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SUMMARY

Germ granules, or nuage, are RNA-rich condensates that are often docked on the cytoplasmic surface of
germline nuclei. C. elegans perinuclear germ granules are composed of multiple subcompartments, including
P granules, Mutator foci, Z granules, SIMR foci, P -bodies, and E granules. Although many perinuclear pro-
teins have been identified, their precise localization within the subcompartments of the germ granule is still
unclear. Here, we systematically labeled perinuclear proteins with fluorescent tags via CRISPR-Cas9 tech-
nology. Using this nematode strain library, we identified a series of proteins localized in Z or E granules
and extended the characterization of the D granule. Finally, we found that the LOTUS domain protein MIP-
1/EGGD-1 regulated the multiphase organization of the germ granule. Overall, our work identified the
germ-granule architecture and redefined the compartmental localization of perinuclear proteins. Addition-
ally, the library of genetically modified nematode strains will facilitate research on C. elegans germ granules.

INTRODUCTION

Biomolecular condensates are honmembrane-enclosed organ-
elles that consist of RNAs and proteins, the formation of which
is likely elicited by phase separation and mediated by weak
and multivalent interactions between RNA, intrinsically disor-
dered proteins, and RNA-binding proteins.’™ Common biomol-
ecular condensates include nucleoli, processing (P) bodies,
Cajal bodies, stress granules, and germ granules. The molecular
constituents within these liquid droplet-like condensates ex-
change rapidly with the surrounding cellular contents.*> The
current model posits that these biomolecular condensates
spatiotemporally bring proteins and RNA molecules together to
orchestrate complicated RNA processing steps and coordinate
gene expression.*®

Many biomolecular condensates contain distinct, immiscible,
condensed subcompartments, giving rise to multilayered liquid
droplets that may facilitate sequential RNA processing reac-
tions in a variety of RNP bodies.” For example, the nucleoli
usually contain at least three distinct and coexisting subcom-
partments termed the fibrillar center, dense fibrillar component,
and granular component, which are spatially organized, forming
layered droplet organization.®'® The layered, multiphase

droplet nature of nucleoli is thought to facilitate assembly line
processing of ribosomal RNA.% Recently, high-resolution fluo-
rescence microscopy assays of fluorescent tag-labeled pro-
teins enabled the investigation of the multilayered organization
of biomolecular condensates directly in their cellular context
and revealed the multiphasic condensate composition and
spatial organization of many condensates, such as nucleoli, nu-
clear speckles, paraspeckles, stress granules, and germ gran-
ules."’™"® Although the underlying molecular mechanisms are
largely unknown, the spatial organization of biomolecules into
distinct subcompartments within biomolecular condensates
may add another layer of internal composition regulation and
play a fundamental role in facilitating their complex biological
functions.

Germ granules are RNA-rich biomolecular condensates that
are often docked at germ cell nuclei.'” ' Germ granules are
widely present in the germ cells of a variety of animals, including
worms, flies, zebrafish, Xenopus, and mice.?’*° Recent studies
have suggested that C. elegans germ granules are subcompart-
mentalized into several distinct regions that enclose particular
sets of proteins, including P granules, Mutator foci, Z granules,
SIMR foci, P-bodies, and E granules.”'*”-?® The P granule ex-
hibits multiple liquid-like behaviors and has emerged as a
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leading model for the study of biomolecular condensates.?"*°

PGL-1 is a germline-expressed protein that is widely used as a
marker protein of P granules.®' The Z granule contains ZNFX-1
and WAGO-4, which promote RNAi inheritance.'****® The Mu-
tator foci and E granule are two independent germ granule com-
partments required for 22G RNA generation using a largely
nonoverlapping set of RNA transcripts as templates.?®3%3°
SIMR foci, which are marked by SIMR-1, promote small in-
terfering RNA (siRNA) amplification from piRNA targets and
drive small RNA specificity for the nuclear Argonaute protein
HRDE-1.%5*" P-bodies, which are marked by CGH-1, are cellular
aggregates of translationally repressed mRNPs that usually
degrade mRNAs and inhibit their translation.””-*®*° Remarkably,
these immiscible germ-granule compartments are not randomly
ordered with respect to each other. For example, many germ
granules contain a single Z granule sandwiched between a P
granule and a Mutator focus, forming ordered tri-condensate as-
semblages termed PZM granules.'* However, little is known
about how and why C. elegans germ granules are divided into
so many granular subcompartments and whether uncharted
germ-granule compartments await discovery.

The multiphasic C. elegans germ granule provides multiple
unique subcompartments to organize perinuclear proteins
and establish highly sophisticated perinuclear gene regulation
networks, including small RNA-based gene regulatory path-
ways.?"?%% For instance, many Mutator factors accumulate at
Mutator foci, contributing to siRNA amplification from pol-
y(UG)-tailed RNA templates to promote gene silencing.®>*"*?
However, the biological functions of most germ-granule compa-
rtments are largely unknown. For example, although ZNFX-1,
WAGO-4, and LOTR-1 localize in Z granules, both ZNFX-1 and
WAGO-4 promote RNAI inheritance, whereas lotr-1 mutants
display enhanced RNAI inheritance, suggesting that the Z gra-
nule may play multiple roles in the inheritance of RNAi. #3243
Determining the compartmental localization of perinuclear pro-
teins or the proteomes of specific germ-granule compartments
may help comprehensively understand the cellular functions of
each germ-granule compartment. For instance, the identification
of SIMR foci-localized proteins improves our understanding
of the biological functions of SIMR foci, such as siRNA amp-
lification from piRNA targets and the driving of small RNA
specificity for Argonaute proteins.*®*” Approximately 90 C. ele-
gans proteins have been found to be enriched in the germ
granule.?’?857:4445 yet, the precise localization of many of these
proteins within the germ granule is still unclear. Deciphering the
suborganelle localization of perinuclear proteins may help
comprehensively understand the biological functions of each
germ-granule compartment in perinuclear RNA processing and
gene regulation networks.

Here, we systematically labeled reported perinuclear pro-
teins with fluorescent tags via CRISPR-Cas9 technology. We
re-explored the perinuclear localization of these proteins and
corrected some ambiguous and missing annotations in previ-
ous studies. We found that proteins participating in distinct
piRNA processing steps were each enriched in particular
germ-granule compartments. We extended the characteriza-
tion of the D granule that localized between the P granule
and the nuclear pore complex (NPC). Furthermore, we found
that the architecture of the germ granule was maintained by
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the LOTUS domain protein MIP-1/EGGD-1. Overall, our work
revealed the architecture of the multilayered germ granule
and provided a resource for investigating perinuclear proteins
in C. elegans.

RESULTS

Systematic labeling of perinuclear proteins with
fluorescent tags via CRISPR-Cas9 technology

The current model posits that C. elegans germ granules are
divided into at least 6 subcompartments, including P granules,
Mutator foci, Z granules, SIMR foci, P-bodies, and E granules
(Figure 1A).?"*"?® These subcompartments, in which distinct
sets of proteins have been identified, are assembled in an orderly
manner outside the nuclear envelope.?’ Additionally, we re-
vealed that DDX-19 was enriched in a distinct subcompartment,
termed the D granule in this study (Figure 1A). Particular proteins
were used as marker proteins to visualize each subcompartment
(Figure 1B)'14,27,28,35,36,38,46,47,49

More than half of the perinuclear proteins were previously an-
notated to be enriched in the P granule.?’ However, improve-
ments in microscopy resolution and the identification of more
subcompartments prompted us to reinvestigate the localization
of the reported perinuclear proteins within germ granules. Thus,
we systematically tagged these proteins with fluorescent tags
via CRISPR-Cas9 technology (Figures 1C, S1A, and S1B). In
this study, we successfully tagged 44 proteins with fluorescent
tags. These insertions were confirmed via both genotyping
and fluorescence analysis (Figures 1D and S1B). As most of
these genes are required for fertility,”’ we assessed the brood
size of these strains and did not find significant alterations in
most of the strains compared with N2 (wild-type) worms
(Figures S1C and S1D), suggesting that the fluorescence-
tagged proteins largely recapitulated their endogenous func-
tions. We further collected nematode strains expressing fluo-
rescence-tagged perinuclear proteins, which were constructed
previously in our laboratory.?®°°=? |n total, we collected a nem-
atode strain library that consists of 80 strains covering 65
genes (Table S1).

