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Genomic imprinting—the non-equivalence of maternal and paternal genomes—
isacritical process that has evolved independently in many plant and mammalian
species'?. According to kinship theory, imprinting is the inevitable consequence

of conflictive selective forces acting on differentially expressed parental alleles®*.

Yet, how these epigenetic differences evolve in the first place is poorly understood®>®.
Here we report the identification and molecular dissection of a parent-of-origin
effect on gene expression that might help to clarify this fundamental question. Toxin-
antidote elements (TAs) are selfish elements that spread in populations by poisoning
non-carrier individuals™®. In reciprocal crosses between two Caenorhabditis tropicalis
wildisolates, we found that the slow-1/grow-1 TA is specifically inactive when paternally
inherited. This parent-of-origin effect stems from transcriptional repression of the
slow-1toxin by the PIWI-interacting RNA (piRNA) host defence pathway. The repression

requires PIWI Argonaute and SET-32 histone methyltransferase activities and is
transgenerationally inherited via small RNAs. Remarkably, when slow-1/grow-1 is
maternally inherited, slow-I repression is halted by a translation-independent role

of its maternal mRNA. That is, slow-I transcripts loaded into eggs—but not SLOW-1
protein—are necessary and sufficient to counteract piRNA-mediated repression.

Our findings show that parent-of-origin effects can evolve by co-option of the piRNA
pathway and hinder the spread of selfish genes that require sex for their propagation.

Diploid organisms carry two copies of each gene: one inherited from
their mother and the other one from their father. Typically, these cop-
ies are functionally interchangeable. Imprinted genes are the excep-
tion to this rule. They keep an epigenetic memory of their gametic
provenance, making maternal and paternal genomes non-equivalent,
which hasalarge effect onembryonic development, species hybridiza-
tionand human disease'®. Multiple theories have been put forward to
explainthe evolution ofimprinting. The most accepted theory—kinship
conflict—states thatimprinting arises when there are conflicting inter-
ests between maternal and paternal genomes owing to differential
investment in their offspring®*. Notably, this theory presupposes the
existence of mechanisms that establish differences in the expression
of maternal and paternal alleles—otherwise, there would be nothing
to select on®. This raises the critical question of how parent-of-origin
effects on gene expression evolve in the first place.

The discovery of the first imprinted loci in mammals led to the
hypothesis that imprinting evolved from host defence mechanisms
thatuse DNA methylation to keep viruses and parasitic genes at bay™".
Thisisinline with the close proximity of many imprinted locito trans-
posable elementsin plants™"*and piRNA-induced DNA methylation of
aretrotransposon being critical for the paternal imprinting of mouse

Rasgrfl1 (ref.15). However, the evolutionary origins of imprinting remain
poorly understood at the molecular level. More recently, histone
modifications, such as H3K27me3, have been reported to act as
imprinting marks independently of DNA methylation in mice®.
These observations have raised the possibility that a link between
parent-of-origin-dependent gene expression and host defence mecha-
nisms can also be found in organisms that lack DNA methylation but
are rich in small regulatory RNAs, such as Caenorhabditis elegans
and related nematodes”. Here we dissect the mechanism behind a
parent-of-origin effect on gene expression and provide a physiological
context for the emergence of imprinting.

A TA with a parent-of-origin effect

C.tropicalisis ahermaphroditic nematode that—unlike its more widely
distributed relative C. elegans—inhabits exclusively equatorial regions®.
While studying geneticincompatibilities between the two C. tropicalis
wild isolates NIC203 (Guadeloupe, France) and EG6180 (Puerto Rico,
USA), we uncovered amaternal-effect TA, which we named slow-1/grow-1
(ref. 9). This selfish element is located in NIC203 chromosome Ill and
comprises three tightly linked genes: a maternally expressed toxin,
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slow-1,and twoidentical and redundantantidotes, grow-1.1and grow-1.2,
whichare expressed zygotically. For simplicity, we will refer to the two
antidotes collectively as grow-1 unless specifically noted (Extended Data
Fig.1laand Supplementary Discussion). Slow-1 transcripts are maternally
loadedintoeggs prior to fertilization and remain stable inembryos, at
least until the 20-cell stage. However, from the comma stage until hatch-
ing, slow-1 transcripts are found only in the germline precursor cells’.
SLOW-1ishomologous to nuclear hormonereceptors, whereas the anti-
dote GROW-1has no homology to known proteins. In crosses between
TA carrier and non-carrier strains, heterozygous mothers poison all
their eggs but only progeny that inherit the TA can counteract the toxin
by zygotically expressing its antidote (Extended Data Fig. 1b). Whereas
wild-type worms typically take two days to develop from the L1 stage
tothe onset of egg laying, embryos poisoned by maternal SLOW-1take
onaverage four days. This developmental delay imposes a high fitness
costand favours the spread of the selfish element in the population®.

To study the inheritance of slow-1/grow-1 TA, we previously gener-
ated anear-isogenic line strain (hereafter referred to as ‘NIL’) contain-
ing the slow-1/grow-1 NIC203 chromosome Ill locus in an otherwise
EG6180 background”’. As expected, slow-1 mRNA was detected in the
NIL but notin EG6180 (Extended Data Fig. 1c). As previously reported,
in crosses between NIL hermaphrodites and EG6180 males, the toxin
induced developmental delay in all the F, homozygous non-carrier
(EG/EG) individuals® (100% delay, n = 34; Fig. 1a). However, we noticed
anunexpected pattern of inheritance when performing the reciprocal
cross. IfEG6180 hermaphrodites were mated to slow-1/grow-1NIL males,
most of their F, EG/EG progeny were not developmentally delayed but
phenotypically wild type (9.4% delay, n=53; P < 0.0001; Fig.1a,b). This
was surprising, because known TAs—including C. elegans peel-1/zeel-1
and sup-35/pha-1,the Medealocus in Tribolium, and the mouse homo-
geneously staining region (HSR) locus—affect non-carrier individuals
regardless of whether the element is inherited from the maternal or
paternal lineage®' (Extended Data Fig. 1d).

Wealsoinvestigated the inheritance pattern of two recently discov-
ered maternal-effect TAsin C. tropicalisand C. briggsae that cause devel-
opmental delay®?2. However, we found no evidence of a parent-of-origin
effect, indicating that this is not a general feature of non-lethal toxins
(Fig.1band Extended Data Fig. 1e). Mito-nuclear incompatibilities could
notexplainthe observed patternbecause both parentallines carry the
same mito-genotype (Extended Data Fig. 1f). Moreover, C. tropicalis,
like all nematodes of the Rhabditida group, lacks de novo methyl-
transferases, making the involvement of mammalian-like epigenetic
imprinting unlikely?. Because parent-of-origin effects are extremely
rareinnematodes and all reported cases involve transgenic reporters,
we set out to investigate this phenomenon®%,

Reduced dosage of the SLOW-1toxin

Maternally expressed slow-1 causes the slow-1/grow-1 TA delay phe-
notype. Thus, we reasoned that the parent-of-origin effect could
stem from reduced expression of the paternally inherited toxinin the
germline of F; heterozygous mothers. To test thisidea, we performed
reciprocal crosses between EG6180 and the slow-1/grow-1 NIL strains,
followed by RNA sequencing (RNA-seq) of F, heterozygous young adult
hermaphrodites. In agreement with our hypothesis, slow-1 mRNA
levels were significantly lower in F, mothers when slow-1/grow-1 was
paternally inherited (2.4-fold decrease, P= 0.0092; Fig.1c). The slow-1
parent-of-origin effect was not exclusive to the recombinant NIL strain,
as we observed the same difference in slow-I gene expression when
performing reciprocal crosses between NIC203 and EG6180 parental
strains (Extended Data Fig. 1g).

Toindependently validate the parent-of-origin effect on gene expres-
sion at the protein level, we first tagged the endogenous slow-1 locus
withmScarlet onits N terminus. Inagreement with its maternal-effect,
SLOW-1was present in the gonads of hermaphrodites and loaded into
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Fig.1|slow-1/grow-1, aselfish element with a parent-of-origin effect.
a,Reciprocal crosses between the slow-1/grow-1 TANIL and the EG6180 parental
strain. Maternal (M) or paternal (P) inheritance refers to the slow-1/grow-Ilocus.
Worms with asignificant developmental delay or larval arrest were categorized
asdelayed, otherwise they were classified as wild type (WT). Sample sizes (n) are
shown foreach phenotypicclass. Error barsindicate 95% binomial confidence
intervals calculated with the Agresti-Coull method. Each cross was performed
independently atleast twice with identical results (see Supplementary Table 1
forraw data). b, Activity of the NIC203 chromosome Il TAinreciprocal crosses.
Penetrance of the toxin, the percentage of F, non-carrier individuals thatare
phenotypically affected, isused as a proxy for TAactivity (slow-1/grow-1TA: M,
n=34;P,n=53;P<0.0001,NICchromosomellTA:M,n=44;P,n=50; P=0.27;
two-sided Fisher’s exact test; data are mean + 95% confidenceinterval). Chr.,
chromosome; NS, not significant. ¢, Reciprocal crosses between the NIL and
EG6180 followed by RNA-seq of their F, progeny indicate that slow-I transcripts
aremore abundant when maternally inherited (two-sided unpaired t-test; M,
n=7;P,n=6;P=0.0092; dataare mean +s.e.m.).

eggs prior tofertilization (Extended Data Fig. 1h,i). Next, we performed
reciprocal crosses between mScarlet::slow-1in the NIL background and
EG6180 strains and quantified the fluorescence signal in the germline
of their F, progeny. In agreement with both our genetic crosses and
RNA-seq experiments (Fig. 1b,c), when slow-1/grow-1 was paternally
inherited, SLOW-1 protein levels were significantly lower in the ger-
mline of F, individuals (Fig. 2a,b), as well as in F, 2-cell stage embryos
(Fig. 2a,c). To test whether the SLOW-1 dosage correlated with the
severity of the phenotype, we impaired the antidote function in the
parental NIL strain, which expresses twice as much slow-1 mRNA com-
pared to heterozygous worms (Extended Data Fig. 1a). We found that
grow-1.1(+/-); grow-1.2(-/-) worms were viable but we could not retrieve
any viable grow-1.1(-/-); grow-1.2(-/-) individuals among their progeny.
The double homozygous mutants arrested as larvae and died before
laying eggs, indicating that slow-1 is dosage-sensitive (Extended Data
Fig.1a). These results show that the lack of activity of slow-1/grow-1
following its paternal inheritance stems from a reduction in slow-1
mRNA levels inthe germline of F, hermaphrodites and, consequently,
areduced dosage of the toxin in F,embryos.

