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The Caenorhabditis elegans TDRD5/7-like protein, LOTR-1, interactswith the helicase
ZNFX-1 to balance epigenetic signalsin the germline.
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Abstract

LOTUS and Tudor domain containing proteins have critical roles in the germline. Proteins that contain these
domains, such as Teas/Tapas in Drosophila, help localize Vasa to the germ granules and facilitate piRNA-
mediated transposon silencing. The homologous proteins in mammals, TDRD5 and TDRD?7, are required
during spermiogenesis. Until now, proteins containing both LOTUS and Tudor domains in Caenorhabditis
elegans have remained elusive. Here we describe LOTR-1 (D1081.7), which derives its name from its LOTUS
and Tudor domains. Interestingly, LOTR-1 docks next to P granules to colocalize with the broadly conserved
Z-granule helicase, ZNFX-1. LOTR-1's Z-granule association requires its Tudor domain, but both LOTUS and
Tudor deletions affect brood size when coupled with a knockdown of the Vasa homolog glh-1. In addition to
interacting with the germ-granule components WAGO-1, PRG-1 and DEPS-1, we identified a Tudor-dependent
association with ZNFX-1. Like znfx-1 mutants, lotr-1 mutants lose small RNAs from the 3 ends of WAGO and
Mutator targets, reminiscent of the loss of piRNAs from the 3' ends of piIRNA precursor transcripts in mouse
Tdrd5 mutants. Our work suggests that LOTR-1 acts in a conserved mechanism that brings small RNA
generating mechanisms towards the 3' ends of small RNA templates or precursors.

I ntroduction

Germ cells produce the next generation, and their pluripotent potential is instrumental for ensuring
fertility and proper development. While germline and somatic cells contain the same DNA, differences within
their cytoplasm, or germplasm, help distinguish their respective fates.[1] In some animals, ectopic germplasm
can be sufficient to reprogram somatic nuclei.[2-5] Additionally, the presence of germ plasm componentsin the
soma promotes cell proliferation, pluripotency, and tumorigenesis.[6-9] Understanding how the germplasm
derives this reprogramming potential is a critical undertaking with far-reaching implications to reproductive,
developmental, and regenerative biology.

The germplasm contains non-membrane-bound ribonucleoprotein (RNP) condensates called germ
granules that harbor part of this reprogramming potential.[10,11] One conserved feature of germ granules across
species is the presence of proteins with LOTUS and Tudor domains. LOTUS is a name derived from the germ-
granule-associated proteins Limkain/MARF1, Oskar, and Tudor-containing proteins 5 and 7.[12-15] The
LOTUS domain takes on a winged helix-turn-helix (WHTH) folding pattern to facilitate RNA and protein
interactions critical to germline development. Drosophila Oskar uses its LOTUS domain to self-dimerize and
interface with the Vasa DEAD-box helicase, stimulating its activity to promote piRNA amplification in the
germline[16] Oskar expression in the Drosophila oocyte drives germ-granule assembly, while its
mislocalization is sufficient to form ectopic germ cells from somatic progenitors.[17,18] However, drawing
parallels between Oskar and other LOTUS-containing proteins is difficult as Oskar is confined to some insects
and likely arose de novo via fusion of a eukaryotic LOTUS domain with a bacterially derived hydrolase-like
domain called OSK through horizontal gene transfer.[19] In Drosophila, Limkain/MARF-1 regulates oocyte
maturation and its LOTUS domain associates with the CCR4-NOT deadenylase complex. This results in the
shortening of poly-A tails and trandational regulation of targeted RNA transcripts.[20] In mice, MARF1
localizes to germ granules in oocytes, where it is critical for normal oocyte development. Female mice lacking
MARF1 are sterile due to failures in oocyte meiosis and increased retrotransposon activity.[21,22] In addition to
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interfacing with proteins, LOTUS domains also bind RNA with a preference for G-rich RNAs and those that
form a G-quadruplex (G4) secondary structure.[23] The function of these G-rich and G4 interactions remains
unclear but could beinstrumental to the role of LOTUS in RNA metabolism and regulation.[23]

TDRD5 and TDRD7 contain LOTUS domains paired with Tudor scaffolding domains.[24] Tudor
domains have been shown to bind methylated arginines and lysines, with some preference for Argonaute
proteins and histone tails.[25-27] In mammals, TDRD5 and TDRD7 associate with key components of the
piIRNA pathway and are required for norma spermatogenesis and retrotransposon silencing.[28-32] The
TDRD5 and TDRD7 orthologs in Drosophila, respectively known as Tgjas and Tapas, are required for proper
germ granule formation and piRNA silencing of transposons in the germline.[33,34] Combined, these findings
illustrate the importance of germ-granule localized LOTUS and Tudor domain-containing proteins in
maintaining germline integrity through translational regulation, transposon silencing, and stimulation of Vasa
helicase activity.

Germ granule studies are aided in C. elegans by the nematode’ s transparency, permitting the observation
of germ granules (or P granules) in living animals at all stages of devel opment. During embryonic devel opment,
P granules segregate to germline blastomeres (P cells) before coming to reside in two primordial germ cells
(PGCs).[35] Following the formation of PGCs, distinct sub-granules emerge from P granules to occupy
neighboring sites at the nuclear periphery.[36] Known sub-granules include Z-granules, SIMR foci, and Mutator
foci - each containing sets of proteins that refine and resolve processes or steps of small RNA biosynthesis.[37—
39]

C. elegans expresses several classes of small RNAs.[40,41] 21U-RNAs are considered the piRNAs of
C. elegans due to their interaction with the germline-expressed PRG-1 Argonaute, the main Piwi-class
Argonaute of C. elegans.[42—44] Similar to piRNAs of other organisms, PRG-1/21U-RNAs target “non-self”
seguences such as transposable elements (TES).[42,45,46] Target recognition leads to the recruitment of RNA-
dependent RNA Polymerases (RdRPs), which synthesize complementary 22G-RNAs from template target
RNAs.[45,46] In turn, 22G-RNAS associate with WA GO-class Argonautes, which elicit target gene silencing at
the post-transcriptional and transcriptional levels[47-51] An important function of PRG-1/21U-RNAs is to
prevent the erroneous targeting of essential genes by 22G-RNAs.[52,53] Gene silencing initiated by 21U-RNAs
can become independent of the initial PRG-1/21U-RNA trigger and self-sustained by 22G-RNAs and
heterochromatin marks in ways that are not fully understood.[54-56] This PRG-1/21U-RNA-independent
silencing is termed RNA-induced epigenetic silencing (RNAe).

26G-RNAs are produced by the RARP RRF-3 and additional cofactors in gonads.[57-62] Two distinct
subpopulations of 26G-RNAs are expressed: those expressed during spermatogenesis that associate with the
Argonautes ALG-3/4[59,63,64], and those expressed during oogenesis and embryogenesis that associate with
the Argonaute ERGO-1.[57,59,65] 26G-RNAs also trigger secondary 22G-RNA synthesis to produce robust
target gene silencing. Due to their production downstream of several primary pathways, 22G-RNASs comprise a
highly complex small RNA species. 22G-RNAs can be functionally divided into distinct subpopulations based
on their expression pattern, the WA GO-class Argonaute protein with which they interact, and their set of target
genes.[40,41]
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In C. elegans, aspects of small RNA biogenesis and gene silencing occur both in the nucleus and
cytoplasm.[40] Cytoplasmic reactions of smal RNA pathways mostly take place in germ granules, as
extrapolated by the localization of many small RNA cofactors to these granules.[66] The interplay of small
RNA biogenesis and silencing seems complex, but the partitioning of germ granules into sub-compartments
suggests that these processes are physically organized in a vectorial manner, similar to the multiphase liquid
condensates that mediate ribosome biogenesis in the nucleolus.[67] For example, Mutator foci are considered
the site of WAGO-class 22G-RNA biogenesis.[68] Z granules were initially defined by the localization of
ZNFX-1, an RNA helicase required for inheritance of small RNAs and transgenerational germ cell
homeostasis.[69] Interestingly, ZNFX-1 was shown to interact with Argonaute proteins and is required for the
correct positioning of RARPs in their target transcripts.[69,70] znfx-1 mutants display unbalanced 22G-RNA
synthesis, with higher 22G-RNA levels produced towards the 5 of the target transcript. PID-2/4/5 are recently
identified factors that affect the structure of Z granules, are required for germ cell immortality, and are similarly
required to balance 22G-RNA signals.[38,39] These studies demonstrate a link between Z granules and the
biogenesis and inheritance of 22G-RNAs.

The role of LOTUS-domain proteins in C. elegans has remained unexplored. However, three LOTUS
containing proteins have recently been identified: MIP-1, MIP-2, and D1081.7.[71] We find that D1081.7 isin
germ granules and interacts with both MIP-1 and MIP-2. D1081.7 is the only known C. elegans protein to pair
LOTUS and Tudor domains, smilar to both TDRD5 and TDRD7, so we have named it LOTUS and TudoR
containing protein 1 (LOTR-1). The Tudor domain of LOTR-1 is required for its association with germ-
granules, but its LOTUS domains are not. Mass spectrometry revealed a robust reciprocal association between
LOTR-1 and ZNFX-1, and imaging showed that LOTR-1 partitions with ZNFX-1 into Z granules with the
formation of PGCs. Furthermore, LOTR-1, like ZNFX-1, is required for the normal distribution of PRG-1,
MIP-1 and MIP-2 in the germline, but is largely dispensable for localization of the core P-granule components
GLH-1, DEPS-1, PGL-1 and PGL-3 in adult germ cells. lotr-1 mutants, including one with an in-frame
LOTUS deletion, have deregulated 22G- and 26G-RNAs, and altered distribution of WAGO/Mutator class
22G-RNAs towards the 5' end of some transcripts, similar to what has been described for znfx-1 mutants.[ 70]
These lotr-1 mutants also have a mortal germline phenotype, a common feature in small RNA pathway mutants.
Therefore, we conclude that LOTR-1 functions with ZNFX-1 in Z granules to ensure balanced 22G-RNA
biogenesis and the proper silencing of mutator targets from one generation to the next. These findings promise
to shed light on both the somatic and germline functions of TDRD5, TDRD7, and other proteins containing
paired LOTUS and Tudor domains.

Results
LOTR-1isagerm-granule protein that contains both LOTUS and Tudor domains

Inaugural papers that first described the LOTUS winged-helix domain and its conservation identified C.
elegans D1081.7 as a hypothetical orphan protein with a single LOTUS domain.[12,13] More recently, LOTUS
domains have been subdivided into extended LOTUS (eLOTUS) domains (like the LOTUS domain in
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Drosophila’s Oskar), and minimal LOTUS (mLOTUS) domains that lack a conserved a5 helix (like those
present in mammalian MARF1) (S1 Fig).[72] The LOTUS domain of D1081.7 described in these inaugural
papers corresponds to the eLOTUS domain (aa 33-130), but our analysis uncovered an accompanying
mMLOTUS domain (aa 180-285) (Fig 1A). LOTUS domains have low sequence similarity and are challenging to
identify using sequence analysis alone. The mLOTUS domain of D1081.7 has a strong sequence identity (21%)
to the winged-hdlix region of Cdtl, a regulator in the DNA replication complex.[73] The predicted 3D
structures of D1081.7 LOTUS domains superimpose well with solved structures from other species. eLOTUS
domains of D1081.7 and Oskar align with a root-mean-square deviation (rmsd) of 2.8 A, whereas mLOTUS,
which lacks the a5 helix, deviates from both fly and human LOTUS folds by ~3.5 A rmsd (Fig 1B). Paired
LOTUS domains reflect the arrangement of TDRD5 and TDRD7 in mammals and two proteins recently
described in C. elegans called MIP-1 and MIP-2 (S1 Fig).[71]

Default BLAST parameters fail to uncover the Tudor domain within D1081.7, but it readily appears in
domain-enhanced searches and was previoudly identified using multiple sequence alignment.[12] The Tudor
domain (aa 534-670) is most similar to Tudor domain 3 (TD3) of mouse TDRD1, which is known to bind
symmetrically dimethylated arginine (SDMA) marks through a hydrophobic pocket that is created by the
arrangement of four aromatic residues (Fig 1C, F767, Y774, Y791, and Y794).[74] This pocket is stabilized by
charge interactions between R775 and D793. The position of R596 and D615 is conserved in the Tudor domain
of D1081.7, but the pocket replaces two of the four aromatic residues with other hydrophobic alternatives (L613
and V616). How thisimpacts SDMA binding is unknown.

The combination of both LOTUS and Tudor domains in D1081.7 is unique to homologs of
Tgas’TDRD5 and TapasTDRD7 in Drosophila and mammals, which are piRNA pathway-regulating
components that localize to the perinuclear nuage of germ cells. According to our BLAST searches, D1081.7 is
the only protein in C. elegans known to have both LOTUS and Tudor domains. The Tudor and LOTUS
domains of TDRD7 and TDRD5 are arranged similarly to those of D1081.7, with TDRD5 sharing 34%
sequence similarity to D1081.7 across 466 aa, and TDRD7 sharing 39% sequence similarity across 550 aa. Its
domain architecture and predicted structure suggests that D1081.7 is the homolog of TDRD5 and TDRD7 in C.
elegans. Given these structural features, D1081.7 was named as LOTUS and Tudor domain protein 1 (LOTR-
1).

