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Summary

Centrosomes are cellular structures that nucleate microtubules. At their core is a pair of 

centrioles that recruit pericentriolar material (PCM). Although centrosomes are considered 

membraneless organelles, in many cell types, including human cells, centrosomes are surrounded 

by endoplasmic reticulum-derived membranes of unknown structure and function. Using volume 

electron microscopy (vEM), we show that centrosomes in the C. elegans early embryo are 

surrounded by a three-dimensional (3D), ER-derived membrane reticulum that we call the 

centriculum, for centrosome-associated membrane reticulum. The centriculum is adjacent to the 

nuclear envelope in interphase and early mitosis, and fuses with the fenestrated nuclear membrane 

at metaphase. Centriculum formation is dependent on the presence of an underlying centrosome 

and on microtubules. Conversely, increasing centriculum size by genetic means led to expansion 

of the PCM, increased microtubule nucleation capacity and altered spindle width. The effect of the 

centriculum on centrosome function suggests that in the C. elegans early embryo, the centrosome 

is not membraneless. Rather, it is encased in a membrane meshwork that affects its properties. We 

provide evidence that the centriculum serves as a microtubule “filter”, preventing the elongation 

of a subset of microtubules past the centriculum. Finally, we propose that the fusion between the 
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centriculum and the nuclear membrane contributes to nuclear envelope breakdown by coupling 

spindle elongation to nuclear membrane fenestration.

eTOC blurb

Centrosomes are considered membraneless organelles, but in some cell types they are surrounded 

by ER membrane. Maheshwari, Rahman et al. show that in C. elegans early embryos, the 

centrosome is surrounded by a membrane reticulum, the centriculum, that affects centrosome 

size and function, and limits microtubule extension and orientation.

Introduction

Centrosomes are considered membraneless organelles that serve as microtubule-organizing 

centers, such as at the poles of mitotic spindles. They are composed of a pair of centrioles 

surrounded by pericentriolar material (PCM) that promotes microtubule nucleation. In most 

organisms examined to date, centrioles originate from the sperm 1. Soon after fertilization, 

the genomes of the sperm and oocyte become encased in separate nuclei, called pronuclei. 

Each pronucleus is surrounded by a nuclear envelope that consists of two membranes, 

the outer and inner nuclear membranes, that are traversed by nuclear pore complexes 

(NPCs) that allow transport of material between the cytoplasm and nucleoplasm 2. After 

pronuclei form, the centrioles separate and recruit PCM proteins to form two centrosomes 

that are initially associated with the male pronucleus via the linker of nucleoskeleton and 

cytoskeleton (LINC) complex 3,4. The pronuclei then migrate toward each other, meet, and 

the embryo enters its first mitosis. Nuclear membrane-associated proteins dissociate from 

the NE and the pronuclear membranes themselves become fenestrated in a process known as 

NE breakdown 2,5. During this time, centrosomes continue to separate and start nucleating 

microtubules that extend towards the cell cortex or chromosomes, ultimately forming the 

mitotic spindle.

As the centrosomes separate, the PCM increases in size in a process known as centrosome 

maturation 6. During this process, recruitment of PCM proteins, such as the C. elegans 
SPD-5 or its functional homolog of CDK5RAP2/Cnn, depends on the centrosomal proteins 

SPD-2/CEP192, Aurora kinase and Polo-like kinase 7–9. The PCM, in turn, recruits proteins 

that promote microtubule nucleation, such as the γ-tubulin ring complex (γ -TuRC), and 

increases the local concentration of tubulin 10,11. Some C. elegans PCM components, as well 

as those of human cells, can form liquid-liquid phase-separated (LLPS) condensates in vitro 
10,12–14, although it is not clear to what extent this happens in intact cells 15. If the PCM is 

phase separated in vivo, its size would be expected to be a function of the concentration of 

its components and the properties of the surrounding liquid environment 10,16.

Centrosomes in the C. elegans early embryo are surrounded by an ER-derived membrane 

(17 and Figure 1A). Centrosome-associated membranes were also observed in other systems, 

such as Drosophila, sea urchin, and the kidney epithelial cell lines PtK2 and LLC-PK2 
18–23. The configuration of these membranes and their function are unknown. Using volume 

electron microscopy (vEM) analyses, we show here that the membrane around the C. 
elegans centrosomes forms a reticulum, leading us to name it the “centriculum”, for 
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centrosome-associated endoplasmic reticulum. We found an interdependent relationship 

between the PCM and the centriculum. The centriculum requires the PCM for its formation. 

Conversely, PCM size and its microtubule-nucleating capacity are affected by the size of the 

centriculum, an unexpected finding given that the centrosome is considered a membraneless 

organelle. Our data also suggest that the centriculum acts as a “microtubule filter”, limiting 

the number of microtubules that can extend past the centriculum. Finally, during mitosis, the 

centriculum may play a role in promoting the fenestration of the nuclear membranes.

Results

The centrosome is surrounded by an ER membrane that contains some, but not all, NE 
proteins.