slow-1is transgenerationally repressed

InC. elegans, silencing of transgenes canresultin the inheritance of the
repressed state for multiple generations??. Typically, this transgenera-
tional effectis mediated by small RNAs (SRNAs) in response to external
or internal cues. To test whether sRNAs could underlie the impaired
expression of the paternally inherited slow-1/grow-1 allele, we explored
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Fig.2|Paternal inheritance of slow-1/grow-1leads to decreased SLOW-1
dosage. a, Reciprocal crosses between mScarlet::slow-INIL and EG6180 strains.
Theasteriskindicates that the datasetincludes only F,embryos at the 2-cell
stage (maternal SLOW-1protein). b, Quantification of total body fluorescence
of F,youngadultsincludes signal from the germline and gut autofluorescence.
Eachdotrepresentsasingleindividual. Reciprocal crosses were performed
twice (two-sided unpaired t-test; M, n=58; P,n=58; P<0.0001; dataare

mean = s.e.m.). Representative images of F, young adults from the reciprocal
crosses. Scale bars,150 pm. a.u., arbitrary units. ¢, Total fluorescence of F, 2-cell
stage embryos fromreciprocal crosses between mScarlet::slow-1NIL and EG6180
strains. Only maternal SLOW-1is quantified in early embryos (two-sided unpaired
t-test;M,n=10;P,n=11; P<0.0001; dataare mean +s.e.m.). Scale bars, 10 pm.

whether the inheritance of slow-1/grow-1 could compromise its toxic-
ity in subsequent generations. To test this, we first crossed EG6180
hermaphrodites to NIL males and singled their F, progeny. Then, we
identified F,homozygous slow-1/grow-1hermaphrodites, allowed them
to self-fertilize, collected their progeny (F;), and crossed them back
to EG6180 males. Finally, we collected the F, heterozygous offspring,
allowed themto self-fertilize, and inspected their progeny (F;) (Fig. 3a).
Inthis way, the impaired slow-1/grow-1 allele was reintroduced into the
maternal lineage, which enabled us to probe whether slow-1 could delay
its progeny once again. We found that 97% (n = 34) of F;homozygous
slow-1/grow-1 (EG/EG) individuals were phenotypically wild type, indi-
cating that slow-1/grow-1 activity was largely impaired 3 generations
after paternal inheritance (Fig. 3b). Additional crosses revealed that
slow-1/grow-1 regained its activity 9 generations after paternal inher-
itance (22.2% (n =27) of EG/EG individuals were phenotypically wild
type),indicating that the slow-I repressed state can be spontaneously
reversed?*?® (Fig. 3b).

piRNAs target slow-1

Since the transgenerational repression of slow-1/grow-1 does not stem
froman external trigger, we reasoned that endogenous piRNAs could
mediate this effect. PRG-1, the C. elegans orthologue of Drosophila

PIWI-clade proteins, binds piRNAs and is essential for their function®?.
Tostudy the role of PIWland other Argonaute proteinsin slow-I repres-
sion, wefirstidentified homologues and built acomprehensive Argo-
naute phylogeny (Extended Data Fig. 2). The C. tropicalis genome
encodes two PRG-1 orthologues on chromosome I, which we named
PRG-1.1and PRG-1.2, both of which are maternally loaded into eggs
(Fig.3c). They share 87.7% protein sequence identity and are probably
theresult ofarecentgene duplication event (Extended Data Figs.2 and
3a-c). Totest whether the repression of slow-1/grow-1 was dependent
on piRNA activity, we generated prg-1.1 and prg-1.2 null alleles in an
EG6180 background. Both prg-1.1and prg-1.2 mutant lines were viable
and did not show any obvious signs of developmental delay or larval
arrest (0%, n=118and 0%, n = 95, respectively). However, prg-1.1,prg-1.2
double mutants were fully sterile indicating significant redundancy
between these two genes (Extended Data Fig. 3d).

Next, we set up crosses between EG6180 hermaphrodites and NIL
males, in which both parents carried null alleles of either prg-1.1 or
prg-1.2.Loss of prg-1.2 impaired slow-1/grow-1 repression when inher-
ited through the paternal lineage: 69.2% (n = 78) of F, homozygous
EG/EGindividuals were developmentally delayed (Fig. 3d). By contrast,
loss of prg-1.1 had only a minor effect on the activity of the TA (6.25%
of EG/EG were delayed, n =16) (Fig. 3d). Additional crosses revealed
that maternally provisioned prg-1.2is necessary for slow-1 repression
(Extended Data Fig. 3e) and that prg-1.2is necessary for the initiation
but not the maintenance of the repression®* (Extended Data Fig. 3f).

To identify the specific piRNAs responsible for slow-I repression,
we first annotated 27,445 piRNAs in C. tropicalis with a mean abun-
dance of 0.1 ppm or higher (Methods and Supplementary Data1). As
inC.elegansand C. briggsae, piRNAs were found almost exclusively in
chromosome IV**(96.9%; Fig. 3e). Next, we leveraged known targeting
rules, predicted piRNA-target binding energies and overall comple-
mentarity to definealist of top candidates (Methods and Supplemen-
tary Data 2). We observed that two of our top piRNA candidate loci
were in tight genetic linkage: Ctr-21ur-06949 and Ctr-21ur-06917 were
only 4.6 kb apart on chromosome IV and both were predicted to bind
the 3’ untranslated region (UTR) of slow-1 (Fig. 3f). To test their role
in slow-1 repression, we deleted these piRNAs and performed pater-
nal crosses. Of note, whereas deletion of individual piRNAs had no
effect on slow-1/grow-1 repression, simultaneous loss of both piRNAs
hindered slow-1/grow-1 repression, phenocopying the prg-1.2loss of
function mutation (Fig. 3d,f). As a control, only background levels of
delay were observed in the parental single and double piRNA mutant
strains (Ctr-21ur-06949(4): 2%, n =100; Ctr-21ur-06917(4):1.25%, n = 80;
Ctr-21ur-06949(4); Ctr-21ur-06917(4): 2.2%, n = 180). These results show
that piRNAs repress slow-I following its paternal inheritance and that
their activity is epistatic.

PRG-1s are redundant but non-equivalent

Given the epistatic nature of the slow-1 piRNA-mediated repression
(Fig. 3f) and the synthetic lethality observed in prg-1.1and prg-1.2 dou-
ble mutants (Extended Data Fig. 3d), we hypothesized that any role of
prg-1.1in the repression of slow-1 might be masked by genetic redun-
dancy. To test this idea, we generated triple mutant worms carrying
the prg-1.1 mutant allele along with the double piRNA deletion and
performed paternalinheritance crosses of the TA.In contrast to the par-
tial de-repression of slow-1/grow-1observedineither prg-1.2 or double
piRNA mutants (Fig. 3f), de-repression of the TA was almost complete
when prg-1.1 and the two piRNAs were mutated (Fig. 3f). As a control,
no developmental defects were observedinthe triple mutant parental
line (0%, n =89).Immunoprecipitation of PRG-1.1and PRG-1.2 followed
by sRNA sequencing (sSRNA-seq) revealed that these Argonautes bind
atlarge the same piRNA population—including both Ctr-21ur-06949
and Ctr-21ur-06917 (Extended Data Fig. 4 and Supplementary Data 2).
However, their binding preference are not entirely equivalent, probably
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Fig.3|slow-1is targeted by the piRNA pathway. a, Crossing schemeto test
transgenerational inheritance of slow-1/grow-1repression. Red asterisk denotes
repressed allele. b, Comparison of slow-1/grow-1 activity with no paternal
inheritance and 3 and 9 generations following paternalinheritance (noP,n=34;
3 generations, n=34;9 generations, n=27; two-sided Fisher’s exact test;

****p < (0.0001and **P=0.0053; dataare mean + 95% confidence interval).

¢, Representativeimmunostainingimages for 3xFlag::PRG-1.1and 3xFlag::
PRG-1.2linesin2-cell stage embryos. EG6180 as negative control. Quantification
inExtended DataFig.3c.Scalebars,10 pm.d, Effect of prg-1.10r prg-1.2(WT,n=53;
prg-1.1(-),n=16; prg-1.2(-), n=75; two-sided Fisher’s exact test; NS, P> 0.99 and
****P < 0.0001; dataare mean + 95% confidence interval) null mutationsin
slow-1/grow-1 paternalinheritance. e, Genome-wide distribution of C. tropicalis
piRNAs. f, Left, scheme showing piRNA candidates binding to the 3’ UTR of
slow-1.+ Denotes a G:Uwobble base pair. Right, paternal crosses between
strains with various combinations of piRNAs and prg-1.1 mutations (WT, n=53;
21ur-06949(A);21ur-06917(A), n = 40; 21ur-06949(A);21ur-06917(4);prg-1-1(-),
n=34;two-sided Fisher’s exact test; ****P< 0.0001and ***P=0.0003; dataare

contributing to their differential effects on slow-I repression (Extended
DataFig. 4 and Supplementary Note 1).

slow-1is epigenetically repressed

In C. elegans, piRNAs trigger the production of secondary 22G-RNAs
that are complementary to the target mRNA. These 22G-RNAs are
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mean + 95% confidenceinterval). g, Testing the requirement for components
ofthe piRNA pathway in slow-1repression (WT, n=53; set-32,n=23; two-sided
Fisher’sexacttest; P<0.0001; dataare mean + 95% confidence interval).

h, RT-qPCR quantification of slow-I mRNA and pre-mRNA abundance from
reciprocal crosses between NIL and EG6180 normalized to parental NIL (M, n=4;
P, n=4;two-sided unpaired t-test; ****P<0.0001and ***P=0.0008; dataare
mean +s.e.m.).i, Coverage of22G-RNAs mapping to slow-I mRNAinlicensed or
repressed states (n=4). Two repeats are shown for simplicity (total number of
aligned 22G-RNAs per library is the same). j, Quantification of 22G-RNA and
26-RNA populations mapping to slow-I (n = 4) (two-sided unpaired t-test;
22G-RNA: P=0.0013;26G-RNA: P=0.0013).Inbox plots, the centrelineis the
mean, box edges represent firstand third quartile boundaries, and whiskers
extend to minimum and maximum values. tpm, transcripts per million mapped
reads. k, H3K9me3 ChIP-seqinsamplesin whichslow-1islicensed or repressed.
Lines correspond to the ratio of H3K9me3 ChIP over chromatininput coverage
normalized by their respective library sizes. Left, there are noapparent peaks at
theslow-Ilocus. Right, example of reproducible peaks identified by MACS2.

bound by nuclear Argonautes HRDE-1and WAGO-10, which in turn
recruit chromatin-modifying enzymes to the target locus and mediate
its epigenetic repression®** (Extended DataFig. 5a). Two putative his-
tone methyltransferases, SET-25 (H3K9me3) and SET-32 (H3K23me3),
have a crucial role in this process®?. To test whether effectors of the
piRNA pathway mediate slow-I repression, we generated putative null
alleles of several known factors (Fig. 3g and Extended Data Fig. 5a,d).



Ctr-hrde-1 (the closesthomologue of hrde-1and wago-10in C. elegans),
Ctr-simr-1 and Ctr-mut-16 were essential for fertility, preventing fur-
ther characterization (Extended Data Fig. 5a-d). However, Ctr-rrf-1,
Ctr-wago-15 (a close paralogue of Ctr-hrde-1), Ctr-set-25 and Ctr-set-32
mutants were viable and fertile. We set up paternal crosses using these
four mutants and found that loss of Ctr-set-32 was sufficient to impair
slow-1/grow-1repression wheninherited through the paternal lineage,
phenocopying loss of piRNAs (Fig. 3g and Extended Data Fig. Se). The
involvement of a histone methyltransferase in the parent-of-origin
effect strongly suggested that slow-I repression occurs at the transcrip-
tionallevel. Inagreement with this model, we performed quantitative
PCRwithreverse transcription (RT-qPCR) and found that both slow-1
mRNA and pre-mRNA levels were markedly reduced in the F, genera-
tion following paternalinheritance of the TA (15.2% and 20.2% of levels
following maternal inheritance, respectively; Fig. 3h).