To determine the expression of LOTR-1, CRISPR/Cas9 genome editing was used to place an N-terminal
GFP tag on endogenous lotr-1 in a strain carrying PGL-1::RFP. LOTR-1 localized to germ granules throughout
the adult germline; however, LOTR-1 granules appeared docked next to P granules marked by PGL-1::RFP (Fig
1D). Super-resolution confocal imaging of pachytene germ cells confirmed that LOTR-1 and PGL-1 granules
appear adjacent to one another in the adult germline (Fig 1E). This pattern is similar to the P-granule docking of
Z granules, Mutator foci, and SIMR foci, suggesting that LOTR-1 could reside within these germ granule sub-
compartments.[69,70,75]

Functional analysisof LOTR-1 domainsreveals effects on subcellular localization and fertility

To understand how LOTR-1 is recruited to germ granules, a series of point mutations and deletions was
introduced into the 3XFLAG::GFP::LOTR-1 strain (Fig 1A). Dédetions of the mLOTUS and combined
eLOTUSMLOTUS domains fail to disperse truncated LOTR-1 from germ granules in young adults (Fig 2A). In
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contrast, the Tudor domain deletion causes LOTR-1 to disperse from most germ granules in the adult germline.
A point mutation in the conserved arginine (R596C) of LOTR-1, which is predicted to stabilize the pocket with
the potential to bind SDMAS, disperses LOTR-1 to the same degree as the deletion of the Tudor domain (Fig
2A).[37] These results suggest that the germ-granule association of LOTR-1 depends primarily on its Tudor
domain, potentially mediated through well-characterized Tudor/SDMA interactions. Interestingly, in the
absence of the Tudor domain, LOTR-1 is till retained in germ granules during spermatogenesis in the fourth
larval stage (Fig 2B, orange box), suggesting that its retention in spermatogenic germ granules could be
independent of Tudor/SDMA interactions.

Tudor domains interact with PIWI Argonaute proteins viasDMAS.[76] To seeif thisinteraction extends
to C. elegans, the distribution of the PIWI homolog PRG-1 was examined in the presence and absence of
LOTR-1, and in a gtrain carrying LOTR-1 with the Tudor domain deletion. Under wild-type conditions, PRG-1
is congtitutively associated with germ granules from the distal germline through gametogenesis. In both lotr-1
mutant backgrounds, PRG-1 remains localized to germ granules during spermatogenesis, reflecting the Tudor-
independent germ-granule association of LOTR-1 (Fig 2C, orange box), but is less abundant more distally
(dashed arrowheads). In young adults, PRG-1 becomes expressed more distally, but its levels are reduced upon
oocyte maturation in the lotr-1 mutants (Fig 2D, dashed arrowheads). Both LOTR-1 and PRG-1 are deposited
in residual bodies during spermatogenesis and absent from spermatids, in the presence or absence of the Tudor
domain of LOTR-1 (Fig 2E) These findings suggest that LOTR-1 helps to recruit or stabilize PRG-1 on germ
granules, but that other factors may be recruiting PRG-1 during spermatogenesis.

Next, LOTR-1 localization was examined in the absence of two other recently characterized LOTUS-
containing proteins, MIP-1 and MIP-2.[71] MIP-1 and MIP-2 are MEG-3 interacting proteins that localize to P
granules throughout development and promote germ granule condensation. Although MIP-1 and MIP-2 lack
Tudor domains, they each contain two eLOTUS domains that could indicate some functional redundancy with
LOTR-1. RNAI depletion of mip-1 and mip-2 together causes the dispersal of PGL-1, PGL-3, and GLH-1.[71]
Similarly, GFP-tagged LOTR-1 granules are reduced in size and less prominent around the nuclear periphery
following mip-1; mip-2 RNAI (Fig 2F). These results suggest that the LOTUS-domain proteins MIP-1, and
MIP-2 affect the localization of LOTR-1 at germ granules.

In Drosophila, the LOTUS-containing protein Oskar recruits the Vasa DEAD-box helicase to germ
granules, directly interacting with Vasa to stimulate its ATPase and helicase activities and promote piRNA
amplification.[72,77,78] In C. elegans, there are two partially redundant Vasa homologs, GLH-1 and GLH-
2.[79] Single mutations in either GLH are temperature-sensitive sterile, while double mutants are sterile at all
temperatures. Brood size and fertility are minimally impacted in all lotr-1 mutants at both 20°C and the first
generation shifted to 26°C (Fig 3A). To test whether LOTR-1 functions synergistically with GLH-1, fertility
was then examined following glh-1 RNAI in lotr-1 mutant backgrounds (Fig 3B). At both 20° C and 26° C, glh-
1 RNAI causes modest, yet significant (p<0.003), increases in sterility relative to wild type for all four lotr-1
mutants tested. glh-1 RNAI depletion reduces GLH-1::GFP expression but does not dissociate LOTR-1 from
germ granules under these conditions (Fig 3C). Thus, glh-1 and lotr-1, show only modest synergy in vivo, in
contrast to the strong relationship between Oskar and Vasa in Drosophila. This difference is likely because
LOTR-1 is more similar to Drosophila Tejas and Tapas than to Oskar, which carries a LOTUS domain but
lacks the Tudor domain.
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We sought to address whether LOTR-1 is required for localization of other germ granule factors or vice
versa. Deleting the lotr-1 coding sequence from the 3XxFLAG::GFP-tagged line (sam117) was not sufficient to
disperse PGL-1::RFP from germ granules in distal germ cells, although PGL-1 granules are largely removed
from proximal oocytes (Fig 3D). P-granule localization of GLH-1, DEPS-1, and distal PGL-3 in the adult
germline is not affected by lotr-1 RNAi (Fig 3E). However, MIP-1 and MIP-2, the two other LOTUS
containing proteins, were partially dispersed from germ granules upon lotr-1 RNAI. This, together with the
reciprocal effect of MIPs on LOTR-1 localization, suggests potential redundancy between these three LOTUS-
domain containing proteins.

To explore the potential for direct associations between LOTR-1, GLH-1, MIP-1, and MIP-2, we
performed yeast-two-hybrid (Y 2H) analyses. MIP-1 and MIP-2 have previously been shown to both homo- and
heterodimerize, as well as associate with GLH-1 through their N-termina LOTUS domains[71] Y2H
confirmed associations between the C-terminus of LOTR-1 and both MIP-1 and MIP-2(Fig 4A, S2A Fig),
whereas no interaction between LOTR-1 and GLH-1 was detected (Fig 4B, S2B Fig). The association of MIP-1
with LOTR-1 is mediated through its disordered C-terminus and the Tudor-containing C-terminal region of
LOTR-1, not through their LOTUS domains. Surprisingly, Y2H results suggest that both MIP-1 and MIP-2
could interact more strongly with LOTR-1 when one or both of the LOTR-1 LOTUS domains are removed.

Mutations affecting small RNA biogenesis and amplification frequently exhibit transgenerational
sterility or mortal germline (Mrt) phenotypes.[80,81] To address if LOTR-1 is required for transgenerational
germline health, fertile generations were counted until sterility ensued for three different lotr-1 mutant alleles
(Fig 3F). Each of the threelotr-1 alleles failed to propagate beyond 50 generations, while wild-type (N2) worms
remained fertile. When taken together, fertility and brood size phenotypes associated with lotr-1 are not severe
and require several generations to manifest.

lotr-1 mutants der egulate subsets of 22G- and 26G-RNAsS

The Mrt phenotype and RNAI inheritance defects observed in lotr-1 mutants suggest that lotr-1 mutants
are defective in some aspect of small RNA biogenesis. Since many LOTUS domain proteins have functions in
piIRNA biology,[76] we asked if thisis the case for LOTR-1 using lines that carry a 21U-RNA/piRNA sensor
construct. This transgene contains a reporter for GFP::H2B expression that has been silenced through a piRNA
target site in its 3'UTR; mutations affecting piRNA biogenesis or secondary ssIRNA production de-silence
expression of this transgene.[82] Loss-of-function alleles of lotr-1 were crossed into two different sensor lines
carrying this transgene: one in which silencing is still dependent on 21U-RNAs (S3A Fig), and another under
stable RNA-induced epigenetic silencing (RNAeg) that is maintained independent of the initial 21U-RNA trigger
(S3B Fig). Mutations in lotr-1 were unable to activate either piRNA sensor strain (Figs 5A-B), showing that
LOTR-1 isnot required for 21U-RNA-dependent silencing or for RNAe.

As described in the introduction, C. elegans expresses a variety of small RNA species.[80] To address if
LOTR-1 isrequired for some aspect of small RNA biogenesis, we sequenced small RNAs in wild-type and lotr-
1 mutants. Small RNA sequencing in gravid adults showed that 21U-RNAs and miRNAs are hardly affected in
lotr-1 mutants, while 26G-RNAs are partially depleted (Fig 5C, D). Global 22G-RNA levels are not changed
overall; however, hundreds of genes have deregulated 22G-RNA levelsin lotr-1 mutants (Fig 5C-D, S3 Table).
Next, we asked if the deregulated 22G-RNAs map to particular gene classes. In lotr-1 mutants, 22G-RNAs are
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deregulated in similar proportions in coding genes, pseudogenes, linCRNAS, oogenic and spermatogenic genes
(Fig 5E). While no transposons show depletion of 22G-RNAS, 21% of them display upregulated 22G-RNA
levelsin lotr-1 mutants. Aggregated data for Tcl transposons show 3-fold increased 22G-RNA levels in lotr-1
mutants, but with a marginal FDR-adjusted p-value of 0.15 due to replicate variation (S3 Table). A reporter for
Tcl transposon mobility was not affected by the lotr-1 mutation, suggesting that the upregulation of Tcl 22G-
RNAs observed in lotr-1 animals does not disrupt Tcl silencing (S3C-E Figs). After separating 22G-RNASs into
subgroups according to their Argonaute cofactors and target genes [80], we find that most genes with increased
22G-RNA levels in lotr-1 mutants belong to the mutator and WAGO classes (Fig 5F). Conversely, a similar
proportion of mutator, WAGO, ERGO-1, and NRDE-3 targets are depleted of 22G-RNAs in lotr-1 mutants.
Overall, these results suggest that hundreds of genes show unbalanced 22G-RNA expression in lotr-1 mutant
animals across a range of gene classes and 22G-RNA subgroups.

Seventy-one genes seem to be depleted of 26G-RNASs (Fig 5D). Of these, all but nine are annotated to be
targets of the known effectors ERGO-1, NRDE-3, or ALG-3/4 (S3 Table).[83-85] The depletion of 26G-RNAs
in these 71 genesin lotr-1 mutants is accompanied by a tendency to deplete downstream 22G-RNAs (Fig 5G).
A GFP::NRDE-3 transgene, which localizes from the nucleus to the cytoplasm upon disruption of the 26G-
RNA pathway,[84,86] remained expressed in the nucleus when crossed into a lotr-1 mutant (S3F-G Fig),
indicating the 26G-RNA pathway is not critically impaired in lotr-1 mutants. Taken together, these results
suggest that while LOTR-1 is not absolutely required for normal 26G-RNA biogenesis and silencing, a subset
of 26G-RNA targetsis affected by the depletion of LOTR-1.

L OTR-1 binding partnersinclude components of germ granules and the cytoskeleton

We sought to understand how LOTR-1 regulates small RNA biogenesis by finding LOTR-1 binding
partners. The N-terminal 3xFLAG tag introduced into the endogenous LOTR-1 locus was used to
immunoprecipitate LOTR-1 from both young adults and embryos for quantitative mass spectrometry (IP-gMS).
To determine differential enrichment over a control, CRISPR-Cas9 genome editing was used to delete the lotr-1
coding sequence so that the endogenous lotr-1 promoter and 3’'UTR drive expression of 3xFLAG::GFP, and
anti-FLAG IP-gMS from the lotr-1 deletion was compared to wild-type LOTR-1 (Fig 6A). LOTR-1 IP-gMS
experiments were performed in quadruplicate for each IP sample on two different occasons (Round 1 and
Round 2) (Fig 6B). Including LOTR-1, eight proteins were enriched in LOTR-1 IPs in all datasets, both in
embryos and young adults (Figs 6A-C). These include the germ granule-associated Argonaute proteins PRG-1
and WAGO-1, the helicase ZNFX-1, the 3’'UTR cleavage and stimulation factors SUF-1 and CPF-1, the histone
deacetylase SIR-2.2, and F46G10.1. These eight proteins represent a central core of LOTR-1 interactions,
reinforcing the role of LOTR-1 in germ granules and small RNA biogenesis.