After fertilization in C. elegans, the two pronuclei move towards each other and meet, 

forming two parallel pronuclear membrane surfaces at the interface between them. At 

the same time, the duplicated centrosomes increase in size and separate via microtubule-

associated forces, until they reach opposite ends of the pronuclear membrane interface 

(Figure 1A, −240 sec, reviewed in 9). Throughout this process, centrosomes are surrounded 

by an ER-derived membrane system (17 and Figure 1A), the configuration and function 

of which were unknown. Centrosome-associated ER membranes are also present in multi-

cellular embryos (Figure 1B). The presence of membranes around centrosomes in the 

adult was less obvious: Centrosomes in vulval precursor cells (VPC) were associated with 

membrane accumulation, but the presence of membrane around the entire centrosome was 

ambiguous (Figure S1A). Since the membranous structures surrounding the centrosome 

were the largest and most easily visualized in 1-cell embryos, we characterized them further 

at this developmental stage.

The proximity of the centrosome to the NE led us to examine which NE-associated proteins 

also localized around the centrosome. We found that membrane-embedded NE proteins, 

such as the inner nuclear membrane proteins LEM-2 and EMR-1 (Emerin), the LINC 

complex proteins SUN-1 and ZYG-12, and the transmembrane NPC subunits such NPP-12 

(human homolog: gp210) and NPP-22 (NDC-1), were also present around the centrosome 

(Figures 1C and S1B). In contrast, the peripheral NE proteins LMN-1 and the NPC subunit 

NPP-1 (Nup54) did not localize around centrosomes (Figures 1C and S1B). Published 

data indicate that the ESCRT protein CHMP-7 also localizes around centrosomes 24, while 

other non-membrane embedded NPC subunits, such as NPP-3 (Nup205), NPP-8 (Nup155), 

NPP-19 (Nup35), and NPP-5 (Nup107), do not 25–28. Thus, membrane-embedded NE 

proteins localize to both the NE and around centrosomes, while peripheral NE proteins 

are confined to the NE. In the case of LEM-2, EMR-1, NPP-12 and NPP-22, the localization 

around the centrosome likely reflects a general ER localization at this embryonic stage. 

LEM-2 can be observed around centrosomes as early as prometaphase, while NPP-12 can be 

detected around centrosomes earlier, shortly after centrosome duplication (Figure S1C). In 

both cases, the protein fluorescence intensities around the centrosome were similar to those 

in the rest of the ER. In contrast, SUN-1 and ZYG-12 appear to be specifically enriched 

at centrosome-associated membranes during mitosis (Figures 1C and S1B). Interestingly, 
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SUN-1::GFP accumulates at centrosomes even before centrosome separation (Figure 1D). 

The mechanism that enriches the LINC complex at this locus is not known.

The membrane around the centrosome forms a mesh-like, reticular structure, now named 
the centriculum

To analyze the ultrastructure of the membrane around centrosomes, we used a vEM 

technique called Focus Ion Beam - Scanning Electron Microscopy (FIB-SEM, 29–32). 

Briefly, individual 1- cell C. elegans embryos in mitosis were high-pressure frozen, followed 

by freeze substitution and embedding in resin. A trench was created near the area of interest, 

and an ion beam sequentially milled off 9 nm from the block, with a SEM image taken 

after each iteration (final voxel size= 9 nm3). In this study, we present 3D reconstruction 

of membranes around three prophase centrosomes and three metaphase centrosomes using 

previously published FIB-SEM data 31.

In a single SEM slice from the vEM image stack, centrosomes appeared as an electron-dense 

region at opposite poles of the interface between the two pronuclei (Figure 2A, B, C, 

F, G, K and Figures S2 and S3, panels i and ii). With our staining method, which was 

optimized for maximal membrane contrast, microtubules were observed only occasionally 

(see 31) and centrioles were never detected. The need for three-dimensional information 

becomes apparent when examining a single EM image, where membranes around the 

centrosome could have been interpreted as an aggregation of vesicles (Figure 2A). However, 

segmentation (i.e., 3D-reconstructions) of 400–500 nm above and below a center plane of 

centrosomes revealed that the membranes around centrosomes form a reticulum (Figure 

2C–E, G–I and Figures S2 and S3; segmentations were done to the edge of the reticulum, 

beyond which only ER tubules were present). This configuration was also confirmed by 

electron tomography data (see below). Based on this, we named the spherical membrane 

structure that surrounds centrosomes the centriculum, for centrosome-associated membrane 

reticulum (plural= centricula). The membrane configuration of the centriculum, a 3D 

network of highly interconnected tubules, is distinct from previously reported membrane 

configurations of the ER 33.

The density of the centriculum was the same in prophase and metaphase, as determined by 

the amount of membrane per unit volume (Figure 2J). However, the extent of centriculum 

association with the NE changed during the cell cycle. During prophase, the centriculum is 

distinct from the pronuclear membranes (Figure 2K, left panel, Figure S2, Ai and Bi, and 

Figure S4A). In contrast, during metaphase the centriculum is indistinguishable from the 

remnants of the pronuclear membranes (Figure 2K, right panel, Figure S3Ai and Bi and 

Figure S4B–D), which remain as perforated sheets around and between both pronuclei 31. 