Next, we asked whether paternal inheritance of slow-1/grow-1leads
totheaccumulation of22G-RNAs targeting slow-1. To test this, we lever-
agedthe transgenerational inheritance of the slow-1/grow-1repressed
state (Fig. 3a). First, we carried a slow-1/grow-I paternal cross, we then
isolated F, homozygous TA carriers, propagated and expanded the
population for two generations, and finally sequenced the sSRNA pool of
the F,young hermaphrodites (Extended Data Fig. 5f). Paternal inherit-
ance of slow-1/grow-1I resulted in a marked 33.7-fold up-regulation of
22G-RNAs complementary to slow-1 compared to the control line, in
which the TA is active (Fig. 3i,j; P=0.0013). We observed a local peak
of 22G-RNA biogenesis within the predicted piRNA recognition sites
(Extended Data Fig. 5g); however, most 22G-RNAs were derived from
the 5’ of the transcript (Fig. 3i). We also identified 26 G-RNAs comple-
mentary to slow-I in the repressed state. These 26G-RNAs were sig-
nificantly less abundant than 22G-RNAs but were almost completely
absent from control samples (Fig. 3j). Since 22G-RNAs were readily
detectable in the great-great-granddaughters of the original male TA
carriers and most of them were not derived from predicted piRNA
bindingsites (Fig. 3i), our results suggest that these SRNAs mediate the
inheritance of the slow-I epigenetic state”. Next, given that set-25 and
set-32arejointly required for the deposition of H3K9me3in C. elegans™,
we investigated whether paternal inheritance of the TA could lead to
the accumulation of this repressive histone mark in slow-1 (refs. 32,39).
To test this, we performed H3K9me3 chromatin immunoprecipita-
tion with sequencing (ChIP-seq) in F, individuals following paternal
inheritance ofthe TA, as well asin the parental NIL control. We did not
observe any significant H3K9me3 enrichment in slow-1, even though
we detected H3K9me3 enrichmentin other loci (Fig. 3k). Although we
cannot rule out potential limitations of our assay such as dilution of
the germline signal or unspecific binding of the antibody, this result
suggests that H3K9me3 may not be required for the maintenance of
silencing, in line with recent findings***.

Maternal slow-1 mRNAs counter piRNAs

The repressive action of piRNAs accounts for the low levels of slow-1
following paternalinheritance; however, piRNAs alone cannot explain
the parent-of-origin effect. Thus, we investigated whether mechanisms
that are known to facilitate the expression of genes in the C. elegans
germline—periodic 10-bp motif of A,/T, clusters (PATCs) and CSR-1—
might prevent slow-1 repression. PATCs are typically found in the
introns of germline-expressed genes and can promote the expression
of transgenes in the germline****. However, slow-1 introns exhibited
very low PATC scores (Extended Data Fig. 6a). CSR-1is the only Argo-
naute that can activate transgenes silenced by piRNAs; however, loss
of maternal CSR-1did notimpair slow-1 activity, suggesting that CSR-1
isnotresponsible for the parent-of-origin effect (Extended DataFig. 6
and Supplementary Note 2).

While performing reciprocal crosses between the wild-type NIL and
aslow-1(-)/grow-1(-) double mutant NIL strain, we made an intriguing

observation. Analogous to crosses between NIL hermaphrodites and
EG6180 males (Fig.1b), when wild-type NIL hermaphrodites were mated
to the double mutant males inwhich both toxin and antidote carry null
frameshift mutations, 28.9% (n=190) of the F, progeny were delayed
and all homozygous double mutant individuals were delayed (100%,
n=31;Fig.4a). However, we observed the same inheritance patternin
thereciprocal cross.22.1% (n = 140) of the F, progeny were delayed and
delayedindividuals were homozygous double mutants (95.8%; n = 24),
indicating that slow-1/grow-1 was fully active when inherited via the
paternallineage (Fig. 4a). These results indicated that the slow-1/grow-1
double mutant and EG6180 haplotypes were not equivalent, and that
maternal inheritance of a null slow-1 allele could somehow prevent
its piRNA-mediated repression. Furthermore, given that slow-1 was
able to protect the paternal allele from repression despite carrying a
frameshift null mutation, we hypothesized that slow-1 mRNA, but not
SLOW-1protein, is necessary for this phenomenon.

Totest thishypothesis, we used CRISPR-Cas9 to delete the full coding
region of slow-1in an otherwise identical genetic background to the
double mutant NIL strain carrying slow-1(-)/grow-1(-). Incontrast to the
frameshift allele, the deletion allele (slow-14) removes the entirety of
theslow-1transcript. Then, we performed reciprocal crosses between
the slow-1(4)/grow-1(-) NIL strain and the wild-type NIL and inspected
their F, progeny (Fig. 4b). When NIL hermaphrodites were crossed to
slow-1(4)/grow-1(-)NIL males, we observed 26.8% (n =190) delay among
the F, offspring, whereas all genotyped worms homozygous for the
mutant allele were delayed (100%, n = 18; Fig. 4b). By contrast, when
slow-1(4)/grow-1(-) NIL hermaphrodites were crossed to NIL males, we
observed baseline delay among their F, progeny (3.8%, n =129) (Fig. 4b).
These resultsindicate that the slow-1(-) allele but not slow-1(4)is able to
protecta paternally inherited slow-1/grow-1TA from piRNA repression
and identify slow-I mRNA as the ‘licensing’ signal.

Totest whether slow-I mRNA s sufficient for licensing, we transcribed
slow-1RNAinvitroandinjecteditinto the gonads of 16 slow-1(4)/grow-
1(-)NIL hermaphrodites, mated those to slow-1/grow-1NIL males, and
inspected their F, progeny. Critically, we mutated the start codon of the
slow-1cDNA that served as a transcription template, resulting in RNA
that cannot be translated into SLOW-1 protein. Following injection of
noncodingslow-1 RNA into the gonads of slow-1(4)/grow-1(-) mothers,
there wasasignificantincreasein the proportion of delayed individuals
among the F,compared to a control injection (13.8% delayed, n = 650
and 4% delayed, n =296 respectively, P < 0.0001; Fig. 4c). Most (84.7%,
n=61) of genotyped delayed individuals were homozygous for the
slow-1(4)/grow-1(-) allele, showing that the effect was highly specific.
Overall, injection of slow-I RNA increased the proportion of delayed
F,individualsamong double mutants from 9.6% (n = 62) in the control
crossto47.6% (n=128) inthe RNA-injected animals (P < 0.0001; Fig. 4f).
The partial rescue of zygotic slow-1 expression probably reflects techni-
cal limitations in the injection protocol, as we observed a wide range
of rescue depending on the injected mother (Extended Data Fig. 7a).
These results show that slow-1 RNA is sufficient to license a paternally
inherited slow-1/grow-1 allele and that this effect does not depend on
SLOW-1protein. Epigenetic licensing by maternal transcripts has only
been described for one gene to date: the C. elegans sex-determining
gene fem-I (ref. 45) (Supplementary Discussion). Because licensing
could beacommon mechanismin nematodes and offers a physiologi-
calframework to better understand other epigenetic phenomena, we
sought to study its requirements®*¢

Molecular requirements of licensing

First, we studied the effect of maternal slow-1 dosage on licensing. To
doso,wedeleted 620 bp upstream of the slow-1 coding regionand then
proceeded to knock out the antidote grow-1. RNA-seq of the result-
ing promoter deletion strain revealed a 176-fold decrease in slow-1
mRNA levels, whereas neighbouring genes were unaffected (Extended

Nature | www.nature.com | 5



Article

-2

slow-1(fs); grow-1(-)

Frameshift Frameshift

a

slow-1(A); grow-1(-)

Deletion Frameshift

of g

slow-1(4); grow-1(=)

X

slow-1/grow-1

(A/74) (NIC/NIC)
F, progeny F, progeny
g 4 4 g g oo /o Faprooy
A— *kkk
x 1004 1 I ™ x 100 I 5 5 100
. & < w0 5
slow-1/grow-1 slow—ﬂff),fgrow-ﬂ—) 2 5 slow-1/grow-1 slow-1(4); grow-1(-) < 75 & 5
(NIC/NIC) (fs/fs) 3 (NIC/NIC) (@2 B E
& 50 £ 50 I 50 1
(5] [)
lEI x @ 25 |E| x 3 25 slow-1 3 25
2 . 3 in vi i 3
slow-1(fs); grow-1(-) slow-1/grow-1 £ slow-1(8); grow-1(-) slow-1/grow-1 < " ,‘GtAro ;Lﬂgscrlljbjg 3 I
(fs/fs) (NIC/NIC) 0 (a2 (NIG/NIC) 0 (AUG > UUG) 0
® [7] ® [7] iecten ol “RNA
Control RNA
Maternal load TA is active Maternal load TA is not active Maternal load Slow-1 TA is active
slow-1 | icensing slow-1 ) \\ - Licensing
mBNA —— piRNA mRNA piRNA N/ \‘ mRNA ——— piRNA
Protein Protein Protein
slow-1(fs); grow-1(-) > slow-1(4); grow-1(-) e slow-1(4); grow-1(-) —
(fs/fs) slow-1 |E| (a/4) slow-1* E @/4) slow-1 E
d J F, progeny e Target g F, progeny
Qz . piRNA recognition (_27' C;‘ T
® x <100 : ~Z~ gL—() ol ™ x _1004 ==
. S I : ~~ RARP 27> Scarlet:: g :
mScarlet::slow-1 EG6180 < : mocariet: EG6180 = :
o 75 : \ 22G-RNAs ::slow-1 g% :
B x : Sl
T 50 SET (F] x @ 50 :
EG6180 mScarlet:slow-1 (5 WAGO EG6180 mScarlet: 8
m 25 // ~ Eoi i uslow-1 @ 25 :
o] pigenetic 0] .
n x Yoo JI_', ~_ -~~~ repression E X w g :
rps-20p::mScarlet mScarlet::slow-1 s-20p::mScarlet mScarlet:
@ IEl ﬂ f P pmscarie uslow-1 @ |E| E
Maternal load TA is active ” Target mScarlet slow-1 Maternal load TA is not active
mScarlet Licensing ANA / recognition €~ AL - mScarlet
~AAS pi — iRNA
Licensing \, SL2 snRNP \T trans-splicing N P
» ¥ Epigenetic — AN
~AA * repression
rps-20p::mScarlet — rps-20p::mScarlet AANS
(EG/EG) — — (EG/EG) >
mScarlet::slow-1 E mScarlet::SL2:slow-1 mScarlet::S|2::slow-1* ﬂ
operon

Fig.4 |Maternal slow-1transcriptsinhibit piRNA-mediated repression.

a, Top, inthe slow-1(fs)/grow-1(-) double mutant NIL strain, both slow-I and grow-1
carry frameshift (fs) mutations. Bottom, TA activity is observed regardless of
maternal or paternalinheritance (M, n=31; P, n = 24; two-sided Fisher’s exact
test; P=0.43; dataare mean + 95% confidenceinterval). b, Top, in the slow-1(4)/
grow-1(-) mutant NIL strain, the full slow-I gene (including coding sequence
and UTR) isdeleted, and grow-I carries a frameshift mutation. Bottom, slow-1/
grow-1isonlyactive when maternally inherited (M, n=18; P, n=25; two-sided
Fisher’s exact test; P<0.0001; dataare mean + 95% confidence interval).