We further examined whether the same proteins with different
tags colocalized with each other. We crossed animals express-
ing the same proteins labeled with different fluorescent tags
and examined their localization in F1 heterozygous animals,
such as PGL-1, ZNFX-1, CSR-1, and DEPS-1 (Figure 1E). The re-
sults suggested that labeling of perinuclear proteins with
different fluorescent tags did not obviously affect their perinu-
clear condensation or localization (Figure 1E).

Systematic investigation of the compartmental
localization of perinuclear proteins within the germ
granule

On the basis of the strain library, we then systematically exam-
ined the perinuclear localization of these proteins within the
germ granule via fluorescence imaging. Notably, although
most of these proteins were expressed throughout the germline
during development, we only imaged these proteins in the
pachytene cells of day 1 self-fertile adult hermaphrodites in
this study. Moreover, most of these proteins localize to both
the cytosol and germ granules in germ cells, especially P-body
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Figure 1. Systematic labeling of perinuclear proteins with fluorescent tags via CRISPR-Cas9 technology

(A) Model of germ-granule architecture in C. elegans pachytene cells. Note that the relative positions of different germ-granule compartments in this model were
inferred from imaging of multiple sets of two or three condensates.'*27:2%:36:46:47 Moreover, compositional condensates vary mildly among different perinuclear
germ granules, and the shapes of particular germ-granule compartments may also be dynamic, for example, the toroid shape of a subset of P granules in late
pachytene cells.*® Therefore, this model only indicates that at least seven subcompartments act as optional units in germ-granule assembly in pachytene cells
and roughly shows the shapes and spatial organization of different germ-granule compartments. The precise spatial organization of each subcompartment within
germ granules is still largely unknown.

(B) Summary of the marker proteins of each germ-granule compartment.

(C) Schematic of the insertion of DNA elements encoding GFP::3xFLAG into designed genomic loci via CRISPR-Cas9 technology.

(D) Fluorescence micrographs of the germline and embryos dissected from adults expressing PGL-1::GFP.

(E) Fluorescence micrographs of pachytene germ cells that express the indicated fluorescent proteins.

See also Figures S1 and S2 and Table S1.
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Table 1. Summary of the compartmental localization of perinuclear proteins in germ granules of pachytene cells

Domain/cellular function (Phillips

Localization Protein Human ortholog (Wormbase) Figure/Ref and Updike®' and Wormbase)
P granule PGL-1 - Kawasaki et al.*® RNA endoribonuclease
FBF-2 - Figure S2A Pumilio-family RNA-binding domain
GLD-1 QKI (QKI, KH domain-containing Figure S2A RNA-binding KH domain
RNA binding)
GLD-2 TENT2 (terminal nucleotidyltransferase 2) Figure S2A Poly(A) polymerase
GLD-3 - Figure S2A KH RNA-binding domain
GLH-1 DDX4 (DEAD-box helicase 4) Figure 2A Vasa DEAD-box helicase
GLH-2 DDX4 (DEAD-box helicase 4) Figure S2B Vasa DEAD-box helicase
GLS-1 = Figure S2A germ cell fate decision
HENN-1 HENMT1 (HEN methyltransferase 1) Figure 3J 2'-O-methyltransferase
IFE-1 EIF4E and EIF4E1B (eukaryotic Figure S2A mRNA cap-binding
translation initiation factor 4E family)
LAF-1 DDX3X (DEAD-box helicase 3 X-linked) Figure S2A DEAD-box helicase
and DDX3Y (DEAD-box helicase 3 Y-linked)
PGL-2 - Figure 2A PGL family protein of
unknown function
PGL-3 - Figure 2A RNA endoribonuclease and
P granule assembly
PUF-8 PUM1 and PUM2 (pumilio Figure S2A Pumilio-family RNA-binding domain
RNA-binding family member 1 and 2)
RDE-12 Probable ATP-dependent Figure S2A DEAD-box helicase
RNA helicase DDX4
RNP-8 = Figure S2A RRM RNA-binding domain
VBH-1 DDX3X (DEAD-box helicase 3 X-linked) Figure S2A Vasa- and Belle-like DEAD-box helicase
WAGO-1 = Figure 2A Argonaute binding to 22G RNAs
Z granule ZNFX-1 ZNFX1 (zinc finger Wan et al.™ NFX1-type zinc finger domain
NFX1-type containing 1)
DEPS-1 - Figure 2B P granule assembly and
piRNA-based silencing
GLH-3° DDX4 (DEAD-box helicase 4) Figure 2D Vasa DEAD-box helicase
GLH-4 - Figure 2D Vasa DEAD-box helicase
LOTR-1 - Figure S2A LOTUS and Tudor domains
MIP-2/EGGD-2 - Figure 2D LOTUS domain
PARN-1 PNLDC1 (PARN like ribonuclease Figure 3F piRNA 3'-5’ exoribonuclease
domain-containing exonuclease 1)
PID-4 - Figure S4H and S41  piRNA-induced gene silencing
PID-5 XPNPEP1 (X-prolyl aminopeptidase 1) Figure S4J and S4K  piRNA-induced gene silencing
PRG-1? PIWIL1 and PIWIL3 Figure 3F PIWI protein binding to
(piwi like RNA-mediated 21U RNAs (piRNAs)
gene silencing 1 and 3)
Mutator MUT-16 - Phillips et al.* Mutator foci formation and siRNA
foci amplification
MUT-2 — Figure S2A poly(UG) polymerase
RRF-1 - Chen et al.”® RNA-directed RNA
and Phillips et al.**  polymerase (RdRP)
SIMR SIMR-1 - Manage et al.*® siRNA defective Tudor-domain
foci protein
HRDE-2 - Figure S2A and HELICc domain
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Table 1. Continued
Domain/cellular function (Phillips
Localization  Protein Human ortholog (Wormbase) Figure/Ref and Updike®' and Wormbase)
P-body CGH-1 DDX6 (DEAD-box helicase 6) Du et al.?’ Dhh1/DDX6 DEAD-box helicase
CAR-1 LSM14B (LSM family member 14B) Figure S2D cytokinesis, apoptosis,
and RNA-associated
EDC-3 EDC3 (enhancer of mRNA decapping 3) Zhang et al.”” enhancer of mMRNA decapping
IFE-3 EIFAE and EIF4E1B (eukaryotic Figure S4E mRNA cap-binding
translation initiation factor 4E family)
IFET-1 EIF4AENIF1 (eukaryotic translation Figure S2D elF4E transporter
initiation factor 4E nuclear import factor 1)
NHL-2 TRIM45 (tripartite motif containing 45) Figure S2D DEAD/H-box RNA helicase binding activity
E granule ELLI-1 - Chen et al.”® E granule assembly and siRNA biogenesis
DRH-3 @ RIGI (RNA sensor RIG-I) Chen et al.?® Dicer-related DEAD-box helicase
EGC-1 - Chen et al.?® E granule assembly
EGO-1? - Chen et al.?® RNA-directed RNA polymerase (RdRP)
EKL-1? - Chen et al.?® siRNA biogenesis
ERH-2 ERH (ERH mRNA splicing Figure 3C piRNA biogenesis and cell division
and mitosis factor)
PICS-1/PID-3 - Figure 3C piRNA biogenesis and cell division
PID-1 - Figure 3C piRNA biogenesis
TOFU-6 - Figure 3C piRNA biogenesis and cell division
D granule DDX-19 DDX19A and DDX19B Figure 4B and DEAD-box helicase
(DEAD-box helicase 19A and 19B) Sheth et al.*®
CSR-17 - Figure 4F and 4G Essential Argonaute binding to 22G RNAs
NPCs NXF-1 NXF1; NXF2 and NXF2B (nuclear Figure S5I NXF1/TAP-like mRNA export factor
RNA export factor)
NPP-9 RANBP2 (RAN binding protein 2) Figure 4A nuclear pore complex protein
Unknown PLP-1 PURB (purine rich element Figure S2E Pur alpha-like protein
binding protein B)
PAB-1 PABPC1; PABPC3 and PABPC4 Figure S2E poly(A)-binding protein
(poly(A) binding protein)
MINA-1 - Figure S2E mRNA binding and inhibitor of apoptosis
DCAP-1 DCP1A and DCP1B (decapping Figure S2D mRNA decapping enzyme
mRNA 1A and 1B)
GLD-4 TENT4A and TENT4B (terminal Figure S2E poly(A) polymerase

nucleotidyltransferase 4A and 4B)