Thus, the centriculum may play a role in associating the centrosome with mitotic remnants 

of the nuclear membrane.

The centrosome is encased by the centriculum

Having established that the membrane around the centrosome, the centriculum, has a 

reticular structure, we next investigated the spatial and functional relationship between 

centrosome components and the centriculum. We first examined the localization of 
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centrosomal proteins with respect to the centriculum at metaphase, starting with an inner 

most centrosomal protein, the centriolar protein SAS-6, and working our way outwards 34: 

the inner PCM protein, SPD-2, the outer PCM protein, SPD-5, the Aurora A kinase, AIR-1, 

and finally the α-tubulin subunit, TBA-2. Based on images and traces of fluorescence 

intensities (Figure S5A), SAS-6 and SPD-2 were clearly within the confines of the 

centriculum (Figure 3A and B), while SPD-5 abuts the centriculum (Figure 3C). AIR-1 

and TBA-2 partially overlap with the centriculum (Figure 3D and E). The peak intensities of 

the centriculum were outside the peak intensities of both AIR-1 and TBA-2, suggesting that 

the centriculum surrounds the outermost part of the centrosome.

Centriculum size is dependent on the integrity of the centrosome and on microtubules

Given that SUN-1 accumulates at centrosomes immediately after fertilization (Figure 1D), 

and because the LINC complex is required for tethering the centrosome to the NE 4, we 

tested whether the LINC complex is required for the formation of the centriculum, by 

down-regulating ZYG-12 via RNAi. Despite their detachment, centricula were still observed 

in embryos from zyg-12 RNAi treated worms, and their size at metaphase (as determined 

by NE breakdown) was equivalent to centricula in control metaphase embryos (Figure 4A). 

We cannot exclude the possibility that low levels of ZYG-12, below the threshold needed for 

centriculum tethering to the NE, are still present. Nonetheless, our data are consistent with 

the possibility that the LINC complex is not essential for centriculum formation.

Previous studies showed that the PCM increases in size as cells progress through the cell 

cycle 35,36. The same is true for the centriculum: the increase in centriculum diameter was 

proportional to the increase in SPD-5 area at the centrosome central plane (Figure 4B). We 

thus hypothesized that centriculum size could be dependent on the size of the underlying 

PCM. To test this, we depleted the PCM component, SPD-5, by dsRNA injection into 

worms expressing the SP12 ER marker fused to mCherry (mCherry::SP12) and the SAS-6 

centriole marker fused to GFP (GFP::SAS-6). This allowed us to determine the location of 

the centrosome even in the absence of the PCM. Consistent with our hypothesis, SPD-5 

depletion led to the disappearance of the centriculum (Figure 4C, n=14), suggesting that 

the centriculum requires the PCM for its formation. A similar phenomenon was reported by 

Audhya et al 37. To further address this possibility, we depleted another PCM component, 

AIR-1, by feeding RNAi. AIR-1 depletion led to a significant decrease in centriculum size 

(Figure 4C and D), although not as dramatically as SPD-5 depletion. This is likely because 

depletion of AIR-1 does not have as dramatic an effect as SPD-5 depletion on centrosome 

components 35,37. In addition, AIR-1 depletion does not affect an already assembled PCM 
38, and AIR-1 depletion by RNAi feeding may not have been complete as injection of 

dsRNA, further dampening the observed effect. Nevertheless, these results support the idea 

that there is a spatial relationship between the PCM and the centriculum. Consistent with 

this, downregulation of the Polo-like kinase PLK-1 using the conditional plk-1(or683ts) 
mutant was previously shown to severely affect the ER-derived membrane in the vicinity of 

the centrosomes 39. When examining the PCM using GFP::SPD-5 in plk-1(or683ts) mutants 

at the semi-permissive temperature, we found that the centriculum was disorganized but 

the PCM was still there (Figure 4E). However, the amount of SPD-5 and the area that 

it occupied were smaller in plk-1(or683ts) mutants grown at semi-permissive temperatures 
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(Figure 4F and G), consistent with the role of PLK-1 in C. elegans centrosome maturation 
36. Taken together, these data show that the presence and morphology of the centriculum are 

dependent on the underlying centrosome.

Finally, we examined whether the establishment and maintenance of the centriculum 

are dependent on microtubules. To do so, we treated permeabilized embryos with the 

microtubule depolymerizing drug nocodazole (or DMSO alone, as a control) and examined 

the effect on the centriculum shortly thereafter. For centriculum establishment, 1-cell 

embryos expressing GFP::TBA-2 and mCherry::SP12 were followed until they completed 

cytokinesis and were then exposed to either DMSO or nocodazole (Figure 5A). The 

embryos were imaged 6-minute later, when they were in the 2-cell stage (Figure 5B). 

In 2-cell embryos, the AB cell (on the left) enters mitosis before the P1 cell. In control 

treated embryos, centricula were clearly visible, as expected. In nocodazole-treated embryos, 

however, no centricula were detected (n=6 embryos) and none formed even at later time 

points. Despite the absence of centricula, the centrosomes in nocodazole treated embryos 

were still associated with an accumulation of ER membrane near the NE. Because 

microtubules are not needed for PCM formation 35, this suggests that microtubules play 

a direct role in establishing the centriculum (see also below).

