNA-4A Psid-1 DNA. N.S. = Not significant, * = p < 0.05, ** = p < 0.002
(Mann-Whitney test). Resistant and slightly Dpy values were combined for statistics. (B)
Putative piRNA 14927-1 binding site and mutant Psid-1(piRNA-4A) sequence.
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Figure 4.13 Data used to generate Figure 4.12. Each bar represents the RNAi sensitivity
of the adult progeny of three L4 worms from each independent line fed dpy-11 RNAi.
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Figure 4.13 (Continued).
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arrays injected into the C. elegans germline form an array that contains multiple copies (often
hundreds) of the injected fragment. This array is stitched together in vivo by homologous repair
pathways, and can therefore contain complex structures. For examples, two 5’ or two 3’ ends of
the injected DNA fragment could be fused in such an array. If this structure exists, then it could
template the production of Psid-1 dsRNA. RNA sequencing showed that Psid-1 RNA is
transcribed and stable in Psid-1::gfp worms (Figure 3.16). I wondered whether Psid-1 dsRNA
could be produced off of the transgene in these worms.
Although it is not possible to determine the precise structure of a highly repetitive
transgene array, I used RNA sequencing data from Psid-1::gfp young adult worms described in
Chapter 2 to ask whether Psid-1 dsRNA might be transcribed from this array. Psid-1::gfp::unc54 3’ UTR DNA fragments could be fused to each other in one of three orientations in the
transgene array: 3’ to 5’ (the “correct” orientation), 3’ to 3’ or 5’ to 5’. A 3’ to 3’ or 5’ to 5’
orientation could potentially result in a DNA fragment from which Psid-1 dsRNA could be
transcribed (Figure 4.14A). To determine whether any of these orientations exist, I built
sequences of two Psid-1::gfp::unc-54 3’ UTR DNA fragments in the three possible orientations
in silico (Figure 4.14A). I aligned two wild-type and two Psid-1::gfp libraries (paired ends aligned
separately for this analysis) to 140 base pair sequences representing the junctions formed
between the two DNA fragments in the three different orientations, with 70 base pairs on either
side of the junction represented (Figure 4.14A). Only reads with one mismatch, insertion or
deletion were considered to be aligned for the analysis and only unique reads were counted. As
expected, no reads from wild-type libraries aligned to any of the junctions. In contrast, 35 reads
from Psid-1::gfp libraries aligned across the junction of two correctly oriented Psid-1::gfp::unc-54
3’ UTR DNA fragments (3’ to 5’) (Figure 4.14B). However, only three reads aligned to the
junction that would be formed by a 3’ to 3’ or 5’ to 5’ orientation of the injected transgene (Figure
4.14 C, D). This analysis suggests that this array has limited capacity to produce Psid-1 dsRNA.
However, there are several limitations to this analysis. First, the RNA sequencing library was

123

A
2654 bp
Psid-1

gfp

unc-54 3’ UTR

3’ to 5’:

3’ to 3’:

5’ to 5’:

0 140bp

Figure 4.14 (A) Three junctions that could exist in Psid-1::gfp multi-copy array. (B-D)
Reads from two paired end non-stranded Psid-1::gfp libraries were aligned to the three
potential 140 base pair junctions. Paired end reads were aligned separately. All reads that
aligned with up to one gap (shown), insertion (shown) or mismatch (not shown) are shown
in the alignment.
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created using a selection method that requires a polyA sequence in the RNA. Thus, it is
possible that not all RNA transcribed from the Psid-1::gfp transgene is represented in the library.
Second, the three junctions that I aligned to assume a simple fusion of the ends of the injected
DNA fragment. However, it is likely that more complex rearrangement of the DNA fragments
injected exist within the array. In fact, some reads that aligned to the 3’ to 5’ junction have
several base pair deletions across the junctions (Figure 4.14B). Such structures would often not
be captured in the arrays built above.
I next tested directly whether introduction of Psid-1 dsRNA could initiate silencing of sid1 in wild-type worms (Figure 4.15). I injected wild-type worms with Psid-1 dsRNA in the germline
(one or both gonads were injected in each animal). To determine whether the progeny of
injected worms silenced sid-1, I put F1 L4 larvae progeny on dpy-11 RNAi and scored their F2
progeny. All F2 progeny were fully Dpy, indicating that sid-1 was expressed in these worms.
This negative result suggests that Psid-1 dsRNA cannot initiate sid-1 silencing in wild-type
worms. However, this result must be interpreted with caution. First, it is difficult to test the
efficiency of Psid-1 dsRNA. Second, for dsRNA to silence, siRNAs that are produced from this
dsRNA must bind a complementary RNA to promote the production of silencing secondary
siRNAs. Psid-1::gfp worms contain Psid-1 RNA transcribed from the array (Figure 3.16).
However, wild-type worms do not contain abundant cytoplasmic Psid-1 RNA. Thus, the inability
of Psid-1 dsRNA to silence sid-1 in wild-type worms could simply reflect an inability of resulting
primary siRNAs to engage the downstream secondary siRNA-producing pathways.
Feeding Psid-1::gfp worms RNAi foods of different strengths suggests that sid-1 is either
not silenced or incompletely silenced in the soma of Psid-1::gfp worms (Figure 2.3). In contrast,
it is strongly silenced in Psid-1::gfp germlines. I wondered whether sid-1 in the soma is required
for silencing in the germline. One possibility is that information from the soma (i.e. Psid-1
dsRNA) is transmitted via somatic sid-1 to silence sid-1 in the germline. To test this, I used the
sid-1(qt2) allele. This mutation results in a full-length sid-1 mRNA that produces a non-functional
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Figure 4.15 (n) worms of given genotype were injected into one or both gonads with 1
µg/µl Psid-1 dsRNA. Their F1 L4 progeny were fed dpy-11 RNAi and F2 worms were
scored for RNAi sensitivity.
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SID-1 protein due to a single amino acid change (Winston et al., 2002). qRT-PCR for sid-1
mRNA in sid-1(qt2); Psid-1::gfp worms indicated that these worms can still silence sid-1 (Figure
4.16). Furthermore, introduction of the Psid-1::gfp array into sid-1(qt2) worms through the male
to test specifically for initiation of silencing (Figure 4.17A) also results in silenced worms (Figure
4.16). Although this result certainly does not rule out the possibility that Psid-1 dsRNA is
participating in sid-1 silencing in the germline, it suggests that dsRNA is unlikely to have to
travel from the soma to the germline to promote silencing, as such movement is dependent on
sid-1 (Winston et al., 2002).
Analyses described in the previous section suggest that Psid-1 dsRNA is unlikely to
initiate sid-1 silencing. However, all experiments are indirect and many of the negative results
are difficult to interpret for the reasons described. Thus, to test directly whether dsRNA might be
required for sid-1 silencing, I asked whether components of the exogenous RNAi pathway are
required to silence sid-1. The exogenous RNAi pathway is disrupted in worms lacking the
Argonaute RDE-1 (Parrish and Fire, 2001; Tabara et al., 1999; 2002). However, rde-1(ne219);
Psid-1::gfp worms made either via the Maintenance of Initiation crosses still silence sid-1, as
measured by qRT-PCR for sid-1 mRNA in mixed stage worms (Figure 4.1, Figure 4.17). RDE-4,
which acts in complex with DCR-1 to promote dsRNA cleavage in RNAi (Parrish and Fire, 2001;
Tabara et al., 2002; Yigit et al., 2006), is also dispensable for sid-1 silencing; rde-4(ne301);
Psid-1::gfp worms (made via the Maintenance cross) can silence sid-1 (Figure 4.1).
Furthermore, injection of the Psid-1 DNA fragment into rde-1 mutant worms results in sid-1
silencing (Figure 4.18). Single rde-1(ne219); Ex[Psid-1] worms from two independent lines
tested five generations after introduction of Psid-1 DNA can silence sid-1. Thus, the exogenous
RNAi pathway is not required for promoter-mediated sid-1 silencing.
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Figure 4.16 qRT-PCR measurement of sid-1 mRNA levels (normalized, relative to gpd-3)
in mixed stage worms. Strains are made via the maintenace (Maint.) or initiation (Init.)
cross. Initiation strain is generated by cross shown in Figure 4.17A. Average ± SD of two
technical replicates is shown and wild-type expression is set to 1.0.
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Figure 4.17 (A) Genetic cross to test for requirement of sid-1, rde-1, rrf-3 in initiation of
sid-1 silencing by the Psid-1::gfp array. (B) qRT-PCR analysis of sid-1 mRNA levels in two
rde-1; Psid-1::gfp lines made via the initiation cross and controls. Expression is measured
relative to gpd-3 and wild-type expression is set to 1.0. Average ± SD of two technical
replicates.
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Figure 4.18 qRT-PCR analysis of sid-1 mRNA levels in three single adult worms from two
independent lines of rde-1 mutants injected with Psid-1 DNA. Expression is measured
relative to cpf-1 and wild-type expression is set to 1.0. Average ± SD of two technical
replicates.
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vii. An attempt to disrupt sid-1 silencing by de-stabilization of the 5’ UTR
The importance of the 5’ UTR in silencing suggests that degradation of this 5’ UTR
should prevent sid-1 silencing. Although this idea is difficult to test, I injected dsRNA targeting
the sid-1 promoter into the germlines of Ex[Psid-1::gfp] worms (Figure 4.15). This dsRNA could
potentially target the Psid-1 RNA transcribed from the array and/or the sid-1 5’ UTR if resulting
siRNAs can be transported into the nucleus. Worms were injected into either one or both
gonads. I then fed F1 L4 larvae progeny of injected worms dpy-11 RNAi and scored their F2
progeny. The results of both injections into one and two gonads are combined. Both non-array
F1 worms and Ex[Psid-1::gfp] F1 worms produced only resistant progeny, indicating that sid-1 is
silenced in these worms (Figure 4.15). I next wondered whether the presence of the array is
obscuring any effect of the Psid-1 dsRNA as Psid-1 RNA could continually be transcribed from
the array. However, similar injections into non-array F1 progeny of Ex[Psid-1::gfp] worms also
failed to abolish sid-1 silencing (Figure 4.15). These negative results are difficult to interpret for
the same reasons described in the previous section. Furthermore, small RNA sequencing in
non-array silenced worms indicates that anti-promoter/5’ UTR small RNAs are not necessary for
maintenance of sid-1 silencing, so even if the 5’ UTR is successfully targeted for degradation in
these worms, it may not be sufficient to abolish silencing if it is only required to initiate silencing.
In C. elegans, the 5’ end of many transcripts, including sid-1, is trimmed off at a splice
acceptor site and replaced with a short splice leader sequence in a process called trans-splicing
(Blumenthal, 2005). The Psid-1::gfp transgene contains 716 base pairs of the sid-1 promoter/5’
UTR. However, it lacks 9 nucleotides directly upstream of the sid-1 start codon. Intriguingly,
there is a splice acceptor site within these 9 nucleotides that, after trans-splicing, results in the
predominant sid-1 transcript that contains just a 7 nucleotide 5’ UTR fused to the SL1 splice
leader. One possibility is that the lack of this acceptor splice site is responsible for the stability of
the Psid-1 RNA and therefore for silencing of sid-1. This is an intriguing hypothesis, as it would
potentially explain why sid-1 is readily silenced by multiple copies of its promoter, while no other
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gene has been reported to be silenced by such a construct. To test this hypothesis, I injected a
Psid-1(725bp)::gfp::unc-54 3’ UTR construct that included a 725bp Psid-1 fragment with the 9
nucleotides directly upstream of sid-1. I also injected the original Psid-1(716bp)::gfp::unc-54 3’
UTR construct for comparison. Both constructs showed similar, broad expression patterns to
what has previously been reported (Winston et al., 2002). Two generations after injection, I put
transformed worms from 3 independent Psid-1(716bp)::gfp::unc-54 3’ UTR lines and 8
independent Psid-1(725bp)::gfp::unc-54 3’ UTR lines on dpy-11 RNAi and scored their progeny
as an indirect measure of sid-1 expression (Figure 4.19). Psid-1(716bp)::gfp::unc-54 3’ UTR
worms produced only resistant progeny, indicating that sid-1 is silenced in these worms as
expected. Psid-1(725bp)::gfp::unc-54 3’ UTR lines also produced resistant progeny, with two
lines producing only resistant progeny, 5 lines producing some resistant progeny, and 1 line
producing no resistant progeny. The presence of resistant progeny suggests that the Psid1(725bp)::gfp::unc-54 3’ UTR fragment can also silence sid-1. The incomplete silencing of sid-1
in Psid-1(725bp)::gfp::unc-54 3’ UTR lines is not unexpected; I have observed incomplete
silencing in some Psid-1 injected lines when tested two generations after injection (Figure 2.7,
2.9). Thus, multiple copies of the sid-1 promoter/5’ UTR can silence sid-1, even when the splice
acceptor site is included in the construct.