Expanding the interaction list by an additional ten proteins that showed significant enrichment in at least
three out of the four embryo and young adult IP-gM S experiments, now includes the germ-granule proteins
DEPS-1, the WAGO-4 Argonaute, and the YHTDC2-like DExH-helicase (F52B5.3) that was previously shown
to interact with the germ-granule Argonaute CSR-1.[87] Of these 18 LOTR-1-interacting proteins, 5 are known
to bind actin and regulate the cytoskeleton, including CAP-1, HUM-1, HUM-5, CLIK-1, and GSNL-1.[88-91]
12 of the 18 proteins originate from transcripts abundantly expressed in the germline (Fig 6C, bold), while
transcripts encoding the remaining sx (HUM-5, GSNL-1, F40A3.6, SIR-2.2, F46G10.1, and LGC-27) are
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lowly expressed in the germline and may reflect LOTR-1 interactions in whole-worm or embryo lysates that are
not replicated in vivo.[92,93]

To distinguish if LOTR-1 associations obtained by co-immunoprecipitation (co-1P) are facilitated
through its LOTUS or Tudor domains, LOTR-1 carrying a deletion of either the etmLOTUS (sam113) or
Tudor (saml102) domains was immunoprecipitated from embryos and young adults and then analyzed with
gMS. Deleting the LOTUS domains had a more pronounced effect on the association of LOTR-1 with
cytoskeletal proteins, 3 'UTR-cleavage and stimulation factors, and four proteins that were not readily grouped
(Fig 6C, orange, blue, white). Associations with other germ-granule proteins were impacted by both LOTUS
and Tudor deletions (Fig 6C, green), and the effect was dlightly more pronounced in the absence of the Tudor
domain, which resultsin the dispersal of LOTR-1 from germ granules.

Of the LOTR-1 associations specific to both embryo IPs, MEG-3 and WAGO-3 stand out because of
their previously described association with germ granules. The association of LOTR-1 with MEG-3 in embryos
is dependent on the LOTR-1 Tudor domain, and it is enhanced in the absence of its LOTUS domains (Fig 6C,
S1 Table). This may suggest that Tudor-dependent interactions between MEG-3 and LOTR-1 during
embryogenesis are kept in check by other associations mediated through its LOTUS domains. In turn, other
LOTR-1 interactions are more prominent in young adults, including, for example, those with cytoskeletal
proteins (Fig 6C, S1 Table). The LOTUS-domain containing MIP-2 protein associates with LOTR-1 in the
young adult germline and this interaction is dependent on the Tudor domain, consistent with our Y2H results
(Fig 4A). Ancther of the more pronounced LOTR-1 interactors specific to young adults is the polo-like kinase
PLK-3, and this interaction is disrupted when either the LOTUS or Tudor domains of LOTR-1 are removed.
The significance of these embryo and young adult-specific interactions warrants additional attention.

LOTR-1 functionswith ZNFX-1to distribute WAGO and mutator -class 22G-RNAs along ger mline
RNAs

As proteins bearing LOTUS and Tudor domains, like Oskar, interact with helicases, we reasoned that
the strong association identified by IP-gqM S with the ZNFX-1 helicase may illuminate LOTR-1 function in vivo.
In the adult germline, ZNFX-1 is positioned adjacent to P granules and defines a sub-compartment of germ
granules called Z granules.[69,70] Unlike the offset/docking observed between LOTR-1 and PGL-1 (Figs 1D-
E), we found that RFP::ZNFX-1 and GFP::LOTR-1 are not offset in adult germ cells, but overlap (r=0.82
+0.03), suggesting that LOTR-1 is also a component of Z granules (Fig 7A). An interaction between ZNFX-1
and LOTR-1 was also supported by Y2H (S2C Fig). Deleting the lotr-1 coding region causes most ZNFX-1 to
disperse from germ granules, primarily in oocytes in the proximal adult germline (Fig 7B, dashed arrows).
Proper ZNFX-1 localization is not dependent upon the LOTR-1 LOTUS domains but rather on its Tudor
domain (Fig 7B). An early frameshift mutation was introduced into ZNFX-1 to determine whether loss of
ZNFX-1 impacts GFP::LOTR-1 and RFP::PRG-1 expression. In the first generation of homozygous znfx-1
animals, LOTR-1 and PRG-1 were localized in germ granules as previously observed (Fig 7C). This could be
due to maternal rescue, as LOTR-1 expression is more diffuse in the second znfx-1 generation toward the most
distal and proximal regions of the germline. PRG-1 was mostly diffuse and unattached from germ granules
(dashed arrows) in second-generation znfx-1 mutants, but also consistently showed some formation of larger
aggregates. In lotr-1; znfx-1 double mutants, PRG-1 dispersal was generally impacted to the same degree as
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lotr-1 and znfx-1 single mutants (Fig 7D). These results show that ZNFX-1 and LOTR-1 reciprocally affect
each others' localization, suggesting that these two Z-granule proteins act in the same pathway.

ZNFX-1 has been suggested to promote balanced production of 22G-RNAs across target transcripts by
positioning the RARP EGO-1 toward the 3' end of RNAI target transcripts.[69,70] In znfx-1 mutants, 22G-RNA
coverage is altered, revealing a shift toward the 5 end of the target MRNAS.[70] Metagene analysis of all
WAGO and mutator targets showed a similar 5’ shift of 22G-RNAs in three different lotr-1 mutant alleles
compared to wild-type replicates (Fig 8A-B). Unlike znfx-1, the 5’ shift in 22G-RNA coverage in lotr-1 mutants
is observed in WAGO/mutator, but not in CSR-1 targets (Fig 8A-C). Thistrend is more pronounced in mutator
targets with upregulated 22G-RNA levels ($4 Fig A-B). 22G-RNA coverage of ALG-3/4 and ERGO-1 targets
was not affected in lotr-1 mutants ($4 Fig C-D). Notably, CSR-1 was not enriched in LOTR-1 IP-gMS, in either
the embryo or young adult lysates. Therefore, we conclude that LOTR-1 functions with ZNFX-1 to balance the
production of 22G-RNAs across WAGO/mutator, but not CSR-1, target RNAS.

The imbalance of 22G-RNA coverage over WAGO/mutator targets observed in lotr-1 mutants, and the
interaction of LOTR-1 with ZNFX-1 and WAGO proteins, may point to defects in exogenous RNAI and its
inheritance. To test whether this is the case, the incidence of embryonic lethality following pos-1 RNAI was
examined in both wild type and lotr-1 mutants (Fig 8D). Embryonic lethality was completely suppressed in all
fivelotr-1 replicates. Additionally, to test for defects in the inheritance of RNAI, GFP RNAI was performed in
wild type and lotr-1 mutants carrying an H2B::GFP reporter (Fig 8E). GFP RNAIi was 100% effective in
knocking down GFP expression in wild-type worms, but only knocked down expression in 29% of lotr-1
mutants, in line with the resistance to pos-1 RNAI (Fig 8D). To determine how quickly GFP expression was
restored in silenced wild-type and lotr-1 worms, ten knocked down worms from each strain were transferred
from RNAI to non-RNAi plates and examined for expression in the following generations. While GFP
expression was restored within one to five generations in wild-type worms, most |otr-1 mutants maintained GFP
silencing past ten generations (Fig 8E). Altogether these findings suggest that exogenous RNAI and its
inheritance across generations are compromised in lotr-1 mutants, which may be related to the imbalance in the
distribution of 22G-RNAS across target transcripts.

To confirm whether ZNFX-1 interactions reflect the core set of proteins bound to LOTR-1, anti-FLAG
IP-gMS was performed on embryos and young adults expressing 3XFLAG::GFP::ZNFX-1 or an untagged
control (Fig 9A). In addition to ZNFX-1, proteins enriched over untagged control in both embryo and young
adult included LOTR-1 and its interactors (i.e., PRG-1, DEPS-1, WAGO-1, WAGO-4 and RME-2). SMG-2,
WAGO-3, and the 3 UTR cleavage and polyadenylation factors SUF-1 and CPF-1 were enriched in embryos
only, while MIP-2 and PLK-3 were only enriched in young adults. These results support a substantial overlap of
interactions between ZNFX-1 and LOTR-1 within Z granules. In lotr-1(xf58) mutant embryos, the association
of ZNFX-1 with PRG-1, DEPS-1, WAGO-1, WAGO-3 and WAGO-4 is reduced by about 50%, while its
association with SUF-1, CPF-1, and SMG-2 is practically eliminated (Fig 9B-C, S2 Table). This suggests that
LOTR-1 stabilizes ZNFX-1 interactions with Argonaute proteins while acting as the link between ZNFX-1 and
MRNA/3'UTR binding factors. In lotr-1 mutant adults, the association of ZNFX-1 with PLK-3 is reduced 80%,
suggesting that LOTR-1 is the link here as well. Interestingly, the LOTUS-containing protein MIP-2 increases
its association with ZNFX-1 in the lotr-1 mutant, which may support a compensatory function for MIP-2 and
LOTR-1.
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ZNFX-1 and LOTR-1 colocalize within Z granules (Fig 7A), balance production of 22G-RNAs across
their targets (Fig 8), have overlapping binding partners (Figs 6 and 9), and lotr-1; znfx-1 double mutants have a
similar impact on PRG-1 dispersal as the single mutants (Figs 2D and 7C-D). However, some subtle differences
in ZNFX-1 and LOTR-1 association point to distinct roles. For example, LOTR-1 has a stronger affinity for
cytoskeletal proteins while ZNFX-1 has a stronger affinity for a handful of mitochondrial oxidoreductase
proteins, and in lotr-1 mutants the 5’ shift in 22G-RNA coverage is specific to WAGO and mutator targets.
Because mnfx-1 and prg-1 mutants have transgenerational epigenetic inheritance defects that manifest after
several generations at 25° C [69,94], brood sizes of single and double lotr-1; znfx-1 mutants were compared to
wild-type broods over the course of five generations (Fig 9D). Again, no additive effect was observed between
the double and single mutants. These results add support to the hypothesis that LOTR-1 and ZNFX-1 are
integral to one another’s primary function in Z granules — both acting to balance 22G-RNA distribution across
WAGO/mutator targets (Fig 9E).

Discussion

Considering the central role of Drosophila Oskar and other LOTUS domain-containing proteins like
TgassTDRD5 and Tapas/ TDRD7 in germline specification and development, we sought to ask whether LOTUS
domain proteinsin C. elegans function similarly and could thus be used to model TDRD5 and TDRD7 function
in mammals. We have shown that LOTR-1 is the only protein in C. elegans where extended and minimal
LOTUS domains are paired with a C-terminal Tudor domain, suggesting homology with TDRD5 and TDRD?.

We found that LOTR-1 colocalizes and coimmunoprecipitates with the Z-granule protein ZNFX-1 and
that the two proteins interact in yeast two hybrid (Y 2H) assays (Figs 6-7, 9 and S2C). Associations between the
two proteins are maintained through LOTR-1's Tudor domain, while LOTUS domain mutations do not impact
the Z-granule localization of LOTR-1. lotr-1 mutants have reduced levels of 26G-RNAs (Fig 5) and, while
global 22G-RNA levels remain the same, these are deregulated and altered within specific subpopulations.
Specifically, 22G-RNA levels decrease on some genes that lose 26G-RNAs in lotr-1 mutants and, like znfx-1
mutants, 22G-RNA coverage of WA GO/mutator targets show a5’ shift, particularly on upregulated transcripts
(Figs 5, 8). However, unlike znfx-1, in lotr-1 mutants this 5’ shift extends only to WAGO/mutator targets and
not to CSR-1 targets. This work suggests that LOTR-1 helps balance 22G-RNA distribution across
WAGO/mutator targets to preserve germline integrity and fertility across generations.

One outstanding question is the functiona relationship between LOTR-1, which combines its two
LOTUS domains with a Tudor domain, and the recently discovered paralogs MIP-1 and MIP-2, which each
contain two LOTUS domains and long intrinsically disordered regions (IDRs). Y 2H assays show that both MIP-
1 and MIP-2 associate with GLH-1/Vasg[ 71], while Y 2H does not support a direct interaction between LOTR-1
and GLH-1 (Figs 4B and S2B). The association of MIP-1 and MIP-2 with GLH-1in C. elegansislikely similar
to Oskar’'s association with Vasa in Drosophila.[72,77] Interestingly, we show that the C-terminus of LOTR-1
also associates with the C-terminus of both MIP-1 and MIP-2 via Y2H (S2 Fig), and that MIP-2 is enriched in
both ZNFX-1 and LOTR-1 IP-gM S from young adult lysates (Figs 6, 9). Depletion of LOTR-1 or either of the
MIPs can reciprocally impact each other’s association with germ granules (Figs 2E and 3E). This complicates
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labeling these proteins as strict components of either P- or Z- granules, implying a degree of inter-granule
crosstalk. It also suggests there may be partial redundancy among these three LOTUS-domain proteins. For
example, MIP-2 increases its association with ZNFX-1 in lotr-1 young adults, implying that it can partially
compensate for the absence of LOTR-1. It remains to be determined whether the association of MIP-1 and MIP-
2 with GLH helicases in P granules is analogous to the association of LOTR-1 with the ZNFX-1 helicase in Z
granules, and whether these P- and Z-granule associations distinguish 22G-RNA distribution across CSR-1 and
WAGO/mutator targets.