For centriculum maintenance, 1-cell metaphase embryos expressing mCherry::SP12 and 

GFP::SAS-6 were imaged (t=0:00), treated with either DMSO or nocodazole and imaged 

again 1:15 and 2:30 minutes later (Figure 5C–E). In control embryos, centriculum diameter 

increased (Figure 5C), as expected (Figure 4B). In contrast, microtubule depolymerization 

abolished centriculum expansion (Figure 5C). In addition, the space that is surrounded by 

the centriculum, which we define as the centriculum “void” area (Figure S6A), increased 

in the control embryos but shrunk significantly following nocodazole treatment (Figure 5D 

and E). Our data suggest that microtubules push the centriculum membrane away from the 

centrosome.

Increased centriculum size leads to increased PCM size and microtubule nucleating 
capacity

We next examined whether the centriculum affects centrosome size. To date, the only 

conditions that completely abolish the centriculum is by eliminating either the SPD-5 PCM 

component (Figure 4C) or microtubules (Figure 5A–E), and neither condition can be used 

to study the effect of the centriculum on centrosome size or function. However, by mild 

manipulation of ER structure we were able to alter centriculum size, which then allowed us 

to examine the consequences to the underlying centrosome. Specifically, the reticular nature 

of the centriculum suggested that the dynamin-related GTPase, ATLN-1, the C. elegans 
homolog of atlastin, could play a role in centriculum structure. Atlastin is known for its role 

in ER-ER fusion 40, and in particular for creating junctions between ER tubules. Tagging 

endogenously expressed C. elegans ATLN-1 with GFP at its C-terminus revealed that it 

localizes to the endoplasmic reticulum (Figure S5B), similar to the localization of atlastin in 

other organisms 41–43. Importantly, ATLN-1::GFP also localizes to the centriculum (Figure 

S5B). RNAi against atln-1 led to complete disruption of the ER and embryonic lethality 

before centricula could be formed (Figure S5C). A milder RNAi treatment (using a mix 
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of E. coli expressing double stranded RNA against altn-1 (20%) and the control smd-1 
(80%)) allowed most embryos to progress through the first mitosis. Under these conditions, 

centricula in atln-1 downregulated embryos at metaphase were significantly larger than the 

control treatment (Figure 5F and G). However, because the partial RNAi treatment still 

resulted in embryos that failed to reach mitosis, we turned to reducing the levels of ATLN-1 

using the auxin-induced degron system 44, which allowed for a more precise temporal 

down-regulation of the protein. To this end, we created an auxin-inducible atln-1::degron 
allele and introduced it into worm strains that either had or did not have the TIR1 ubiquitin 

ligase that is necessary for auxin-mediated degradation. The requirement of ATLN-1 for 

cell viability necessitated the use of a short exposure (20–25 minute) to the auxin analog 

indole-3 acetic acid (IAA), meaning that under these conditions, ATLN-1 was present in 

lower amounts but not eliminated. Treatment of worms with IAA in the absence of TIR1 

had no effects on centriculum size (Figure 5I and J). However, the addition of IAA in 

the presence of TIR1 led to a significant increase in centriculum diameter and void area 

(Figure 5H–J). It was previously shown that centrosome size is proportional to embryo size 
36, raising the possibility that ATLN-1 downregulation affected centriculum size indirectly 

by affecting cell size. However, the average size of control and ATLN-1 downregulated 

embryos was the same (Figure S5D). Thus, downregulation of ATLN-1 leads to an increase 

in centriculum size.

The ability to increase the size of the centriculum allowed us to explore the effect of the 

centriculum on centrosome size and function. To do so, the localization of GFP-tagged 

SPD-5, TAC-1, AIR-1, and PLK-1 was analyzed in 1-cell embryos at metaphase from 

IAA-treated and untreated worms expressing ATLN-1::degron and the TIR1 ubiquitin ligase. 

ATLN-1 downregulation consistently led to larger centricula for each of these strains (Figure 

S5E). Unexpectedly, the increase in centriculum size was accompanied by an increase in 

the area occupied by SPD-5, TAC-1 and AIR-1 (Figures 5K and S5F and G; because 

AIR-1 appears at as a ring in the central focal plane of the centriculum, we measured its 

diameter rather than area). Moreover, when ATLN-1 was downregulated, the total amount 

of SPD-5, TAC-1 and AIR-1 at the centrosome was increased (Figure 5L). This increase 

in PCM components may be due to recruitment from cytoplasmic pools as more space 

becomes available following the increase to centriculum size. The localization and intensity 

of PLK-1::GFP, which resides in the inner sphere of the PCM 34, remained unchanged when 

ATLN-1 was downregulated (Figure S5G). Taken together, these results show that increased 

centriculum size leads to a larger PCM, suggesting that the size of the centrosome in C. 
elegans is affected by the membrane that surrounds it.