¢, Invitrotranscribed slow-1 RNA with amutated start codon wasinjected inthe
gonad of slow-1(4)/grow-1(-) double mutant NILs and later crossed to NIL males.
Approximately half of their 4/A F, progeny were delayed. Control mothers were
injected with DEPC H,O (slow-1RNA, n=128; control, n = 62; two-sided Fisher’s
exacttest P<0.0001; dataare mean + 95% confidence interval).d, Reciprocal
crosses between worms carrying an N-terminally tagged mScarlet::slow-1

and EG6180 (top and middle crosses). Maternal mScarlet expression (rps-20
p::mScarlet::rps-203’ UTR chromosome V) licenses paternal mScarlet::slow-1

Data Fig. 7b). We observed only limited abnormal phenotypes in the
double mutants, even though they lacked the grow-I antidote (8.71%
delay, n=70), suggesting that the amount of SLOW-1 toxin made in
the promoter deletion line was insufficient to poison embryos. How-
ever, whenwe crossed slow-1(Aprom)/grow-1(-) hermaphrodites to NIL
males, the paternal allele was fully active: 27.7% of F, individuals were
delayed (Extended Data Fig. 7c). These results indicate that a176-fold
reduction in slow-I maternal mRNA abundance abolishes its toxicity
but not its licensing activity, suggesting that licensing does not rely
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(bottom cross). Maternal mScarlet::slow-1; n = 23; paternal maternal
mScarlet::slow-1,n = 31; maternal mScarlet, paternal maternal mScarlet::slow-1,
n=238;two-sided Fisher’s exact test; P< 0.0001; dataare mean + 95% confidence
interval. e, Schematic of the C. elegans piRNA pathway. Target recognition and
secondary sRNA amplification depend on the target mRNA, whereas epigenetic
repression depends on complementarity to the nascent transcript of the target.
f,Schematic of the mScarlet::SL2::slow-1 operon. The operonis transcribedasa
single polycistronic transcript and later trans-spliced into two independent
mRNA transcripts. Licensing could counter piRNA-mediated repression either
duringtargetrecognition (MRNA) or epigenetic repression (nascenttranscript).
snRNP, small nuclear ribonucleoprotein particle. g, Reciprocal crosses between
worms carrying the mScarlet::SL2::slow-1 operon and EG6180 (top and middle
crosses). Maternal mScarlet expression does not license a paternally inherited
mScarlet::SL2::slow-1 (bottom cross). Maternal mScarlet::SL2::slow-1,n = 32;
paternal mScarlet::SL2::slow-1, n = 49; maternal mScarlet, paternal mScarlet::
SL2::slow-1,n=37; two-sided Fisher’s exact test; ****P < 0.0001; dataare

mean + 95% confidence interval.

on a sponge-like mechanism but probably involves a catalytic step
(Extended DataFig. 7c).

Sequence similarity between slow-1 maternal transcripts and their
zygotic counterparts is probably key for the establishment of licens-
ing. To explore whether this requirement is an intrinsic property of
slow-1 or a general feature, we asked whether sequence similarity to
aforeign sequence could also license slow-1. To do so, we took advan-
tage of the mScarlet::slow-1fusion strain (Fig. 2a). Importantly, tag-
ging of SLOW-1with an N-terminal mScarlet reporter did not interfere
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Fig.5|Modelillustrating the slow-1/grow-1 parent-of-origin effect.

a, Maternalinheritance of the slow-1/grow-1TA. slow-I transcripts deposited in
theeggby the mother are sufficient and necessary to activate zygotic slow-I1in
thegermline of the F, progeny. Epigenetic licensing stems from inhibiting the
repressive action of piRNAs. Licensing occurs post-transcriptionally, probably
by inhibiting piRNA-target recognition or secondary sRNA amplificationin
the perinuclear nuage (green condensates). F, heterozygous mothers load
SLOW-1toxinintoall theireggs. F,homozygous non-carrierindividuals are
developmentally delayed because they do not express the zygotic antidote.

b, Paternalinheritance of the slow-1/grow-1 TA. In the absence of slow-1 maternal
transcripts, piRNAs repress the transcription of slow-1in the germline of

with its toxicity or the parent-of-origin effect (Fig. 4d). To emulate
the licensing signal, we first generated a strain carrying mScarlet in
agermline-permissive site (chromosome V) in an otherwise EG6180
background. We then crossed hermaphrodites expressing mater-
nal mScarlet to mScarlet::slow-1 males and scored their F, progeny.
Notably, maternal mScarlet transcripts fully licensed endogenous
tagged mScarlet::slow-1 (Fig.4d). Theseresults indicate that sequence
similarity to a foreign maternal transcript is sufficient for epigenetic
licensing. Moreover, they suggest that the licensing signal can spread
through the zygotic transcript, as maternal mScarlet countered piR-
NAs targeting slow-1 despite the lack of sequence similarity between
the two genes.

Finally, we set out to investigate at what step of the piRNA pathway
licensing countered repression: target recognition or transcriptional
silencing. Target recognition depends on complementarity to the
mature mRNA, whereas transcriptional silencing relies on complemen-
tarity tothe nascent transcript, which guides the repression machinery
to the target locus (Fig. 4e). We reasoned that we could distinguish
between these possibilities by testing whether maternal mScarlet
could license slow-1 in the context of a polycistronic operon*’. To do
this, we inserted the 256-bp intergenic region from the C. tropicalis
gpd-2::.gdp-3 operon in between mScarlet and slow-1 using CRISPR-
Cas9. This intergenic sequence (hereafter termed SL2) contains the
3’ acceptor site for the SL2 RNA trans-splicing leader*®. The resulting
operon, mScarlet::SL2::slow-1,is under the control of the native slow-1
promoter—mScarlet and slow-1 are transcribed as a single polycistronic
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heterozygous F, mothers. Initiation of repression requires maternal PRG-1
activity, which uses the slow-1zygotictranscriptas atemplate for the generation
of 22G-RNAs complementary to the target. These 22G-RNAs are then probably
bound by nuclear Argonaute proteins, such as HRDE-1, which in turn recruit
chromatin-modifying enzymesto the targetlocus. The histone methyltransferase
SET-32,aknown co-factor of HRDE-1in C. elegans, is necessary to repress slow-1.
Thisepigeneticrepressionresultsindecreased transcriptionand SLOW-1
levels that are insufficient to poison F,homozygous non-carrier progeny.
Therepressed state of slow-1(*) is transgenerationally inherited for more than
five generations.

pre-mRNAinthe germline and later trans-spliced into twoindependent
mRNAs (Fig. 4f). As expected, we detected mScarlet in the germline of
these worms and their early embryos (Extended Data Fig. 7d).
Tovalidate our approach, we performed reciprocal crosses between
mScarlet::SL2::slow-I worms and the EG6180 parental strain and found
that slow-1was active only when maternally inherited, indicating that
theoperonarchitecture did notinterfere with the parent-of-origin effect
(Fig. 4g). Furthermore, lack of maternal slow-1I led to co-repression
of mScarlet when the operon was paternally inherited, in agreement
with silencing being guided by the nascent transcript (Extended Data
Fig.7e). We then crossed hermaphrodites expressing maternal mScarlet
mRNA to males carrying the mScarlet::SL2::slow-1 operon and scored
their F, progeny. We observed no delayed EG/EG F, individuals, indi-
cating that homology to mScarlet was not sufficient to license slow-1,
despite being part of the same pre-mRNA molecule. Given that maternal
mScarlet mRNA efficiently licensed slow-I when both genes were part
of amonocistronic transcript, our results indicate that zygotic slow-1
islicensed post-transcriptionally. For instance, licensing could hinder
the binding of piRNAs to their target or the subsequent amplification
of 22G-RNAs in the perinuclear nuage. One implication of this model
is that licensing should be incapable of countering transcriptional
silencing mediated by pre-existing 22G-RNAs. Supporting this idea,
maternal slow-I transcripts originating from arepressed allele lost their
ability to license a naive paternal allele (Extended Data Fig. 7f), presum-
ablybecause repressive 22G-RNAs that are loaded into eggs alongside
maternal transcripts® can effectively by-pass the licensing signal.
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From piRNAs to parent-of-origin effects

Haig’s kinship theory explains why natural selection favours differ-
entlevels of expression of maternally and paternally inherited alleles.
However, it does not address how these epigenetic differences evolve
in the first place. Here we show that in the nematode C. tropicalis,
parent-specific expression originates by co-option of the piRNA path-
way, whichinworms is essential to distinguish self from non-self323%°
(Fig.5).Similar to classical imprinting, slow-1 expression levels depend
onwhether the TAis maternally or paternally inherited. However, there
are two important differences: (1) the slow-1 parent-of-origin effect
is not acquired by gametic identity but specifically triggered by out-
crossing; and (2) imprinted locireset in the germline every generation,
whereas slow-I repression resets only after multiple generations of
selfing. We propose that this parent-of-origin effect could representan
intermediate evolutionary state, which we refer to as proto-imprinting.
Ourresultsalsoindicate that parent-of-origin effects could provide a
selective advantage to the host. Repression of slow-1I following paternal
inheritance of the TA hindersits gene drive activity for multiple genera-
tions and decreases theincidence of intraspecific geneticincompatibili-
ties. Remarkably, anevolutionary related but highly divergent TA, slow-2/
grow-2, does not show a parent-of-origin effect, suggesting that this
trait can evolve quickly in nature (Extended Data Figs. 8 and 9 and Sup-
plementary Note 3). Because TAs and analogous maternal-zygoticlethal
factors are not only present in nematodes but also segregate in wild
insect, plant,and mouse populations”?***%2 we propose that co-option
of sSRNA-mediated defence systems originating from selfish conflict
might be arecurrent event facilitating the evolution of imprinting.
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Methods

Maintenance of worm strains

Nematodes were grown on modified nematode growth medium (NGM)
plates with 1% agar/0.7% agarose to prevent C. tropicalis burrowing.
Experiments were conducted at either 25 °C (C. tropicalis) or 20 °C
(C. elegans). csr-1(+/-) strains were cultured on 6-cm NGM plates sup-
plemented with 500 pl of G418 (25 mg ml™) for selecting heterozygous
nullindividuals. Supplementary Table 2 lists all study strains, some of
whichwere provided by the Caenorhabditis Genetics Centre, funded by
the NIH Office of Research Infrastructure Programs (P40 0D010440).