Loss of LOTR-1, either by deletion or RNAI depletion, failed to impact GLH-1 and DEPS-1 distribution
but reduced PRG-1, PGL-1, and PGL-3 foci in proximal oocytes (Figs 2D, 3C-E). GLH-1, DEPS-1, PRG-1,
PGL-1, and PGL-3 are all constitutive P-granule components, and thus far they have not been observed to
colocalize with Z granules; however, both PRG-1 and DEPS-1 were significantly enriched by LOTR-1 and
ZNFX-1 IP-gMS (Figs 6, 9). While this association may reflect associations in early embryo germline
blastomeres, before P- and Z-granule demixing in primordial germ cells (PGCs) [69], it strengthens the
likelihood of dynamic inter-granule crosstalk in PGCs and in germ cells during larval and adult development.
Interestingly, WAGO-3 and SMG-2 associations with both ZNFX-1 and LOTR-1 are only significant in embryo
lysates, despite their abundant mRNA expression in adults (Figs 6, 9). In contrast, the association between
LOTR-1 and MEG-3 corresponds with MEG-3 expression in early embryos. MEG-3 is a scaffold protein that
nucleates germ-granule assembly after fertilization in the one-cell zygote.[95-98] The interaction with MEG-3
is dependent on the Tudor domain of LOTR-1 and implicates MEG-3 in the initial localization of LOTR-1 to
germ granules. The LOTUS domains of LOTR-1 may keep the MEG-3 association in check, as the LOTR-1
association with MEG-3 increases when the LOTUS domain is deleted.

Additional insight into the contribution of LOTR-1's LOTUS and Tudor domains can be inferred from
domain-specific deletions. Co-IP data show that the association of germ granule proteins PRG-1, WAGO-1,
WAGO-4, DEPS-1 and ZNFX-1 with LOTR-1 in vivo is lost upon deletion of either its LOTUS or Tudor
domains. The latter result is consistent with the observation that LOTR-1 is dispersed from germ granulesin the
absence of the Tudor domain (and thus less likely to encounter other germ granule components); however,
LOTR-1 localization to P granules is independent of its LOTUS domains. This suggests that the association of
LOTR-1 with these P-granule proteins depends at least partially on specific interactions with its LOTUS
domains. LOTR-1 associations that depend specifically on its LOTUS domain, based on co-IP data, include the
actin-binding proteins HUM-1, HUM-5, CLIK-1, and GSNL-1, as well as 3'UTR associated proteins SUF-1
and CPF-1 (Fig 6C). Therefore, the LOTUS domain may be used to tether LOTR-1 to the cytoskeleton and
3'UTR of Z granule-associated transcripts, providing potential mechanisms for Z-granule demixing or the
ability to counter the 5 coverage bias of WAGO 22G-RNA targets during the amplification of small RNAs. In
fact, the most significant impact on Z-granule composition in alotr-1 mutant is decreased association of SUF-1
and CPF-1 (Fig 9A, C). This suggests that RARP-dependent 22G-RNA amplification along WA GO/mutator
targets may be enriched within the more 3' regions of the targeted transcript by the interaction between LOTR-1
and the3' UTR.

In Drosophila, tgjas/tapas double mutant males are infertile.[99,100] Similarly, in mice, loss of either
TDRD5 or TDRD7 will cause male-specific sterility, with defects during spermiogenesis.[31,32,101,102] Even
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though LOTR-1 does not affect piRNA biogenesis in C. elegans, our study reveals an intriguing paralel to
mouse mutants lacking TDRD5. The loss of 22G-RNAs from the 3’ regions of 22G-RNA producing loci in
lotr-1 mutants resembles the loss of piRNAs from the 3’ regions of (pachytene) piRNA producing loci in Tdrd5
mutant mice.[98] It will be interesting to test if mammalian ZNFX1 acts together with TDRD5, even to the
extent of producing Z-granule-like molecular condensates, and to resolve the mechanism that maintains small
RNA production over the complete length of small RNA producing loci. Given our identification of 3’
processing factors in association with LOTR-1 and ZNFX-1, an intriguing hypothesis would be that LOTR-1
and ZNFX-1 target the smal RNA producing machinery, be it RARP in C. elegans, or specific nucleases in
mammals, to the 3' ends of transcripts through interactions with 3' end processing complexes (Fig 9D).

Materials and M ethods

Sequence and Structural Analysis

To characterize LOTR-1 and its interactions, we used sequence analysis (PSI/Delta-BLAST, HHPred,
and multiple sequence alignment with PRALINE) to identify conserved protein domains.[103—-106] Homology
modeling was performed with RaptorX: eLOTUS domain was constructed from Oskar LOTUS (PDB ID:
5NT7); mLOTUS domain from Cdtl (PDB ID: 5SMEC), which contains winged-helix domains that interact with
subunits of the MCM helicase motor; and Tudor domain from TD3 (PDB ID: 4b9wA) from TDRDL1.

Strain Generation & Maintenance

C. elegans strains were maintained using standard protocols.[107] A complete list of strains and alleles
generated for this study is provided (S4 Table). CRISPR/Cas9 was used to place tags on endogenous genes and
generate mutant alleles as described.[108] All aleles generated for this study were sequence verified.

Imaging

Live worms were mounted on agarose pads in egg buffer (25 mM HEPES, 120 mM NaCl, 2 mM
MgCl2, 2 mM CaCl2, 50 mM KCI, and 2 mM levamisole) and imaged with a 63X/1.40 oil objectives under
fixed exposure conditions. Figs 1D, 2, 3C-E, and 7B-D are deconvolved 30uM projections of the germline loop
region acquired using Leica AF6000L X acquisition software on an inverted Leica DMI16000B microscope with
an attached Leica DFC365FX camera. Figures 1E and 7A are 8uM and 1uM projections of pachytene germ
cells acquired using Zen Blue 3.1 acquisition software on an upright Zeiss LSM 980 with AiryScan2 processing
to achieve up to 120nm super-resolution.

RNAI

RNAI feeding was performed as previously described.[109] The L4440 plasmid in HT115 bacteria was
used as the RNAI control. glh-1 and pgl-1 RNAi were performed starting on L4 worms, with at least three
biological replicates, and used feeding constructs previously described.[110] To deplete mip-1 and mip-2, equal
parts from the Ahringer RNAI feeding library clones were mixed and fed to L4 worms.

RNAI resistance experiments were performed by placing five L1 larvae from wild-type N2 and lotr-
1(usal) mutants on pos-1(RNAI) or control L4440(RNAI) plates at 20°C. After 24 hours post-L4 stage, adults
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were removed, and eggs were allowed to hatch for 24 hours before scoring larvae and unhatched eggs. For GFP
knockdown and transgenerational RNAI inheritance, L1 animals expressing H2B::GFP in wild-type N2 and
lotr-1(usal) mutants were placed on GFP(RNAI) and control L4440(RNAI) plates at 20°C (in triplicate) and
100 progeny from each plate were scored for GFP expression. From the GFP(RNAI) plates, ten silenced
progeny from both wild type and lotr-1 mutants were singled to individual plates seeded with OP50 (referred to
as “P0” generation in NGM). For each line, all progeny (n>50) either showed silencing or were unsilenced.
Unsilenced lines were propagated and examined for GFP expression for a maximum of ten generations.

Brood Size

Brood sizes were counted from each strain for Figure 3A after placing ten or more L4 worms on
individual plates at 20°C and 26°C. For the generational brood size assay in Figure 9D, 5 L4 worms from each
strain were cloned to individual plates and shifted from 20°C to 25°C. Worms were kept at 25°C for 5
generations, with L4 progeny from each plate used to start the subsequent generation.

Fertility

For each dtrain the fertility was determined by plating L4 worms at both 20° and 26°. Hatched F1
progeny were then picked to 10 plates with 25 worms on each plate. The percent of grotty (uterus filled with
unfertilized oocytes and terminal embryos) and clean (germline atrophy with empty uterus) sterile F1s were
scored when they reached day 2 of adulthood.

Germline Mortality

Worms were assessed for the mortal germline phenotype using the assay described in Ahmed et al.
2000.[111] Three lotr-1 strains (with the xf58, xf60, xf61 alleles) and wild-type N2 animals were synchronized
by bleaching and overnight hatching in M9 and L1-arrested animals. Five L1-L2 worms were picked to a new
plate and grown at 25°C. The sixth day L1-L2 worms, corresponding to the third generation from the picked
worms, were again hand-picked to a new plate. Fertile generations were counted until sterility ensued and no
progeny could be isolated. Five replicates were used in this assay, N2 worms were used as control. WWorms were
always picked before starvation to avoid any effect it might cause during the assay, including extension of
transgenerational germline lifespan.[112]

Yeast Two Hybrid

Full-length or truncated cDNASs of mip-1, mip-2, glh-1 and lotr-1 and DNA encoding 3xFLAG tag were
cloned in-frame with GAL4-AD or GAL4-BD into the multiple cloning site of pPGAD-C1 and pGBD-C1.[113]
Yeast cells from strain PJ69-4a were transformed with lug of plasmid and carrier DNA with lithium
acetate.[114] Transformed cells were then plated on the appropriate drop-out media, and the presence of the
newly introduced plasmids was checked by colony PCR. Bait-prey interactions were done on SC-Leu-Trp-Ade
plates or SC-Leu-Trp-His plates supplemented with varying concentrations of 3-amino-1,2,4-triazole, as
previously described.[71]

Reportersfor small RNA activity
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Experiments were performed as previously described.[82,84,86,115] Crosses (S3 Fig) were set up in 6
cm Petri dishes with only 10 ul of OP50 to favor nematode meeting and mating. Wide-field fluorescence
microscopy images (Figs 5A-B, S3F-G) were acquired and processed with the Leica Application Suite (LAS)
software (v3.1.0) on aLeica DM6000B.

Tcl Reversion

Tcl reversion experiments were performed as previously described.[116] Crosses were set up, and
cross-progeny genotyped as described for the sensor experiments above. Twitcher unc-22(st136) worms
homozygous for lotr-1 or for wago-1/2/3 mutations were grown at 25°C. 24 independent populations of lotr-1;
unc-22(st136) per lotr-1 allele. Both controls and lotr-1 populations were grown in parallel for severd
generations, namely four plate passages, corresponding to 8-12 generations. The N2, and wago-1/2/3 mutant
controls were grown in 2 independent populations for the same duration of time. Plates were screened every 2-3
daysfor revertants, i.e., animals that lost the twitching phenotype.

Small RNA sequencing and bioinformatic analysis

We collected C. elegans samples of wild-type, in triplicate, and 1x each lotr-1 allele (1x xf58, 1x xf60,
and 1x xf61). We subsequently treated these three lotr-1 allele samples as triplicates. Worms were synchronized
by bleaching and overnight hatching in M9. L1 arrested worms were brought on OP50-seeded NGM plates.
After 63 hours, gravid adult animals were washed off plates into fresh tubes with M9 buffer and frozen in dry
ice. For RNA extraction, worms were thawed and M9 was replaced with 250 uL of worm lysis buffer (0.2M
NaCl, 0.1M Tris pH 8.5, 50 mM EDTA, 0.5% SDS), supplemented with 300 pug Proteinase K (Sigma-Aldrich,
P2308). Subsequently, lysis was conducted for approximately 90 minutes at 65°C. Next, 3 volumes of TRIzol
LS (Life Technologies, 10296-028) were added and subsequent isolation was as defined by the manufacturer’s
instructions. Samples were enriched for small RNAs using a mirVanaKit (Life Technologies, AM 1561).

Samples were subsequently treated with RppH as described.[117] Then, 1 ug of RppH-treated RNA was
loaded on a 15% TBE-urea gel and size-selected between 16- to 30-nt. Purified fraction was confirmed by
Bioanalyzer SRNA chip (Agilent). Library preparation was based on the NEBNext Multiplex sSRNA Library
Prep Set for Illumina (New England BioLabs) with slight modifications. To counteract ligation biases, the 3’
and 5 adapters contained four random bases at the 5’ and 3'-end, respectively, and were chemically synthesized
by BioScientific. Adapter-ligated RNA was reverse-transcribed and PCR-amplified for 14 cycles using index
primers. The PCR-amplified cDNA construct was purified using AMPure XP beads (Beckman Coulter). The
purified PCR reaction was checked on the Bioanalyzer using High Sensitivity DNA chip (Agilent). Size
selection of the SRNA library was done on LabChip XT instrument (Perkin EImer) using DNA 300 assay Kit.
Only the fraction containing 140-165 bp was pooled in equal molar ratio. The resulting 10 nM pool was
denatured to 10 pmol with 5% PhiX spike-in and sequenced as single-read on HiSeq 2500 (Illumina) in rapid
mode for 51 cycles (plus 7 cycles index read) using on-board cluster generation.