We next tested whether the change in PCM size due to centriculum enlargement affected 

the centrosome’s capacity to nucleate microtubules. To do so, we examined the abundance 

of TBA-2, an α-tubulin subunit, and EBP-2, a plus-end microtubule-binding protein, under 

conditions of centriculum expansion (i.e. ATLN-1 downregulation) in 1-cell metaphase 

embryos. As before, downregulation of ATLN-1 resulted in centricula that had larger 

diameters and void areas (Figure S6B and C). In 2-dimentional images, both TBA-2 and 

EBP-2 formed ring like structures within the centriculum (Figure 6A and B and Figure 

S6D and E). Down-regulation of ATLN-1 led to an increase in TBA-2 and EBP-2 “ring” 

diameter and to a greater abundance of both proteins in the centriculum void area (Figure 
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6Ci, ii and 6Di, ii). Since EBP-2 binds microtubule + ends, these results suggest that when 

the centriculum is expanded, the centrosome is capable of nucleating more microtubules, 

consistent with the increase in the amount of PCM proteins under these conditions (Figure 

5L). We next determined whether enlarged centricula affect the spindle in 1-cell metaphase 

embryos by examining the abundance of TBA-2 and EBP-2 at the spindle midzone (Figure 

S6A). We also determined spindle width at the spindle midzone, as well as spindle length 

(Figure S6A). When ATLN-1 was down regulated the amount of TBA-2 and EBP-2 at 

the spindle mid-zone was greater (Figure 6Ciii), and the spindle was wider (Figure 6Diii). 

Spindle length, however, was unchanged (Figure 6Cv and Dv). The wider spindle when 

centricula are larger is consistent with microtubules radiating from a larger volume. This 

also raised the possibility that the centriculum affects the orientation of microtubules 

emanating from the centrosome.

To determine whether the effect of the enlarged centriculum on the centrosome is a general 

phenomenon and not specific to ATLN-1 downregulation, we sought an alternative method 

for centriculum enlargement. Based on the effect of microtubule on the centriculum, we 

hypothesized that it should be possible to expand the centriculum by either elongating 

or increasing the number of microtubules at the centrosome. To test this possibility, we 

treated worms with RNAi against klp-7. KLP-7 is a kinesin, and its down-regulation results 

in an increase in microtubule outgrowth from centrosomes 45. If microtubules “push” 

the centriculum membrane away from the centrosome, then the increase in microtubule 

outgrowth following downregulation of KLP-7 should lead to a larger centrosome. Indeed, 

1-cell metaphase embryos from worms treated with RNAi against klp-7 exhibited larger 

centricula than control embryos (Figure 6E and F). Moreover, the area occupied by both 

SPD-5 and TBA-2 was significantly higher (Figure 6H and J). The expansion of the TBA-2 

area could be attributed to KLP-7’s role in microtubule dynamics. However, since SPD-5 

recruitment to the PCM is independent of microtubules 35, the expansion of the PCM when 

KLP-7 is down-regulated is likely due to the enlargement of the centriculum caused by 

an increase in amount of microtubules nucleated by the centrosome (Figure 6K). While 

SPD-5 occupied a larger area when KLP-7 was downregulated, its amount in the centrosome 

did not increase (Figure 6I). We speculate that this strain may not have SPD-5 reserves in 

the cytoplasm. Overall, our results suggest that under normal conditions, the centriculum 

restricts the size of the centrosome, and consequently its microtubule nucleating capacity.

The centriculum may serve as a microtubule “filter”

During mitosis in C. elegans embryos, microtubules originating from centrosomes 

must somehow traverse the centriculum to reach the chromosomes. To visualize both 

microtubules and membranes, we analyzed published electron tomography data of 1-cell 

C. elegans embryos at metaphase 46. Microtubules in this data set had been traced previously 
46, and we segmented the centriculum between the centrosome and nucleoplasm in selected 

regions of the serial sections (Figure 7A). Within the centrosome, microtubules were 

oriented randomly (Figure 7A, right panel and enlargement i). However, after passing 

through the centriculum, on the nucleoplasm side, the microtubules radiated away from 

the centrosome, roughly in the same direction (Figure 7A, right panel and enlargement ii). 

Moreover, our data suggest that the centriculum allowed only a fraction of the microtubules 
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to pass, blocking microtubules that “hit” the membrane (Figure 7B and C, Figure S7 and 

Video S1). In the example shown in Figure 7B, C and Video S1, the microtubules labeled 

in yellow and blue terminate inside the centriculum, while the microtubule labeled in green 

passes through the centriculum. In fact, the existence of the centriculum could explain 

the ring-like structures of tubulin and EBP-2 (Figure 6A and B, and Figure S6D and E) 

around the centrosome that have also been seen by others (for example, 46–50). While 

the length distribution of microtubules is determined by their inherent dynamic instability, 

microtubules associated proteins and the availability of tubulin heterodimers 45,51–53, the 

presence of the centriculum may contribute to the abundance of short microtubules in the 

vicinity of the centrosome 11,46. Thus, the centriculum may serve as a filter by limiting the 

number of microtubules that are allowed to extend out of the centrosome.