Phenotyping and genotyping of crosses

For crosses, 4-5 L4 hermaphrodites were mated with 30-40 males
in a12-well plate with modified NGM. After 2 days, 10 L4 F, progeny
were transferred to separate plates, genotyped by PCR, and at least
10 embryos per F,hermaphrodite were singled into 6-cm NGM plates.
Each F2 individual was visually inspected daily for up to 7 days, clas-
sified for developmental stage, and any phenotypic abnormalities.
Embryoniclethality, arrested development, and delayed reproduction
were assessed. Sterility was noted for adults not producing progeny.
After 7 days, worms were lysed and genotyped. A list of primers used
for genotyping canbe foundin Supplementary Table 3. Crosses involv-
ing csr-1(-); slow-1/grow-1 hermaphrodites vs EG6180 males or injected
hermaphrodites vs NIL males were selected based ona pmyo-2::mScarlet
reporter.

Generation of C. tropicalis transgenic lines

For CRISPR-Cas gene editing, we adapted previous protocols®.
In brief, 250 ng pl™ Cas9 or Casl2a proteins were incubated with
200 ng pI™ CRISPR RNA (crRNA) and 333 ng pl™ trans-activating crRNA
(tracrRNA) before adding 2.5 ng pl™ co-injection marker plasmid
(pCFJ90-mScarlet-I). For HDR, donor oligos (IDT) or biotinylated and
melted PCR products were added at afinal concentration of 200 ng pl™
or100 ng pl™, respectively. Following injections into young hermaph-
rodites, mScarlet-positive F1were singled, and their offspring screened
by PCR and Sanger sequencing to detect successful editing. To clone the
mScarlet::SLOW-1donor, we added ~300-bp homology arms amplified
from QX2345 genomic DNA to mScarlet-1 (from pMS050) in pBluescript
via Gibson assembly. Because csr-1is essential for viability in C. elegans,
we first devised a strategy to stably propagate a csr-I heterozygousline
intheabsence of classical genetic balancers. To do so, we used CRISPR-
Cas9tointroduce a premature stop mutationinthe endogenous csr-1
locus followed by a neoR cassette, which confers resistance to the G418
antibiotic (Extended Data Fig. 6d). For the csr-1::neoR donor, we first
replaced the C. elegans rps-27 promoter and unc-54 3’ UTR in pCFJ910
with 500 bp upstream and 250 bp downstream of the C. tropicalis rps-20
gene. This rps-20::neoR cassette was then flanked with ~550-bp homol-
ogy arms amplified from EG6180 worms and inserted into pBluescript.
Correcttargetingintroduces astop codon after residue L337 of CSR-1
followed by a ubiquitously expressed neomycinresistance. We propa-
gated the mutantline in plates containing G418 and thus actively select-
ing for heterozygous csr-1(-) nullindividuals. Upon drug removal, most
homozygous csr-1(-) individuals derived from heterozygous mothers
developed into adulthood but were either sterile or laid mostly dead
embryos. However, asmall fraction of null mutants was partially fertile
and homozygous csr-1(-) lines could be stably propagated for multiple
generations despite extensive embryonic lethality in the population
(Extended DataFig. 6d). AllgRNAs and HDR templates are available on
Supplementary Tables 4 and 5.

Invitro RNA transcriptionand injection

The slow-1cDNA was clonedinto pGEM-T Easy (Promega, A1360), with a
5 T7RNA polymerase site and the start codon mutated RNA-only tran-
scription (ATG>TTG). The plasmid was digested with Notl to release the

insert (NEB, R0189), which was subsequently purified by gel-extraction
and used as template for RNA synthesis. RNA was prepared using the
HiScribe T7 Quick High Yield kit (NEB, E2050) with the following modi-
fications: addition of 3 ul of 10 MM DTT and 1 pl of RNaseOUT (Thermo,
10777019). After overnight transcription, the reaction was diluted,
treated with RNase-free DNase I (NEB, M0303S), bead-purified (Vienna
Biocenter MBS 5001111, High Performance RNA Bead Isolation), quanti-
fied (Thermo, Q32852), and stored at —80 °C.Injections were repeated
twice usingindependently transcribed RNA at concentrations: 150 nM
and 400 nMyielding identical results.

Reciprocal crosses with the mScarlet::slow-1reporter line

To assess SLOW-1 expression in F, progeny from reciprocal crosses
between mScarlet::SLOW-1NIL and EG6180 strains, we conducted 2
sets of crosses: (1) SLOW-1::mScarlet dpy (INK461) hermaphrodites to
EG6180 males for maternal inheritance; and (2) EG6180 dpy (QX2355)
hermaphrodites to mScarlet::SLOW-1NIL males (INK459) for paternal
inheritance. Wild-type young adult F, progeny were immobilized in
NemaGel on a glass slide and imaged using an Axio Imager.Z2 (Carl
Zeiss) widefield microscope with a Hamamatsu Orca Flash 4 camera,
(excitation 545/30 nm filter). The analysis was performed in FIJI, by trac-
ingthe germlineinthe DIC channeland measuring mean fluorescence,
including gut autofluorescence.

Sequencing and genome assembly of EG6180

We extracted high molecular weight genomic DNA using the Master-
pure Complete DNA and RNA purification kit (tissue sample proto-
col, Lucigen). We prepared 8 kb, 20 kb and unfragmented sequencing
libraries using the 1D Ligation Sequencing Kit (Oxford Nanopore
SQK-LSK109). The 8 kb fragmentation was done using g-TUBE (Covaris).
Library wasloaded on aMinlON MK1B device (Oxford Nanopore). Read
calling was done using MinKNOW software. We performed a hybrid
assembly, incorporating lllumina sequencing reads of EG6180 with
some modifications as detailed below’. We used assembled Illumina
readsto correct raw Nanopore reads, which were assembled using Flye
Assembler®*. The preliminary assembly included 119 contigs in 107
scaffolds (Scaffold N50 was 1,489,504 bp). We derived synteny blocks
betweenthe provisional assembly and our chromosome-level NIC203
assembly using Sibelia® and used the synteny blocks to scaffold the
contigs to chromosome level using Ragout®.

Identification of C. tropicalis Argonaute proteins and piRNA
pathway effectors

We annotated functional domainsin C. tropicalis NIC203 using Interpro-
scan5as partof our previous NIC203 genome assembly’. We identified
Argonaute proteins with PFAM domains, including Piwi (PF02171), PAZ
(PF02170), N-terminal domain of Argonaute (PF16486), Argonaute
linker1(PF08699), Mid domain of Argonaute (PF16487) and Argonaute
linker 2 (PF16488) domains. We excluded a protein with low molecular
weight (41kDa) as unlikely to be an Argonaute and the orthologue of
C.elegansDicer that represented an outgroup to the rest of the proteins.
After aligning those sequences to C. elegans Argonautes identified in
a previous study® using Clustal Omega we conducted phylogenetic
analysis usingiqtree2 (ref. 58), with1,000 replicates of the approximate
likelihood-ratio test (--alrt 1000) and 1,000 boostraps (-b1000). iqtree2
carries out an initial model selection step, and a substitution model
with the general Q matrix, empirical codon frequencies, a proportion
ofinvariablessites and afreerate heterogeneity (Q.pfam+F + 1+ R4) was
selected. Additional orthologues of C. elegans piRNA effector genes
were identified through reciprocal blastp searches, synteny conser-
vation, and gene trees from Wormbase Parasite*. C. elegans mut-16,
rrf-1,and simr-1have 1:1 orthologues in C. tropicalis. The evolutionary
history of SET proteinsis complex due to their propensity to gain and
lose paralogues within Caenorhabditis. The gene annotated gene as
C. tropicalis set-25, is the closest among six paralogues in its genome.
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Thus, the absence of a phenotype in the mutant may be attributed to
geneticredundancy. The gene annotated as C. tropicalis set-32is aclose
orthologue of two C. elegans genes: set-21 and set-32. The SET domains of
C.tr-SET-32and C.el-SET-32 are ~48% identical at the protein level. Addi-
tionally, using Alphafold2 (ref. 60) we found that these two proteins
have high structural similarity (root mean square deviation = 0.962)
and using the predicted structure of C.tr-SET-32 as a query retrieved
C.el-SET-32 as the top hitin C. elegans (Foldseek)®'.

Transgenerational silencing of slow-1/grow-1

In the transgenerational inheritance experiments, EG6180 hermaph-
rodites were crossed to NIL (QX2345) males. F, individuals were geno-
typed after laying embryos to distinguish between self-progeny from
cross-progeny. F,embryos from cross-progeny mothers were singled,
allowed tolay eggs and genotyped. F;homozygous carriers for slow-1/
grow-1 propagated for multiple generations and mated to EG6180
males. The slow-1/grow-1 TA activity was assessed by determining the
proportion of delayed EG/EG non-carriers.

Single molecule in situ hybridization

Stellaris FISH Probes targeting slow-1, slow-2 and pgl-1 were designed
using the Stellaris RNA FISH Probe Designer (Biosearch Technologies).
The probeswere labelled with Quasar 570, CAL Fluor Red 610 or Quasar
670, respectively (Biosearch Technologies). The protocol was adapted
from Raj et al.®* and described in ref. 9. For imaging, an Axio Imager.
72 (Carl Zeiss) widefield microscope with a Hamamatsu Orca Flash 4
camera and a 63x/1.4 plan-apochromat Oil DIC objective was used.
Filtersused were: DAPl excitation 406/15 nm, emission 457/50 nmand
Quasar 570 excitation 545/30 nm, emission 610/75 nm. z-stack images
with 40 slices (step size 0.2 um) were acquired. Image analysis was
performed with the FIJI plugin RS-FISH®* with parameters set at Sigma
1.44, and threshold 0.0062.

RNA extraction and RNA-seq

Total RNA was extracted from approximately 100 young adult her-
maphrodites and F, progeny, with the later using recessive mutations
to visually discriminate cross-progeny from self-progeny. Reciprocal
crosses were set up between parental strains for maternal or pater-
nal inheritance of slow-1/grow-1 by mating INK531 hermaphrodites
(uncoordinated worms in NIC203 background) to EG6180 males and
QX2355 hermaphrodites (dumpy worms in EG6180 background) to
NIC203 males and selecting phenotypically wild-type progeny for
RNA extraction. Reciprocal crosses between NIL and EG6180 strains
were performed analogously (INK255 hermaphrodites (dumpy worms
in NIL background) to EG6180 males and QX2355 hermaphrodites
(dumpy worms in EG6180 background) to QX2345 NIL males). Total
RNA was extracted following a modified version of the protocol in®*
including multiple M9 washes, TRizol and chloroform incubation,
phase-separation, isopropanol precipitation and resuspension in
RNase-free water. Samples with RNA integrity number (RIN) > 8
were used for library preparation using the NEBNext Poly(A) kit and
sequenced on NextSeq2000 P2 SR100 or NovaSeq S1PE100 at the
Vienna Biocenter NGS facility. To reduce reference bias, raw reads
were aligned to a concatenated NIC203 + EG6180 genome/transcrip-
tome assembly using STAR and bcbio-nextgen (https://github.com/
bcbio/bcebio-nextgen). Transcript quantification and normalization
were performed with tximport and Deseq2 (ref. 65). We used Deseq2
to fit amodel for the normalized counts using the strain identity of
the mother and sequencing batch (Nextseq vs NovaSeq libraries) as
fixed effects and compared the model to a null model that included
only batch using alikelihood-ratio test. Despite identifying an outlier
in the slow-1/grow-1 paternal inheritance samples (Fig. 1d), no obvi-
ous difference between the outlier and the other samples in terms of
RNA quality and mRNA-seq quality control were identified. However,
since each library was derived from an independent genetic cross,

we cannot discard ahuman error, and therefore decided that it would
be best practice to keep the outlier in the final analysis.