viii. The ALG-3/4 and ERGO-1 RNAi pathways are not required for promoter-mediated sid1 silencing
I next examined the endogenous silencing pathways initiated by siRNAs transcribed
from mRNA for any contribution to sid-1 silencing in Psid-1::gfp worms. The ERGO-1 and ALG3/4 pathways share the RNA directed RNA polymerase (RdRP) RRF-3, which transcribes
primary siRNAs, as well as ERI-1, a component of the RdRP complex that is required for its
function (Conine et al., 2010; Gent et al., 2010; Han et al., 2009; Vasale et al., 2010). I found
that sid-1 remains silenced in rrf-3(ok2042); Psid-1::gfp and eri-1(mg366); Psid-1::gfp worms,
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Figure 4.19 L4 worms from each independent line were fed dpy-11 RNAi from the L4
stage two generations after injection of the arrays. Their progeny (average 63 per worm)
were scored for RNAi sensitivity. All bars represent the progeny of three worms, except
Psid-1(725bp)::gfp::unc-54 3’ UTR Line 1, for which only one parent was tested. Both
progeny that inherited the array and those that did not are included in this analysis.
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indicating that the ERGO-1 and ALG-3/4 pathways are dispensable for sid-1 silencing (Figure
4.1). Furthermore, in addition to its requirement in the exogenous RNAi pathway, RDE-4 is also
required for the ERGO-1 pathway and likely the ALG-3/4 pathways (Vasale et al., 2010). Thus,
the ability of rde-4(ne301); Psid-1::gfp worms to silence sid-1 further confirms that the ALG-3/4
and ERGO-1 endogenous RNAi pathways are not required for sid-1 silencing (Figure 4.1). rrf3(ok2042); Psid-1::gfp worms made via the initiation cross also silenced sid-1 completely
(Figure 4.20). Furthermore, rrf-3(ok2042) mutant worms injected with the Psid-1 DNA fragment
can silence sid-1 (Figure 4.21). Thus, PRG-1 uniquely participates in the initiation of promotermediated sid-1 silencing, while HRDE-1 maintains silencing.

ix. Analysis of double mutants does not identify the silencing signal
All previously described mechanisms of heritable silencing are initiated by either dsRNA
or by piRNAs (Alcazar et al., 2008; Ashe et al., 2012; Buckley et al., 2012; Sapetschnig et al.,
2015; Shirayama et al., 2012; Vastenhouw et al., 2006). However, although a piRNA contributes
to the initiation of sid-1 silencing, sid-1 silencing can initiate in the absence of piRNA pathway
components and exogenous RNAi pathway components. Furthermore, the two endogenous
pathways that are mediated by 26G small RNAs are also not required to initiate or maintain sid1 silencing. I wondered whether any of these pathways might act redundantly with piRNAs to
initiate sid-1 silencing. If this is the case, then simultaneous mutations in redundant pathways
should prevent the initiation of sid-1 silencing by multiple copies of the sid-1 promoter.
I generated prg-1(n4357); rde-1(ne219) mutant worms in which both the piRNA pathway
and the exogenous RNAi pathway are non-functional. I injected these worms with a high
concentration (50ng/µl) of Psid-1 DNA and generated 11 independent lines. I picked a single
transgenic worm two generations after injection from each line and measured sid-1 expression
in these worms. In addition, I measured sid-1 expression in three uninjected prg-1(n4357); rde1(ne219) mutant worms as a control. It was important in this experiment to make sure that
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Figure 4.20 Feeding RNAi sensitivity of progeny of singled F2 rrf-3; Psid-1::gfp/+ mutant
animals and controls produced by the initiation cross (see Figure 4.17A) fed dpy-11 RNAi
as L4 larvae. >200 progeny were scored per parent.
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Figure 4.21 Three L4 worms from each independent line were fed dpy-11 RNAi from the
L4 stage two generations after injection of the arrays. Their progeny (average 33 per
worm) were scored for RNAi sensitivity.
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worms have a functional germline, since prg-1(n4357) mutants have a mortal germline
phenotype (Wang and Reinke, 2008) which causes progressive sterility. Since sid-1 is primarily
expressed in the germline in adult worms, sterile worms could look as if sid-1 is silenced. I
verified that worms had a functional germline in two ways. First, prior to collecting worms for
expression analysis, I verified that each worm laid progeny. Second, in addition to measuring
sid-1 in these worms, I also measured the germline-specific transcript cpf-1 and verified that all
injected prg-1(n4357); rde-1(ne219) mutant worms expressed cpf-1 at approximately wild-type
levels (Figure 4.22A), indicating that germline transcripts are not globally compromised.
Uninjected prg-1(n4357); rde-1(ne219) mutant worms expressed sid-1 as expected
(Figure 4.22B). In contrast, 2/11 prg-1(n4357); rde-1(ne219) worms transformed with Psid-1
DNA silenced sid-1 completely. 4/11 prg-1(n4357); rde-1(ne219); Ex[Psid-1] worms silenced
sid-1 partially, and the rest of the worms expressed sid-1 (Figure 4.22B). I am testing these lines
only two generations after injection. Therefore, this variability in silencing is not surprising, given
that silencing is incomplete two generations after injection even in wild-type worms (Figure 2.72.9). The ability of multiple prg-1(n4357); rde-1(ne219); Ex[Psid-1] lines to silence just two
generations after injection confirms that sid-1 can be silenced even when both PRG-1 and RDE1 are non-functional.
I next wanted to generate prg-1(n4357); rrf-3(pk2042) mutant worms to determine
whether the ERGO-1 or ALG-3/4 pathways contribute to sid-1 silencing when piRNAs are
absent. However, all prg-1(n4357); rrf-3(pk2042) mutants that I generated were either
immediately sterile (7/10) or sterile one generation after the construction of this strain (3/10).
This sterility phenotype represents a potentially interesting genetic interaction between the three
endogenous small RNA pathways. However, the sterility of prg-1(n4357); rrf-3(pk2042) mutants
prevents an experiment to determine whether silencing pathways that require RRF-3 contribute
to the initiation of sid-1 silencing in the absence of piRNAs.
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Figure 4.22 qRT-PCR analysis of (A) cpf-1 mRNA levels (normalized to wild-type cpf-1
expresion) and (B) sid-1 mRNA levels (measured relative to gpd-3 expression) in single
adult worms from 11 independent lines of prg-1; rde-1 mutants injected with Psid-1 DNA
and three uninjected controls. Worms are tested two generations after injection. Wild-type
expression is set to 1.0. Average ± SD of two technical replicates.
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x. siRNAs embody the inherited signal
HRDE-1 is required to silence sid-1 in Psid-1::gfp worms (Figure 4.1). To further
characterize the contribution of HRDE-1 to transgenerational epigenetic inheritance of sid-1
silencing, I generated hrde-1(tm1200)/+; Psid-1::gfp/+ F1s and placed their F2 non-array
progeny on dpy-11 RNAi (Figure 4.23, 4.24). All hrde-1(tm1200)/hrde-1(tm1200) F2s produced
only non-Dpy F3 progeny, demonstrating that sid-1 remained silenced. This likely represents
maternal F1-produced, HRDE-1-deposited small RNAs in F2 embryos. In contrast, F3
hermaphrodites fed dpy-11 RNAi produced only Dpy F4 progeny (Figure 4.23, 4.24), indicating
that HRDE-1 and/or silencing signal depletion results in the re-expression of sid-1 in the F3
generation. If 22G RNAs targeting sid-1 persist in the F3 but cannot execute silencing due to the
depletion of HRDE-1, then re-introduction of HRDE-1 into the F3 progeny should restore sid-1
silencing. Indeed, all tested F3 hrde-1(tm1200)/+ worms placed on dpy-11 RNAi food produced
non-Dpy F4 progeny (Figure 4.23, 4.24). Thus, sequence-specific silencing information was
transmitted from the heterozygous F1 grandparent, through the homozygous F2 mother, and
into the heterozygous F3 grand-progeny, where the re-introduced wild-type HRDE-1 was
sufficient to execute silencing. Importantly, introduction of a wild-type HRDE-1 a generation later
cannot restore sid-1 silencing, indicating that the silencing signal is impermanent and requires
HRDE-1 for its production and/or maintenance. The restoration of silencing by wild-type HRDE1 in the heterozygous F3 generation is strong evidence that small RNAs embody the inherited
epigenetic information. Temporal analysis of silencing strength in F3 worms provides further
evidence for this model. Cross-progeny F3 worms laid earlier more efficiently silenced sid-1
than cross-progeny laid later (Figure 4.23, 4.24). This likely reflects dilution of silencing signals
in the F2 germline such that early oocytes have more anti-sid-1 siRNAs than do the late
oocytes.
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Figure 4.23 Crosses to test hrde-1 necessity and sufficiency for transgenerational
silencing. Pie charts show RNAi sensitivity of progeny of singled L4 larvae on dpy-11 RNAi
food. Below each pie chart is the number of L4 parents and the number of progeny scored
(in parentheses).
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Figure 4.24 Data used to generate Figure 4.23. Each bar represents the RNAi
sensitivity of the adult progeny of a single L4 worm fed dpy-11 RNAi.
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xi. Conclusion
In this Chapter, I showed that HRDE-1 is required to maintain heritable sid-1 silencing.
Although this protein has previously been implicated in heritable silencing of transgenes,
initiation of HRDE-1-mediated sid-1 silencing seems to be distinct from previously published
cases. Two ways to initiate HRDE-1-mediated silencing of germline transgenes have been
described. First, dsRNA-derived and RDE-1-stabilized siRNAs can initiate the production of
HRDE-1-dependent small RNAs targeting a transgene (Ashe et al., 2012). Second, endogenous
PRG-1-dependent piRNAs can act as the initiating signal that promotes production of silencing
secondary siRNAs (Ashe et al., 2012; Sapetschnig et al., 2015; Shirayama et al., 2012). In all
cases, initiation of silencing completely depends on one of these two pathways. However,
neither pathway is necessary to silence sid-1. PRG-1 independent initiation of sid-1 silencing
was rather surprising, due to the well documented previously described role for PRG-1 in the
initiation of heritable transgene silencing (Ashe et al., 2012; Shirayama et al., 2012).
Although sid-1 silencing can initiate in the absence of PRG-1, two assays reveal that
PRG-1 does play a role in the initiation of Psid-1-mediated silencing. First, crossing the Psid1::gfp array directly into prg-1(n4357) worms from the male reveals a partial, yet clear,
requirement for PRG-1 in sid-1 silencing. Second, injection of sid-1 promoter DNA at a low
concentration reveals a role for PRG-1 in the initiation of sid-1 silencing, as wild-type worms are
better at initiating silencing than are prg-1(n4357) mutants. Identification of a condition under
which the silencing response in prg-1(n4357) mutants is weaker than in wild-type worms
allowed me to identify a putative binding site of a single endogenous piRNA in the Psid-1
sequence that contributes to the initiation of silencing.
Finally, investigating the function of HRDE-1 in the silencing of an endogenous gene
allowed me to genetically describe the role of HRDE-1 in heritable silencing. First, I found that
maternally inherited HRDE-1 is sufficient to silence sid-1 in the next generation. Next, I found
that re-introduction of a wild-type hrde-1 gene is sufficient to restore sid-1 silencing immediately
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in the grand-progeny, suggesting that a hrde-1-dependent silencing signal can be transmitted
over two generations. The inability to restore silencing just a generation later indicates that the
silencing signal requires HRDE-1 for its stability. Taken together, these data suggests that
HRDE-1 is required for both the stability of the silencing signal and for the execution of
silencing. Given the identity of HRDE-1 as an Argonaute protein, this genetic analysis strongly
suggests that the inherited signal is a small RNA or an intermediate RNA product.
PRG-1 and HRDE-1 are germline-specific Argonaute proteins (Batista et al., 2008;
Buckley et al., 2012; Wang and Reinke, 2008). The contribution of PRG-1 to initiation of
silencing and the requirement of HRDE-1 in heritable maintenance of sid-1 silencing is
consistent with the finding that sid-1 is strongly silenced in the germline. Differing sensitivity of
Psid-1::gfp to RNAi foods of different strengths (Figure 2.3) and sid-1 mRNA measurements in
germline-less worms (Figure 2.4) suggest that sid-1 still functions in the soma of Psid-1::gfp
worms. However, in the next Chapter I show that sid-1 is also partially, and heritably, silenced in
the soma by the Psid-1::gfp array.
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Chapter 5: Transgenerational silencing of sid-1 in the soma

i. Introduction
In Chapters 2-4, I discuss the transmission properties and genetic basis for heritable sid1 silencing in the germline. All previous examples of stably transmitted heritable silencing are
restricted to the germline. From an evolutionary stand-point, this is not surprising: the germline
is responsible for the survival of a species and the mechanisms that promote heritable gene
silencing are thought to contribute to the integrity of the germline. For example, it has been
proposed that the ability of piRNAs to recognize RNA with imperfect complementarity allows
them to target mobile elements and foreign genetic material for silencing (Lee et al., 2012).
In this Chapter, I show that in addition to epigenetic silencing of sid-1 in the germline, I
can also detect sid-1 silencing in the soma. Intriguingly, genetic evidence suggests heritable
silencing in the soma is directed by maternal silencing in the germline, but that the mechanisms
for maintenance of silencing in the soma and germline are distinct. The finding that somatic
gene expression can be stably epigenetically silenced is especially exciting because it expands
the phenotypes upon which natural selection can act. Epigenetic regulation of germline gene
expression allows for the selection of evolutionarily beneficial phenotypes based on fecundity.
Epigenetic regulation in the soma potentially allows for selection to act on a variety of additional
phenotypes.