8GLH-3, PRG-1, and CSR-1 partially localized to P granules; EGO-1, DRH-3, and EKL-1 partially localized to Mutator foci.

proteins, yet we have focused mainly on deciphering their local-
ization within germ granules.

To examine whether these perinuclear proteins were en-
riched in particular subcompartments of the germ granule re-
ported in the literature, we crossed these fluorescent proteins
into animals expressing corresponding marker proteins and
imaged the animals. The localization of most of these proteins
was consistent with the literature®'"->° (Figures S2A-S2D).
Several proteins, such as DCAP-1, MINA-1, PAB-1, PLP-1,
and GLD-4, presented poor perinuclear accumulation, making
it difficult to clarify their intragranular positioning (Figures S2D
and S2E). However, a considerable number of proteins, which
were previously considered P granule components, accumu-
lated in other subcompartments of the germ granule. For pro-
teins whose compartmental localization differed from that re-
ported in the literature, on the basis of shapes and sizes of

their perinuclear foci in pachytene cells and the dynamic for-
mation of their foci during development,'*?%°* we first
empirically assessed the subcompartments in which these
proteins may accumulate. We then crossed these tagged
proteins with the corresponding marker strains to confirm
their colocalization. Lastly, their compartmental localization
was further verified by examining their localization in mutants
with defects in the perinuclear assembly of particular germ-
granule compartments, for example, in pid-2(-) and mip-1(-)
animals.'®#4#5555¢ The compartmental localization of perinu-
clear proteins revealed by the above strategy is summarized
in Table 1. Notably, labeling perinuclear proteins with different
fluorescent tags may affect their localization/condensation un-
der stress conditions, as it has been reported that labeling
PGL-1 with different fluorescent tags affects its condensation
upon stress treatment.®”
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DEPS-1, MIP-2, GLH-3, and GLH-4 were enriched in Z
granules

We first examined the localization of common P granule markers
and the factors required for P granule assembly. PGL-1::tagRFP
was used as the marker of P granules.**° PGL family proteins,
including PGL-1, PGL-2, and PGL-3, localize to perinuclear con-
densates and function redundantly in C. elegans germline devel-
opment.58 As reported previously, GFP::PGL-2 and PGL-3::GFP
colocalized with PGL-1::tagRFP in the P granule (Figure 2A).
WAGO-1, an Argonaute protein involved in the RNAi pathway,
also colocalized with PGL-1::tagRFP, as previously reported
(Figure 2A).%°

DEPS-1, which interacts with PRG-1, ZNFX-1, and LOTR-1 in
germ cells, promotes piRNA-dependent silencing and RNAi in-
heritance.**¢"5> DEPS-1 also promotes P granule assembly,
germ cell proliferation, and fertility.®""°® Unexpectedly, DEPS-1::
GFP did not colocalize with PGL-1::tagRFP but colocalized with
tagRFP::ZNFX-1 (Figures 2A and 2B). Similarly, DEPS-1::tagRFP
colocalized with GFP::ZNFX-1 (Figure 2B). Image quantification
of the spatial overlap between these fluorescence signals further
revealed that DEPS-1 was a Z granule component (Figure 2C).
These results also suggested that labeling DEPS-1 with different
fluorescent tags did not affect its accumulation in Z granules.

MIP-1/EGGD-1 and MIP-2/EGGD-2 are two LOTUS domain-
containing proteins that recruit C. elegans Vasa to perinuclear
germ granules.***® Animals lacking MIP-1/EGGD-1 and MIP-2/
EGGD-2 exhibit P granule detachment from the nuclear enve-
lope, temperature-sensitive embryonic lethality, sterility, and
enhanced transgenerational RNAi inheritance.***°*° MIP-1/
EGGD-1 is reported to be enriched in P granules, yet the cellular
localization of MIP-2/EGGD-2 in germ cells is still unclear.***°
Consistent with the findings of a recent study,®* we found that
MIP-2::GFP was enriched in Z granules in germ cells (Figures
2A, 2C, and 2D). LOTR-1, another LOTUS domain-containing
protein, accumulated in the Z granule, as reported previously
(Figures 2C and S2A).*

Vasa DEAD-box helicases are widespread markers of germ
cells among different species.®® C. elegans has four Vasa family
members, namely, GLH-1, GLH-2, GLH-3, and GLH-4, all of
which are associated with germ granules.®® Among these pro-
teins, GLH-1 and GLH-4 are required for proper association of
the PGL family proteins with P granules and for the organization
of germ granules.®®°® We examined whether these proteins are
enriched in the P granule. GLH-1 colocalized with WAGO-1 (Fig-
ure 2A), and GLH-2 colocalized with PGL-1 (Figure S2B), sug-
gesting that GLH-1 and GLH-2 accumulated in the P granule.
Interestingly, GLH-3 largely accumulated at distinct perinuclear
foci but with slight P granule localization (Figures 2A and 2C).
We further found that GLH-3 mainly colocalized with tagRFP::
ZNFX-1, suggesting that GLH-3 preferentially accumulated
in the Z granule (Figures 2C and 2D). Similarly, GLH-4::GFP
did not colocalize with PGL-1::tagRFP but colocalized with
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tagRFP::ZNFX-1 (Figures 2A, 2C, and 2D). Interestingly, all four
proteins contain DEAD/DEAH box helicase domains, helicase-
conserved C-terminal domains, and zf-CCHC domains (Fig-
ure S3A).°° The zf-CCHC domains are relatively small protein
motifs that contain multiple finger-like protrusions that make tan-
dem contacts with their target molecules, including RNAs and
DNAs.”®"" The protein sequences of the zf~-CCHC domains of
GLH-1 are largely similar to those of GLH-2 but different from
those of GLH-3 or GLH-4, implying that GLH-1 and GLH-2
may bind to similar RNA molecules that are distinct from the
RNA interactors of GLH-3 or GLH-4 (Figure S3B). It has been re-
ported that sequence-encoded and composition-dependent
protein-RNA interactions can control multiphasic condensate
morphologies.”® Thus, we speculate that the RNA molecules
that bind to specific Vasa DEAD-box helicases may contribute
to their distinct cellular localization. Alternatively, different pro-
tein interactors of these helicases may help determine their
localization.