The raw sequence reads in FastQ format were cleaned from adapter sequences and size-selected for 18-
30 base-long inserts (plus 8 random adapter bases) using cutadapt v.2.4 (http://cutadapt.readthedocs.org) with
parameters ‘-a AGATCGGAAGAGCACACGTCT -m 26 -M 38 followed by quality checks with FastQC
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(http://www.bioinformatics.babraham.ac.uk/projectsfastac). Read alignment to the C. elegans genome
(Ensembl WBcel235/cell assembly) with concomitant trimming of the 8 random bases was performed using
Bowtie v.1.2.2 (http://bowtie-bio.sourceforge.net) with parameters‘*-v 1 -M 1 -y --best --strata --trim5 4 --trim3
4 -S and the SAM alignment files were converted into sorted BAM files using Samtools v.1.9
(http://www.htslib.org). WBcel235/cell gene annotation in GTF format was downloaded from Ensembl release
96 (ftp://ftp.ensembl.org/pub/) and annotation for transposable elements (LINE, SINE, LTR, DNA and RC) in
GTF format was downloaded from the UCSC Table Browser (http://genome-euro.ucsc.edu/cgi-bin/hgTables)
RepeatM asker track and merged with the gene annotation GTF file. Aligned reads were assigned to individual
small RNA loci and classes using Samtools, GNU Awk, Bedtools v.2.27.1 (http://bedtools.readthedocs.io) and
Subread featureCounts v.1.6.2 (http://bioinf.wehi.edu.au/featureCounts/) based on the following criteria
structural reads map sense to rRNA, tRNA, snRNA and snoRNA loci; miRNA reads are between 21 and 24
bases and map sense to mature miRNA loci; 21U-RNA reads are 21 base long, start with T and map sense to
pPIRNA (21ur) loci; 22G-/26G-RNA reads are 22/26 base long, start with G and map antisense to transposons or
to exons of protein-coding genes, lincRNAs and pseudogenes. Locus-level differential expression analyses of
the small RNA classes (MiRNA, 21U-RNA, 22G-RNA and 26G-RNA) were carried out with DESeqg2 v.1.20.0
(https:.//bi oconductor.org/packages/rel ease/bi oc/html/DESeg2.html) using a significance cutoff of 10% FDR and
2-fold change. Normalized read counts from DESeq2 (S3 Table) were used in the Violin and MA plots.
Normalized 22G-RNA coverage tracks in bigwig format were produced using Bedtools and
bedGraphToBigWig (http://hgdownload.soe.ucsc.edu/admin/exe/linux.x86_64), and were normalized per
million non-structural 18-30 base long reads in each sample. Metagene plots of 22G-RNA read coverage over
selected gene sets were prepared using a previously described custom normalization strategy [70], which aims
to prevent bias for genes with high 22G-RNA levels. First, genes reported as CSR-1 [118], WAGO [119], or
mutator [68] targets were extracted from the GTF gene annotation from Ensembl and 22G-RNA coverage for
each gene-set was computed using deepTools v.3.1.0 (https.//deeptools.readthedocs.io) with parameters
‘computeMatrix scale-regions --metagene --transcriptlD gene --transcript_id designator gene id -
missingDataAsZero --outFileNameMatrix'. Then, using R v.3.5.1 the resulting count matrix of every sample
was cleaned from all-zero rows, 22G-RNA counts for each row(gene) were individually normalized using
‘rowSums’ and cumulative profiles computed by ‘colSums were plotted as representative metagene plots.
WormMine database (http://intermine.wormbase.org/tool s’'wormmine/begin.do) was utilized for gene identifier
conversion. Sequencing data have been deposited to the NCBI Gene Expression Omnibus (GEO) under
accession number GSE172070 [temporary token: € ojuoweztqldsz].

a-FLAG Immunopr ecipitation

Immunoprecipitation and mass spectrometry were performed largely as described.[84] Animals were
grown either in normal OP50-seeded NGM plates or on OP50 high-density plates. The protocol for the
production of the latter was adapted from  (Schweinsberg and  Grant, 2013,
https://mwww.ncbi.nlm.nih.gov/booksNBK179228/). In short, commercially available chicken eggs were
cracked, the yolks isolated and thoroughly mixed with LB medium (50 mL per egg yolk). Then, the mix is
incubated at 65°C for 2-3 hours. After cooling down, pre-grown OP50 liquid culture is added to the mix (10 mL
per egg). 10 mL of this preparation is poured into each 9 cm plate and plates are decanted the next day. After 2-
3 days of further bacterial growth and drying, plates should be stored at 4°C.
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Worms expressing 3xFLAG-tagged LOTR-1 and ZNFX-1 were grown and synchronized by bleaching
and overnight hatching in M9. Synchronized young adults with no visible embryos were collected 51-56 hours
post-plating, washed in M9, followed by a last wash in water, and frozen in dry ice. Prior to IP, samples were
thawed, 2x Lysis buffer was added (50 mM Tris/HCI pH 7.5, 300 mM NaCl, 3 mM MgCl,, 2 mM DTT, 0.2 %
Triton X-100, 1 complete Mini protease inhibitor tablet, #11836153001) and lysis was conducted with
sonication in a Bioruptor Plus (Diagenode, on high level, 10 cycles of 30 seconds on/off). Embryos were
collected by bleaching gravid animals approximately 72 hours after plating, washing with M9, perform one last
wash step in 1x lysis buffer (25 mM Tris/HCI pH 7.5, 150 mM NaCl, 1.5 mM MgCl,, 1 mM DTT, 0.1 % Triton
X-100, 1 complete Mini protease inhibitor tablet, #11836153001) and by freezing worm pelletsin liquid N2 in a
pre-cooled mortar. Prior to IP, the pellets were ground to a fine powder in a pre-cooled mortar, then transferred
to a cold glass douncer and sheared for 40 strokes with piston B. First round of IPsto FLAG-tagged LOTR-1
were performed using 1.5 mg of total embryo or young adult extracts, while for the second round of these
experiments 1 mg of embryo or young adult extracts were used. IPs to FLAG-tagged ZNFX-1 were performed
using 1 mg of young adult extract and 0.65 mg of embryo extract. |Ps were performed in quadruplicates, with
exception of FLAG IPs to LOTR-1(ATudor) in embryos, which were conducted in triplicate. FLAG-tag
immunoprecipitation was performed using an o-FLAG antibody (Monoclonal ANTI-FLAG® M2 antibody
produced in mouse, Sigma Aldrich, #F3165) and Protein G magnetic beads (Invitrogen™ Dynabeads™ Protein
G; #10004D). 30 uL of beads were used per IP. Beads were washed three times with 1 mL of Wash Buffer
(25mM Trig/HCI pH 7.5, 300 mM NaCl, 1.5 mM MgCl,, 1 mM DTT, 1 complete Mini protease inhibitor tablet,
#11836153001). 2 pg of a-FLAG antibody were incubated with the beads and the extract for approximately 3
hours, rotating at 4°C. Afterwards, samples were washed 5 times with 1 mL of Wash Buffer. Finaly, the beads
were resuspended in 1x LDS buffer (Thermo Scientific, #NP0007) supplemented with 100 mM DTT and boiled
at 95°C for 10 minutes.

M ass spectrometry

|P samples were boiled at 70°C for 10 minutes and separated on a 4-12% gradient Bis-Tris gel (Thermo
Fisher Scientific, #NP0321) in 1x MOPS (Thermo Fisher Scientific, #NP0001) at 180 V for 10 minutes. Then,
samples were processed separately, first by in-gel digestion [120,121], followed by desalting with a C18
StageTip.[122] Afterwards, the digested peptides were separated on a heated 501 'cm reversel Iphase capillary
(75 uM inner diameter) packed with Reprosil C18 material (Dr. Maisch GmbH). Peptides were eluted along a
90 mingradient from 6 to 40% Buffer B (see StageTip purification) with the EASY[/nLC 1,200
system (Thermo Fisher Scientific). Measurement was done on an Orbitrap Exploris 480 mass spectrometer
(Thermo Fisher Scientific) operated with a Topl5 data’ /dependent MS/MS acquisition method per full scan.
All raw files were processed with MaxQuant (version 1.5.2.8) and peptides were matched to the C. elegans
Wormbase protein database (version WS269). Raw data and detailed MaxQuant settings can be retrieved from
the parameter files uploaded to the ProteomeXchange Consortium via the PRIDE repository: identifier
PXD025186. Reviewer access credentials: Username: reviewer pxd025186@ebi.ac.uk; Password: pHY aTtrF.

Acknowledgments


https://doi.org/10.1101/2021.06.18.448978
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.18.448978; this version posted June 18, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

We thank Frederic Bonnet in the MDIBL Imaging Core for assistance with acquiring super-resolution
images and Chris Smith in the MDIBL Genome Services Core for sequencing services. We are grateful to
Sabrina Dietz and Marion Scheibe for data management and technical assistance. We thank the IMB Genomics
core facility and the IMB Media Lab for support in library preparation and providing consumables, respectively.
We also thank Michelle Gutwein and Karin Kiontke for assistance with generating transgenic CRISPR strains
and Olivia Bay for assistance with imaging. Some strains were provided by the CGC, which is funded by NIH
Office of Research Infrastructure Programs (P40 OD010440).

E.A.M was supported by NIH-NIGMS (F32 GM128248). C.S.S. and D.L.U. area supported by NIH-
NIGMS (RO1 GM113933) with use of equipment supported by NIH-NIGMS (P20 GM103423). Work in
R.F.K.’slab was supported by grants KE1888/1-1 and KE1888/1-2 from the Deutsche Forschungsgemel nschaft.
Work in the K.C.G. and F.P. labs was supported by a grant to the NYUAD Center for Genomics and System
Biology from the NYUAD Research Ingtitute (ADHPG CGSB) and other funding from NY U Abu Dhabi.

References

1. Strome S, Updike D. Specifying and protecting germ cell fate HHS Public Access. Nat Rev Mol Cell
Biol. 2015;16: 406-416. doi:10.1038/nrm4009

2. [lImensee K, Mahowald AP. Transplantation of Posterior Polar Plasm in Drosophila. Induction of Germ
Cédls at the Anterior Pole of the Egg. Proc Natl Acad Sci. 1974/04/01. 1974;71: 1016-1020.
doi:10.1073/pnas.71.4.1016

3. TadaH, Mochii M, Orii H, Watanabe K. Ectopic formation of primordial germ cells by transplantation of
the germ plasm: direct evidence for germ cell determinant in Xenopus. Dev Biol. 2012;371: 86-93.
doi:10.1016/j.ydbio.2012.08.014

4. Gurdon JB, Elsdale TR, Fischberg M. Sexually Mature Individuals of Xenopus laevis from the
Transplantation of Single Somatic Nuclei. Nature. 1958;182: 64—65. doi:10.1038/182064a0

5. Campbell KH, McWhir J, Ritchie WA, Wilmut |. Sheep cloned by nuclear transfer from a cultured cell
line. Nature. 1996/03/07. 1996;380: 64—66. doi:10.1038/380064a0

6. Whitehurst AW. Cause and Consequence of Cancer/Testis Antigen Activation in Cancer. Annu Rev
Pharmacol Toxicol. 2013; 1-22. doi:10.1146/annurev-pharmtox-011112-140326

7. Yuan L, Xiao'Y, Zhou Q, Yuan D, Wu B, Chen G, et a. Proteomic analysis reveals that MAEL, a
component of nuage, interacts with stress granule proteins in cancer cells. Oncol Rep. 2014;31: 342-50.
doi:10.3892/0r.2013.2836

8. Janic A, Mendizabal L, Llamazares S, Rossell D, Gonzalez C. Ectopic expression of germline genes
drives malignant brain tumor growth in Drosophila. Science. 2010;330: 1824—7.
doi:10.1126/science.1195481

9. Tindell SJ, Rouchka EC, Arkov AL. Glia granules contain germline proteins in the Drosophila brain,
which regulate brain transcriptome. Commun Biol. 2020;3. doi:10.1038/s42003-020-01432-z

10. Seydoux G, Braun RE. Pathway to Totipotency: Lessons from Germ Cells. Cell. 2006;127: 891-904.
doi:10.1016/j.cell.2006.11.016


https://doi.org/10.1101/2021.06.18.448978
http://creativecommons.org/licenses/by/4.0/

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.18.448978; this version posted June 18, 2021. The copyright holder for this preprint

(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY 4.0 International license.

Marnik EA, Updike DL. Membraneless organelles: P granules in Caenorhabditis elegans. Traffic.
2019;20: 373-379. doi:10.1111/tra.12644

Anantharaman V, Zhang D, Aravind L. OST-HTH: anovel predicted RNA-binding domain. Biol Direct.
2010;5: 13. doi:10.1186/1745-6150-5-13

Callebaut I, Mornon JP. LOTUS, a new domain associated with small RNA pathways in the germline.
Bioinformatics. 2010;26: 1140-1144. doi:10.1093/bioinformatics/btq122

Jeske M, Bordi M, Glatt S, Mller S, Rybin V, Muller CW, et a. The crystal structure of the Drosophila
germlineinducer Oskar identifies two domains with distinct Vasa Helicase- and RNA-binding activities.
Cell Rep. 2015;12: 587-598. doi:10.1016/j.celrep.2015.06.055

Kubikova J, Reinig R, SalganiaHK, Jeske M. LOTUS-domain proteins - developmental effectors from a
molecular perspective. Biol Chem. 2020;0: 7—23. doi:10.1515/hsz-2020-0270

Jeske M, Muller CW, Ephrussi A. The LOTUS domain is a conserved DEAD-box RNA helicase
regulator essential for the recruitment of VVasato the germ plasm and nuage. Genes Dev. 2017;31: 939—
952. doi:10.1101/gad.297051.117

Ephruss A, Lehmann R. Induction of germ cell formation by oskar. Nature. 1992/07/30. 1992;358: 387—
92. doi:10.1038/358387a0

Smith JL, Wilson JE, Macdonald PM. Overexpression of oskar directs ectopic activation of nanos and
presumptive pole cell formation in Drosophila embryos. Cell. 1992;70: 849-859. doi:10.1016/0092-
8674(92)90318-7

Blondd L, Jones TE, Extavour CG. Bacterial contribution to genesis of the novel germ line determinant
oskar. Elife. 2020;9. doi:10.7554/el ife.45539