ii. Psid-1::gfp worms also silence sid-1 in the soma
Wild-type animals exposed to dpy-11 RNAi food for two consecutive generations are
strongly Dpy. This strongly Dpy phenotype requires both maternal sid-1 expression in the
germline and somatic sid-1 expression. However, wild-type animals exposed to dpy-11 RNAi
food for a single generation have a readily detectable and highly penetrant mild-Dpy phenotype
(Figure 5.1). This mild-Dpy phenotype may simply reflect the function of maternally contributed
sid-1 activity. Alternatively, if maternal sid-1 is not sufficient for this mild-Dpy phenotype, then
this phenotype is due to somatic sid-1 function. To determine whether maternally inherited sid-1
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Figure 5.1 Progeny of wild-type or Psid-1::gfp larvae (two generations) or embryos (one
generation) placed on dpy-11 RNAi food.
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activity contributes to the single-generation mild-Dpy phenotype, I tested the progeny of sid1(qt9)/+ parents in the single generation dpy-11 RNAi assay (Figure 5.2). While sid-1(qt9)/+
progeny developed the mild-Dpy phenotype as adults, sid-1(qt9)/sid-1(qt9) progeny were
completely resistant adults. Thus, maternal sid-1 expression is not sufficient to produce the
mild-Dpy phenotype. Further, the cross progeny of a non-array silenced worm and a wild-type
male, which should express the non-silenced paternal sid-1 allele, are mildly Dpy (Figure 5.3).
These results indicate that somatic sid-1 expression is necessary and sufficient for the mild-Dpy
phenotype. Therefore, the absence of this phenotype is a reliable indirect measure for somatic
sid-1 silencing. Because Psid-1::gfp worms are completely resistant in the single generation
dpy-11 RNAi assay, sid-1 must be silenced in the soma in Psid-1::gfp worms (Figure 5.1).
The single generation dpy-11 RNAi assay accurately, sensitively, and specifically
detects silencing of somatic sid-1 expression. qRT-PCR experiments comparing wild-type and
Psid-1::gfp L1 larvae (~550 somatic cells and two germline precursors) also detect reduced sid1 transcripts (Figure 5.4). However, unlike the single generation dpy-11 RNAi assay, these
experiments cannot distinguish between maternal and zygotic sid-1 transcripts. That is, if
maternal sid-1 transcripts persist in larval stages, then this measured decrease could reflect
reduced maternal contribution rather than reduced zygotic expression. Thus, although the assay
is indirect, I can use the single generation dpy-11 RNAi assay to specifically measure somatic
sid-1 expression.

iii. Somatic sid-1 silencing is inherited in the absence of the Psid-1::gfp array
Heritable silencing of a somatically expressed gene in C. elegans in response to
exogenous RNAi has been reported. However, the silencing is transmitted at reduced
penetrance (30%) and maternal (germline) contributions to the silencing were not investigated
(Vastenhouw et al., 2006). To determine whether somatic sid-1 silencing can occur and be
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Figure 5.2 RNAi sensitivity of (n) worms from sid-1(qt9)/+ parents hatched on dpy-11
RNAi food, scored as adults. To determine sid-1 genotype, adults were fed act-5 RNAi (L1
arrest).
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Figure 5.3 RNAi sensitivity of (n) worms hatched on dpy-11 RNAi food, scored as adults.
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Figure 5.4 qRT-PCR measurement of sid-1 mRNA levels in synchronized L1 larvae.
Expression is measured relative to gpd-3 and wild-type expression is set to 1.0. Average
± SD of two technical replicates is shown.
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inherited in the absence of the array, I tested the progeny of non-array silenced animals in the
single-generation dpy-11 RNAi assay. Not only did I find that sid-1 somatic silencing can occur
in the absence of the array, but the silencing was stably inherited for four generations at nearly
100% penetrance (Figure 5.5). Thus, this is the first example of a gene that can be stably
silenced in the soma.

iv. Germline nuclear RNAi is required for somatic sid-1 silencing
The stability of somatic sid-1 silencing allowed me to determine the genetic basis for
heritable silencing in the soma. I hypothesized that the somatically expressed HRDE-1 paralog
NRDE-3, which is required for nuclear RNAi in somatic cells (Guang et al., 2008), would be
required to silence somatic sid-1 expression. Unexpectedly, sid-1 silencing in the soma did not
require nrde-3 (Figure 5.6). Feeding of nrde-3(gg66) mutants reveals that nrde-3 is partially
required for the mild Dpy phenotype. Nonetheless, the partial sensitivity of nrde-3(gg66) worms
to dpy-11 RNAi allows me test for the requirement of nrde-3 in somatic sid-1 silencing by
comparing nrde-3(gg66); Psid-1::gfp and Psid::gfp worms. nrde-3(gg66); Psid-1::gfp and Psid1::gfp worms are equally and completely resistant to dpy-11 RNAi (Figure 5.6). Thus, nrde-3 is
not required for somatic sid-1 silencing.
Surprisingly, hrde-1(tm1200); Psid-1::gfp worms fail to silence sid-1 in the soma (Figure
5.6). This is surprising because hrde-1 is restricted to the germline and suggests that HRDE-1dependent silencing in the germline is required for somatic sid-1 silencing. HRDE-1 is likely to
function in the maternal germline to promote somatic silencing in the next generation, given that
maternally contributed HRDE-1 can function to silence sid-1 in the germline (Figure 4.23).
However, it is also possible that sid-1 silencing in the germline promotes somatic silencing
within the same worm. To distinguish between these two possibilities, I fed germline-less glp1(e2141) and glp-1(e2141); Psid-1::gfp worms dpy-11 RNAi for a single generation (Figure 5.7).

154

A

(n)
WT

104

Psid-1::gfp

106

No array F2

18

No array F4

41

No array F6

43

No array F8

38
0

20

40

60

80

100

Phenotype (%)
Resistant

Mild Dpy

B

(n)
WT

9

No array F3

3

No array F5

3

No array F7

3
0

20

40

60

80

100

Progeny phenotype (%)
Resistant

Dpy

Figure 5.5 (A) RNAi sensitivity of (n) non-array worms of given generation (and controls)
hatched on dpy-11 RNAi food, scored as adults. (B) Feeding RNAi sensitivity of progeny
of non-array worms of given generation, segregated from Ex[Psid-1::gfp] and fed dpy-11
RNAi as (n) L4 larvae. >200 worms were scored per generation. Concurrent with
experiment in Figure 5.5A.
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Figure 5.6 RNAi sensitivity of (n) worms hatched on dpy-11 RNAi food, scored as adults.
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temperature and scored as adults.
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As expected of the control, glp-1(e2141) worms grown at both permissive (15°C, have germline)
and restrictive (25°C, no germline) temperature express somatic sid-1, and are mild Dpy.
However, most glp-1(e2141); Psid-1::gfp worms grown both with (15°C) and without (25°C) a
germline are resistant, indicating that these worms still silence somatic sid-1 even when they
lack a germline. Together, these results suggest that sid-1 silencing in the soma is dependent
on previous small RNA-mediated silencing in the maternal germline.

v. Chromatin modifying enzymes are required for somatic sid-1 silencing
In contrast to other examples of heritable silencing (Ashe et al., 2012), promotermediated sid-1 silencing in the germline does not require the histone H3 lysine 9 (H3K9)
methyltransferases set-25 and set-32: set-25(n5021); set-32(ok1457); Psid-1::gfp worms have
reduced sid-1 expression and when placed on dpy-11 RNAi produce non-Dpy progeny (Figure
3.9, Figure 5.8). However, in single generation dpy-11 RNAi, set-25(n5021); set-32(ok1457);
Psid-1::gfp worms are mildly Dpy. Thus, sid-1 is somatically expressed in set-25(n5021); set32(ok1457); Psid-1::gfp worms, indicating that these methyltransferases contribute to somatic
sid-1 silencing (Figure 5.8). I verified this result with two independently generated set25(n5021); set-32(ok1457); Psid-1::gfp strains and confirmed that lack of these SET
methyltransferases does not cause a mild Dpy phenotype in the absence of feeding RNAi (data
not shown). Thus, the requirement for HRDE-1 in both germline and somatic silencing, together
with the requirement for SET methyltransferases in somatic silencing, suggests that small RNAdependent silencing in the germline directs chromatin-dependent silencing in the soma.

vi. Conclusion
In this Chapter, I showed that sid-1 is silenced in the soma by a multi-copy Psid-1::gfp
array. Furthermore, sid-1 continues to be silenced in non-array progeny of Psid-1::gfp worms for
more than four generations. This was surprising and significant, as this is the first example of a
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Figure 5.8 RNAi sensitivity of methyltransferase mutants after dpy-11 RNAi exposure for
one (n worms scored) or two generations (average of 116 progeny from (n) L4 larvae
scored). Note that two generation data is also used in Figure 3.8.
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somatic silencing signal that is heritably transmitted with 100% penetrance for several
generations. The fact that Psid-1::gfp worms can still respond to strong RNAi foods (i.e. unc-22,
act-5; Figure 2.3) indicates that sid-1 silencing in the germline is incomplete. Nonetheless, the
partial silencing of somatic sid-1 is highly reproducible when measured indirectly by the single
generation dpy-11 RNAi assay. Although indirect, this assay is advantageous when measuring
somatic sid-1 levels for two reasons. First, this assay distinguishes between maternal and
somatic sid-1 transcripts, which is crucial for analysis of somatic sid-1 expression. Second,
small changes in sid-1 expression, perhaps even those that cannot be detected by direct
measurements of sid-1 mRNA, can be assessed by the range of phenotypes on dpy-11 RNAi.
The stability of the silencing signal allowed for a genetic analysis of heritable somatic
silencing that revealed that maternal HRDE-1-mediated silencing in the germline is required for
somatic silencing in the subsequent generation. Thus, a gene epigenetically targeted in the
germline can influence both germline and somatic phenotypes. In Chapter 3, I was surprised to
find that SET methyltransferases were not required for sid-1 silencing in the germline, as they
are absolutely required for silencing of a gfp transgene in the germline (Ashe et al., 2012).
Genetic analysis of somatic silencing then revealed that these SET methyltransferases do
participate in heritable silencing of sid-1. However, in contrast to their function in transgene
silencing, they participate uniquely in epigenetic silencing of the endogenous sid-1 locus in the
soma. This finding suggests that the mechanisms that promote transgenerational memory of
gene expression are distinct in the soma and the germline. However, these mechanisms are not
independent of each other. In fact, somatic silencing requires silencing in the maternal germline.
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Chapter 6: Discussion and future directions