To further confirm the Z granule localization of these proteins,
we examined whether their perinuclear distributions were
affected by defects in Z granule assembly. PID-2/ZSP-1 regu-
lates the morphology of Z granules without detectably affecting
the morphology of P granules, Mutator foci, or SIMR foci.'®°°
Thus, we examined whether these four proteins were still en-
riched in Z granules in pid-2 mutants. As pid-2/zsp-1 and
deps-1 are genetically linked, we directly knocked out the
pid-2 gene in the deps-1::gfp; tagRFP::znfx-1 animals via a
dual sgRNA strategy (Figure 2E).*° As expected, all of these pro-
teins remained colocalized with tagRFP::ZNFX-1 in pid-2 mu-
tants, further suggesting that these proteins were Z granule com-
ponents (Figure 2F).

piRNA processing factors accumulate in distinct germ-
granule compartments

piRNAs (21U-RNAs in C. elegans) are produced from Pol lI-tran-
scribed piRNA precursors and are subjected to a series of proce-
ssing steps in the cytoplasm (Figure 3A).”*~"® Many cytoplasmic
piRNA processing factors are enriched in germ granules.?’

The PICS/PETISCO complex consists of four core subunits,
namely, PICS-1/PID-3, PID-1, TOFU-6, and ERH-2.°%"7"8" The
PICS/PETISCO complex stabilizes the PUCH complex and facil-
itates 5 trimming of piRNA precursors.”® We previously reported
that knocking down csr-1 and glh-1, two reported P granule
components, failed to disrupt perinuclear PICS foci, implying
that the PICS/PETISCO complex may not localize to P gran-
ules.’® Consistent with this idea, these proteins did not colocal-
ize but rather were adjacent to the P granule marker PGL-1 (Fig-
ure 3B). Moreover, the PICS complex did not localize to SIMR
foci (marked by SIMR-1:tagRFP) or Mutator foci (marked by
mCherry::MUT-16) (Figures S4A and S4B). We observed that
all the GFP-tagged PICS complex components colocalized
with tagRFP::ELLI-1, which is a marker of the E granule

Figure 2. Identification of Z granule-enriched perinuclear proteins

(A, B, and D) Fluorescence micrographs of pachytene cells that express the indicated fluorescent proteins.

(C) Quantification of colocalization between the indicated fluorescent proteins in pachytene cells (see STAR Methods). The mean is indicated by a solid black line.
(E) Sequence information of the pid-2 allele generated via a multiple sgRNA-based CRISPR-Cas9 gene editing system.*°

(F) Images of tagRFP::ZNFX-1 and the indicated GFP-tagged proteins in the germ cells of pid-2(ust628) or pid-2(gg682) animals.

See also Figure S3.
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(Figure 3C). Image quantification of the spatial overlap between
these fluorescence signals further revealed that the PICS com-
plex was enriched in the E granule (Figure 3D). The LOTUS
domain protein MIP-1/EGGD-1 is required for the perinuclear
localization of P granules, Z granules, and Mutator foci.**45:5°
However, similar to other E granule components,?® the PICS
complex remained enriched in perinuclear condensates upon
depletion of MIP-1/EGGD-1 (Figures S4C and S4D). Intriguingly,
IFE-3, a C. elegans elFAE homolog that interacts with PID-1 and
is likely involved in the 5 maturation of piRNA precursors,
whose foci have been reported to separate from PGL-1/IFE-1
foci,””#2:8% colocalized with mCherry::CGH-1 and accumulated
in the P- body (Figure S4E).

parn-1 encodes a conserved RNA exoribonuclease that trims
PiRNA 3’ ends.®* PARN-1 did not colocalize with PGL-1 but
rather colocalized with ZNFX-1, suggesting that PARN-1 accu-
mulated in the Z granule (Figures 3E-3G). In pid-2 mutants,
PARN-1 remained colocalized with ZNFX-1 (Figure 3H).

PRG-1 is a member of the C. elegans PIWI family that exclu-
sively binds to piRNAs and mediates the genome-wide sur-
veillance of germline transcripts.’’°® PRG-1 interacts with
ZNFX-1, DEPS-1, and LOTR-1, and the typical morphology of
PRG-1 condensates is regulated by both DEPS-1 and
LOTR-1.%3"-9 We found that PRG-1 accumulated in both the
P and Z granules and was largely enriched in the Z granule
(Figures 3E-3G). Tricolor images from animals simultaneously
expressing PGL-1::tagBFP, mCherry::ZNFX-1, and GFP::PRG-
1 further support the above conclusion (Figure 3l). Additionally,
PRG-1 remained colocalized with ZNFX-1 in both pid-2 and
mip-1 mutants (Figures 3H, S4F, and S4G). HENN-1 is a 2'-O-
methyltransferase that methylates small RNA molecules at
their 3’ terminus, including piRNAs and ERGO-1-bound 26G
RNAs.>%7 Consistent with previous reports, HENN-1 accumu-
lated in the P granule (Figure 3J).%°

PID-4 and PID-5 were identified as PID-2 interactors that act
redundantly for piRNA sensor silencing, affect the size and
appearance of Z granules, and regulate 22G RNA production
and germline immortality.”® We found that both PID-4 and
PID-5 largely colocalized with tagRFP::ZNFX-1 and largely accu-
mulated in Z granules in germ cells of both L4 and adult animals,
as previously reported (Figures S4H-S4K).%°

As piRNA processing factors are enriched in distinct sub-
compartments of the germ granule, we speculated that piRNA
intermediates may be transported between different subcom-
partments and/or the cytosol. Moreover, the accumulation of
piRNA processing factors or piRNA-based gene silencing fac-
tors in Z granules suggests that the Z granule may function as
a key hub for piRNA biogenesis and surveillance, in addition to
mediating RNAI inheritance.
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DDX-19 and CSR-1 define the D granule

DDX-19, a predicted DEAD-box helicase, is a conserved mRNA
export factor related to DDX19 in mammals and Dbp5p in yeast.“®
Intriguingly, DDX-19 is reported to be concentrated between the
zones of PGL-1 and NPP-9 and therefore forms a tripartite archi-
tecture in L4 stage gonads and adult oogonia.*® To further
explore the formation of DDX-19 foci in C. elegans, we systemat-
ically examined the expression pattern and cellular localization of
DDX-19::GFP in different tissues during development.

DDX-19::GFP was expressed at low levels in somatic cells but
was highly expressed in germ cells and embryos (Figures S5A
and S5B). In the embryos and somatic cells of hatched worms,
DDX-19 was evenly distributed around the nuclear rim and
mainly colocalized with the nuclear membrane protein NPP-
9::mCherry (Figures S5C-S5E). In embryonic Z2/Z3 cells, DDX-
19::GFP did not obviously separate from NPCs and still colocal-
ized with NPP-9::mCherry (Figure S5F). DDX-19 foci, which are
clearly separated from NPCs, can be observed in germ cells at
the L1 stage (Figure S5F). DDX-19 was consistently enriched in
perinuclear condensates throughout the subsequent develop-
ment of germ cells in both larvae and adults (Figures S5A and
S5B). Consistent with a previous report,’® DDX-19 foci were
positioned above NPCs and under P granules in germ cells
(Figures 4A, 4B, and S5G). Therefore, we named the DDX-19
foci D granules. The above results suggested that the assem-
blage of D granules was developmentally regulated.>® Further-
more, the loss of MIP-1/EGGD-1 disrupted the PGL-1- and
WAGO-1-marked P granule but did not affect the perinuclear
localized DDX-19 foci, suggesting that MIP-1/EGGD-1 was not
required for the perinuclear anchoring of D granules (Figures
4C and S5H). The residual PGL-1 foci still localized adjacent
to DDX-19 foci in the mip-1/eggd-1 mutants (Figures 4D
and S5H).