RT-qPCR

RNA was extracted from adult worms (50 males or 100 hermaphro-
dites per biological replicate) using TRIzol-chloroform extraction,
followed by Dnase I digestion® and then RNA concentrations were
measured using the Qubit High-Sensitivity RNA fluorescence kit
(Thermo).cDNA was prepared with SuperScriptll reverse transcriptase
(Thermo) using random hexamers. Intron-spanning primers were
validated with standard curves from QX2345 cDNA to ensure ampli-
fication efficiency and an r? value above 0.95. The following primers
were used: FW-slow-1-mRNA: 5-GAGCTACCGGAACTGGATAAAG-3’,
RV-slow-1-mRNA: 5-CAGAGTTCTCGGAAGTCTCCTC-3’, FW-slow-
1-pre-mRNA: 5’-CGGACTGGATGAAACATTTAGC-3’, RV-slow-1-pre-
mMRNA: 5-GAGCGGTGTTGACctgaatc-3’, FW-cdc-42: 5-CGATTAAATG
TGTCGTCGTAGG-3’,andRV-cdc-42:5-ACCGATCGTAATCTTCTTGTCC-3".
Allsamples had atleast 3 biological replicates. We used the AAC, method
to calculate relative fold change and chose cdc-42 as a housekeeping
gene®8, Cdc-42 expression showed alow coefficient of variation in our
RNA-seq datasets suggesting its validity as a housekeeping gene. All
RT-qPCRreactions were prepared with the Luna Universal qPCR and
RT-qPCRkit (NEB) and runwithan annealing temperature of 58 °C. All
biological replicates wererunin technical quadruplicate and any reac-
tions withabnormal amplification curves or melting temperatures were
omitted before analysis (distinct from reactions for which we observed
no amplification, which were not omitted). Representative samples
fromeach condition were Sanger sequenced. We confirmed the absence
of genomic DNA contamination in RNA samples by performing PCRs
with gDNA-specific primers using the RNA as template and observed no
amplificationafter 40 cycles. RT-qPCRindicated specificamplification
of slow-1in both hermaphrodites and males. However, the higher C,
values for males (34.27 versus 28.31 on average) and greater variability
(s.d.of1.55versus 0.65 in the NIL) suggest much lower expression levels
inmales. This variability hinders areliable estimate of abundance and
assessment of the parent-of-origin effect in males.

SmallRNA library preparation and sequencing

We isolated sRNAs, using the TraPR protocol®. In brief, frozen worm
pellets (2,000 worms per parental line) were supplemented with 350 pl
lysis buffer, (20 mM HEPES-KOH, pH 7.9,10% (v/v) glycerol, 1.5 mM
MgCl,, 0.2 MM EDTA,1 mM DTT, 0.1% v/v Triton X-100). Samples were
mechanically disintegrated and subjected to 4 freeze-thaw cycles
inliquid nitrogen. The resulting lysates were cleared by centrifuga-
tion and the sRNA fraction was isolated using the TraPR Small RNA
IsolationKit (135.24, LEXOGEN). Isolated SRNA was treated with RppH
(M0356S, BioLabs), to ensure 5’ monophosphate-independent captur-
ing of smallRNAs’, following purification with Agencourt RNA Clean
XP magnetic beads (BECKMAN COULTER). The sSRNA was ligated to a
32-nt3’adapter with unique barcodes (SRBC, Supplementary Table 6,
IDT) using truncated T4 RNA ligase 2 (M0373L, NEB). The resulting RNA
wasrunon12% SequaGel-UreaGel (National Diagnostics) and purified
with ZR small-RNA PAGE Recovery Kit (R1070, ZYMO RESEARCH). The
37-nt-long 5’ adapter was ligated to the sSRNAs using T4 RNA ligase
(M0204S, NEB). The resulting RNA was cleaned up (R1015, ZYMO
RESEARCH), reverse-transcribed, and PCR amplified. The cDNA frag-
ments (160-190 nt) were extracted and gel purified (D4008, ZYMO
RESEARCH). Small RNA Libraries were sequenced in triplicates on a
NovaSeq S1SR100 mode (Illumina) at the Vienna Biocenter NGS facil-
ity. All sequencing libraries generated for this project are listed in
Supplementary Table 7.

SRNA immunoprecipitation
To study piRNA binding preferences of PRG-1.1 and PRG-1.2, we per-
formed sSRNAimmunoprecipitation of N-terminally Flag-tagged PRG-1.1
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(INK775) and PRG-1.2 (INK735) followed by sSRNA-seq. For each of the 3
biological replicates (50,000 worms each), 18 worm plates (9 cm) were
bleached tosynchronize the population. Young adults were collected,
frozen at 70 °C, thawed and washed with RIP buffer (50 mM Hepes
pH7.2,150 mMNacl, 0.01% NP-40). For lysis, RIP buffer and Benzonase
were added and sonicated in a Diagenode Bioruptor followed by clean-
ing via centrifugation. Forimmunoprecipitation, 200 pl of Anti-Flag
M2 Magnetic Beads (Millipore) were used (4 °C, overnight). Thebound
proteins were elutedin 500 pl 0.1 M GlycinHCIl pH 2.7 for 5 minatroom
temperature. And transferred into a vial with 50 pl 1M Tris-HCI pH 8.
The proteins were digested with Proteinase K (0.7 mg ml™), and dena-
tured proteins were removed by centrifugation following proteinase K
inactivation. Samples were stored at =70 °C until library preparation.

Small RNA analysis

Sequencing adapters were trimmed from 5’ and 3’ ends using Cuta-
daptv1.18 (ref. 71). Extracted 21U and 22G reads aligned to the genome
using hisat2 v2.1 (ref. 72). For 22 G, only reads mapped to the coding
sequences were analysed; for 21U, reads mapped to coding sequences,
tRNAs and rRNAs were excluded using seqkit vO.13 and samtools v1.10.
22 Greads were quantified using featureCounts (Rsubread, R), normal-
ized by the total number of 22 G per replicate, and visualized using the
GvizR package®’. Candidate 21U-RNAs were identified based on perfect
mapping and abundance criteria (>0.1ppm). A custom script quantified
21U-RNAs and reads were normalized to miRNAs predicted based on
homology to C. elegans miRNAs. To identify potential 21U-RNAs slow-1
candidates we used known targeting rules in C. elegans and binding
energies. First, putative binding sites and energies for all 21U-RNAs
against slow-I mRNA were predicted with RNAduplex (ViennaRNA
Package v2.0.58)%, of which five best duplexes for every piRNA were
taken. Candidate piRNAs without bubbles during binding and no more
than4 mismatches outside the seed region were extracted and ranked
by binding energy (Supplementary Data1). The second candidate list
was generated considering the overall level of binding continuity by
using Nucleotide blast v2.2.26 in blastn-short mode. Only 21U-RNAs
with no mismatches or gaps in the seed region were selected for fur-
ther analysis. Finally, we ranked 21U-RNAs by the total length of the
ungapped alignment to slow-I (Supplementary Data1).

Chromatinimmunoprecipitation

For chromatin immunoprecipitation, we collected an F, population
of homozygous carriers for the repressed slow-1 allele after paternal
inheritance, which was highly enriched in s22G-RNA complementary
to slow-1 (Fig. 3i,j). First, we crossed EG6180 hermaphrodites to NIL
males. The F,were genotyped to identify repressed slow-1/grow-1 (NIC/
NIC) worms which were expanded for two generations (F,) and col-
lected as young adults. Each ChIP sample represents an independent
genetic cross. Worms (200 pl) were collected, washed and incubated
to minimize bacterial content and frozen in liquid nitrogen. For ChIP,
we used the protocol described®*. Shortly the frozen worm pellet was
pulverized by grinding in mortar with liquid nitrogen and the powder
was crosslinked in 1 ml ice-cold RIPA buffer supplemented with 2%
formaldehyde to crosslink (10 min, 4 °C). After quenching by addi-
tion of 100 pl 1 M Tris-HCI (pH 7.5), the sample was sonicated using
Covaris for 600 sto achieve chromatin fragments of200-500 bp. Fifty
microlitres of the lysate was saved as aninput fraction. Chromatin was
immunoprecipitated using anti-H3K9me3 antibody (Ab8898, Abcam).
Theimmunoprecipitation product wasincubated with Protein A Dyna-
beads (Thermofisher scientific) and washed with LiCl. The immunopre-
cipitation product was eluted from beads and DNA was purified using
ChIP DNA Clean and Concentrator kit (Zymo Research). Input control
fractions were treated similarly toimmunoprecipitation samples. DNA
libraries were prepared with NEBNext Ultra Il DNA Library Prep Kit
(Ilumina), deduplicated using bbmap v38.26, aligned using bwa mem
v0.7.17 (ref. 65), and normalized by the number of reads that mapped

to the genome with samtools v1.10 (ref. 73). Peaks were called by macs2
v2.2.5with -broad and -mfold 150 options™. Quality control plots were
made using deeptools v3.3.1 (ref. 75). H3K9me3 signal was calculated
asread counts per genomic position inthe ChIP sample normalized by
countsin the correspondinginput sample using bedtools v2.27 (ref. 76)
and custom R (v4.3) script.

Immunohistochemistry

Gravid nematodes were washed from plates, and embryos were
extracted using bleach solution. The embryo suspension was applied
to prepared poly-L-lysine slides (Sigma-Aldrich, P8920), and immersed
into liquid nitrogen, fixed in ice-cold methanol (10 min) followed by
acetone (10 min), and rehydrated in descending ethanol concentrations
(95%,70%,50% and 30% ethanol). Fixed embryos were blocked in 3% BSA
(VWR Life Science, 422351 S), followed by incubation with anti-Flag M2
primary antibody (Sigma-Aldrich, F3165, diluted 1:3,000). After wash-
ing, asecondary antibody Alexa Fluor A568 (ThermoFisher Scientific,
A-11031, diluted 1:3,000) was applied, followed by additional washes.
The final wash contained DAPI (Merck, D9542, 5 ng ml™). Processed
embryos were mounted with Fluoroshield (Sigma-Aldrich, F6182) and
imaged at Axio Imager 2 (ZEISS).