i. Summary of results
Here I provide the first molecular and genetic analysis of heritable RNAi silencing at an
endogenous locus in C. elegans (Figure 6.1). Silencing at the sid-1 locus is initiated by multiple
copies of the promoter and 5’ UTR in a dose-dependent process that is partially dependent on
the piRNA-stabilizing protein PRG-1. Once initiated, the silencing is remarkably stable in the
absence of the promoter array, persisting at 100% transmission for up to 13 generations without
selection. The silencing is dependent on components of the germline heritable RNAi pathway
and HRDE-1-dependent small RNAs antisense to sid-1 exons are associated with the silenced
state. Further genetic analysis reveals that the silenced locus is not required for inheritance and
that HRDE-1-responsive silencing information persists in the absence of HRDE-1 function over
two generations. Furthermore, in addition to stable silencing in the germline, sid-1 is also
partially silenced in the soma of Psid-1::gfp worms and their non-array progeny. Notably,
somatic silencing depends on maternal silencing in the germline, but is maintained by distinct
mechanisms that involve chromatin modifying enzymes.
Many previous studies of heritable silencing rely on silencing of artificial transgene arrays
(Ashe et al., 2012; Shirayama et al., 2012; Vastenhouw et al., 2006). Although sid-1 silencing is
initiated by a transgene array, the genetic material that is heritably silenced is an endogenous
locus. Silencing in the context of an endogenous locus is more likely to reflect characteristics of
evolutionarily relevant silencing than silencing of custom designed transgenes. In fact,
comparison of sid-1 silencing to previously described multigenerational transgene silencing
identifies numerous differences. Epigenetic silencing of sid-1 is distinct from previously reported
examples of heritable silencing in its initiation, transmission properties, stability and site of
action (Table 6.1). The remarkable stability of the epigenetic sid-1 silencing signal allowed me to
study the molecular basis of this silencing.
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Figure 6.1 Summary of results.
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ii. Initiation of silencing
The initiation of sid-1 silencing likely reflects a two-step process: first, the accumulation
of a persistent population of small RNAs that target the sid-1 promoter region on the multi-copy
array, followed by spreading of small RNAs from the endogenous promoter to the coding exons
via transitive RNAi. The delay in initial silencing likely reflects a below threshold level of array
promoter small RNAs. Consistent with this, injecting the promoter fragment showed dosedependent efficiency of silencing (Figure 2.7). At the lowest dose, the establishment of silencing
is partially dependent on prg-1 and the presence of a binding site for a specific piRNA (Figure
4.12).
Previously described cases of heritably silenced loci are initiated by either dsRNA or by
endogenous piRNAs (Alcazar et al., 2008; Ashe et al., 2012; Buckley et al., 2012; Sapetschnig
et al., 2015; Shirayama et al., 2012; Vastenhouw et al., 2006). In contrast, sid-1 silencing is
initiated by a multi-copy array containing only its promoter and 5’ UTR, which has not been
reported for any other gene. An array-derived dsRNA intermediate is unlikely to be required for
sid-1 silencing because RDE-1 and RDE-4 are not required for silencing (Figure 4.1, 4.17). Two
assay indicate that piRNAs are only partially required for the initiation of sid-1 silencing. First, I
took advantage of the finding that males do not contribute the silencing signal or contribute only
a very minimal amount of the silencing signal (Figure 3.1-3.5). Introduction of the Psid-1::gfp
array from the male into prg-1(n4357) worms revealed that the resulting progeny are not as
good at initiating sid-1 silencing as are wild-type worms: when fed dpy-11 RNAi, less than half of
their progeny are resistant to the food (Figure 4.9). Although this strongly suggests that PRG-1
and piRNAs contribute to sid-1 silencing, the presence of resistant worms indicates that
silencing can initiate even in the absence of piRNAs. This piRNA-independent initiation of
silencing is even more evident when injecting the Psid-1 array into prg-1(n4357) mutant worms
(Figure 4.12A). In this assay, Psid-1 injected at high concentration into both wild-type and prg1(n4357) mutant worms has the same silencing efficiency (Figure 4.12A). Why does a male-
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contributed array show a partial requirement for silencing while an injected array does not?
These two results are difficult to compare directly; while the Psid-1::gfp array that was crossed
into prg-1(n4357) mutants through the male was injected as a simple array, the Psid-1 array that
was injected into wild-type and prg-1(n4357) mutant worms was injected as a complex array
with a co-marker and DNA ladder. Simple arrays are often at least partially silenced by the
germline, while complex arrays can escape such silencing (Kelly et al., 1997). Nonetheless, this
discrepancy suggests that the newly injected array is a stronger silencing agent than the male
contributed array. Injection of the Psid-1 array at high concentrations masks any requirement for
PRG-1 in sid-1 silencing.
Consistent with the hypothesis proposed above, introduction of the Psid-1 array into wildtype and prg-1(n4357) mutant worms at a much lower (50x) concentration, reveals a partial role
for PRG-1 in the ability to silence in response to injected DNA. This differential ability to silence
at low concentrations allowed me to identify a single endogenous piRNA binding site in the
Psid-1 RNA that likely explains the role of PRG-1 in the initiation of silencing (Figure 4.12). The
ability to detect this requirement is quite remarkable given the rather small difference between
silencing efficiency in wild-type and prg-1(n4357) worms and is further bolstered by the large
number of lines tested (Figure 4.12). I identified this endogenous piRNA by making a Psid-1
DNA fragment that can no longer be targeted by this piRNA. A more direct yet more difficult way
to test the role of this piRNA would be to disrupt the genomic locus from which this piRNA is
transcribed.
What might be responsible for the initiation of sid-1 silencing in the absence of piRNAs?
Experiments in worms lacking both the piRNA pathway and exogenous RNAi pathway reveal
that silencing can initiate even when both pathways are non-functional (Figure 4.22). This
leaves the possibility that one of the two endogenous, 26G siRNA-mediated pathways can
contribute to the initiation of sid-1 silencing when there are no piRNAs. I attempted to generate
worms that lack both the piRNA-stabilizing Argonaute PRG-1 and the RdRP that makes these
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26G siRNAs. However, prg-1(n4357); rrf-3(ok2042) mutant worms are immediately sterile. This
previously un-reported genetic interaction between these two pathways is interesting, as it
suggests that these pathways act in parallel to maintain germline integrity. However, the sterility
of these worms makes it impossible to determine whether worms lacking piRNAs and the
endogenous 26G-mediated small RNA pathways can still silence sid-1.
Another possibility is that silencing is simply initiated by non-specific degradation of the
Psid-1 RNA that is antisense to the sid-1 5’ UTR. If this degradation produces small RNA
fragments with the characteristics of secondary siRNAs (22 nucleotides with a 5’ guanine), this
may be sufficient to initiate silencing, as additional and highly amplified anti-Psid-1 siRNAs
could readily be produced by HRDE-1-dependent transitive RNAi (Sapetschnig et al., 2015).
There is precedent for RNA degradation products associating with RNAi machinery to regulate
gene expression. In fission yeast, small RNAs called priRNAs can be made even in the absence
of RdRP and Dicer activity (Halic and Moazed, 2010).

Regions of the genome that are

transcribed bidirectionally are subject to priRNA-mediated control, as Argonaute-bound
degradation products from one strand target the other RNA strand for silencing (Halic and
Moazed, 2010).
It is difficult to design an experiment to test whether degradation of Psid-1 RNA is
necessary and/or sufficient to initiate silencing, as this would not be a genetically encoded
process and is thus not a process that can be easily disrupted. However, there is a potentially
indirect method for testing this idea. The model proposed in Figure 4.8 suggests that Psid-1
RNA (the same sequence as the sid-1 5’ UTR) transcribed off of the array acts as a template for
the production of anti-Psid-1 siRNAs. Another way to produce Psid-1 RNA is to express it in the
germline using a germline-specific promoter to drive Psid-1. If I integrate such a transgene (i.e.
Pmex-5::Psid-1::gfp::unc-54 3’ UTR) as a single copy into the genome, and it is sufficient to
silence sid-1, this would suggests that degradation of the antisense strand is not required to
initiate silencing, as this worm would not produce the Psid-1 antisense strand. This would not,
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however, rule out the possibility that degradation of the antisense strand contributes to silencing
in the absence of anti-Psid-1 small RNA production pathways. I have shown that Psid-1 dsRNA
injected into C. elegans cannot initiate sid-1 silencing (Figure 4.15). However, a dsRNA
molecule is treated differently than single stranded RNA, as it is readily degraded by Dicer into
siRNA products that cannot function without a full length antisense template (Fire et al., 1998).
Nonetheless, the ability of sid-1 silencing to initiate even in the absence of the exogenous RNAi
pathway and in the absence of PRG-1 is unexpected; all examples of heritable silencing in C.
elegans require either the piRNA-stabilizing Argonaute PRG-1 or the exogenous RNAi
Argonaute RDE-1 (Alcazar et al., 2008; Ashe et al., 2012; Sapetschnig et al., 2015; Shirayama
et al., 2012). Thus, sid-1 silencing may be initiated by spontaneous RNA degradation or by
another yet unidentified mechanism.

iii. Stability of silencing
In all other examples of endogenous silenced loci, silencing is passed on to only a fraction
of progeny just a few generations after removal of the initiating trigger (Table 6.1). dsRNAinitiated silencing of oma-1 is inherited for three generations (Alcazar et al., 2008). In contrast,
after removal of the Psid-1 array, sid-1 silencing continues at 100% transmission, for up to 13
generations in the germline (Figure 2.12, 2.13). Direct measurement of sid-1 expression shows
that sid-1 expression increases progressively as the number of generations away from the array
increases. Even at generation 13, at which time worms are sensitive to dpy-11 RNAi, sid-1
expression is lower than expression in wild-type worms (Figure 2.13). Furthermore, this
experiment is done without selection for the silenced state (Figure 2.12A). At each generation,
worms to be tested for silencing are picked from regular maintenance plates. Therefore, if
silenced worms were picked every generation, this silencing would likely persist for many more
generations, maybe even indefinitely as has been reported for germline gfp transgenes (Ashe et
al., 2012; Sapetschnig et al., 2015; Vastenhouw et al., 2006).
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With only a few examples of heritably silenced genes, it is difficult to determine why
silencing of sid-1 is stronger than silencing of oma-1. In the oma-1 experiment, oma-1
expression is not measured directly (Alcazar et al., 2008). Instead, silencing of a temperature
sensitive dominant negative mutation is indirectly inferred from the lack of embryonic lethality.
Therefore, it is possible that partial de-silencing of the transgene is sufficient to cause
embryonic lethality and that oma-1 is not fully de-silenced at this point. Alternatively, the
difference in silencing stability between sid-1 and oma-1 could be due to a difference in the
strength of the initiating signal. oma-1 silencing is initiated by dsRNA and requires RDE-1
(Alcazar et al., 2008), while sid-1 silencing can occur in the absence of RDE-1 (Figure 4.1,
4.17). Additionally, it is unclear whether the signals that maintain sid-1 and oma-1 silencing are
the same; although I have shown that HRDE-1 stabilized siRNAs silence sid-1, the role of
HRDE-1 in oma-1 silencing has not been tested.
One interesting questions that can be asked for both sid-1 and oma-1 silencing is why
doesn’t the silencing last forever? What are the mechanisms that contribute to the re-expression
of oma-1 at generation four and the re-expression of sid-1 at generation 13? The evolutionary
advantage of epigenetically silencing a gene is that gene expression can be altered quickly
(within a single generation) in response to changes in environmental conditions. It is important
though that this gene expression change be reversible. There are at least two ways to ensure
that epigenetic silencing is not permanent. In the case of sid-1 silencing, the siRNAs that target
the sid-1 coding sequence for silencing must be amplified by HRDE-1 to be maintained across
generations. One possibility is that amplification of these siRNAs is not 100% efficient in each
generation and that this leads to a gradual decrease in anti-sid-1 small RNAs until there are no
longer enough small RNAs to silence sid-1. The mechanism of secondary siRNA synthesis
makes this a real possibility; small RNA synthesis depends on an antisense RNA template
(Sijen et al., 2001; 2007). Once small RNAs are synthesized, they lead to the degradation of this
template. Such a mode of negative feedback could contribute to the slow dilution of anti-sid-1
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small RNAs over generations. I have only sequenced small RNAs in a single non-array silenced
generation (F6, Figure 3.13). Silencing small RNAs in younger and older non-array silenced
generations would help to determine whether small RNAs are slowly diluted. Alternatively, it is
possible that a genetically encoded signal that prevents indefinite small RNA-mediated silencing
exists. Such a signal has not yet been identified.

iv. Transmission of silencing
The ability to alter an expression state of an allele in trans without changing the DNA
sequence was first described in peas in 1925 and then in maize in 1956, and is called
paramutation (Bateson and Pellew, 1915; Brink, 1956). I found that sid-1 silencing resembles
paramutation. When a silenced allele encounters a naïve, expressed allele, the expressed allele
is converted to the silenced state (Figure 3.1-3.4). This finding allowed me to determine whether
the silencing signal can be transmitted through the sperm, oocytes, or through either germ cell
by crossing silenced hermaphrodites or males to non-silenced worms (Figure 3.1-3.4). I found
that cross progeny of such crosses silence sid-1 only when the silencing signal is contributed by
the oocyte. This led to the possibility that the male does not silence sid-1. However, direct sid-1
measurements in the male confirmed that sid-1 is silenced in the male, leading to the conclusion
that the heritable sid-1 silencing signal is passed on only through the mother. Restriction of
transmission to the maternal germline is also observed in the transmission of a heritable signal
that alters gene expression in response to heat stress (Schott et al., 2014). Furthermore, a
multi-copy transgene in Drosophila melanogaster is stably silenced by a maternally transmitted
silencing signal (de Vanssay et al., 2012; Hermant et al., 2015). These transmission properties
are distinct from heritable silencing of oma-1 and a gfp transgene, which can be inherited
through both the male and female germlines in C. elegans (Alcazar et al., 2008; Shirayama et
al., 2012).
Why is sid-1 silencing passed on only through oocytes? In Chapter 4, I argue that HRDE-
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1/siRNA complexes are likely the maternal contributed silencing signals (discussed further
below). One possibility is that male germ cells lack HRDE-1. However, this is not the case; a
translational reporter for HRDE-1 is expressed in both male and female germ cells (Buckley et
al., 2012). The presence of HRDE-1 in the male germline is also consistent with the fact that
males can epigenetically silence sid-1 (Figure 3.4), although I have not formally tested that
silencing in the male germline requires HRDE-1. It is not clear though if paternal HRDE-1
protein is transmitted to progeny through sperm. A cross between males with a translational
HRDE-1 reporter to wild-type hermaphrodites would answer this question. If this reporter is not
passed on through sperm, it would provide an explanation for the lack of paternal silencing
transmission.
Once a maternal signal silences a previously expressed paternal sid-1 allele, progeny
continue to silence sid-1 for the next four generations, with the next two generations silencing
sid-1 completely (Figure 3.2). Therefore, the paramutated allele is stably silenced for several
generations. However, non-array worms from a Psid-1::gfp hermaphrodite parent maintain
silencing for up to 13 generations, suggesting that the paternal, previously expressed allele is
silenced less stably than is the maternal allele that had been silenced for many generations.
The experiment described in Figure 3.2 did not distinguish between maternal and paternal
chromosomes. In other words, I do not know whether the de-silenced worms in generation F4
and F5 were worms that inherited, for example, two paternal sid-1 DNA copies. A single
preliminary experiment suggests that selection for the maternal chromosome following a nonarray F1 hermaphrodite x wild-type male cross extends silencing capacity (Figure 6.2). In this
experiment, the male chromosome V is marked by a Podr-1::rfp transgene that is linked to the
sid-1 locus. Selection for F3 worms not containing Podr-1::rfp leads to transmission of silencing
at 100% efficiency for at least four generations. Although this data is preliminary, it suggests
that the sid-1 allele on the maternal chromosome that has been silenced for many more
generations is more strongly silenced than the newly silenced paternal allele. The next
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Figure 6.2 RNAi sensitivity of progeny from (n) F2 cross-progeny and their subsequent
self-progeny fed dpy-11 RNAi from the L4 larval stage. A marker linked to the paternal
sid-1 locus was used to select F3 worms with only maternal DNA at this locus.
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experiment would be to select for F3 worms carrying only the paternal derived sid-1 locus. I
predict that silencing in these worms would be less robust.