CSR-1 is the unique essential Argonaute protein in C. elegans.
The genomic csr-1 locus encodes two isoforms, CSR-1a and
CSR-1b, which vary only in their N-termini.°®*° CSR-1a is ex-
pressed during spermatogenesis and in several somatic tissues,
including the intestine, and CSR-1b is expressed constitutively in
the germline.”®® CSR-1 largely accumulates to perinuclear
granules in mip-1/eggd-1 or glh-1;glh-4 mutants.**® Here, we
synchronously tagged two isoforms and focused on the cellular
localization of CSR-1b in germ cells.'°® We found that CSR-1
mainly colocalized with DDX-19 yet revealed a moderate locali-
zation in the P granule (Figures 4E and 4F). Tricolor images
from animals simultaneously expressing PGL-1::tagBFP, DDX-
19::mCherry, and GFP::CSR-1 further supported the above
conclusion (Figure 4G). The loss of MIP-1/EGGD-1 dramatically
decreased the localization of CSR-1 in P granules but had a mar-
ginal, if any, effect on D granule localization (Figures 4C and 4D).

Figure 3. Subcellular localization of piRNA processing factors in C. elegans

(A) Summary of proteins that participate in piRNA processing in C. elegans.

(B, C, E, and F) Fluorescence micrographs of pachytene germ cells expressing the indicated proteins. (D and G) Quantification of colocalization between the
indicated fluorescent proteins in pachytene cells (see STAR Methods). The mean is indicated by a solid black line.

(H) Images of tagRFP::ZNFX-1 and the indicated GFP-tagged proteins in the germ cells of pid-2(ust628) animals.

(I) Fluorescence micrographs of pachytene cells from animals expressing GFP::PRG-1, mCherry::ZNFX-1, and PGL-1::tagBFP. The intensity of the fluorescence

along the dotted line was calculated by Leica Application Suite X software.

(J) Pachytene germ cells of animals that express HENN-1::GFP and PGL-1::tagRFP.

See also Figure S4.
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C. elegans NXF-1, the ortholog of the essential MRNA export
factor NXF1/TAP in humans and Mex67p in yeast, is reported
to be concentrated below P granules, whose localization at the
nuclear rim is very similar to that of NPP-9.%%'°" We found that
NXF-1 was localized mainly in the nucleus, as recently reported
(Figure S51).'°% Additionally, a small portion of this protein was
enriched at the base of DDX-19 condensates, suggesting that
perinuclear NFX-1 may be enriched in NPCs (Figure S5I).

Overall, these results extended the characterization and com-
ponents of D granules and confirmed the tripartite architecture of
the P granule, the D granule, and the NPC.*®

The LOTUS domain protein MIP-1/EGGD-1 sculptures
the architecture of the germ granule

Recent reports have shown that the loss of MIP-1/EGGD-1 dis-
rupts perinuclear positioning of P granules, Z granules, and
Mutator foci and induces their mislocalization within the adult
gonad.***5®% Here, we further examined whether MIP-1/
EGGD-1 is required for the assembly and perinuclear localization
of other germ-granule compartments. Consistently, the deple-
tion of MIP-1/EGGD-1 resulted in the dissociation of PGL-1,
ZNFX-1, and MUT-16 foci from the nucleus and the accumula-
tion of these aggregates at the rachis (Figures 5A-5G, SG6A,
and S6B). Additionally, when MIP-1/EGGD-1 was deleted, the
SIMR foci also largely detached from the perinuclear zone and
accumulated at the rachis (Figures 5H, 5I, and S6C). However,
D granules (marked by DDX-19 and CSR-1) (Figures 5J-5L,
S6D, and S6E), E granules (marked by ELLI-1 and EGC-1)
(Figures 5M-50 and S6F-S6H), and P-bodies (marked by
CGH-1) (Figures S6l and S6J) still presented pronounced perinu-
clear foci. Additionally, the loss of MIP-1/EGGD-1 did not induce
the generation of dissociative D and E granules in the rachis
(Figures 54, 5L, 5M, 50, S6F, and S6H). Conversely, rachis-local-
ized E granules (marked by ELLI-1 or EGC-1), which exist in wild-
type animals,”®*” were dramatically reduced in mip-1/eggd-1
mutants (Figures 5M, 50, S6F, and S6H). Since P-body proteins
were also enriched as irregularly shaped aggregates in the rachis
of the germ line in wild-type animals, it is unclear whether
P-bodies were altered in the rachis upon the depletion of MIP-
1/EGGD-1 (Figure Sé6l).

We further tested the colocalization of different germ-granule
compartments to examine whether these perinuclear conden-
sates remain immiscible in mip-1/eggd-1 mutants. The residual
PGL-1::tagRFP, GFP::ZNFX-1, mCherry::MUT-16, and SIMR-
1::tagRFP remained separated from each other in mip-1/eggad-
1 mutants (Figures 6A and 6B).>° Interestingly, the depletion of
MIP-1/EGGD-1 induced the colocalization of ELLI-1 foci and
DDX-19 foci, indicating a likely disruption of immiscibility be-
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tween the D and E granules (Figures 6A, 6B, and S7A). Alterna-
tively, the spatial distance of the D and E granules may be so
small in mip-1 mutants that it exceeds the resolution limit of op-
tical microscopy (200 nm), making it hard to distinguish between
these two condensates. D granules remained located above
NPCs in mip-1 mutants, suggesting that MIP-1 is not required
for driving the incompatibility between D granules and NPCs
(Figure S7B). The P-body marker CGH-1 still accumulated in
the perinuclear region and did not fuse with D granules in
mip-1 mutants (Figures 6A and 6B).

Overall, these data suggest that MIP-1/EGGD-1 sculptures
the architecture of the germ granule by exerting distinct reg-
ulatory effects on different subcompartments, including pro-
moting the perinuclear anchoring of the P, Z, M, and S compart-
ments and regulating the immiscibility between the D and E
compartments.

DISCUSSION

Here, via CRISPR-Cas9 technology, we systematically tagged
perinuclear proteins with fluorescent tags and examined their
localization within germ granules in pachytene cells. We found
that these proteins were enriched in specialized germ-granule
compartments. In particular, proteins involved in particular
piRNA processing steps are enclosed in different subcompart-
ments. We also extended the characterization of the D granule.
Finally, we found that the LOTUS domain protein MIP-1/
EGGD-1 regulated the multilayered organization of the germ
granule. Together, these data extend our understanding of the
germ-granule architecture. Moreover, the library of nematode
strains reported in this study further improved the available tools
for studying C. elegans germ granules. These strains, together
with many other valuable nematode strains, which were con-
structed by other C. elegans groups and have been widely
shared around the world, provide powerful resources for further
investigating the compartmentalization and functions of C. ele-
gans germ granules.

When studying how perinuclear localization coordinates the
biological functions of particular proteins, the following issues
may need to be considered. (1) The architecture of the germ
granule may be reorganized during development. For example,
in the germline progenitor cells of early embryos, Z granules
fuse with P granules, and after the 100-cell stage of embryonic
development, Z granules demix into discrete condensates, dis-
tinct from P granules.'® Moreover, a recent study identified a
sperm-specific germ granule, the PEI granule, that mediates pa-
ternal epigenetic inheritance during spermatogenesis.'®® Thus, a
comprehensive understanding of the localization patterns of

Figure 4. DDX-19 and CSR-1 are enriched in D granules

(A) Fluorescence images of pachytene cells expressing DDX-19::GFP and NPP-9::mCherry. NPP-9 is a putative homolog of UNP358 in humans and forms part of

the NPC cytoplasmic fibrils.*®

(B) Left, fluorescence micrographs of pachytene cells expressing DDX-19::GFP and PGL-1::tagRFP. Right, the fluorescence intensity along the dotted line.

C) Images of representative meiotic germ cells from the indicated animals.

(
(D) Fluorescence micrographs of mip-1/eggd-1 animals expressing the indicated proteins.
(

E and F) Fluorescence micrographs of animals expressing indicated proteins.

(G) Upper, fluorescence micrographs of pachytene cells expressing DDX-19::mCherry, GFP::CSR-1, and PGL-1::tagBFP. Lower, the fluorescence intensity along

the dotted line.
See also Figure S5.
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Figure 5. MIP-1/EGGD-1 exerts multiple regulatory effects on the perinuclear anchoring of different subcompartments of the germ granule
(A) Fluorescence micrographs of the surface and rachis of the germline in live adult animals expressing PGL-1::GFP in wild-type and mip-1/eggd-1 animals.
(B) Quantification of the relative fluorescence intensity of PGL-1::GFP from the surface of the germline at the pachytene stage in the indicated animals (see STAR
Methods).