Zhu L, Kandasamy SK, Liao SE, FukunagaR. LOTUS domain protein MARF1 binds CCR4-NOT
deadenylase complex to post-transcriptionally regulate gene expression in oocytes. Nat Commun. 2018;9.
doi:10.1038/s41467-018-06404-w

Su YQ, SugiuraK, Sun F, Pendola JK, Cox GA, Handel MA, et al. MARF1 regulates essential oogenic
processes in mice. Science (80- ). 2012;335: 1496-1499. doi:10.1126/science. 1214680

SuYQ, Sun F, Handel MA, Schimentic JC, Eppig JJ. Melosis arrest female 1 (MARFL) has nuage-like
function in mammalian oocytes. Proc Natl Acad Sci U S A. 2012;109: 18653—-18660.
doi:10.1073/pnas.1216904109

Ding D, Wel C, Dong K, Liu J, Stanton A, Xu C, et a. LOTUS domain isanovel class of G-rich and G-
quadruplex RNA binding domain. Nucleic Acids Res. 2020;48: 9262—9272. doi:10.1093/nar/gkaab52

Lasko P. Tudor domain. Curr Biol. 2010;20: 666—-667. doi:10.1016/j.cub.2010.05.056

Callebaut I, Mornon JP. The human EBNA-2 coactivator p100: Multidomain organization and
relationship to the staphylococcal nuclease fold and to the tudor protein involved in Drosophila
melanogaster development. Biochem J. 1997;321: 125-132. doi:10.1042/bj3210125

Lu R, Wang GG. Tudor: a versatile family of histone methylation “readers’ Histone modification and its
“reader” proteinsin gene regulation. 2014;38: 1-18. doi:10.1016/j.tibs.2013.08.002

Selenko P, Sprangers R, Stier G, Buhler D, Fischer U, Sattler M. SMN tudor domain structure and its


https://doi.org/10.1101/2021.06.18.448978
http://creativecommons.org/licenses/by/4.0/

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.18.448978; this version posted June 18, 2021. The copyright holder for this preprint

(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY 4.0 International license.

interaction with the Sm proteins. Nat Struct Biol. 2001;8: 27-31. doi:10.1038/83014

Ding D, Liu J, Midic U, Wu Y, Dong K, Melnick A, et al. TDRDS5 binds piRNA precursors and
selectively enhances pachytene piRNA processing in mice. Nat Commun. 2018;9. doi:10.1038/s41467-
017-02622-w

Chen C, Jin J, James DA, Adams-Cioaba MA, Park JG, Guo Y, et al. Mouse Piwi interactome identifies
binding mechanism of Tdrkh Tudor domain to arginine methylated Miwi. Proc Natl Acad Sci U SA.
2009;106: 20336—-20341. doi:10.1073/pnas.0911640106

VaginV V., Wohlschlegel J, Qu J, Jonsson Z, Huang X, Chuma S, et a. Proteomic analysis of murine
Piwi proteins reveals arole for arginine methylation in specifying interaction with Tudor family
members. Genes Dev. 2009;23: 1749-1762. doi:10.1101/gad.1814809

YabutaY, OhtaH, Abe T, Kurimoto K, Chuma S, Saitou M. TDRD?5 isrequired for retrotransposon
silencing, chromatoid body assembly, and spermiogenesisin mice. J Cell Biol. 2011;192: 781—795.
doi:10.1083/jcb.201009043

Tanaka T, Hosokawa M, Vagin V V, Reuter M, Hayashi E, Mochizuki AL, et a. Tudor domain
containing 7 (Tdrd7) is essential for dynamic ribonucleoprotein (RNP) remodeling of chromatoid bodies
during spermatogenesis. Proc Natl Acad Sci U SA. 2011;108: 10579-84. doi:10.1073/pnas.1015447108

Petil VS, Kai T. Repression of Retroelements in Drosophila Germline via piRNA Pathway by the Tudor
Domain Protein Tgas. Curr Biol. 2010;20: 724—730. doi:10.1016/j.cub.2010.02.046

Patil VS, Anand A, Chakrabarti A, Kai T. The Tudor domain protein Tapas, ahomolog of the vertebrate
Tdrd7, functionsin piRNA pathway to regulate retrotransposons in germline of Drosophila melanogaster.
BMC Biol. 2014;12: 61. doi:10.1186/preaccept-1173020653133578

Seydoux G. The P Granules of C. elegans: A Genetic Model for the Study of RNA—Protein Condensates.
JMaol Biol. 2018;430: 4702—4710. doi:10.1016/j.jmb.2018.08.007

Sundby AE, Moalnar RI, Claycomb JM. Connecting the Dots. Linking Caenorhabditis elegans Small
RNA Pathways and Germ Granules. Trends Cell Biol. 2021. doi:10.1016/j.tcb.2020.12.012

Manage KI, Rogers AK, Wallis DC, Uebel CJ, Anderson DC, Nguyen DAH, et al. A tudor domain
protein, SIMR-1 , promotes SIRNA production at piRNA- targeted mRNAsin C . elegans. 2020; 1-33.

Placentino M, de Jesus Domingues AM, Schreier J, Dietz S, Hellmann S, de Albuquerque BF, et al.
Intrinsically disordered protein PID-2 modulates Z granules and is required for heritable piRNA-induced
silencing in the Caenorhabditis elegans embryo. EMBO J. 2021;40: €105280.
doi:10.15252/embj.2020105280

Wan G, Bgjgj L, Fields B, Dodson AE, Pagano D, Fel Y, et al. ZSP-1 isaZ granule surface protein
required for Z granule fluidity and germline immortality in Caenorhabditis elegans. EMBO J. 2021,40:
€105612. doi:10.15252/embj.2020105612

AlmeidaMV, Andrade-Navarro MA, Ketting RF. Function and evolution of nematode RNAI pathways.
Non-coding RNA. 2019;5: 1-24. doi:10.3390/ncrna5010008

Ketting FR, Cochella L. Concepts and functions of small RNA pathways in C. elegans. Current Topicsin
Developmental Biology. Academic Press Inc.; 2020. doi:10.1016/bs.ctdb.2020.08.002

Das PP, Bagijn MP, Goldstein LD, Woolford JR, Lehrbach NJ, Sapetschnig A, et al. Piwi and piRNASs


https://doi.org/10.1101/2021.06.18.448978
http://creativecommons.org/licenses/by/4.0/

45.

46.

47.

48.

49.

50.

5l

52.

53.

4.

55.

56.

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.18.448978; this version posted June 18, 2021. The copyright holder for this preprint

(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY 4.0 International license.

Act Upstream of an Endogenous sSsSRNA Pathway to Suppress Tc3 Transposon Mobility in the
Caenorhabditis elegans Germline. Mol Cell. 2008;31: 79-90. doi:10.1016/j.mol cel.2008.06.003

Batista PJ, Ruby JG, Claycomb JM, Chiang R, Fahlgren N, Kasschau KD, et a. PRG-1 and 21U-RNAs
Interact to Form the piRNA Complex Required for Fertility in C. elegans. Mol Cell. 2008;31: 67-78.
doi:10.1016/j.molcel.2008.06.002

Wang G, Reinke V. A C. elegans Piwi, PRG-1, Regulates 21U-RNAs during Spermatogenesis. Curr
Biol. 2008;18: 861-867. doi:10.1016/j.cub.2008.05.009

Bagijn MP, Goldstein LD, Sapetschnig A, Weick E-M, Bouasker S, Lehrbach NJ, et al. Function,
Targets, and Evolution of &It;em& gt;Caenorhabditis elegans&It;/em& gt; piRNAs. Science (80- ).
2012;337: 574 LP —578. doi:10.1126/science.1220952

Lee HC, Gu W, Shirayama M, Y oungman E, Conte D, Méello CC. C. elegans piRNAs mediate the
genome-wide surveillance of germline transcripts. Cell. 2012;150: 78-87. doi:10.1016/j.cell.2012.06.016

Yigit E, BatistaPJ, Bel Y, Pang KM, Chen CCG, ToliaNH, et al. Analysis of the C. elegans Argonaute
Family Reveals that Distinct Argonautes Act Sequentially during RNAI. Cell. 2006;127: 747-757.
doi:10.1016/j.cell.2006.09.033

Gu W, Shirayama M, Conte D, Vasale J, Batista PJ, Claycomb JM, et al. Distinct Argonaute-Mediated
22G-RNA Pathways Direct Genome Surveillancein the C. elegans Germline. Mol Cell. 2009;36: 231—
244. doi:10.1016/j.mol cel.2009.09.020

Ashe A, Sapetschnig A, Weick EM, Mitchell J, Bagijn MP, Cording AC, et al. PPRNAS can trigger a
multigenerational epigenetic memory in the germline of C. elegans. Cell. 2012;150: 88—99.
doi:10.1016/j.cell.2012.06.018

Buckley BA, Burkhart KB, Gu SG, Spracklin G, Kershner A, Fritz H, et al. A nuclear Argonaute
promotes multigenerational epigenetic inheritance and germline immortality. Nature. 2012;489: 447-451.
doi:10.1038/nature11352

Shirayama M, Seth M, Lee HC, Gu W, Ishidate T, Conte D, et al. PIRNAS initiate an epigenetic memory
of nonself RNA in the C. elegans germline. Cell. 2012;150: 65—77. doi:10.1016/j.cell.2012.06.015

de Albuquerque BFM, Placentino M, Ketting RF. Maternal piRNAs Are Essential for Germline
Development following De Novo Establishment of Endo-siRNAs in Caenorhabditis elegans. Dev Cell.
2015; 1-9. doi:10.1016/j.devcel.2015.07.010

Phillips CM, Brown KC, Montgomery BE, Ruvkun G, Montgomery TA. piRNAs and piRNA-Dependent
siRNAs Protect Conserved and Essential C. elegans Genes from Misrouting into the RNAi Pathway. Dev
Cell. 2015;34: 457-465. doi:10.1016/j.devcel .2015.07.009

Ashe A, Sapetschnig A, Weick E-M, Mitchell J, Bagijn MP, Cording AC, et al. piRNASs can trigger a
multigenerational epigenetic memory in the germline of C. elegans. Cell. 2012;150: 88—99.
doi:10.1016/j.cell.2012.06.018

Shirayama M, Seth M, Lee HC, Gu W, Ishidate T, Conte D, et al. PRNAs initiate an epigenetic memory
of nonself RNA in the C. elegans germline. Cell. 2012;150: 65—77. doi:10.1016/j.cell.2012.06.015

Luteijn MJ, van Bergeljk P, Kaaij LJT, AlmeidaMV, Roovers EF, Berezikov E, et a. Extremely stable
Piwi-induced gene silencing in Caenorhabditis elegans. EMBO J. 2012;31: 3422—-30.
doi:10.1038/embqj.2012.213


https://doi.org/10.1101/2021.06.18.448978
http://creativecommons.org/licenses/by/4.0/

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.18.448978; this version posted June 18, 2021. The copyright holder for this preprint

(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY 4.0 International license.

Gent JI, Lamm AT, Pavelec DM, Maniar JM, Parameswaran P, Tao L, et al. Distinct Phases of SRNA
Synthesisin an Endogenous RNAI Pathway in C. elegans Soma. Mol Cell. 2010;37: 679-6809.
doi:10.1016/j.molcel.2010.01.012

Gent JI, Schvarzstein M, Villeneuve AM, Gu SG, Jantsch V, Fire AZ, et a. A Caenorhabditis elegans
RNA-directed RNA polymerase in sperm development and endogenous RNA interference. Genetics.
2009;183: 1297-1314. doi:10.1534/genetics.109.109686

Han T, Manoharan AP, Harkins TT, Bouffard P, Fitzpatrick C, Chu DS, et al. 26G endo-siRNAs regulate
spermatogenic and zygotic gene expression in Caenorhabditis elegans. Proc Natl Acad Sci U SA.
2009;106: 18674—-18679. doi:10.1073/pnas.0906378106

Pavelec DM, Lachowiec J, Duchaine TF, Smith HE, Kennedy S. Requirement for the ERI/DICER
complex in endogenous RNA interference and sperm development in Caenorhabditis elegans. Genetics.
2009;183: 1283-1295. doi:10.1534/genetics.109.108134

Thivierge C, Makil N, Flamand M, Vasale JJ, Mello CC, Wohlschlegel J, et al. Tudor domain ERI-5
tethers an RNA-dependent RNA polymerase to DCR-1 to potentiate endo-RNAI. Nat Struct Mol Biol.
2012;19: 90-97. doi:10.1038/nsmb.2186

AlmeidaMV, Dietz S, Redl S, Karaulanov E, Hildebrandt A, Renz C, et al. GTSF 1 isrequired for
formation of a functional RNA dependent RNA Polymerase complex in Caenorhabditis elegans .
EMBO J. 2018;37: 1-18. doi:10.15252/embj.201899325

Conine CC, Batista PJ, Gu W, Claycomb JM, Chaves DA, Shirayama M, et al. Argonautes ALG-3 and
ALG-4 arerequired for spermatogenesi s-specific 26G-RNAs and thermotolerant sperm in Caenorhabditis
elegans. Proc Natl Acad Sci U SA. 2010;107: 3588—-3593. doi:10.1073/pnas.0911685107