v. Post-transcriptional mechanisms for sid-1 silencing
All RNAi-dependent transgenerational silencing described in C. elegans depends on the
Argonaute HRDE-1 (Ashe et al., 2012; Buckley et al., 2012; Sapetschnig et al., 2015;
Shirayama et al., 2012). HRDE-1 is also required for sid-1 silencing in the germline. The
mechanisms for HRDE-1-mediated silencing of sid-1 and other genes do have some
differences. Experiments comparing wild-type to hrde-1 or nrde-3 mutants undergoing RNAi
support a role for transcriptional gene silencing (TGS) in nuclear RNAi (Buckley et al., 2012;
Burkhart et al., 2011; Guang et al., 2008; 2010). Despite the requirement for nuclear RNAi in
sid-1 silencing, measurement of sid-1 pre-mRNA expression suggests that silencing of sid-1
occurs after it has been transcribed (Figure 3.12). One criticism of inferring mechanisms from
pre-mRNA levels is that pre-mRNA levels are low and are thus difficult to measure. However,
sid-1 mRNA is 10-fold decreased in Psid-1::gfp worms compared to wild-type worms. This
difference, if it exists, should be readily detectable at the pre-mRNA level. However, I do not
detect the expected TGS associated decrease in sid-1 pre-mRNA levels in worms that silence
sid-1 (Figure 3.12). Although surprising, this is not unprecedented; the idea that nuclear
Argonautes can act on RNA in trans rather than on chromatin in cis was first proposed for the
somatic nuclear RNAi Argonaute NRDE-3 (Zhuang et al., 2013). In this assay, production of
siRNAs targeting elt-1 in elt-1::gfp worms exposed to gfp dsRNA requires NRDE-3 function.
Even more surprisingly, transitive RNAi seems to be mediated only by nuclear localized NRDE3 (Zhuang et al., 2013). A post-transcriptional role for HRDE-1 was also subsequently proposed
using a similar assay that also relies on transitive RNAi (Sapetschnig et al., 2015).
A post-transcriptional mechanism of silencing in the germline is consistent with the finding
that the two histone H3K9 methyltransferases that are required to silence transgenes in the
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germline (Ashe et al., 2012) are not required to silence sid-1 in the germline. Even worms
lacking both methyltransferases silence sid-1 (Figure 3.8-3.10). It should be noted, however,
that set-25(n5021); set-32(ok1457); Psid-1::gfp worms fed dpy-11 RNAi do give rise to a very
small fraction of worms (<10%) that are Dpy, and therefore express sid-1 (Figure 3.8). I have
never seen de-silencing, even in such a small fraction of worms, in Psid-1::gfp worms. Thus,
this result may reflect a minimal contribution of the SET methyltransferases to sid-1 silencing in
the germline.
The experiment above suggests the sid-1 silencing in the germline does not depend on
chromatin modifying enzymes previously implicated in heritable silencing. Furthermore, the
heterochromatin protein 1 (HP1) homolog hpl-2, which is also required for gfp transgene
silencing, is also dispensable for epigenetic sid-1 silencing in the germline (Figure 3.8).
However, the very minimal contribution of SET methyltransferases to sid-1 silencing, together
with the lack of pre-mRNA silencing in Psid-1::gfp worms, is consistent with a posttranscriptional mechanism of sid-1 silencing. Although these experiments cannot rule out a
contribution of other chromatin modifying enzymes, the paramutation experiment combined with
a deficiency across sid-1 allows me to completely rule out the possibility that chromatin
modifications at the sid-1 locus transmit the silencing information (Figure 3.6-3.7). This result is
incredibly clear: the silencing signal can be transmitted through the oocyte even when sid-1
DNA is not transmitted in all tested worms. This suggests that chromatin and any associated
DNA or chromatin modifications cannot encode the silencing signal.

vi. siRNAs embody the inherited silencing signal
The silenced sid-1 state, both in the presence and absence of the array, is highly
associated with a three-fold increase in 22G-enriched small RNAs that are antisense to the sid1 transcript (Figure 3.13). Several groups have shown correlation between the presence or
absence of siRNAs and silencing and non-silencing. However, these observations fail to
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distinguish between cause and effect – are the siRNAs a byproduct of an RNAi-independent
silencing mechanism or the mother-provided sequence-specific cause of silencing in the
progeny? For example, marked chromatin can trigger siRNA production in yeast (Bühler et al.,
2006). The small RNA sequencing (Figure 3.13, 4.4) and multi-generational genetic analysis of
hrde-1 showed that hrde-1 is required to stabilize siRNAs and execute sid-1 silencing (Figure
4.23-4.24). hrde-1 dependent silencing signals can persist in hrde-1(tm1200) homozygotes for
two generations, but cannot execute silencing unless wild-type hrde-1 is re-introduced. Further,
the sid-1 physical locus is not required for transmission of silencing (Figure 3.6-3.7). Together,
these results strongly support the supposition that siRNAs physically embody the
transgenerationally transmitted silencing information. Closer analysis of silencing in F3 hrde1(tm1200)/+ cross progeny (Figure 4.23, 4.24) provides further evidence for this claim. In this
generation, sid-1 silencing is stronger in F3 cross progeny that are produced earlier than cross
progeny produced later. A single worm gives rise to several hundred progeny. This temporally
dependent silencing strength likely reflects the dilution of the grand-maternally-provided
silencing signal that HRDE-1 uses to execute silencing. Oocytes that are formed earlier have
more of the silencing signal to transmit than oocytes made later. Although the genetic analysis
cannot discriminate between direct transmission of grandparental siRNAs acting in the germline
of the grand-progeny versus a re-synthesis of siRNAs after the reintroduction of wild-type
HRDE-1, these results provide the first direct evidence for sustained RNA-directed
transgenerational inheritance.
The experiment testing the role of hrde-1 in heritable silencing (Figure 4.23-4.24)
suggests that even in the absence of hrde-1, silencing signals can be passed down over two
generations (Figure 4.23, 4.24). The ability of hrde-1(tm1200)/hrde-1(tm1200) F2 progeny from
hrde-1(tm1200)/+;Psid-1::gfp/+ worms to silence sid-1 is unexpected given previous analyses of
HRDE-1 dependent heritable silencing of a gfp transgene in the germline after gfp dsRNA
feeding (Buckley et al., 2012). In this experiment, hrde-1(tm1200)/hrde-1(tm1200) worms from
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hrde-1(tm1200)/+ mothers fail to inherit silencing, suggesting that maternal HRDE-1 is
insufficient for silencing of this transgene in the progeny. In contrast, sid-1 is still silenced in
hrde-1(tm1200)/hrde-1(tm1200) worms. These results, together with analysis of downstream
generations in which HRDE-1 function is restored, suggest that, in contrast to dsRNA-mediated
heritable silencing of a transgene, maternal HRDE-1 is sufficient to silence sid-1 for a single
generation. These differences could be due to different strengths of initiating silencing signals
and/or different requirement for heritably silencing transgenes and endogenous genes.
Not only do hrde-1(tm1200)/hrde-1(tm1200) progeny (F2 in Figure 4.23) of hrde1(tm1200)/+;Psid-1::gfp/+ worms still silence sid-1, but the progeny of these worms (F3) can
also silence sid-1 as long as HRDE-1 function is restored by crossing in a wild-type copy of
HRDE-1 from the male. Crossing a wild-type HRDE-1 in through the male a generation later is
largely insufficient to restore silencing. This is measured by putting F4 cross progeny on dpy-11
RNAi and scoring their progeny. Notably, however, a very small fraction of progeny of F4 hrde1(tm1200)/+ worms are slightly Dpy, indicating that the oocytes that gave rise to these worms
do partially silence sid-1 (Figure 4.23, 4.24). This is quite remarkable, as it suggests that a
silencing signal can persist for three generations in the absence of HRDE-1. It is unclear how
such a silencing signal persists, but unlike in the F3 cross progeny, it does not seem to be
temporally dependent. That is, F4 progeny laid earlier are as likely to give rise to slightly Dpy F5
worms as are F4 progeny laid later (data not shown). One possibility is that these small RNAs
are stabilized by one of the many redundant Argonaute proteins present in C. elegans (Yigit et
al., 2006). Small RNA sequencing experiments indicate that some array-dependent small RNAs
can persist in the absence of hrde-1. Although most anti-promoter siRNAs depend on hrde-1,
some small RNAs mapping to the sid-1 promoter persist in hrde-1(tm1200); Psid-1::gfp worms
(Figure 4.4A). Despite these small RNAs, hrde-1(tm1200); Psid-1::gfp worms cannot silence
sid-1, as HRDE-1 is required to execute silencing. It is unlikely that this pool of small RNAs
explains silencing in the F4 hrde-1(tm1200)/+ worms described above, since non-array worms
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lack all anti-promoter small RNAs (Figure 3.13). However, it does suggest that exogenous small
RNAs can persist in the absence of HRDE-1 and are thus likely stabilized by other Argonaute
proteins.
The genetic analysis described above suggests that siRNAs are transmitted together
with HRDE-1 from mother to progeny to continue to silence sid-1 for over a dozen generations.
This observation makes the prediction that small RNAs isolated from non-array silenced (or
Psid-1::gfp) worms should silence sid-1 if stabilized by an Argonaute protein and introduced into
wild-type worms. To test this, one potential experiment could be to immunoprecipitate HRDE-1
from non-array silenced pre-transcriptional embryos. It is crucial to isolate these complexes from
pre-transcriptional embryos to ensure that any silencing signals isolated are maternal signals,
rather than silencing signal amplified by HRDE-1 function in the progeny. If these HRDE-1/small
RNA complexes embody the inherited, transmitted silencing signals, then injection of these
isolated complexes into the germlines of wild-type worms should silence sid-1 in their progeny.
Although below the significance threshold set by the authors, sequencing of HRDE-1-bound
small RNAs reveals that anti-sid-1 siRNAs are bound to HRDE-1 in wild-type worms (Buckley et
al., 2012). Thus, one important control would be to make sure that HRDE-1/siRNA complexes
immunoprecipitated from wild-type worms cannot induce silencing when injected into naïve
worms, as highly concentrated HRDE-1 bound to endogenous siRNA that are antisense to sid-1
could potentially silence sid-1. The proposed experiment would be a direct test for the assertion
that contributed HRDE-1/siRNA complexes embody the inherited silencing signals.
The requirement for HRDE-1 stabilized small RNAs in heritable sid-1 silencing predicts
that depletion of the sid-1 transcript for just a single generation in non-array silenced worms
should irreversibly disrupt silencing. This is because maintenance of secondary siRNAs
depends on an antisense mRNA template (Sijen et al., 2001; 2007). If sid-1 transcript does not
exist, then anti-sid-1 siRNAs should be depleted. One way to test this would be to do an
experiment similar to the experiment that used a deficiency across sid-1 to show that the
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silencing signal is extra-genomic (Figure 3.6-3.7). In that experiment, I crossed silenced nDf32/+
worms (silenced because their parent had the Psid-1::gfp array) to wild-type males and found
that even those worms that inherit the deficient chromosome from mom still silence the paternal
sid-1 allele. These nDf32/+ worms still have the capacity to produce sid-1 mRNA from the nondeficient “+” chromosome (although it is largely silenced). My prediction is that nDf32/nDf32
worms derived from array-containing parents would not be able to transmit the silencing signal,
because these worms would lack the sid-1 transcript and thus be unable to maintain anti-sid-1
siRNAs. This experiment is not possible to do as described above; nDf32/nDf32 is embryonic
lethal, as it deletes many genes in addition to sid-1. A similar experiment could be done with
silenced sid-1(Deficiency)/sid-1(Deficiency) worms that lack only sid-1 DNA on both
chromosomes and should thus still be viable. Crossing these silenced sid-1(Deficiency)/sid1(Deficiency) worms to wild-type males would determine whether the prediction that the
silencing signal requires an RNA template to persist is correct. If this prediction is correct, it
would provide further evidence that small RNAs embody the inherited silencing signal.