(C) Quantification of the numbers of PGL-1::GFP foci in the rachis of the germline in the indicated animals (see STAR Methods).

(D, F, and H) Quantification of the relative fluorescence intensity of GFP::ZNFX-1 (D), mCherry::MUT-16 (F), and SIMR-1::tagRFP (H) from the surface of the germ
line at the pachytene stage in the indicated animals.

(legend continued on next page)
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perinuclear proteins during development is essential for clari-
fying how compartmental localization contributes to their biolog-
ical functions. (2) An additional concern regarding the biological
functions of compartmental positioning is the quantification of
the relative enrichment of each protein in germ granules versus
in the cytosol.’®* As membraneless organelles, different germ-
granule compartments may constantly exchange internal
substances with each other or with the cytosol,'##"105-107
Furthermore, C. elegans germ cells share a central core of the
cytoplasm (the rachis) that runs through the entire germline,
comprising a syncytial architecture.'®® These perinuclear pro-
teins, which are specifically enriched in particular germ-granule
compartments, may disperse in the cytosol/rachis at the same
time. Proteins in the cytosol/rachis may also perform unignor-
able and pronounced functions. Modifying the compartmental
enrichment of particular proteins by tethering methods may
help elucidate the biological functions of their peculiar localiza-
tion. (3) Particular germ-granule compartments may exhibit
further internal hierarchical organization.”® For example, in em-
bryos, P granules contain at least two subcompartments: an in-
ner core marker by PGL-1 and an outer layer marked by the
intrinsically disordered protein MEG-3."%%'%¢ Similarly, PID-2/
ZSP-1 localizes to the surface or outer periphery of Z granules
and does not evenly diffuse throughout Z granules in pachytene
cells, suggesting a core and surface subdivision of the Z
granule.’® In this study, the resolution limit of optical microscopy
(200 nm) restricted our investigation of the inner organization of
these granules. Further analysis of protein distribution within
particular germ-granule compartments via high-resolution mi-
croscopy, for example, stimulated emission depletion (STED)
microscopy, '>"'%? may help reveal the internal hierarchical orga-
nization of these subdomains or identify uncharted subcompart-
ments of the germ granule.

RNAs transcribed in the nucleus should pass through NPCs
before being transported to the cytoplasm or the cocytoplasmic
vesicles of the germline for translation."'° Interestingly, approx-
imately 75% of the nuclear pores in C. elegans germ cells are
associated with germ granules.”®""" Since D granules are
concentrated between P granules and NPCs, they might act as
the initial condensate to house RNPs exported from the nucleus.
Consistently, DDX-19 is a predicted DEAD-box helicase related
to DDX19 in mammals or Dbp5p in yeast that functions in mRNA
export from the nucleus.'"?™""° Thus, the D granule may partici-
pate in sorting MRNAs exported from the nucleus to other sub-
compartments of the germ granule. CSR-1 protects the germline
transcriptome against the silencing activities of the piRNA
genome surveillance pathway, further suggesting that D gran-
ules may be the initial site for the determination of RNA
fate."'®""” Deciphering the D granule proteome, for example,
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via TurbolD-based proximity labeling,*>"'®

define its biological functions.

The mechanism by which condensates form and maintain in-
ternal subcompartments is unclear. Studies on the characteristic
core-shell spheroidal structure of the nucleolus reveal that differ-
ences in subcompartment surface tension, which arises from the
sequence features of macromolecular components, including
RNAs and proteins, may determine the immiscibility of different
subcompartments and multilayered organization.'®"%""® Simi-
larly, these biological molecules are also essential for the forma-
tion and hierarchical organization of the germ granule in C. ele-
gans.®>#146.120 \We and others reported that the loss of MIP-1/
EGGD-1 leads to extensive germ-granule remodeling.***°>°
How does the LOTUS domain protein MIP-1/EGGD-1 participate
in the organization of germ-granule subcompartments? The
LOTUS domain, which is widely conserved in eukaryotes,
has been identified within several proteins, such as TDRD5,
TDRD7, Oskar, and MARF1."?""'?2 These proteins have also
emerged as key regulators of germ-granule organization in mul-
tiple organisms.?%?2?*123 ntriguingly, LOTUS domains report-
edly have both RNA-binding activity, particularly for G-rich/G4
RNAs, and protein-binding activity, especially for RNA heli-
cases.'”""'?? Since the loss of MIP-1/EGGD-1 did not affect
the perinuclear anchoring of D granules, we speculate that
MIP-1/EGGD-1 may participate in the allocation of RNA mole-
cules from the D granule to other germ-granule subcompart-
ments, thereby resulting in the establishment of different surface
tensions of distinct germ-granule subcompartments to confer
immiscibility and promote spatially organized architecture.
Further studies are needed to investigate the functions of
LOTUS domain proteins and RNA helicases in the organization
of germ-granule architecture.

Intracellular condensates are highly multicomponent systems
that enclose a variety of RNP bodies in micron-scale membrane-
less organelles, undertaking diverse RNA processing events or
sequential RNA processing reactions.”'®'2*"'?® The compart-
mentalized structure of biomolecular condensates may provide
an ingenious and efficient strategy for cells to regulate the spatial
partitioning and processing of biomolecules.® In this study, we
found that factors involved in particular piRNA processing steps
were enriched in distinct germ-granule compartments. On the
basis of their compartmental positioning in this study, we spec-
ulate that C. elegans piRNA precursors may be transported in an
E-Z-P direction within the germ granule, and mature piRNAs may
accumulate in both Z and P granules. Spatiotemporally partition-
ing sequential piRNA processing steps may promote piRNA ma-
turation and piRNA-based gene silencing. For example, in
mouse prospermatogonia (ProSg), pi bodies and piP bodies,
which are often in close proximity to each other, facilitate the

may further help to

(E, G, and I) Quantification of the numbers of GFP::ZNFX-1 (E), mCherry::MUT-16 (G), and SIMR-1::tagRFP (1) foci in the rachis of the germline in the indicated

animals.

(J and M) Fluorescence micrographs of the surface and rachis of the germline in live adult animals expressing DDX-19::GFP (J) and ELLI-1::GFP (M) in the

indicated animals.

(K and N) Quantification of the relative fluorescence intensity of DDX-19::GFP (K) and ELLI-1::GFP (N) from the surface of the germline at the pachytene stage in

the indicated animals.

(L and O) Quantification of the numbers of DDX-19::GFP (L) and ELLI-1::GFP (O) foci in the rachis of the germline in the indicated animals. All data are represented
as mean = SD. A two-tailed Student’s t test was performed to determine p values.