Conine CC, Moresco JJ, Gu W, Shirayama M, Conte D, Yates JR, et a. Argonautes promote male
fertility and provide a paternal memory of germline gene expression in C. Elegans. Cell. 2013;155:
1532-1544. doi:10.1016/j.cell.2013.11.032

Vasale JJ, Gu W, Thivierge C, Batista PJ, Claycomb JM, Y oungman EM, et al. Sequential rounds of
RNA-dependent RNA transcription drive endogenous small-RNA biogenesis in the ERGO-1/ Argonaute
pathway. Proc Natl Acad Sci U S A. 2010;107: 3582—3587. doi:10.1073/pnas.0911908107

Lev |, Rechavi O. Germ granules allow transmission of small RNA-based parental responsesin the germ
plasm. iScience. 2020;23: 101831. doi:10.1016/j.isci.2020.101831

Lafontaine DLJ, Riback JA, Bascetin R, Brangwynne CP. The nucleolus as a multiphase liquid
condensate. Nat Rev Mol Céll Biol. 2021;22: 165-182. doi:10.1038/s41580-020-0272-6

Phillips CM, Montgomery BE, Breen PC, Roovers EF, Rim Y-S, Ohsumi TK, et al. MUT-14 and
SMUT-1 DEAD Box RNA Helicases Have Overlapping Roles in Germline RNAI and Endogenous
SiIRNA Formation. Curr Biol. 2014;24: 839-844. doi:10.1016/j.cub.2014.02.060

Wan G, Fields BD, Spracklin G, Shukla A, Phillips CM, Kennedy S. Spatiotemporal regulation of liquid-
like condensates in epigenetic inheritance. Nature. 2018. doi:10.1038/s41586-018-0132-0

Ishidate T, Ozturk AR, Durning DJ, SharmaR, Shen E zhi, Chen H, et al. ZNFX-1 Functions within
Perinuclear Nuage to Balance Epigenetic Signals. Mol Cell. 2018;70: 639-649.€6.
doi:10.1016/j.molcel.2018.04.009

Cipriani PG, Bay O, Zinno JP, Gutwein M, Gan HH, Mayya V, et a. Novel LOTUS-domain proteins are


https://doi.org/10.1101/2021.06.18.448978
http://creativecommons.org/licenses/by/4.0/

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.18.448978; this version posted June 18, 2021. The copyright holder for this preprint

(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY 4.0 International license.

organizational hubsthat recruit C. elegans Vasato germ granules. bioRxiv. 2021; 2021.06.17.448425.
doi:10.1101/2021.06.17.448425

Jeske M, Bordi M, Glatt S, Miller S, Rybin V, Muller CWW, et al. The crystal structure of the
Drosophila germline inducer Oskar identifies two domains with distinct Vasa Helicase- and RNA-
binding activities. Cell Rep. 2015;12: 587-598. doi:10.1016/j.celrep.2015.06.055

Khayrutdinov Bl, Bae WJ, Yun YM, Lee JH, Tsuyama T, Kim JJ, et al. Structure of the Cdt1 C-terminal
domain: Conservation of the winged helix fold in replication licensing factors. Protein Sci. 2009;18:
2252-2264. doi:10.1002/pro.236

Mathioudakis N, Palencia A, Kadlec J, Round A, Tripsianes K, Sattler M, et a. The multiple Tudor
domain-containing protein TDRD1 isa molecular scaffold for mouse Piwi proteins and piRNA
biogenesis factors. RNA. 2012;18: 2056-2072. doi:10.1261/rna.034181.112

Uebel CJ, Anderson DC, Mandarino LM, Manage KI, Aynaszyan S, Phillips CM. Distinct regions of the
intrinsically disordered protein MUT-16 mediate assembly of a small RNA amplification complex and
promote phase separation of Mutator foci. PLoS Genet. 2018;14: 1-22.
doi:10.1371/journal.pgen.1007542

Chen C, Nott TJ, Jin J, Pawson T. Deciphering arginine methylation: Tudor tellsthe tale. Nat Rev Mol
Cdl Biol. 2011;12: 629-642. doi:10.1038/nrm3185

Jeske M, Muller CW, Ephrussi A. The LOTUS domain is a conserved DEAD-box RNA helicase
regulator and essential for recruitment of Vasato germ plasm (Manuscript submitted to Molecular Cell).
2017; 939-952. doi:10.1101/gad.297051.117.

Xiol J, Spindli P, Laussmann M a., Homolka D, Yang Z, CoraE, et al. RNA clamping by Vasa
assembles a piRNA amplifier complex on transposon transcripts. Cell. 2014;157: 1698-1711.
doi:10.1016/j.cell.2014.05.018

Marnik EA, Fugua JH, Sharp CS, Rochester JD, Xu EL, Holbrook SE, et al. Germline Maintenance
Through the Multifaceted Activities of GLH/Vasa in Caenorhabditis elegans P Granules. Genetics.
2019;213: 923-939. doi:10.1534/genetics.119.302670

AlmeidaMV, Andrade-Navarro MA, Ketting RF. Function and Evolution of Nematode RNAIi Pathways.
Non-coding RNA. 2019;5. doi:10.3390/ncrna5010008

Weiser NE, Kim JK. Multigenerational Regulation of the Caenorhabditis elegans Chromatin Landscape
by Germline Small RNAs. Annu Rev Genet. 2019;53: 289-311. doi:10.1146/annurev-genet-112618-
043505

Bagijn MP, Goldstein LD, Sapetschnig A, Weick E-M, Bouasker S, Lehrbach NJ, et al. Function, targets,
and evolution of Caenorhabditis elegans piRNAs. Science. 2012;337: 574-8.
doi:10.1126/science.1220952

Vasale JJ, Gu W, Thivierge C, Batista PJ, Claycomb JM, Y oungman EM, et al. Sequential rounds of
RNA-dependent RNA transcription drive endogenous small-RNA biogenesis in the ERGO-1/ Argonaute
pathway. Proc Natl Acad Sci U SA. 2010;107: 3582—-3587. doi:10.1073/pnas.0911908107

AlmeidaMV, Dietz S, Redl S, Karaulanov E, Hildebrandt A, Renz C, et al. GTSF-1 isrequired for
formation of a functional RNA-dependent RNA Polymerase complex in Caenorhabditis elegans. EMBO
J. 2018;37. doi:10.15252/embj.201899325


https://doi.org/10.1101/2021.06.18.448978
http://creativecommons.org/licenses/by/4.0/

85.

86.

87.

88.

89.

90.

91.

92.

93.

94,

95.

96.

97.

98.

99.

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.18.448978; this version posted June 18, 2021. The copyright holder for this preprint

(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY 4.0 International license.

Zhou X, XuF, Mao H, J J, Yin M, Feng X, et al. Nuclear RNAI Contributes to the Silencing of Off-
Target Genes and Repetitive Sequences in Caenorhabditis elegans. Genetics. 2014;197: 121-132.
doi:10.1534/genetics.113.159780

Guang S, Bochner AF, Pavelec DM, Burkhart KB, Harding S, Lachowiec J, et al. An Argonaute
trangports SSIRNAs from the cytoplasm to the nucleus. Science. 2008;321: 537-41.
doi:10.1126/science.1157647

Barucci G, Cornes E, Singh M, Li B, Ugolini M, Samolygo A, et a. Small-RNA-mediated
transgenerational silencing of histone genesimpairs fertility in piRNA mutants. Nat Cell Biol. 2020;22:
235-245. doi:10.1038/s41556-020-0462-7

Waddle JA, Cooper JA, Waterston RH. The alpha and beta subunits of nematode actin capping protein
function in yeast. Mol Biol Cell. 1993;4: 907-17. doi:10.1091/mbc.4.9.907

Baker JP, Titus MA. A family of unconventional myosins from the nematode Caenorhabditis elegans. J
Mol Biol. 1997;272: 523-35. doi:10.1006/jmbi.1997.1232

Ono S, Ono K. Two Caenorhabditis elegans calponin-related proteins have overlapping functions that
maintain cytoskeletal integrity and are essential for reproduction. J Biol Chem. 2020;295: 12014-12027.
doi:10.1074/jbc.RA120.014133

Klaavuniemi T, Yamashiro S, Ono S. Caenorhabditis elegans gelsolin-like protein 1 isanovel actin
filament-severing protein with four gelsolin-like repesats. J Biol Chem. 2008;283: 26071-80.
doi:10.1074/jbc.M 803618200

Ortiz M a, Noble D, Sorokin EP, Kimble J. A New Dataset of Spermatogenic vs. Oogenic
Transcriptomes in the Nematode Caenorhabditis elegans. G3. 2014;4: 1765-72.
doi:10.1534/g3.114.012351

Campbell AC, Updike DL. CSR-1 and P granules suppress sperm-specific transcription in the C. elegans
germline. Development. 2015;142: 1745-55. doi:10.1242/dev.121434

Simon M, Sarkies P, Ikegami K, Doebley A-L, Goldstein LD, Mitchell J, et al. Reduced insulin/IGF-1
signaling restores germ cell immortality to Caenorhabditis elegans Piwi mutants. Cell Rep. 2014;7: 762—
73. doi:10.1016/j.celrep.2014.03.056

Wang JT, Smith J, Chen B-C, Schmidt H, Rasoloson D, Paix A, et al. Regulation of RNA granule
dynamics by phosphorylation of serine-rich, intrinsically-disordered proteinsin C. elegans. Elife. 2014;3.
doi:10.7554/elife.04591

Smith J, Calidas D, Schmidt H, Lu T, Rasoloson D, Seydoux G. Spatial patterning of P granules by
RNA-induced phase separation of the intrinsically-disordered protein MEG-3. Elife. 2016;5: €21337.
doi:10.7554/eLife.21337

Wu Y, Han B, Gauvin TJ, Smith J, Singh A, Griffin EE. Single molecule dynamics of the P granule
scaffold MEG-3 in the C. elegans zygote. Mol Biol Cell. 2018; mbcE18060402. doi:10.1091/mbc.E18-
06-0402

Chen J-X, Cipriani PG, Mecenas D, Polanowska J, Piano F, Gunsalus KC, et al. In Vivo Interaction
Proteomics in Caenorhabditis elegans Embryos Provides New Insights into P Granule Dynamics. Mol
Cdll Proteomics. 2016;15: 1642-57. doi:10.1074/mcp.M 115.053975

Patil VS, Anand A, Chakrabarti A, Kai T. The Tudor domain protein Tapas, a homolog of the vertebrate


https://doi.org/10.1101/2021.06.18.448978
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.18.448978; this version posted June 18, 2021. The copyright holder for this preprint

(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111

112.

113.

114.

available under aCC-BY 4.0 International license.

Tdrd7, functionsin the piRNA pathway to regulate retrotransposons in germline of Drosophila
melanogaster. BMC Biol. 2014;12: 61. doi:10.1186/s12915-014-0061-9

Patil VS, Kai T. Repression of retroelements in Drosophila germline via piRNA pathway by the Tudor
domain protein Tgas. Curr Biol. 2010;20: 724-30. doi:10.1016/j.cub.2010.02.046

Lachke SA, Alkuraya FS, Kneeland SC, Ohn T, Aboukhalil A, Howell GR, et al. Mutations in the RNA
granule component TDRD7 cause cataract and glaucoma. Science. 2011;331: 1571-6.
doi:10.1126/science.1195970

Hosokawa M, Shoji M, KitamuraK, Tanaka T, Noce T, Chuma §, et al. Tudor-related proteins
TDRD1I/MTR-1, TDRD6 and TDRD7/TRAP: domain composition, intracdlular localization, and
function in male germ cells in mice. Dev Biol. 2007;301: 38-52. doi:10.1016/j.ydbio.2006.10.046

Zimmermann L, Stephens A, Nam S-Z, Rau D, Klbler J, Lozajic M, et al. A Completely Reimplemented
MPI Bioinformatics Toolkit with a New HHpred Server at its Core. JMol Biol. 2018;430: 2237-2243.
doi:10.1016/].jmb.2017.12.007

Bawono P, Heringa J. PRALINE: A Versatile Multiple Sequence Alignment Toolkit. 2014. pp. 245-262.
doi:10.1007/978-1-62703-646-7_16

Simossis VA, Heringa J. PRALINE: a multiple sequence alignment toolbox that integrates homology-
extended and secondary structure information. Nucleic Acids Res. 2005;33: W289-W294.
doi:10.1093/nar/gki390

Altschul S. Gapped BLAST and PSI-BLAST: a new generation of protein database search programs.
Nucleic Acids Res. 1997;25: 3389-3402. doi:10.1093/nar/25.17.3389

Brenner S. The genetics of Caenorhabditis elegans. Genetics. 1974/05/01. 1974;77: 71-94. Available:
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi 7cmd=Retri eve& db=PubM ed& dopt=Citation& list_uids=4
366476

GhantaKS, Méello CC. Mdting dsDNA donor molecules greatly improves precision genome editing in
caenorhabditis elegans. Genetics. 2020;216: 643-650. doi:10.1534/genetics.120.303564

Kamath RS, Martinez-Campos M, Zipperlen P, Fraser AG, Ahringer J. Effectiveness of specific RNA-
mediated interference through ingested double-stranded RNA in Caenorhabditis elegans. Genome Biol.
2001/02/24. 2001;2: RESEARCHO0002. doi:10.1186/gb-2000-2-1-research0002

Spike C, Meyer N, Racen E, Orsborn A, Kirchner J, Kuznicki K, et al. Genetic analysis of the
Caenorhabditis elegans GLH family of P-granule proteins. Genetics. 2008/04/24. 2008;178: 1973-87.
doi:10.1534/genetics.107.083469

Ahmed S, Hodgkin J. MRT-2 checkpoint protein is required for germline immortality and telomere
replication in C. elegans. Nature. 2000;403: 159-164. doi:10.1038/35003120

Simon M, Sarkies P, Ikegami K, Doebley A-L, Goldstein LD, Mitchell J, et al. Reduced Insulin/IGF-1
Signaling Restores Germ Cell Immortality to Caenorhabditis elegans Piwi Mutants. Cell Rep. 2014;7:
762—773. doi:10.1016/j.celrep.2014.03.056

James P, Halladay J, Craig EA. Genomic Librariesand a Host Strain Designed for Highly Efficient Two-
Hybrid Selection in Yeast. Genetics. 1996;144: 1425-1436.