vii. sid-1 silencing in the soma
This study provides the first example of stable, highly penetrant, transgenerational
silencing in somatic cells. Multiple features of this somatic silencing were unexpected. First, this
silencing was transmitted for up to four generations in the absence of the array (Figure 5.5A).
This is significant, as no other somatic gene has been shown to be stably and epigenetically
silenced in the soma. Although one report suggests that silencing of the somatically expressed
ceh-13 gene is heritable indefinitely, silencing is transmitted with only 30% penetrance and the
possibility of germline contributions to silencing was not addressed (Vastenhouw et al., 2006). In
contrast, sid-1 silencing is transmitted with nearly 100% penetrance for four generations (Figure
5.5A). Second, nrde-3, the somatically expressed homolog of hrde-1, was not required for
somatic sid-1 silencing (Figure 5.6). This result does not rule out a contribution for small RNAs,

178

as there are many other Argonaute proteins that could potentially act in the soma (Yigit et al.,
2006). However, the only two Argonautes that have been shown to participate in nuclear RNAi
are NRDE-3 (in the soma) and HRDE-1 (in the germline), making NRDE-3 functionally most
closely related to HRDE-1 (Buckley et al., 2012; Guang et al., 2008). It was therefore surprising
that this Argonaute does not participate in somatic silencing of sid-1 in Psid-1::gfp worms.
Although NRDE-3 function is not required for somatic silencing, I found that HRDE-1 is
required for somatic silencing (Figure 5.6). This was initially surprising, as gfp reporters suggest
that HRDE-1 is restricted to the germline (Buckley et al., 2012). Further analysis confirmed that
HRDE-1 function in the maternal germline is required to silence sid-1 in the soma in the progeny
(Figure 5.7), leading to the model that silencing in the maternal germline directs silencing in the
soma in the next generation. In addition to HRDE-1, the methyltransferases set-25 and set-32
are specifically required to silence sid-1 in the soma (Figure 5.8). SET-25 is present in both the
germline and the soma (Towbin et al., 2012), while expression analysis suggests that set-32
mRNA may be restricted to the germline, and no protein localization data is available for this
methyltransferase (Gerstein et al., 2010). It would therefore be interesting to determine whether
these methyltransferases function in the maternal germline or directly in the soma to silence
somatic sid-1, especially because these methyltransferases have previously been implicated in
heritable silencing in the germline (Ashe et al., 2012).
The importance of chromatin modifying enzymes in somatic silencing of sid-1 suggests
that in contrast to the germline, regulation of sid-1 in the soma may occur transcriptionally.
Given the known role of SET-25 in histone H3K9 methylation (Towbin et al., 2012; Zeller et al.,
2016) and the predicted role of SET-32 in histone H3K9 methylation (Ashe et al., 2012), it is
possible that chromatin structure at the sid-1 locus is altered in Psid-1::gfp worms compared to
wild-type. More specifically, it is possible that histone H3K9 methylation marks increase at the
sid-1 promoter or along the sid-1 genomic sequence. This would thus predict that in the soma,
sid-1 may be silenced transcriptionally. If sid-1 is transcriptionally regulated in the soma of
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silenced worms, then I would expect somatic sid-1 pre-mRNA levels to be lower than pre-mRNA
levels in wild-type worms. These predictions are difficult to test as I cannot directly measure sid1 expression in the soma for reasons described in Chapter 5. It is quite possible that the
difference in sid-1 somatic expression in silenced and expressed worms is quite low, and can
only be detected indirectly on the single generation dpy-11 RNAi assay (Figure 5.1). This means
that any changes in chromatin marks in the soma would also be difficult to detect. Furthermore,
low somatic sid-1 expression levels relative to the germline expression levels likely mask any
measurable effect on pre-mRNA in the soma (Figure 2.4).
Since both hrde-1 and set-25/set-32 are required for somatic silencing (Figure 5.6, 5.7),
they do not act redundantly and likely act in series. Thus, siRNA mediated hrde-1-dependent
trans-acting post-transcriptional germline silencing likely establishes chromatin modifying
machinery-dependent cis-acting, transcriptional somatic silencing in the progeny. It is unclear
whether HRDE-1-dependent germline-derived siRNAs are physically present in the soma, or if
these siRNAs act only in the germline to set up a chromatin state that is compatible with
silencing sid-1 in the soma. Nonetheless, the requirement for these methyltransferases in
somatic silencing suggests a transition from post transcriptional gene silencing (PTGS) in the
germline to transcriptional gene silencing (TGS) in the soma.

viii. Chromatin modifications contribute to silencing of upstream genes
The histone methyltransferases SET-25 and SET-32 are not required for sid-1 silencing
in the germline, but are required for sid-1 silencing in the soma (Figure 3.9, 5.8). Preliminary
evidence suggests that these histone methyltransferases may contribute to silencing of the two
genes upstream of sid-1, as these genes are partially de-silenced in set-25(n5021); set32(ok1457); Psid-1::gfp synchronized young adult worms compared to Psid-1::gfp worms
(Figure 6.3). From this data it is unclear if this de-silencing occurs in the germline, soma or in
both tissues as C04F5.8 and C04F5.9 are expressed in both the germline and soma (Arnold et

180

sid-1

WT
Psid-1::gfp
set-25; set-32

set-25; set-32; Psid-1::gfp
set-25; set-32; Psid-1::gfp
C04F5.9

WT
Psid-1::gfp
set-25; set-32

set-25; set-32; Psid-1::gfp
set-25; set-32; Psid-1::gfp
C04F5.8
WT
Psid-1::gfp
set-25; set-32
set-25; set-32; Psid-1::gfp
set-25; set-32; Psid-1::gfp
0

0.2

0.4 0.6 0.8
Expression

1.0

1.2

Figure 6.3 sid-1, C04F5.8, C04F5.9 mRNA expression measured by qRT-PCR in
synchronized young adults. Expression is relative to gpd-3, wild-type is set to 1.0. Average
± SD of two technical replicates.
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al., 2014; Levin et al., 2012; Mounsey et al., 2002). Expression measurements in germline-less
worms would be required to distinguish between these possibilities. Note also that this is a
preliminary experiment that should be repeated to confirm this result.
Why might mutations in these chromatin methyltransferases lead to measurable upregulation of upstream genes but not sid-1? One possibility is that the ratio of soma to germline
expression of these upstream genes is higher than the ratio of soma to germline expression of
sid-1 (approximately 1:10), and the measurable increase in expression is an increased in
somatic

C04F5.8

and

C04F5.9

expression.

Alternatively,

it

is

possible

that

these

methyltransferases are more important for silencing of C04F5.8 and C04F5.9 in the germline
than they are for silencing sid-1 in the germline. I do not measure a consistent increase in small
RNAs targeting C04F5.8 and C04F5.9 in Psid-1::gfp worms (Figure 3.17). The level of anti-sid-1
siRNAs is quite high in wild-type worms, while the level of siRNAs that align to C04F5.8 and
C04F5.9 is much lower (Figure 3.17). One possibility is that the starting level of anti-sid-1
siRNAs makes it possible to silence sid-1 without modifying chromatin structure while the lack of
anti-C04F5.8 and C04F5.9 siRNAs in wild-type worms means that transcriptional regulation is
required to strongly silence these genes. The ability to measure a SET-dependent increase in
the upstream genes in set-25(n5021); set-32(ok1457); Psid-1::gfp worms compared to Psid1::gfp worms suggests that it might be possible to measure a difference in pre-mRNA levels of
these upstream genes if they are silenced by a transcriptional mechanisms in the germline.

ix. Is sid-1 special?
Many multi-copy reporter construct arrays containing promoters have been made and
analyzed and none are reported to epigenetically silence the endogenous locus. The inclusion
of a trans-spliced 5’ UTR in the Psid-1::gfp reporter construct does not sufficiently differentiate
this array from other reporter constructs. 70% of C. elegans transcripts are trans-spliced and
transcriptional fusions often contain 5’ UTRs (Zorio et al., 1994). However, they don’t silence.
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For example, a multi-copy array containing the fem-1 promoter and 5’ UTR does not silence the
endogenous transcript (Dernburg et al., 2000; Saito et al., 2013).
It is unlikely that sid-1 is the only gene that can exhibit stable epigenetic silencing.
Indeed, the two genes upstream of sid-1 can also be epigenetically silenced (Figure 2.6).
Instead, sid-1 may be special in the ability to readily detect epigenetic silencing. Unlike many
germline-expressed genes, sid-1 is not required for viability or fertility (Winston et al., 2002). If
essential genes are silenced by a promoter multi-copy array, any silenced segregants would die
out and only non-silenced progeny would persist. Additionally, like the two genes upstream of
sid-1, loss of other epigenetically silenced germline genes may be undetectable unless
measured intentionally. Loss of systemic RNAi is not only easily scored, but the strength,
sensitivity, and target tissue(s) can be readily modified by the choice of RNAi food. This is
particularly important as the level of sid-1 silencing by the multi-copy promoter array is
incomplete (90%). Had I only tested potent RNAi foods, I never would have detected the
silencing (Figure 2.3). Additionally, the ability to infer small changes in sid-1 expression levels
from RNAi food phenotypes was crucial to recognize that sid-1 was transgenerationally silenced
in the soma (Figure 5.1).
Alternatively, it is possible that sid-1 is special. SID-1 is not only responsible for dsRNA
import into somatic cells within an animal, but it is also required for dsRNA transport between
generations (Winston et al., 2002). Although it is unclear whether dsRNA transport is the
primary function of sid-1 in the wild, the fact that sid-1 is highly conserved among
Caenorhabditis species and in mammals suggests an evolutionarily important function. Its ability
to regulate transport of dsRNA between generations suggests that sid-1 can regulate the
transport of information between generations. With highly variable environmental conditions, it is
potentially advantageous to be able to temporarily regulate such a gating mechanism.
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x. A strategy to identify other epigenetically silence-able genes
If other heritably silenced genes exist, how would one find them? First, it would be
helpful to know whether the coding sequence of sid-1 is important for the ability of Psid-1 to
silence sid-1. A single copy Psid-1::fluorescent protein inserted either in place of the
endogenous sid-1 gene or elsewhere in the genome would help to answer this question. If a
multi-copy Psid-1 transgene can silence this single copy integrated reporter, then characteristics
of the sid-1 coding sequence are less likely to be important for silencing. An alternative way to
do this experiment without the use of an artificial reporter would be to place the Psid-1 promoter
upstream of a germline-expressed non-essential gene and to ask whether introduction of a
multi-copy Psid-1 array can silence this gene. If such a construct cannot be silenced by a multicopy Psid-1 array, it would suggest that the gene sequence is important for silencing. The ability
of the bidirectional Psid-1 promoter fragment to also silence the upstream genes suggests that
the sequence of the endogenous silenced gene is likely less important than the sequence of the
introduced silencing-initiating promoter fragment. Nevertheless, I cannot rule out the possibility
that both sid-1 and the upstream genes share characteristics that make them amenable to
silencing.
Whether or not the coding sequence is important for the ability of a promoter fragment to
silence, the proposed model (Figure 4.8) predicts that several characteristics must be present
for a gene to have the potential to be silence-able:
1. The promoter fragment must include a 5’ UTR, so that small RNAs antisense to RNA
transcribed from the array can be targeted to the endogenous locus. It is unclear
whether it is important that this 5’ UTR be trans-spliced. In fact, silencing may be easier
to induce by targeting a 5’ UTR that is not trans-spliced.
2. The gene must be expressed in the germline, since HRDE-1 is required for heritable
silencing and is restricted to the germline (Buckley et al., 2012).
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If the coding sequence is important for silencing sid-1, then it is possible that the
following characteristics are also important for silencing:
1. In wild-type, unmanipulated worms, there are many small RNAs that are antisense to
the sid-1 coding sequence. In fact, in a list of all C. elegans genes (>20,000) ranked by
the number of small RNAs targeting the coding sequence, sid-1 is in the top 250 genes
(wild-type small RNA sequencing libraries presented in Figure 3.18 are used in this
analysis). One possibility is that the presence of endogenous small RNAs contributes to
an expression state that is readily silenced. For example, it may be that silencing
requires the number of small RNAs to reach a certain threshold, which is easier to reach
with a larger starting pool of small RNAs.
2. The anti-sid-1 small RNAs in wild-type worms depend on piRNAs. In prg-1 worms,
84% of these small RNAs are not present, indicating that the synthesis of these
secondary siRNAs is directed by piRNAs (Bagijn et al., 2012; Batista et al., 2008). It is
unlikely that this explains the contribution of prg-1 to sid-1 silencing in response to Psid1 DNA injection; disruption of a piRNA-targeted site in the promoter phenocopies a prg-1
mutation, suggesting that the requirement for prg-1 in initiating silencing by an injected
Psid-1 array can likely be explained by the promoter-targeting piRNA. However, it is
possible that prg-1-dependent secondary siRNAs at the coding sequence help to make a
gene amenable to silencing.
The sid-1 promoter has several characteristics that may contribute to silencing:
1. The sid-1 promoter can be targeted by an endogenous piRNA. Although piRNAs are
only partially required to initiate sid-1 silencing (Figure 4.9, 4.12), it is possible that the
presence of a piRNA-targeted site increases the likelihood of silencing.
2. The sid-1 promoter is a bi-directional promoter; the two genes upstream of sid-1 are
oriented in the opposite direction (Figure 2.6A). This characteristic may contribute to
transcription through the promoter in the multi-copy array and the resulting presence of
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Psid-1 RNA. Furthermore, if degradation of the product antisense to the 5’ UTR is
important for the initiation of silencing (discussed in Section ii above), then the
bidirectional characteristic of this fragment could be very important.
Without the identification of other heritably silenced genes, it is difficult to know whether
these characteristics of the coding sequence or the sid-1 promoter are important for the ability of
the upstream sequence to silence sid-1. Nonetheless, these characteristics provide a way to
start to look for other epigenetically silence-able genes.