Fluorescence intensity quantification

Twenty-four-bit raw images were analysed in Fiji (v1.53r)””. Embryos
were selected by freehand tool and the same selection mask was used
to capture background fluorescence intensity for each embryo. To
compare fluorescence intensities between strains we used corrected
total cell fluorescence (CTCF) parameter (CTCF = integrated density —
(area of selected cell x mean fluorescence of background readings)).
Atleast 23 embryos were used for quantification.
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Worm protein lysate preparation and western blot

Gravid adult worms were collected, washed, and flash-frozen in the
liquid nitrogen. Worm pellets were resuspended inice-cold lysis buffer
(30 mM HEPES pH 7.4,100 mM KCI, 2 mM MgCI2, 0.05% IGEPAL, 10%
glyceroland1tablet of protease inhibitors (Roche, 11836153001)) and
lysed by sonication in Bioruptor (UCD-200, Diagenode) followed by
centrifugation to obtain the supernatant. After protein quantification
by Bradford assay (Thermo Scientific, 23238), samples were diluted,
resuspended in SDS loading buffer, and loaded onto NuPAGE gels
(Invitrogen). Samples were transferred to 0.45 um PVDF mem-
brane (Thermo Scientific, 88518) and blocked with 4% non-fat milk
in TBS-T. Membranes were incubated with anti-Flag M2 (mouse,
1:2,000, Sigma-Aldrich, F3165) or anti-actin (rabbit, 1:3,000, Abcam,
ab13772) primary antibody overnight followed by incubation with
HRP-conjugated anti-mouse (1:10,000, Invitrogen, G-21040) or
anti-rabbit (1:10,000, Jackson Immuno, 111-035-045) secondary anti-
body. Detection was performed using ECL reagent (Cytiva, RPN2106)
and imaged with ChemiDoc MP (Bio-Rad). Membranes were stripped
before reprobing (Thermo Scientific, 21059).

Liveimaging of mScarlet::SLOW-1

Approximately 20 gravid adults were dissected in M9 medium under
astereo microscope. Embryos were transferred to individual wells in
a Thermo Scientific Nunc MicroWell 384-Well Optical-Bottom Plate
(Thermo Scientific). Embryos were imaged using an Olympus spin-
ning disk confocal based on an Olympus IX3 Series (IX83) inverted
microscope, equipped with a dual-camera Yokogawa W1 spinning
disk (Yokogawa Electric Corporation) and two ORCA-Flash 4.0 V3
Digital CMOS cameras (Hamamatsu). Each field was imaged using a
40x%/0.75NA (air) objective, 16 z-sections at 2 pm and conditions were
as follows: bright-field (100% power 30 ms) 568 nm, (100% power,
500 ms). Image acquisition was performed using CellSense software
(Olympus).Image processing and montages were created using Fijiand
embryoCropUI’8,
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Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All sequencing data generated in this study are available under NCBI
Project accession PRJNA850171.
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Extended DataFig.1|slow-1has aparent-of-origin effectand grow-1.1and
grow-1.2areredundant antidotes. a, Corrected NIC203 genome assembly
showing segmental duplication of the grow-I antidote (top). Selfing of
grow-1.1(+/-); grow-1.2(-/-) strain. All grow-1.1(-/-); grow-1.2(-/-) individuals
were developmentally arrested during larval development and did not produce
any viable offspring. Thus, grow-1.1and grow-1.2 are genetically redundant
(bottom). Data are presented as mean values +/-95% CI.b, Modelillustrating
the mechanism of action of the slow-1/grow-1 TA.In crosses between the carrier
strain (slow-1/grow-1 Chr.11INIL) and non-carrier strain (EG6180), 25% of the F,
progeny is developmentally delayed because EG/EG homozygotes did not
inheritthe TA and cannot express the antidote to counteract the maternally
deposited toxin. ¢, Quantification of slow-I mRNA expression by smFISH (N =3,
n=16-30 per repeat, two-sided unpaired t-test, p=0.0006, mean +/-SEM) and
RNA-seqinboth NILand EG6180 parental strains (two-sided unpaired t-test,
p<0.0001, mean +/-SEM).d, Previously, we showed that sup-35/pha-1is active
when maternally inherited (Ben-David, etal. Science 2017). To test whether sup-
35/pha-1is active when paternally inherited, we crossed DL238 hermaphrodites
and N2 males. N2 carries two TAs, peel-1/zeel-1and sup-35/pha-1. We observed
46.7%embryoniclethality amongtheir F, progeny (n = 340, mean +/-95% Clis
shown), asexpected from the activity of two TAs segregating independently.
To confirmthe activity of both TAs, we genotyped wild-type F, progeny for
both peel-1/zeel-1(Chr.1) and sup-35/pha-1 (Chr.IlI) and found that the vast

majority of WT progeny were either homozygous or heterozygous carriers,
indicating thatboth peel-1/zeel-1and sup-35/pha-1non-carrier individuals died
asembryos. e, Activity of the C. briggsae HK104 Chr. lll msft-1 TAinreciprocal
crosses. Penetrance of the toxin, the percentage of F, non-carrier individuals
thatare phenotypically affected, is used as a proxy for TA activity (HK Chr. 11l
TA:ny=13,n,=35,p=0.42; two-sided Fisher’s exact test; mean +/-95% Cl is
shown). f, llluminashort-reads from NIC203, EG6180, and Chr. IIINILDNA
libraries were aligned against the NIC203 mitochondrial genome. Each dot
represents a SNP. Asexpected from our cross scheme, the Chr. Il NIL has the
EG6180 mitochondrial genotype. Those SNPs shared by all strains likely reflect
anerrorintheoriginal NIC203 assembly. g, The slow-I parent-of-origin effect is
alsopresentinareciprocal cross between NIC203 and EG6180 parental lines.
The abundance of slow-I transcripts is higher when the slow-Ilocus s
maternally inherited (two-way ANOVA, interaction p =0.0005, Holm-Sidak
posthoctest, pyo.: < 0.0001, mean +/~SEMis shown). h, Expression pattern of
mScarlet::SLOW-1during embryonic development. In early embryos, SLOW-1
appeared tobe associated with the nuclear envelope and was quickly degraded
duringembryogenesis. SLOW-1was not detectable in the somaby the time
embryosreached the comma-stage (N =2, number of embryos imaged = 20).

i, Expression pattern of mScarlet::SLOW-1in the hermaphroditic gonad.
Quantification of signalintensity in gonads of NILand mScarlet::SLOW-1
strains (two-sided unpaired t-test, p < 0.0001, mean +/-~-SEM is shown).
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Extended DataFig.3|C. tropicalisPRG-1.1and PRG-1.2 areredundant
paralogs and PRG-1.2 acts maternally. a, Protein alignment of PRG-1.1and
PRG-1.2. Thetwo proteins share 87% amino-acid pairwise identity with 722/828
identical sites. Conserved PAZ and PIWI domains are highlighted. b, Detection
ofendogenously tagged PRG-1.1::FLAG and PRG-1.2::FLAG by western blot.
Black arrowindicates the expected MW.EG6180 was used as anegative

control. Western blot against B-Actin serves as asample processing control.
Uncropped gels available in Supplementary Fig. 1. ¢, Quantification of FLAG
immunofluorescence quantification of C. tropicalisPRG-1.1and PRG-1.2
expression from embryos, (Negeiso = 53, Nprg11 = 34, Nyygr2 = 35, 0ne-way ANOVA,
p<0.0001, Tukey post hoc test, Pegysprg11 < 0.0001, Prgys prg12 < 0.0001,
Pprgiivsprg12 < 0.0001, mean+/-SEMis shown). d, Selfing of prg-1.1(-); prg-1.2(+/-)
strain. All prg-1.1(-); prg-1.2(-) individuals were sterile, therefore the line couldn’t
be propagated (mean +/-95% Clis shown). e, Cross of prg-1.2(-) hermaphrodites
toNIL males (top) and NIL hermaphrodites to prg-1.2(-) males (bottom) indicates
that paternal slow-1isrepressed only when prg-1.2is maternally inherited.
Percentage of F, EG/EG delayed progeny (right) when prg-1.2is absent from the
motherorthe father comparedtothe WT cross. When prg-1.2 null mutant
mothers were crossed to wild-type NIL males, we observed that 52.1% of F,

homozygous EG/EG individuals were delayed. In contrast, when EG6180 mothers
were crossed to prg-1.2null mutant NIL males, F,homozygous EG/EG individuals
were mostly wild-type (13.8% delay), indicating that maternal prg-1.2is necessary
for slow-1repression (N, =53, Notherpre1.20) = 23, Neatherprg1.20) = 29, two-sided
Fisher’s exact test compared to WT, Ppomerpre1.2¢) = 0-0001, Pracnerprg.2 = 0.71,
mean +/-95% Clis shown).f, PRG-1.2 isnot necessary for the maintenance of
slow-Irepression. Inthis crossing scheme mothers provide PRG-1.2 to their F,
progeny, whichis sufficient for piRNA-mediated repression, and the slow-1/
grow-Iispaternally inherited. Since EG6180 hermaphrodites do not provide
maternal slow-I transcripts, then the slow-1 paternal allele is epigenetically
repressedinthe F,. ThenF, progeny are singled, and their offspring genotyped
forboththe TAandthe prg-1.2locus. Hermaphrodites that are homozygous
carriers for both the TA and the prg-1.2(-/-) null allele are identified (6.25% the
F,progeny) and propagated for1or 7 generations. Then these hermaphrodites
arecrossed to EG6180 prg-1.2 (-/-) males to test whether the TAis active. Inset
showsthe observed activity of the TA measured as percentage of delayed (EG/EG)
individuals (ny =34, N5 3 gen = 62, two-sided Fisher’s exact test, p<0.0001,
mean +/-95% Clis shown).
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Extended DataFig. 4 |Characterization of theredundantrole of PRG-1.1
and PRG-1.2inC.tropicalis. a, Schematic of the SRNAimmunoprecipitation
(RIP) protocol. RIP was performed in biological triplicates on N-terminally
FLAG-tagged PRG-1.1and PRG-1.2 strains (tagging the endogenous locus)
followed by sRNA-seq. b, Class enrichment among sRNAs bound either to

PRG1-1.1and PRG-1.2 compared to atotal SRNA-seq protocol (Npgg.11 =3, Nprg12=3)-

¢, Differencesin the abundance of piRNAs bounds by each PRG-1 paralog.

0 ) 10
Chr. IV genomic location (Mb)

Normalized abundance (transcript per million) of PRG-1.1 (left) and PRG-1.2
(right) bound piRNAs (21U-RNAs) are plotted on the Y-axis and genomic
coordinate of the respective piRNA loci on the X-axis. Differentially bound
piRNAs are shown with different thresholds of significance and are enriched
withinspecific genomic clusters (moderated t-test, p-value adjusted with
Benjamini & Hochberg correction).
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Extended DataFig. 5| Characterization of mutantsinthein C. tropicalis
piRNA pathway and the repressive signal. a, Schematic of the piRNA pathway
in C.elegans (left). C. tropicalis mutants generated in this study, their fertility
status, and evolutionary relationship to C. elegans proteins (right). b, C. tropicalis
mut-I6 mutant alleles generated with CRISRP/Cas9. Homozygous mutants
weresterile.c, C. tropicalis hrde-I mutant allele generated with CRISRP/Cas9.
Homozygous mutants weressterile.d, C. tropicalis simr-I mutant allele generated
with CRISRP/Cas9. Homozygous mutants were sterile. e, Alphafold2 predictions
of C.elegansSET-32 and C. tropicalis SET-32 proteins and their structural
alignment (PYMOL). Both proteins are highly similar (RMSD = 0.962).