Gietz RD, Woods RA. Y east Transformation by the LIAc/SS Carrier DNA/PEG Method. Y east


https://doi.org/10.1101/2021.06.18.448978
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.18.448978; this version posted June 18, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

Protocols. New Jersey: Humana Press; pp. 107-120. doi:10.1385/1-59259-958-3:107

115. Montgomery TA, Rim Y-S, Zhang C, Dowen RH, Phillips CM, Fischer SEJ, et a. PIWI associated
siRNAs and piRNAs specifically require the Caenorhabditis elegans HEN1 ortholog henn-1. PLoS
Genet. 2012;8: €1002616. doi:10.1371/journal.pgen.1002616

116. Ketting RF, Haverkamp TH., van Luenen HGA., Plasterk RH. mut-7 of C. elegans, Required for
Transposon Silencing and RNA Interference, Is a Homolog of Werner Syndrome Helicase and RNaseD.
Cell. 1999;99: 133-141. doi:10.1016/S0092-8674(00)81645-1

117. AlmeidaMV, de Jesus Domingues AM, Lukas H, Mendez-Lago M, Ketting RF. RppH can faithfully
replace TAP to allow cloning of 5'-triphosphate carrying small RNAs. MethodsX. 2019;6: 265-272.
doi:10.1016/j.mex.2019.01.009

118. Claycomb JM, Batista PJ, Pang KM, Gu W, Vasale JJ, van Wolfswinkel JC, et a. The Argonaute CSR-1
and its 22G-RNA cofactors are required for holocentric chromosome segregation. Cell. 2009/10/07.
2009;139: 123-34. doi:10.1016/j.cel1.2009.09.014

119. LeeH-C, GuW, ShirayamaM, Y oungman E, Conte D, Mello CC. C. elegans piRNAs mediate the
genome-wide surveillance of germline transcripts. Cell. 2012;150: 78-87. doi:10.1016/j.cell.2012.06.016

120. Shevchenko A, Tomas H, Havlis J, Olsen JV, Mann M. In-gel digestion for mass spectrometric
characterization of proteins and proteomes. Nat Protoc. 2006;1: 2856—60. doi:10.1038/nprot.2006.468

121. Kappei D, Butter F, Benda C, Scheibe M, Draskovi¢ I, Stevense M, et al. HOT1 isamammalian direct
telomere repeat-binding protein contributing to telomerase recruitment. EMBO J. 2013;32: 1681-701.
doi:10.1038/embqj.2013.105

122. Rappsilber J, Mann M, Ishihama Y. Protocol for micro-purification, enrichment, pre-fractionation and
storage of peptides for proteomics using StageTips. Nat Protoc. 2007;2: 1896-906.
doi:10.1038/nprot.2007.261

Supporting infor mation

Figure S1. Sequence conservation of LOTUS and Tudor domains across species. Sequence alignment
across indicated species for the A) LOTUS domains and B) Tudor domains. C) Conservation of LOTUS and
Tudor domains across indicated proteins and species.

Figure S2. LOTR-1 associates with the MIP proteins and ZNFX-1, but not GLH-1 by Y2H. A) Y2H
analysis of MIP-1, MIP-2, and LOTR-1. MIP-1's C-terminal half interacts with full length LOTR-1. LOTR-
1's C-terminal half interacts with both MIP-1 and MIP-2, and the LOTR-1/MIP interactions are independent of
LOTR-1's LOTUS domains. B) Y2H analysis of LOTR-1, MIP-1 and GLH-1 do not uncover an interaction
between LOTR-1 and GLH-1. C) Y2H activation through the N-terminal third of ZNFX-1 is strengthened by
an association with LOTR-1. Yellow boxes are duplicated in Fig 4.

Figure S3. The effect of lotr-1 mutations of small RNA silencing and transposon mobilization. A) Cross
scheme of a non-stably silenced 21U sensor with lotr-1(xf58) mutants. The F3 of the indicated genotype was
scored for mCherry expression in the germline. B) Schematics of two independent crosses between two lotr-1
mutant alleles and a 21U sensor that is stably silenced under RNAe. C) Schematic of the unc-22(st136) alele. In
an otherwise wild-type background, the Tcl copy integrated in the unc-22 gene does not mobilize, and these
mutants display a twitcher phenotype. However, if trangposon silencing is compromised Tcl will become
mobile and transpose leaving an intact unc-22 gene, which restores the wild-type phenotype. D) Layout of the
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unc-22(st136) x lotr-1 crosses to address Tcl derepression. E) Reversion frequency of the indicated
genotypes. F) Transgene imaging of the indicated sensor strain. G) Differentia interference contrast, and
fluorescence photomicrographs of Embryos (G), and L4 animals (H) of the indicated genotypes. GFP is
observed in the nuclei of hypodermic seam cells, indicated by white arrowheads in H. The images are
representative of at least 10 embryos or 10 L4 worms.

Figure $4. 22G-RNA distribution over specific target genesin lotr-1 mutants. Metagene plots to visualize
relative 22G-RNA distribution in wild-type (N2) and lotr-1 mutants over A) upregulated Mutator targets, B)
downregulated Mutator targets, C) ALG-3/4 targets, and D) ERGO-1 targets.

S1 Table. Enriched Proteinsof 3XFLAG::GFP::LOTR-1 anti-FLAG IP-gM S

S2 Table. Enriched Proteinsof 3xFLAG::GFP::ZNFX-1 anti-FLAG IP-gM S

S3 Table. 22G-RNA and 26G-RNA differential expression analysiswith gene annotation.
4 Table. Strains used or created for this study

Figure Captions

Figure 1. LOTR-1isagerm granule protein that contains LOTUS and Tudor domains. A) Top schematic
depicts the location of the eLOTUS, mLOTUS and Tudor domain of LOTR-1. Bottom depicts the CRISPR edit
used to add an N terminal 3X FLAG tag and GFP. Alleles generated for this study are indicated. B) Predicted
3D model overlap of the eLOTUS and mLOTUS domains of C. elegans LOTR-1 with the Oskar eLOTUS
domain from Drosophila melanogaster. The a5 helix (highlighted) is present in the eLOTUS domain. C)
Predicted 3D structure of the Tudor domain (aa 534-670) of LOTR-1 overlapped with TD3 domain of mouse
TDRD1. D) GFP:LOTR-1 and PGL-1::RFP in the germline of living worms. E) Super-resolution confocal
imaging of GFP::LOTR-1 and PGL-1::RFP in pachytene germ cells.

Figure 2. The germ granule localization of LOTR-1 is dependent on its Tudor domain and the LOTUS-
containing MIP-1 and MIP-2 proteins. A) Live-imaging of young adults shows the distribution of LOTR-
1::GFP in the presence and absence of its LOTUS and Tudor domains. B) LOTR-1 distribution during
spermatogenesis in the fourth larval stage (L4). C) Live imaging of mCherry::PRG-1 and GFP::LOTR-1 in the
germline L4 stage, and D) young adult stage worms. E) mCherry::PRG-1 and GFP::LOTR-1 distribution
during spermatogenesis in both the presence and absence of LOTR-1's Tudor domain. F) RNAI depletion of
mip-1 and mip-2 in GFP:LOTR-1 compared to control RNAIi. Orange boxes indicate region of
spermatogenesis. Scale is 20 microns.

Figure 3. Consequences of lotr-1 disruption. A) Fertility at permissive (20°C) and restrictive (26°C)
temperatures in indicated lotr-1 mutants and B) Percent sterility. C) glh-1 RNAI in indicated lotr-1 mutants.
p<0.003. D) Live PGL-1::RFP and GFP::LOTR-1 imaging in young adult germlines. E) lotr-1 RNAi compared
to control RNAI in LOTR-1, GLH-1, PGL-3, DEPS-1, MIP-1 and MIP-2 reporter young adult worms. F)
Number of fertile plates of each strain indicated per generation. The onset of sterility of lotr-1 mutants occurred
at the 18™ generation in the xf58 and xf60 alleles, and at the 20™ generation in the xf61 allele. The decline in
fertility proceeded in al lotr-1 strains until no fertile plate remained. Scaleis 20 microns.

Figure 4. LOTR-1 interacts with MI1Ps but not GLH-1 by yeast-two-hybrid (Y2H). A) Association of
full-length MIP-1 (top) and MIP-2 (bottom) with full-length (1-855) and C-terminal (429-855) LOTR-1 by
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Y2H. B) Full-length LOTR-1 and GLH-1, in both Y2H bait and prey positions, fails to demonstrate the
association found between MIP-1 and GLH-1.

Figure 5. Small RNA changes in lotr-1 mutants. A -B) Differential interference contrast, and fluorescence
photomicrographs of worms carrying two different 21U sensors, one A) dependent on 21U-RNAS, and one B)
under RNA-induced epigenetic silencing (RNAe). Scale is 20 microns. C) Small RNA levels for indicated
populations normalized to all non-structural reads (excluding rRNA, snoRNA, snRNA, and tRNAs). D)
Differential expression analysis to determine genes and transposons that are significantly depleted or enriched
of mapped smal RNAS in lotr-1 mutants. The MA plots depict DESeg2 differential results for miRNAs
(n=257), 21U-RNAs over 21ur loci (n=14328) and 22G-/26G-RNAs over protein coding genes (n=20222),
[incRNAs (n=172), pseudogenes (n=1791) and transposons (n=151) with significant changes (>2-fold at 10%
FDR) colored in red with the number of up- and down-regulated hits indicated. E-F) Bar plots depicting the
number and percentage of genes with significantly deregulated 22G-RNAs in the indicated gene classes and
target lists from previous studies. G) Violin plot showing the distribution of normalized 22G-RNA levels of the
71 genes with significant 26G-RNA depletion (p=0.015 using a two-sided Wilcoxon signed-rank test for a
group-wise comparison).

Figure 6. LOTR-1 protein associations. A) Volcano plots show the significance and enrichment of proteins
that immunoprecipitated with 3XFLAG::GFP::LOTR-1 over the lotr-1 deletion expressing GFP:.:3xFLAG
alone, as identified by gMS. B) Venn diagram shows significantly enriched proteins that overlapped between
two rounds of LOTR-1 IP-gM S from both embryo and young adult lysates. C) Heat map showing the changein
LOTR-1 association in embryos and young adults when LOTUS or Tudor domains of LOTR-1 were del eted.

Figure 7. LOTR-1 localizes to and impact Z granule composition. A) Live super-resolution confocal
imaging of RFP::ZNFX-1 and GFP::LOTR-1 in pachytene cells of the adult germline. B) Live imaging of
RFP::ZNFX-1 and GFP::LOTR-1 in the germline of wild-type and lotr-1 mutant adults. C) Comparison of
GFP::LOTR-1 and mCherry::PRG-1 expression in the germlines of first and second generation of znfx-mutant
worms. D) mCherry::PRG-1 expression in lotr-1; znfx-1 double mutants. Scale is 20 microns unless otherwise
stated.

Figure 8. Altered 22G-RNA distribution and RNAI defects in lotr-1 mutants. Metagene plots to visualize
relative 22G-RNA distribution in wild-type (N2) and lotr-1 mutants over A) WAGO targets, B) mutator targets,
and C) CSR-1 targets. D) Resistance to pos-1 RNAi-induced embryonic lethality in a lotr-1 mutant. E) RNAI
inheritance in alotr-1 mutant. Knock-down of GFP persists over more generationsin the lotr-1 deletion.

Figure 9. ZNFX-1 protein associations. A) Volcano plots show the significance and enrichment of proteins
immunoprecipitated with 3XFLAG::GFP::ZNFX-1 over untagged ZNFX-1, as identified by gMS. B) Venn
diagram shows significantly enriched proteins that overlapped between LOTR-1 and ZNFX-1 IP-gM S from
both embryo and young adult lysates. C) Heat map showing the change in ZNFX-1 association when lotr-1 was
mutated. D) Brood sizes at 25°C in lotr-1 and znfx-1 mutants over five generations. A T-test was used to
determine assess significance at generation five. E) Model of LOTR-1 function in Z granules. LOTR-1 could
tether 3' end processing factors CPF-1 and SUF-1 to RdRP-dependent amplification of 22G-RNAS, keeping
22G-RNA distribution balanced. In the absence of LOTR-1, RdRP activity shifts to the 5 end of
WAGO/mutator targets.
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