xi. Biological relevance of heritable silencing
Shared sequence-specific silencing between the germline and the soma potentially
enables selection for advantageous phenotypes beyond fecundity. Several recent studies in C.
elegans implicate hrde-1-dependent processes in physiologically-induced transgenerational
changes in gene expression (Rechavi et al., 2014; Schott et al., 2014). It remains unknown
whether or how changes in expression of these genes contribute to a stress response. Because
hrde-1 is involved, there is presumably selection for genes like sid-1 that are expressed both in
the germline, to initiate and transmit heritable signals, and in somatic cells to effect physiological
phenotypes.
It remains unknown how silencing of endogenous genes is triggered in response to
environmental stress. The initiation of sid-1 silencing that I describe likely involves accumulation
of the 5’ UTR RNA. I hypothesize that accumulation and export of this piRNA-targeted 5’ UTR
exon to the cytoplasm initiates production of anti-sense 22G RNAs targeting the promoter
region. Because splicing is regulated by environmental conditions (Biamonti and Caceres,
2009), it is plausible that the initiation of silencing of any locus with an alternative exon that
contains a piRNA binding site could be similarly targeted for silencing. Thus, stress responsive
alternative splicing could trigger gene-selective epigenetic silencing in response to specific
environmental conditions.
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Materials and Methods

Worm strains and synchronization
Strains were maintained as previously described (Brenner, 1974). All experiments were
performed at 20°C unless otherwise indicated. To obtain synchronized young adult worms,
young adults laid embryos for 3 hours. Adults were subsequently removed and staged embryos
developed into synchronized young adult worms that were collected 64.5-65.5 hours after
embryos were laid. For strains with more varied growth than N2, improperly staged worms were
manually removed prior to collection. See table below for strains and alleles and primers used to
genotype strains.

RNAi assays
E. coli carrying IPTG-inducible vectors expressing dpy-11, par-1, pos-1, pha-4, unc-22, act-5
and fkh-6 dsRNA from the Ahringer RNAi library (Kamath and Ahringer, 2003) were grown for
15-17 hours in LB media with 100µg/mL carbenicillin. Cultures were seeded onto NGM plates
containing IPTG and carbenicillin, and left at room temperature for 24 hours before use. Worms
placed on RNAi food as embryos were scored as adults. The progeny of L4 larvae placed on
RNAi food were continuously on RNAi and scored as adults. To avoid scoring the first progeny,
who may have received a lesser dose of dsRNA, L4 larvae placed on RNAi food were moved as
adults the next day to a new RNAi plate. Only progeny laid for a day on this plate were scored. If
all worms scored on RNAi were the same phenotype, the number of worms was often estimated
to be greater than n worms, and n was used to calculate average number of worms scored. In
the two generation assay on dpy-11 RNAi, mild-Dpy worms were scored as resistant, since the
two generation assay is used as an indirect measure for sid-1 expression in the germline rather
than the soma.
Psid-1 dsRNA was transcribed in vitro from a Psid-1 template with T7 sites using the
AmpliScribe T7-Flash Transcription Kit (Epicentre, ASF3257), extracted in Trizol/chloroform,
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purified on a Bio-Spin P-6 column (Bio-Rad, 7326227), and injected into one or two gonads at a
concentration of 1µg/µl. See table below for primers used to make template.

Transgenesis
Worms carrying the extrachromosomal and integrated Psid-1::gfp arrays were generated
previously (Winston et al., 2002). To generate Psid-1 worms, the sid-1 promoter was first
amplified

from

N2

genomic

DNA

(primers:

5’-GGTCATGAGAGGGTCGAGAG-3’,

5’-

GGAAAAATGAGGAGTTTTAATTTC-3’) and gel purified (QIAquick Gel Extraction Kit, Qiagen,
28704). To make complex extrachromosomal array lines, the germline of N2 worms was
injected with 0.1-75ng/µl Psid-1, 15ng/µl pHC183 (myo-3::dsRed2) (Winston et al., 2002) and
25ng/µl DNA ladder (New England Biolabs, N3232S).
To generate Psid-1 1-328bp, 1-496bp, 140-496bp, 222-496bp, 329-716bp fragment
worms, Psid-1 fragments were amplified from genomic DNA and purified. N2 worms were
injected with 50ng/µl Psid-1 fragment, 15ng/µl pHC183 (myo-3::dsRed2) (Winston et al., 2002)
and 25ng/µl DNA ladder (New England Biolabs, N3232S).
To generate Psid-1(piRNA-4A), the Psid-1 DNA fragment was cloned into pPD95.75
using BamHI and PstI restriction sites (pHC464). pHC464 was used as template to clone Psid1(piRNA-4A) using a site directed mutagenesis strategy (pHC516). Psid-1 and Psid-1(piRNA4A) were amplified from plasmids, gel purified and injected into N2 worms at 1ng/µl with 15ng/µl
pHC183 (myo-3::dsRed2) (Winston et al., 2002) and 25ng/µl DNA ladder (New England Biolabs,
N3232S).
rrf-3(pk2042), rde-1(ne219) and prg-1(n4357); rde-1(ne219) worms were injected with
50ng/µl Psid-1, 15ng/µl pHC183 (myo-3::dsRed2) (Winston et al., 2002) and 25ng/µl DNA
ladder (New England Biolabs, N3232S) to generate rrf-3(pk2042); Ex[Psid-1], rde-1(ne219);
Ex[Psid-1] and prg-1(n4357); rde-1(ne219); Ex[Psid-1] worms.
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To generate Psid-1(725bp)::gfp::unc-54 3’ UTR construct, the Psid-1(725bp) DNA
fragment was cloned into pPD95.75 using BamHI and EcoRI restriction sites (pHC525). The
Psid-1(725bp)::gfp::unc-54 3’ UTR fragment was amplified from pHC525, purified and injected
into N2 worms at 30ng/µl to make a simple array. For control, Psid-1(716bp)::gfp::unc-54 3’
UTR worms described in Winston et al., 2002 were re-made by injecting purified Psid1(716bp)::gfp::unc-54 3’ UTR amplified from PHC464 (described above) into N2 worms at
30ng/µl to make a simple array.
See table below for primers used to generate constructs described above.

Genetics: maintenance and initiation crosses
To test for a requirement in the maintenance of silencing, Psid-1::gfp males were crossed to
mutant hermaphrodites, resulting in mutant/mutant; Psid-1::gfp;Psid-1::gfp F2 or F3 worms.
Mixed stage worms were collected for expression measurements, unless otherwise stated. To
test for a requirement for prg-1 in the initiation of silencing, Psid-1::gfp hermaphrodites were
crossed to prg-1;prg-1 males. Resulting prg-1/+; Psid-1::gfp/0 males were crossed to prg-1/prg1 hermaphrodites, and F2 cross-progeny carrying the Psid-1::gfp array were placed on dpy-11
RNAi. prg-1/prg-1 worms were back-crossed prior to initiating the experiment due to their mortal
germline, and maintained at 15°C. The experiment was performed at 20°C. To test for a
requirement for rrf-3 and rde-1 in the initiation of silencing, Psid-1::gfp/0 males were crossed to
mutant/mutant; Psid-1::gpf/Psid-1::gfp hermaphrodites. F1 mutant/+; Psid-1::gfp/0 males were
crossed to mutant/mutant hermaphrodites. For rrf-3, resulting F2s were placed on dpy-11 RNAi
as L4 larvae. Because rde-1 mutant animals are RNAi deficient, resulting F2 rde-1/rde-1; Psid1::gfp/+ cross-progeny were allowed to self and rde-1/rde-1; Psid-1::gfp/Psid-1::gfp mixed
staged worms were collected for RNA extraction and sid-1 mRNA expression measurements.
See table below for strains and alleles.

190

Genetics: paramutation experiments
To test for maternal transmission, non-array hermaphrodites from Ex[Psid-1::gfp] parents were
crossed to Is[Podr-1::rfp] males. To test for paternal transmission, non-array males from
Ex[Psid-1::gfp] parents were crossed to Is[Podr-1::rfp] hermaphrodites. In both crosses, Pod1::rfp was used as a marker to identify cross-progeny. sid-1 expression was measured in
resulting single worm cross-progeny directly as described below or by singling cross-progeny
onto dpy-11 RNAi as described above.
To measure maternal transmission in the absence of chromatin, dpy-11(e224) nDf32
V/eT1 (III;V) worms were crossed to N2 males. Resulting males were crossed to Is[Psid-1::gfp]
worms. Progeny were singled (called “P0” for consistency with Figure 3.1) and nDf32/+; Psid1::gfp/+ worms were identified by F1 phenotype (25% dead progeny, no Unc worms). Singled
non-array F1 worms from nDf32/+; Psid-1::gfp/+ P0 parents were crossed to Is[Podr-1::rfp]
males. F2 L4 cross-progeny were placed on dpy-11 RNAi and progeny were scored for the Dpy
phenotype. Embryonic lethality in F3 was used to determine if F2 worms carried nDf32
deficiency. See Figure 3.6 for further details.

Genetics: Non-array silenced and de-silenced worms
To directly compare non-array worms that silence sid-1 to non-array de-silenced sid-1 worms,
two independent lines were established and maintained three generations after loss of the
Ex[Psid-1::gfp] array. Synchronized sid-1 silenced worms were collected three generations later,
at the 6th generation, and synchronized de-silenced sid-1 worms were collected 18 generations
later, at the 21st generation. To determine whether sid-1 remained effectively silenced at each
intervening generation, 20 L4 worms were placed on dpy-11 RNAi food and their progeny were
scored. Resistant worms indicate that sid-1 is silenced, while Dpy worms indicate that sid-1 is
expressed.
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RNA extraction and first strand cDNA synthesis
To purify RNA from mixed stage or synchronized young adult worms, frozen worm pellets were
extracted in Trizol/chloroform. The aqueous fraction was precipitated, resuspended in water,
DNaseI treated for 1 hour (Roche, 04716728001) and purified (RNeasy Mini Kit, Qiagen, 74106
or RNA Clean & Concentrator™-5, Zymo Research, R1015 if small RNAs were required in
downstream applications). To prepare RNA for 5’-independent small RNA sequencing, 5µg of
RNA was treated with 5’ polyphosphatase (Epicentre, RP8092H) and re-purified using RNA
Clean & Concentrator™-5 spin columns (Zymo Research, R1015).
First strand cDNA was synthesized using ThermoScriptTM RT-PCR System (Invitrogen,
11146-024) with an OligodT primer and 125ng-1µg total RNA. Control cDNA synthesis reactions
without the Reverse Transcriptase enzyme were included for each sample.

cDNA synthesis from single worms and L1 larvae
A single adult worm or many L1 larvae were frozen in 5µl 10 mM Tris-Cl containing 90µg/mL
proteinase K at -80°C for at least 10 minutes. Worms were lysed at 65°C for 10 minutes,
followed by 95°C for 1 minute to inactivate proteinase K. 2µl of lysis was used directly in a 20µl
OligodT-primed cDNA synthesis reaction with and without reverse transcriptase (control) for
measuring mRNA expression. If measuring pre-mRNA levels, the lysis was treated with DNase I
for 10 minutes at 37°C and DNase I was inactivated for 10 minute at 75°C (Roche,
04716728001) prior to cDNA synthesis using a gene specific primer. See table below for primer
used in qRT-PCR.

qRT-PCR
Quantitative RT-PCR analysis (QuantiTect SYBR Green PCR Kit, Qiagen, 204145) was
performed on an Eppendorf Mastercycler ep realplex4. For expression measurements in a
population of worms, 1/20th of the cDNA reaction was used in each qRT-PCR. qRT-PCRs were
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incubated at 95°C for 15 min followed by 35-40 cycles of 94°C 15 sec, 50°C 30 sec, 72°C 30
sec. For single worm expression, 1/10th of the cDNA was used in each qRT-PCR and the
extension time was decreased to 15 seconds. qRT-PCR primers were designed and verified to
recognize only cDNA and not gDNA, which was especially important for single worm expression
in which the genomic DNA was not degraded prior to cDNA synthesis. Ct values were
determined using noiseband quantification. Error bars represent standard deviation for at least
two technical replicates unless otherwise stated. See table below.for primers used in qRT-PCR.

mRNA and small RNA library preparation
mRNA sequencing libraries were made from 1µg total RNA from synchronized young adult
worms. RNA was PolyA purified using the Apollo 324™ NGS Library Prep System with the
PrepXTM PolyA 8 Protocol (Beta v1, Wafergen) and stranded mRNA sequencing libraries were
made using the PrepXTM mRNA 8 Protocol (Beta v1). Resulting libraries were PCR amplified for
15 cycles and purified using the PCR Cleanup 8 Protocol (Apollo 324™ NGS Library Prep
System). Non-stranded mRNA sequencing libraries were prepared using the TruSeq RNA
Library Preparation Kit v2 (Illumina, RS-122, 2001). Libraries were fragmented after dsDNA
synthesis on the Covaris instrument as described in Alternate Fragmentation Protocol (Illumina,
RS-122, 2001). Two biological replicates for each genotype were pooled and single end
(stranded) or paired end (non-stranded) libraries were sequenced on the Illumina NextSeq 500
Mid output flow cell for 150 cycles.
Small RNA libraries were prepared from 1µg total RNA from synchronized young adult
worms (5’ polyphosphatase treated for 5’-independent libraries as described above) using the
PrepXTM Small RNA 8 Protocol on the Apollo 324™ NGS Library Prep System. Libraries were
amplified for 12 cycles and purified (QIAquick PCR Purification Kit, Qiagen). Small RNAs were
size selected on the Pippin Prep 3% dye free cassette by collecting 126-160bp fragments. Size
selected RNA libraries were purified and concentrated to 10µl using DNA Clean &
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Concentrator™-5 spin columns (Zymo Research, D4013). Libraries were pooled and sequenced
on the Illumina NextSeq 500 High output flow cell for 75 cycles.