Discussion

The centrosome is considered a membraneless organelle. The existence of ER-derived 

membranes around centrosomes has been known for decades through studies using light 

microscopy 17–23, but their configuration and functional importance were unknown. Using 

two vEM approaches, we show that centrosome-associated membranes in C. elegans form 

a reticulum, leading us to name it the centriculum. The identification of the centriculum 

underscores the importance of vEM analysis; while the centriculum can be easily detected 

by conventional EM, in a single imaging plane it appears as an accumulation of vesicles. 

The reticular nature of the centriculum, on the other hand, provided insight into its possible 

functions. At present, we are unaware of other cellular organelles that are surrounded by a 

membrane reticulum. Our data show that the centriculum in the early C. elegans embryo 

affects centrosome function, suggesting that the centrosome is not as membraneless as 

previously assumed, although the membrane around them is not contiuous as in other 

organelles (e.g. mitochondria, the nucleus).

Our study sheds new light on the association of the centrosome with the NE, which was 

shown to be mediated by the LINC complex. The two components of the LINC complex, the 

SUN domain protein SUN-1 and the KASH domain protein ZYG-12, traverse the inner and 

outer nuclear membranes, respectively. ZYG-12 was previously shown to localize around 

the centrosome 4, but it was not clear how it could do so, given that ZYG-12 is an integral 

membrane protein. The presence of the centriculum provides an explanation; indeed, both 

components of the LINC complex, SUN-1 and ZYG-12, localize to the centriculum (Figures 

1C and S1B). It should be noted, however, that unlike the NE, the centriculum does not have 

obvious membrane structures that are equivalent to an inner or outer nuclear membrane. 

Thus, the configuration of the LINC complex in the centriculum remains to be determined. 

In C. elegans, centrosomes play an important role in NE breakdown and the preferential 

loss of the NPC subunit NPP-3 from the NE adjacent to centrosomes in prometaphase 
26,54. We observed that the centriculum is adjacent to the NE in prophase and fused to 

it in metaphase (Figures 2, S2 and S3). We speculate that the ability of microtubules to 

enter the nucleoplasm, and loss of NPP-3 from the NE near centrosomes, coincide with 

centriculum-NE fusion. This step is also reminiscent of the insertion of the fission yeast 

Schizosaccharomyces pombe microtubule organizing center, the spindle pole body, into the 

NE, which is dependent on the LINC complex 55. Whether the LINC complex is required 
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not only for tethering the centrosome to the NE, as noted above, but also for its insertion 

once centrosome migration is completed, is currently under investigation.

To fully understand the physiological role(s) of the centriculum we will need to identify 

conditions that abolish its formation without affecting other pertinent structures and 

processes, such as centrosome and spindle assembly. Thus far, the only conditions 

that abolished centriculum formation also disrupted the centrosome (Figure 4C–F) 

and/or microtubule assembly (Figure 5A–E); the latter was also seen in Drosophila 23. 

Nonetheless, we were able to identify a condition that altered centriculum size, namely the 

downregulation of atlastin (Figure 5F–J). How atlastin downregulation affects the structure 

of the centriculum is currently not known. Since atlastin is required for homotypic ER-

ER fusion, we imagine that when it is down regulated, the centriculum contains fewer 

junctions and is thus less rigid. Given that centriculum formation depends on the PCM and 

microtubules, and that PCM size is affected by the centriculum, we speculate that as the 

centrosome matures there is a balance between outward forces exerted by the growing PCM 

and its associated microtubules, and resistance applied by the centriculum. When atlastin 

is downregulated, the centriculum may be less able to resist centrosome-associated forces, 

leading to an increase in centrosome size.

The relationship between the PMC and the centriculum introduces a new element when 

considering centrosome size control. Whether and to what extent the PCM is a phase-

separated condensate is still up for debate (reviewed in 15). The C. elegans SPD-5 can 

form a liquid-liquid phase separated condensate in vitro 10. However, in vivo, SPD-5 and 

its analogous protein in Drosophila, centrosomin (Cnn), do not spread throughout the entire 

PCM once incorporated, suggesting that they are in a gel or solid-like state 56,57. An 

emerging model is that SPD-5 starts out as a condensate and then matures to a more 

solid state 10. We observed that increasing centriculum size results in a larger PCM that 

nucleates more microtubules, leading to a wider spindle (Figure 6C, D). At face value, 

our observations argue against a PCM that is purely liquid-liquid phase-separated, as the 

size of these condensates, and the fraction of condensate material that phase separates, is 

a function of the properties and concentration of condensate components and the liquid 

environment in which they reside 16, independent of a juxtaposed membrane. Interactions of 

a condensate with a membranes have been observed previously (reviewed in 58), and in these 

cases the membrane often serves as a platform for phase separated condensate nucleation. It 

is therefore possible that an early SPD-5 condensate forms on a “young” centriculum.