See also Figure S6.
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Figure 6. The LOTUS domain protein MIP-1/EGGD-1 regulates the immiscibility between D and E granules
(A and B) Fluorescence micrographs of wild-type (A) and mip-1/eggd-1 animals (B) expressing the indicated proteins. DDX-19 and ELLI-1 largely colocalized with

each other upon depletion of MIP-1/EGGD-1.
See also Figure S7.

processing of primary and secondary pre-pachytene piRNAs,
respectively, and promote the silencing of transposable ele-
ments.?>'?® The proper assembly of perinuclear germ granules
also functions critically to promote the fidelity of piRNA-based
transcriptome surveillance in C. elegans.*>°"-°® However, the
causal relationship between RNA metabolism and the multilay-
ered phase structure remains controversial. Whether the
compartmental positioning of these piRNA factors per se is
essential for piRNA biogenesis is still largely unknown. Recent

14 Developmental Cell 60, 1-20, April 21, 2025

studies on the C. elegans nucleolar structure revealed that
NUCL-1, a homolog of Nucleolin in C. elegans, is required for
the sub-nucleolar organization of the nucleolus.'?” Yet, the
loss of NUCL-1 did not elicit severe growth defects or sterility,
which are usually observed in animals with defects in ribosome
biogenesis,'?’~'*" implying that the specific architecture of the
nucleolus may not be essential for the sequential processing of
ribosomal RNAs in C. elegans, at least under normal laboratory
cultivation conditions.’® The same situation may also occur in
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the sequential processing events of piRNAs, although system-
atic studies on the relationship between piRNA processing and
germ-granule assembly are still lacking. Alternatively, the
compartmental localization of piRNA processing factors may
restrain the generation of mature piRNAs to maintain a proper
piRNA surveillance system. Furthermore, the distinct distribution
of piRNA processing factors within germ granules may provide a
strategy for monitoring particular steps of piRNA processing. For
example, a recent study reported that the accumulation of 3’ un-
trimmed piRNA precursors in parn-1 mutants elicits the produc-
tion of anti-piRNAs, which are dependent on RARP EGO-1 and
regulate the function of PRG-1 in 22G RNA production.® The en-
closing of both the PICS and EGO complexes to E granules
might contribute to this process. Further examination of piRNA
biogenesis upon artificial modification of the subregional locali-
zation of piRNA processing factors may help decipher whether
and how multiple immiscible condensed phases contribute to
piRNA maturation.

C. elegans germ granules consist of multiple subcompart-
ments, including but possibly not limited to the P, Z, M, S, E,
and D compartments and the P-body. However, the biological
significances of the multiphasic architecture of the germ granule
and the localization of proteins in these germ-granule compart-
ments remain ambiguous. As a perinuclear organelle directly
bound to the NPC, the germ granule is likely the principal site
of mMRNA export in germ cells to sort mMRNAs to their destined
regulatory molecules.”?’“®'*? The multiphase organization of
the germ granule may provide multiple unique compartments
for enriching regulatory molecules and establishing particular
gene regulatory networks, especially for complex small RNA-
based gene regulation pathways.”’**° C. elegans proteins
involved in small RNA pathways are generally enriched in germ
granules in the germ line, being anchored around the nu-
cleus.??%%° Defects in germ-granule assembly are usually
accompanied by disordered expression of endogenous small
RNAs, leading to abnormal gene silencing events and defects
in distinguishing self from non-self-nucleic acids. For example,
meg-3/4 animals produce aberrant siRNAs targeting sid-71 and
rde-11, which silence the expression of these two genes and
consequently result in defects in the feeding RNAi respo-
nse.'®*71%° The same event also occurs in egc-1 and elli-1 mu-
tants, in which E granule assembly is disrupted.?®*” Moreover,
glh-1/glh-4 mutants exhibit defects in the formation of multiple
perinuclear condensates and aberrant piRNA surveillance,
which targets hundreds of endogenous genes.®”:®® Therefore,
the positioning of proteins or RNAs within these germ-granule
compartments may promote the recognition of self and non-
self-nucleic acids and help suppress aberrant gene silencing
events targeting endogenous genes, possibly through restrain-
ing the abnormal entry of germline genes into the polyUG/siRNA
system.'® Since polyUG RNA/siRNA cycling is self-perpetu-
ating,”® any stochastic or aberrant capture of germline mRNAs
by this system, which could be caused by the abnormal accumu-
lation of mMRNA intermediates or the introduction of exogenous
dsRNAs, may result in irreversible silencing, and the silencing ef-
fect may be continuously enhanced across generations if this
system is not constrained. For example, the accumulation of
aberrant 22G RNAs targeting essential genes in prg-1 mu-
tants,'®®*7'®® which are pUG RNA/siRNA cycling dependent,
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silences corresponding mRNAs, such as histone mRNAs, result-
ing in progressive sterility.’*®'° Thus, the enclosing of small
RNA pathway proteins within distinct perinuclear germ-granule
compartments may help balance the activity of competing
siRNA pathways and avoid excessive siRNA amplification in
pUG RNA/siRNA cycling to protect functional transcripts from
aberrant and unstoppable silencing. Alternatively, it is also
possible that some subcompartments of the germ granule may
be nonessential condensates that arise when particular RNP
complexes exceed their solubility limit."**'*" Developing tech-
nologies for manipulating the distribution of proteins in germ-
granule compartments and the cytosol may help reveal whether
and how germ-granule compartments perform their distinct
functions.

Limitations of the study

In this study, we have systematically labeled perinuclear proteins
with fluorescent tags and investigated their compartmental
localization within germ granules in C. elegans pachytene cells.
However, given the dynamic nature of germ-granule architecture
throughout development, the compartmental localization of spe-
cific proteins may vary across different developmental stages of
germ cells. Therefore, a comprehensive investigation of the
localization patterns of perinuclear proteins during development
is essential for elucidating their biological functions. Further-
more, comparisons between each tagged protein with markers
of distinct germ-granule compartments may be insufficient to
determine whether some proteins are localized across multiple
compartments. Performing proteomic profiling of each compart-
ment, such as using proximity labeling techniques, could provide
deeper insights into the precise distribution of specific proteins in
germ-granule compartments.
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STARXxMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Bacterial and virus strains

E. coli OP50

E. coli Trans5a

Caenorhabditis Genetics
Center (CGC)

Tsingke

RRID:WB-STRAIN:OP50

Cat#TSC-C01

Chemicals, peptides, and recombinant proteins

TS-GelRed
Proteinase K
Dpnl endonuclease

Tsingke
BioFroxx
Thermo Scientific

Cat#TSJ003
Cat#1124MG100
Cat#ER1701

Critical commercial assays

2x Rapid Tag Master Mix Vazyme Cat#P222-03

2x Phanta Flash Vazyme Cat#P520-03

ClonExpress MultiS One Step Cloning Kit Vazyme Cat#C113-02

TIANgel Midi Purification Kit TIANGEN Cat#DP209-02

AxyPrep Plasmid Miniprep Kit Axygen Cat#UE-MN-P-250

Deposited data

Sequence file of transgenes This study Figshare: https://doi.org/10.6084/m9.figshare.26779972.

v1; https://figshare.com/articles/online_resource/Plasmid_
map_of_transgenes_constructed_by_mosSCI/26779972

Experimental models: Organisms/strains

C. elegans This study, Table S2 N/A

Oligonucleotides

DNA oligos for genotyping insertions This study, Table S4 N/A

pid-2(ust628)F: 5’ This study N/A
AAGTCCCCGTGGAGTACAS3’

pid-2(ust628)R: 5’ This study N/A
AAGTCCCCGTGGAGTACA3’

Recombinant DNA

pCFJ151 Addgene RRID:Addgene_19330
pJK43.1 Addgene RRID:Addgene_19332
pDD162 Addgene RRID:Addgene_47549
pSG259 Author’s laboratory N/A

pPSG280 Author’s laboratory N/A

Software and algorithms

ImageJ 1.54f https://fiji.sc/ RRID:SCR_002285

SnapGene 3.2.1
GraphPad Prism 9.0.0
SensiCaspture

Leica Application Suite X 3.7.4.23463

GSL Biotech LLC
GraphPad Software, Inc

Peiqing Science & Technology
Co., Ltd

Leica

RRID:SCR_015052
RRID:SCR_002798
N/A

RRID:SCR_013673

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animal studies

C. elegans were grown at 20 °C for all experiments. Animals were maintained on nematode growth medium (NGM) plates seeded with
E. coli OP50. The strains used in this study are listed in Table S2.
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METHOD DETAILS

Construction of sgRNA plasmids and repair plasmids

Target sequences consisting of N20GG near the desired mutation sites were manually searched. The sgRNA sequences are listed in
Table S3. To construct the sgRNA expression plasmids, the 20 bp unc-7719 sgRNA guide sequence in the pU6::unc-119 sgRNA(F + E)
vector was replaced with the desired sgRNA target sequence via overlap extension PCR. The PCR products were directly trans-
formed into Trans5a chemically competent cells.