Library data processing
mRNA libraries were aligned to C. elegans genome WS235 using Tophat (v2.0.1) (Trapnell et
al., 2012) with all parameters set to default except for minimum and maximum intron length (-i
20, -I 10000). Differential expression analysis was performed using Cufflinks (v2.2.1) (Trapnell
et al., 2012) with default parameters, allowing a false discovery rate (FDR) of 0.05.
21-26 nucleotide reads were filtered from small RNA libraries and aligned to C. elegans
genome WS235 using Bowtie2 (Langmead et al., 2009), allowing 0 mismatches (--score-min
L,0,0) and up to four alignments per read (-k 4). Small RNA counts per gene were generated
using HTseq (Anders et al., 2015) and normalized to total number of 21-26 nucleotide reads
mapped to genes. Genes differentially targeted by small RNAs were identified using EdgeR
(Robinson et al., 2009) using the exact test and allowing an FDR of 0.05.
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Strains used in this study
Strain
HC125

Genotype
qtIs6[Psid-1::NLS::gfp::unc-54 3’ UTR] X
Referred to as “qtIs6[Psid-1::gfp]” below

Reference
Winston et al., 2002

HC126

qtIs7[Psid-1::NLS::gfp::unc-54 3’ UTR]

Winston et al., 2002

HC83

qtEx6[Psid-1::NLS::gfp::unc-54 3’ UTR, pRF4]

Winston et al., 2002

HC993,
HC994*

qtEx183, 184[Psid-1, pHC183 (myo3::dsRed2)]

This study

HC1018HC1020*

qtEx191-193[Psid-1(1-328bp), pHC183
(myo3::dsRed2)]

This study

HC998*

qtEx185[Psid-1(1-496bp), pHC183 (myo3::dsRed2)]

This study

HC1006*

qtEx186[Psid-1(140-496bp), pHC183
(myo3::dsRed2)]

This study

HC1015,
HC1016*

qtEx188, 189[Psid-1(222-496bp), pHC183
(myo3::dsRed2)]

This study

HC1021*

qtEx194[Psid-1(329-716bp), pHC183
(myo3::dsRed2)]

This study

WM27

rde-1(ne219) V

Tabara et al., 1999

HC971

rde-1(ne219) V; qtIs6[Psid-1::gfp] X

This study

HC1011

rde-4(ne301) III

Tabara et al., 1999 and
this study

HC1012

rde-4(ne301) III; qtIs6[Psid-1::gfp] X

This study

GR1373

eri-1(mg366) IV

Kennedy et al., 2004

HC1004

eri-1(mg366) IV; qtIs6[Psid-1::gfp] X

This study

HC888

rrf-3(pk2042) II

Sijen et al., 2001 and
this study

HC999

rrf-3(pk2042) II; qtIs6[Psid-1::gfp] X

This study
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YY186

nrde-2(gg91) II

Guang et al., 2010

HC972

nrde-2(gg91) II; qtIs6[Psid-1::gfp] X

This study

HC981

nrde-3(gg66) X

Guang et al., 2008 and
this study

HC979

nrde-3(gg66); qtIs6[Psid-1::gfp] X

This study

YY538

hrde-1(tm1200) III

Buckley et al., 2012

HC995

hrde-1(tm1200) III; qtIs6[Psid-1::gfp] X

This study

HC1001

mut-2(ne298) I

Tabara et al, 1999 and
this study

HC1000

mut-2(ne298) I; qtIs6[Psid-1::gfp] X

This study

HC196

sid-1(qt9) V

Winston et al., 2002

CB4037

glp-1(e2141) III

Priess et al., 1987

HC1040

glp-1(e2141) III; qtIs6[Psid-1::gfp] X

This study

HC1038

set-32(ok1457) I;set-25(n5021) III

This study

HC1039

set-32(ok1457) I;set-25(n5021) III; qtIs6[Psid-1::gfp] X

This study

PFR40

hpl-2(tm1489) III

Simonet et al., 2007

HC1022

hpl-2(tm1489) III;qtIs6[sid-1 pro::NLS-GFP] X

This study

SX922

prg-1(n4357) I

Bagijn et al., 2012

HC992

prg-1(n4357) I; qtIs6[Psid-1::gfp] X

This study

PY2417

oyIs44[Podr-1::rfp] V

Lanjuin et al., 2003

MT2583

dpy-11(e224) nDf32 V/eT1(III;V)

Park and Horvitz, 1986

prg-1(n4357) I; Ex[Psid-1, pHC183 (myo3::dsRed2)]

This study

Ex[Psid-1(piRNA-4A), pHC183 (myo3::dsRed2)]

This study
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HC1002

sid-1(qt2) V

Winston et al, 2002

HC1003

sid-1(qt2) V; qtIs6[Psid-1::gfp] X

This study

HC1045

nmad-1(ok3133) III

Greer et al, 2015

HC1067

nmad-1(ok3133) III; qtIs6[Psid-1::gfp] X

This study

HC1044

damt-1(gk961032) II

Greer et al, 2015

HC1046

damt-1(gk961032) II; qtIs6[Psid-1::gfp] X

This study

HC1058*

rrf-3(pk2042) II; qtEx199 [Psid-1, pHC183
(myo3::dsRed2)

This study

HC1059*

rde-1(ne219) V; qtEx200[Psid-1, pHC183
(myo3::dsRed2)]

This study

HC1080

prg-1(n4357); rde-1(ne219) V

This study

HC1081*

prg-1(n4357) I; rde-1(ne219) V;qtEx201[Psid-1,
pHC183 (myo3::dsRed2)]

This study

HC1083*

qtEx202[Psid-1(716bp)::gfp::unc-54 3' UTR]

This study

HC1084*

qtEx203[Psid-1(725bp)::gfp::unc-54 3' UTR]

This study

*One line frozen of several lines tested.
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Primers used in this study
qRT-PCR primers (5' à 3')
sid-1 mRNA

CGAAGGCTAAACTTTGTGGAGC
GAGTAGCAGGCATGGCTTG

gpd-3 mRNA

CTCTGGAGCCGACTATGTC
CGTACTTCTCGTGGTTGACTC

gpd-3 mRNA (single worm only)

GGAGGAGCCAAGAAGGTCATC
CGTACTTCTCGTGGTTGACTC

C04F5.9 mRNA

GACACGAAAATGAATAGTTGTCGG
GTCAGTTGATTACGATGAACGGG

C04F5.8 mRNA

CTCGGACTATGCTGCTCTC
GATTATCCTTGAAGACGTGGGC

cpf-1 mRNA

CGATGAAAACGTTGTCGGAAG
CATATGCCTGAGCTGTTTCAATG

sid-1 intron 4

GCCAATTTCAGTCTATGCGGG
CGACACAAGCTCTATAGTAGCC

sid-1 intron 6

GCTCACTTGTCATTTGGGGG
GGCAAAACGGGAAATTACCG

cpf-1 intron 5

GCGTCGAAGAGTGTTTCTAAAAAAATC
CATTATGATATTCTTACTTCGCTCTCG

Injection construct primers (5' à 3')
Psid-1
GGTCATGAGAGGGTCGAGAG
GGAAAAATGAGGAGTTTTAATTTC
Psid-1(1-328bp)

GGTCATGAGAGGGTCGAGAG
ACGGTGTATGCACAACGC

Psid-1(1-496bp)

GGTCATGAGAGGGTCGAGAG
ATTTAGGCTCTAGAAGTTCTAATTTGAATC

Psid-1(140-496bp)

GATAAAATATCATGCAGGCATCCTC
ATTTAGGCTCTAGAAGTTCTAATTTGAATC

Psid-1(222-496bp)

CAGAAGAAAAACAGCTAAAAGCAGC
ATTTAGGCTCTAGAAGTTCTAATTTGAATC

198

Psid-1(329-716bp)

CACGTCAAATTGCGGAAAAAAT
GGAAAAATGAGGAGTTTTAATTTC

Psid-1(piRNA-4A)

Site directed mutagenesis:
AAATTTTCAGCTTAATATAAGTATTAAATTC
ATAAAAAAAATCAGAAGAAAAACAG
ATGAATTTAATACTTATATTAAGCTGAAAA
TTTTTTAAAAGATATATAGAGGATG
Amplification:
GGTCATGAGAGGGTCGAGAG
GGAAAAATGAGGAGTTTTAATTTC

Psid-1(716bp)::gfp::unc-54 3’ UTR

Psid-1(716bp) amplification (for cloning):
AAAAACTGCAGGGTCATGAGAGGGTCGAGAG
ACGCGGATCCGGAAAAATGAGGAGTTTTAATTTC
Fragment amplification:
GGTCATGAGAGGGTCGAGAG
TCACCGTCATCACCGAAAC

Psid-1(725bp)::gfp::unc-54 3’ UTR

Psid-1(716bp) amplification (for cloning):
AAAAACTGCAGGGTCATGAGAGGGTCGAGAG
ACGCGGATCCTGTGAACCTGGAAAAATGAGGAG
Fragment amplification:
GGTCATGAGAGGGTCGAGAG
TCACCGTCATCACCGAAAC

T7-Psid-1 dsRNA template

TAATACGACTCACTATAGGGGGTCATGAGAGGGTCGA
GAG
TAATACGACTCACTATAGGGGGAAAAATGAGGAGTTT
TAATTTCTAAATG

Array (Psid-1) detection in HC83
(Ex[Psid-1::gfp])

GAACGACGTTAAACACATCTCACTTTAAC

Genotyping primers (5’à3’)
rde-1(ne219)

CGGACAGAGGAAGAAATGC
CACTATTCACAAGCATTGGC

rde-4(ne299)

GATGACGTTGATTCTGAATGAAATTACTG
GTTGATCGTTTCAATTCCTCAGC

eri-1(mg366)

GATAAAACTTCGGAACATATGGGGC
ACTGATGGGTAAGGAATCGAAGACG
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rrf-3(pk2042)

CTCCATTGAAAGGCAGTTTGAC
CTCGTTCAAGCCAAACTTTCAG

nrde-2(gg91)

GAACAATGTTTCGAGCGTATGG
CAGATTCTCCAATTCCAACTTGC

nrde-3(gg61)

CTTTCAGGTAATTTGCACAAC
GGCACCGACACTAAAAATC

hrde-1(tm1200)

CAAACCTGCCGGATTTGTG
CTCGACGGGAATCGTACATG

mut-2(ne298)

GCCTTCGACAGGGAGAAAC
CTGTAATGGTCATGGATCGGTAG

prg-1(n4357)

GCATCCGATTCAAGCAAACAAATC
CCCGATAACAATCCAGTTCGTC

set-25(n5021)

GAAGACTTCCATTTTTCCATCAGAC
CTTTCAACCTCGTCAGTAAGTTTC
CTCAATCCGTTCGCCCAC

set-32(ok1457)

CATGTGTATCTTTGAGGTTTGCG
CGAGCAATGATTTCACAAGGAAG
GAGCAACAATCACAACGAATCTG

hpl-2(tm1489)

GCACAGAAAATGAAGTTCCCCAG
GCTCGCTTTGTTGATTTGCTC
CTGAGAGTGATGATGATGATGCTG

nmad-1(ok3133)

GTTGAACAAGGAGAAGAATGACAAAAC
ATCCACCTCGTGCCAATC
GTCCATATGCCTCATCGTTCTC

damt-1(gk961032)

CGGTTATGGAGGAAAGAAGAAGGG
TTTTATGGGTATCGGGAACGG
GCACATCCCAGGAATGAGATTG

sid-1(qt2)

CACAATCATGCGTGTGCTC
GGTTGAAAATTGGCGAAGAA
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