What might be the function(s) of the centriculum? It was previously suggested that the 

accumulation of ER around centrosomes in Drosophila serves to ensure that daughter cells 

receive adequate amounts of ER 22. We think that this is unlikely to be the case in C. 
elegans given that during mitosis, the ER is distributed throughout the cell and the fraction 

of the ER around centrosomes appears relatively small (Figure 1A, B). More recently, 

Araujo et al suggested that in Drosophila embryos, the ER affects spindle size and forces, 

possibly through membranes at the spindle poles 18. Our study suggests that the centriculum 

contributes to centrosome assembly and function. Moreover, the centriculum may limit the 

number of fully extended microtubules in two ways: by restricting the size of the PCM 

(Figures 5 and 6), thus limiting its microtubule nucleation capacity, and by blocking a 
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fraction of microtubules from extending past the centriculum (Figures 7A–C and Figure 

S7). These microtubules, presumably, are not in the correct orientation to make it through 

the centriculum. We imagine that in the absence of a centriculum, a larger fraction of 

microtubules would be able to extend. Taken together, the centriculum may serve as a 

microtubule filter that affects microtubule orientation, length and number.

The centriculum may also be important for tethering the centrosome to the NE during 

mitosis. As discussed above, the fusion of the centriculum with the NE may facilitate early 

stages in nuclear envelope breakdown in the vicinity of the centrosomes. Subsequently, 

NE proteins dissociate from the rest of the NE, but the nuclear membranes remain 

and become highly fenestrated 31. We proposed that the fusion between the centriculum 

and the nuclear membrane contributes to this subsequent nuclear membrane fenestration 

as the spindle begins to elongate at metaphase, before sister chromatid separation at 

anaphase 48. Had the centriculum not existed (Figure 7D), the force generated by the 

elongating microtubules would not have been transmitted to the nuclear membrane, except 

by individual microtubules directly attaching to the nuclear membrane, as has been proposed 

previously 59,60. The centriculum, on the other hand, provides a mechanism for transmitting 

the force generated by spindle elongation to the nuclear membrane: as the centrosomes 

move apart, they pull the centricula with them, and the centricula, in turn, pull on the rest of 

the nuclear membrane. Assuming that there is no net increase in membrane at this stage, this 

pulling action will cause the membrane to fenestrate, as is observed during NE breakdown.

In summary, in this study we characterized a centrosome-associated membrane reticulum, 

the centriculum, and showed that there is a mutual dependency between the centriculum 

and the centrosome: The centriculum depends on the presence of the centrosome, and 

the size of the PCM is affected by the size of the centriculum. Our data suggested 

that the centriculum also affects centrosome function by orienting microtubules and 

limiting the fraction of microtubules that can fully elongate, and perhaps contributes to 

nuclear membrane fenestration. Given the conservation in centrosome components and ER 

organization, centricula are likely to exist in other organisms.

STAR METHODS

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should be 

directed to and will be fulfilled by the lead contact, Orna Cohen-Fix (ornac@niddk.nih.gov).

Materials availability—All unique/stable reagents generated in this study are available 

from the Lead Contact without restriction.

Data and code availability

• All data reported in this paper will be shared by the lead contact upon request.

• This paper does not report original code.

• Any additional information required to reanalyze the data reported in this paper 

is available from the lead contact upon request.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

All experiments described in this study were done with the nematode Caenorhabditis 
elegans. C. elegans strains expressing SPD-2::mCherry 62, GFP::SAS-6 63, PLK-1::sGFP 
25, GFP::AIR-1 37, GFP::TAC-164, EBP-2::mKate2 65, GFP::SPD-5 38, mTurquoise2::H2B 
66, SP12::GFP and mCherry::SP12 67, NPP-1::GFP 61, YFP::LMN-1 68, EMR-1::GFP, 

LEM-2::GFP and LEM-2::mCherry 39,69, ZYG-12::GFP 4, SUN-1::mRuby 31, 

NPP-12::mNeonGreen 70, and the temperature sensitive mutant plk-1 (or683ts) 71 have 

been described previously and were used in creating strains for this study, listed in the Key 

Resources Table. Strains expressing endogenously tagged ATLN-1::GFP, 3XFLAG::degron 

tagged ATLN-1 and SUN-1::GFP were generated by CRISPR/Cas9-induced homologous 

recombination 72. FIB-SEM experiments were done with strain N2. All strains were 

maintained at 20°C (except strain OCF170, containing the plk-1 temperature sensitive allele 

or683ts, which was maintained at 16°C), on MYOB plates (in 1 liter: 2.0 g NaCl, 0.55 g 

TrisHCl, 0.24 g TrisOH, 4.6 g Bactotryptone, 8 mg Cholesterol, 20 g Agar) seeded with 

OP50 bacteria.

METHOD DETAILS

Experimental growth conditions

Temperature Shift Experiments: For temperature shift experiments, plk-1ts animals 

expressing GFP::SPD-5; mCherry::SP12 (OCF170) were maintained at 16°C. plk-1ts adult 

hermaphrodites were shifted to 23°C and early embryos were imaged 30–60 min later.