f,Mating scheme to generate an F,homozygous population for the repressed
slow-1/grow-1TA following its paternalinheritance. This F, population was
subjected to sRNA-seqinbiological quadruplicates (each time starting from
anindependentinitial parental cross). Asa control for anactive or licensed TA,
we performed sRNA-seqinthe NIL parentalline in biological quadruplicates.
Red asterisk denotes slow-Irepressed state.g, Zoom-ininto the 21ur-06949
and 21ur-06917 predicted binding sites in slow-1 and the 22G-RNAs mapping
totheseregions. The 22G-RNAs are derived fromthe F, “slow-I repressed”
population. Eachtrackis one of four biological quadruplicates. Amodest but
clear peakisobserved within the predicted binding region.
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Extended DataFig. 6 | Examining therole of PATCs and CSR-1in slow-1
licensing. a, slow-1lacks PATCs initsintronic sequences. PATC periodicity
analysis for positive control C. elegans smu-1and C. tropicalis slow-1. Highest
periodicity found at10.5bp and 20 bp respectively. Summary table of PATC
analysis. Phasing threshold was set to 60 (-1% Phasing inrandom DNA). Analysis
was runon https://wormbuilder.org/patc/.b, Detection of endogenously
tagged FLAG::CSR-1aand FLAG::CSR-1a+b by western blot. Black arrows
indicate the expected MW of eachisoform. Western blot against -Actin serves
asasample processing control. Uncropped gels available in Supplementary
Fig.1.c,Representativeimmunostaining images against FLAG::CSR-1aand
FLAG::CSR-1atblinein 2-cell stage embryos. EG6180 serves as anegative
control (top). FLAG immunofluorescence quantification of C. tropicalis CSR-1

expression from 2-cell stage embryos of EG6180 (negative control), FLAG::CSR-
1a,and FLAG::CSR-1a+b (2 repeats, Nggeis0 = 44, Nespia = 40, Nespiasn = 105, one-way
ANOVA, p <0.0001, Tukey post hoc test, Pegyscsria = 0-41, Prgvscsriasy < 0.-0001,
Pcsriavscsriary < 0.0001, mean +/~SEMis shown). d, Generation of balanced csr-1
nullstrain by inserting NeoR in csr-1and growing worms in G418 antibiotic.

e, Representative images of wild-type (left), and csr-1(-) (right) embryos.
Anaphasebridging events were observed in14.75% of csr-1(-) early embryos
(n=61) comparedto 0% (n=36) of EG6180 WT.f, Crosses between csr-1(-);
slow-1/grow-1hermaphrodites and EG6180 males indicate that slow-1/grow-1is
fully active when maternally inherited. csr-I1(-) hermaphrodites were derived
fromselfing of csr-I1(+/~) mothers. (ny =34, N~ = 32, two-sided Fisher’s exact
test, p=0.4848, mean +/-95% Clis shown).
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Extended DataFig.7 | Characterization of the licensing signal. a, Variability
intherescue of slow-1/grow-1activity across injected hermaphrodites following
paternalinheritance. Sixteen slow-1(A)/grow-1(-) NIL hermaphrodites (A to P)
wereinjected in both gonad arms with invitro transcribed slow-1 RNA (mutated
start codon) and later mated to slow-1/grow-1NIL males. The total number of
homozygous slow-1(A)/grow-1(-) F, progeny from each hermaphroditeis shown
ontopofeachbar. The samplelabeled as “random” represents embryos
randomly picked from differentinjected mothers (mean +/-95% Clis shown).

b, Quantification of slow-1 transcripts following deletion of a 620 bp region
upstream of slow-1. Comparison between slow-1(+)/ grow-1.1(+)/grow-1.2(-) NIL
and slow-1(Apr)/grow-1.1(+)/grow-1.2(-) NIL strains by RNA-seq. Deletion of the
slow-1promoter causes al76-fold decrease in slow-Itranscriptlevels (two-sided
unpaired t-test, p < 0.0001, mean +/~-SEMis shown). Quantification of the genes
immediately upstream of slow-1 and downstream of grow-1. Deletion of the
slow-1promoter does not change the transcriptlevel of the two neighboring
genes (two-way ANOVA, interaction p = 0.81, mean +/-~SEMis shown).

¢, Cross between slow-1(Apr)/grow-1(-) NILhermaphrodites and NIL males.
Allhomozygous slow-1(Apr)/grow-1(-) NILF, progeny are delayed (100%,n =21,
mean +/-95% Clis shown) (bottom). d, Expression pattern of the mScarlet::SL2::
slow-1operoninagravid hermaphrodite. mScarlet fluorescence is ubiquitous
inthe germline (including oocytes) an also presentin early embryos, as

expected frombeing driven by the endogenous slow-1 promoter. GFP channel
shows the autofluorescence of the gut as areference (n = 35). e, Quantification
of mScarletfluorescenceintheF, progeny of reciprocal crosses between the
mScarlet::SL2::slow-1operonand EG6180 strains. Each data point represents
oneindividual. Expression levels of mScarlet are lower when the operonis
paternally inherited likely through piRNA-mediated co-repression due to

lack of slow-1licensing (n,, =14, n,=23 two-sided unpaired t-test, p < 0.0001,
mean +/-SEMis shown).f, Schematic of across designed to test whether an
epigenetically repressed slow-1allele canlicense a naive zygoticone. To thisend,
we took advantage of the slow-1(fs)/grow-1(-) double mutant line that carries a
slow-Iframeshift mutation. This mutation renders the slow-I toxininactive,
butitdoesn’t affect the ability of its maternalmRNA to license a paternally
inherited slow-I copy (Fig.4a). We first crossed EG6180 hermaphrodites to
slow-1(fs) grow-1(-) males and collected F,homozygous carriers of the repressed
slow-1(fs) allele. We let these hermaphrodites self-fertilize for one generation,
collected F;hermaphrodites and crossed them to NIL males carrying the
wild-type TA. Finally, we phenotyped and genotyped their granddaughters
(Fsgeneration). Ifthe wild-type TAwereactive, i.e. licensed, then progeny
homozygous for the slow-1(fs)/grow-1(-) allele should be developmentally
delayed. We found no significant delay among the progeny, and allhomozygous
mutants were wild-type indicating that licensing had been compromised.



Article

a EG6180 Nanopore assembly - Chr. llI b
1.384 Mb 1.386 Mb 1.388 Mb 1.39 Mb 1.392 Mb 1.394 Mb
1.385 Mb 1.387 Mb 1389 Mb 1.391 Mb 1.393 Mb smFISH
slow-2 grow-2

FUN_007990-T

FUN_007987-T1 [EHIN FUN_007989-T1

1 FUN_007992-T1 [}

o ; FUN_007991-T1 [=——{TH)
sooll L A A
28
BV I B B R/ RV
s
33
28
b o
@2
8
[se}
S8
O £+
z9
[72]

d

c o

o)

€—o¢

EG6180

NIL

€—o¢

slow-1 grow-1 slow-2 grow-2 slow-2/grow-2 TA 15001
x, 7% KO/KO - B - B e
0./0- X /EG/KO . = F, progeny - =
slow-2(-); grow-2(-)  slow-2/grow-2 EG/EG S 100 e ”
wT . NIL EG6180 3 n.s £ 31000+
: & 75 %3 ;% —
Delayed //%'——‘ n=37 slow-1 grow-1 3 =] ° °
i - o 50 I NS 500 o
WT —— n=116 Intraparasitic z % £
f ; T T ] genomic T l o 25 Iz E
0 25 50 75 100 conflict Z 0 ol
o
F2 progeny (%) slow-2 grow-2 @ E @ IE‘

Extended DataFig.8|Arelated butdivergent TA, slow-2/grow-2, is active
when paternally inherited. a, Alignment of lluminashort-reads to the EG6180
denovo assembly. Highlighted regionis Chr. Il EG6180 region homologous to
NIC203 slow-1/grow-1.b, slow-2 expressionin EG6180 2-cell stage embryos by
smFISH. pgl-1servesasapositive control (quantificationin Extended Data Fig. 9a).
¢, Mating of slow-2(-)/grow-2(-) double mutant NIL (hermaphrodites) to the
parental EG6180 line causes developmental delay of homozygous double-mutant
F,individualsindicating that slow-2/grow-2isa TA, (mean +/-95% Clis shown).

d, Two TAsareactiveincrosses between the NIL and EG6180: slow-1/grow-1and
slow-2/grow-2, respectively (Fig.1b). The penetrance of the slow-2/grow-2TAis
incomplete; however, the toxin is equally active when maternally or paternally
inherited (ny, =40, n, = 67,two-sided Fisher’s exact test, p = 0.31, mean +/-95%
Clisshown). e, Reciprocal crosses between the NIL and EG6180 followed by
RNA-seq of their F, progeny indicates that slow-2transcripts are equally abundant
when maternally or paternally inherited (two-sided unpaired t-test, p = 0.6451,
mean +/-SEMis shown).
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inashorter peptide (6 aacompared to124 aa). Representative Sanger sequences
of WTand mutantalleles. d, Protein alignment of SLOW-1and SLOW-2 (top), and
proteinalignment of GROW-1and GROW-2 (bottom). e, Quantification of total
22G-RNAs derived from slow-1and slow-2 (top left, two-sided unpaired t-test
p=0.042, mean +/-SEMis shown). Distribution of SRNA per parental strain
(topright, mean + SEMis shown). RNA-seqand 22G-sRNA short-reads aligned
againstslow-1andslow-2.sRNA libraries were generated in biological triplicates.
Notice the differencesinthe y-axis scale between slow-I1 and slow-2.
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Sample size For each genetic cross, we phenotyped at least 100 F2 individuals. This is in our experience sufficient to significantly distinguish between an
active or inactive toxin-antidote element (segreation of a single locus Mendelian trait).

Data exclusions  We excluded from the analysis the progeny of individuals resulting from self-fertilization (genotyping of F1 by PCR). Progeny from
heterozygous F1 individuals that could not be genotyped due to to technical problems were noted as "n.g." and included in the analyses.

Replication All genetic crosses were independently performed at least twice starting from independent nematode cultures. And each replicate included
ten independent F1 individuals and 10 F2 progeny per F1 (on average). All raw numbers can be found on Extended Data Table 1

Randomization  We did not perform randomization

Blinding Phenotypic scoring of all F2 progeny was performed prior and independently of genotyping.
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Antibodies
Antibodies used Membranes were incubated with anti-FLAG M2 (mouse,1:2000, Sigma-Aldrich, F3165) or anti-Actin (rabbit, 1:3000, Abcam, ab13772)
primary antibody in a blocking solution overnight at 4°C.
Validation Both antibodies are highly used commercial antibodies. We have also validated the anti-FLAG M2 antibody for WB and

immunofluoresence in C. tropicalis using negative controls (lines without FLAG tag)
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Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
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Laboratory animals In this study we only used previously characterized C. tropicalis nematode lines NIC203 and EG6180 described in Ben-David et al.
Current Biology (2021) All mutants lines are available in Extended Table 3

Wild animals N/A
Reporting on sex N/A
Field-collected samples  N/A
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Methodology

Replicates three biological replicates
Sequencing depth We aim to generate at least 20M reads per sample, which corresponds to ~25X coverage of the whole genome of C.tropcalis.
Antibodies 2 ug of anti-H3K9me3 antibody (Ab8898, Abcam)

Peak calling parameters . Peaks were called by macs2 v2.2.5 with --broad and --mfold 1 50 options85
Data quality Describe the methods used to ensure data quality in full detail, including how many peaks are at FDR 5% and above 5-fold enrichment.

Software MACS2
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