For the construction of the repair plasmids, the 1.5 kb left and right homologous recombination repair arms of particular genes were
PCR amplified for N2 animals; the vector was PCR amplified from pCFJ151; the coding regions of gfp::3xflag, 3xflag::gfp, mCherry or
tagRFP fused to a linker sequence were PCR amplified from animals carrying these fragments. These fragments were joined together
via Gibson assembly to form the repair plasmids using the ClonExpress MultiS One Step Cloning Kit (Vazyme Biotech, Nanjing).

CRISPR/Cas9-mediated gene deletion

Plasmids for injection were prepared using a miniprep plasmid purification kit (AxyPrep Plasmid Miniprep Kit, Axygen). The injection
mixture consisted of 50 ng/ul Cas9-expressing vector(pDD162), 30 ng/ul sgRNA #1, 30 ng/ul sgRNA #2, 30 ng/pl sgRNA #3 and
5 ng/ul pSG259 vector. The mixture was injected into adult animals. After recovering from the injection, the worms were transferred
onto OP50 plates (4 worms per plate). Three days after injection, F1 animals expressing pharyngeal GFP were isolated under a Leica
M165 FC fluorescence stereomicroscope and transferred onto individual NGM plates to lay F2 animals for 4 days. F2 progeny
from each plate were harvested with 50 pl of lysis buffer (500 ug/ml proteinase K) and screened via PCR amplification with the primers
5" -AAGTCCCCGTGGAGTACA-3’ and 5’-TCGGTCAGCAGCAGCTTC-3’. Mutants with deletions were singled to NGM plates and
further confirmed by PCR amplification and DNA sequencing.

CRISPR/Cas9-mediated gene tagging

The coding regions of gfp::3xflag, 3xflag::gfo, mCherry or tagRFP fused to a linker sequence, were inserted upstream of the stop codon
or downstream of the start codon using the CRISPR/Cas9 system. We prioritized the use of gfp::3xflag and 3xflag::gfp tags, as the gfp
tagis the most frequently used label forimaging in nematodes and the 3xflag tag is widely used forimmunoprecipitation assays. For the
insertion position (3’ or 5°), we prioritized selecting the positions reported in the literature. If we could not obtain the targeted nematode
strains in two rounds of microinjection, in which at least 1,500 F1 animals with marker proteins were screened, we switched to another
end for insertion. The injection mixture contained pDD162 (50 ng/uL), a repair plasmid (50 ng/uL), a marker plasmid (pSG259 (myo-
2p::gfp::unc-54_3 utr) or pSG280 (sqt-1p::sqt-1(e1350)::sqt-1_3’utr) (5 ng/uL) and two or three gRNAs targeting sequences proximal
to the N-termini or C-termini of the genes (30 ng/uL of each sgRNA plasmid,). The mixture was injected into adult animals. For knock-in
lines in which pSG259(myo-2p::gfp) was used as the coinjection marker, F1 animals expressing pharyngeal GFP were isolated under a
Leica M165 FC fluorescence stereomicroscope. For knock-in lines in which pSG280(sqt- 1p::sqt-1(e 1350)) was used as the coinjection
marker, F1 rollers were isolated. Two strategies were then applied to identify targeted animals. (1) F1 animals were transferred onto
individual NGM plates to lay F2 animals. The targeted animals with insertions were screened via PCR. (2) A strategy from an earlier
study was adjusted and used.'** 8-10 F1 adults were picked onto microscope slides, and the GFP fluorescence signals from germ
cells were observed under a Leica DM4 B microscope. Worms with observable fluorescence in the germline were transferred from
the slides onto individual NGM plates to lay F2 worms. Then, 16 F2 adults were singled onto individual NGM plates, and the homozy-
gous transgenes were subsequently identified by evaluating fluorescence signals in F3 animals followed by PCR and agarose gel elec-
trophoresis. The primer pairs used for genotyping are listed in Table S4. The CRISPR-modified DNA sequences were further verified
via sanger sequencing and listed in Table S5. The sequence file of all ectopically expressed transgenes are stored in figshare (https://
figshare.com/articles/online_resource/Plasmid_map_of_transgenes_constructed_by_mosSCI/26779972).

Quantification of brood size
L3 worms were individually placed onto fresh NGM plates. The numbers of progeny that reached the L2 or L3 stage were scored.
n=10 animals.

Microscopy

Toimage larval stages, animals were immobilized in ddH20 with 0.5 M sodium azide and mounted on glass slides before imaging. To
image embryos and germ cells in adult animals, worms were dissected in 2 pl of 0.4 x M9 buffer with 0.1 M sodium azide on a cover-
slip and then mounted on freshly made 1.2%-1.4% agarose pads. The Leica THUNDER Imaging System was used, equipped with a
K5 sCMOS microscope camera and an HC PL FLUOTAR 100x/1.40-0.70 oil objective, an HC PL FLUOTAR 20x/0.80 objective and an
HC PL FLUOTAR 20x/0.80 objective. Images were taken and deconvoluted using Leica Application Suite X software (version
3.7.4.23463). The images in Figures 1D, 3J, 5, S2, S4C, S4H-S4K, S5A-S5E, and S6 were not deconvoluted. Images were rotated
and cropped using Adobe Photoshop CS6 software. For the same proteins under different genetic backgrounds, equally normalized
images were exported, and contrasts of images were equally adjusted between the control and experimental sets. As the expression
levels of different perinuclear proteins vary, the display values of fluorescence images showing the relative position of perinuclear
proteins within germ granules were manually adjusted to visualize these proteins using Leica Application Suite X software (version
3.7.4.23463). All images in this study are representative of more than three animals.
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QUANTIFICATION AND STATISTICAL ANALYSIS

For the quantification of the relative fluorescence intensity of specific perinuclear proteins from the surface of the germline, individual
germ cells at the pachytene stage were selected on the basis of the peripheral contour displayed via fluorescent signals, as reported
in a previous study.>® A total of 40 germ cells from 4 independent animals (10 germ cells per animal) were selected and the fluores-
cence intensity of each germ cell was analyzed by ImageJ.

For the quantification of the foci numbers of particular proteins in the rachis of the germline, 5 rachides from 5 independent animals
were analyzed for each genotype. Three regions from the rachis of each germline were selected (14.6 x 14.6 um? per region) and the
number of foci in each region was counted. Each data point represents the total number of foci from the 3 selected regions from the
same animal (3 X 14.6 x 14.6 = 640 pm?).

The degree of colocalization between different fluorescently labeled proteins in germ cells was calculated using the Coloc2 plugin
from Imaged. Region of interest (ROI) masks covering individual germ cells at the pachytene stage were generated using the ROI
Manager plugin. A total of 40 germ cells were selected from 4 independent animals (10 germ cells per animal). Coloc2 was used
to generate a Pearson’s R value for the degree of colocalization between two channels in the region defined by the ROI mask.
Each data point represents the Pearson’s R value, which represents the degree of colocalization between two fluorescence channels
covering an individual germ cell.

To measure the fluorescence intensities across single germline nuclei in Figures 4B and 4G or a single germ granule in Figure 3I,
lines in the merged images were drawn and the relative fluorescence intensities were analyzed using the “Line Profile” tool in Leica
Application Suite X software (version 3.7.4.23463).

The mean values of the Pearson’s correlation coefficient in Figures 2C, 3D, 3G, and S7A were calculated using GraphPad Prism
software. Data in Figures 5, S1, and S6 are represented as mean + SD. The significance values shown in Figures 5 and S6 were calcu-
lated with the Student’s t test (two-tailed) via Excel. Sample sizes are indicated in method details.
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