RNA-Mediated Interference: Feeding RNAi: For atln-1, air-1, zyg-12, klp-7, perm-1 or 

smd-1 (control) feeding RNAi, a 5 ml Luria Broth (LB) with 50 mg/ml ampicillin were 

inoculated using 1:100 inoculum from a 2 ml overnight saturated culture (at 37 °C) of E. 
coli carrying the gene of interest expressed from both ends. RNAi clones are from the RNAi 

feeding library (Open Biosystems, Huntsville, AL) except atln-1 for which approximately 

0.6 kb of the coding region was cloned in plasmid pL4440. Once the culture grew to OD600 

of around 0.5 (~ 4 h at 37 °C), 0.5 M IPTG (1 mM final concentration) was used to 

induce the bidirectional transcription of the relevant gene for another 4 h. The culture was 

centrifuged at 5000 g for 5 min at room temperature, and the pellet was resuspended in 1 ml 

of fresh LB + ampicillin (50 mg/ml) media. 200 μl of this culture was spread on each RNAi 

plate (MYOB with 4 mM IPTG and ampicillin 50 mg/ml). For feeding RNAi treatment, 

15–20 L4-stage larvae were transferred to RNAi plates, and after 48 h (for atln-1, air-1 
and klp-7), 24 h (for zyg-12), 16–24 h (for partial atln-1 RNAi), or 16 h (for perm-1), the 

RNAi treated worms were dissected on a glass slide (Cat #EF15978A, Daigger Scientific), 

mounted on a 2% agar pad and imaged as described below. Control RNAi treatments 

(smd-1) were done for the same amount of time as the experimental ones. For embryonic 

viability scoring, a few worms were allowed to lay embryos for 3–4 h on a fresh RNAi plate, 

and embryonic viability was scored after 24 h of RNAi treatment.

RNA-Mediated Interference: Injection of double stranded RNA: For double stranded 

RNA (dsRNA) against spd-5, approximately 1 kb of the coding region was cloned in 

plasmid pL4440 (Addgene). The plasmid containing the spd-5 coding DNA was linearized 
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at one end of the coding region using KpnI restriction enzyme and subsequently cleaved 

by XbaI. For dsRNA against smd-1, around 1 kb was PCR amplified from pL4440+smd-1 
plasmid from the RNAi feeding library (Open Biosystems, Huntsville, AL). For the forward 

strand, a forward primer upstream of the first T7 promoter site and a reverse primer at 

the end specific to the smd-1 were used. Similarly, for the reverse strand, a reverse primer 

downstream of the T7 promoter site at the other end and a forward primer at the beginning 

specific to the smd-1 were used. Digested or PCR amplified fragments were purified using 

the Qiagen MinElute Reaction Cleanup Kit (Cat# 28206, Qiagen). To prepare dsRNA for 

injection, in vitro RNA synthesis was carried out using “MEGAscript™ T7 Transcription Kit 

(Cat# AM1333, Invitrogen) followed by purification using Phenol:CHCl3:Isoamyl Alcohol 

(25:24:1, v/v) (Cat #15593031, Invitrogen) and precipitated using 100% ethanol (Cat 

#64-17-5, The Warner-Graham company). The RNA pellet was dissolved in ~100 to 150 

μl of TE buffer (10 mM, pH 8) (Cat #351-011-131, Quality biological). To prepare dsRNA, 

about 100 μl (1 μg/μl) of the ssRNA was mixed and kept at 85 °C for 3 min in an aluminum 

heat block incubator followed by slow cooling to RT for annealing. Injection of dsRNA was 

done according to Ohta laboratory protocol 73. L4s (15–20 worms) were injected with ~1 μg/ 

μl dsRNA. These worms were maintained at 16 °C for 48 h prior to live imaging of early 

embryos by confocal microscopy.

Auxin-mediated degradation: For auxin mediated degradation, the gene coding for the 

protein of interest, atln-1, was tagged with an auxin-inducible degron tag (atln-1::degron), 

and cells either expressed TIR1, an exogenous F-box protein 44. One of two types of 

controls was used: either worms with or without TIR1, both treated with the auxin analog 

indole-3 acetic acid (IAA), or atln-1::degron TIR1 worms with and without IAA treatment. 

Worms were transferred to bacteria seeded IAA plates (MYOB plates with 4mM IAA (Alfa 

Aesar, #A10556)) for 20–25 minutes, and embryos were imaged immediately thereafter. 

IAA plates (4 mM) were prepared from a 400 mM IAA stock (in 100% ethanol and stored at 

4°C for up to a month). IAA was added to the MYOB media at ~50°C before pouring plates. 

The following day, IAA plates were seeded with a thick layer of OP50 cells and left to dry in 

a dark place. Based on 44.

Nocodazole treatment: 15–20 L4-stage larvae were transferred to perm-1 RNAi plates to 

permeabilize embryos to nocodazole. After 16 h, the RNAi-treated worms were dissected 

in 20 μl of L15 buffer (Cat# 21083027, Thermo Fisher Scientific) in a 0.17 mm glass-

bottom, open-top Delta T® dish (Cat#10199-956, Avantor VWR), and 1-cell embryos 

were identified. For centriculum establishments, once the embryo completed cytokinesis, 

an image was taken, and then 20 μl of 4% DMSO (control) or 20 μl of 40 μg/ml nocodazole 

(Cat# 1404, Sigma Aldrich) were added. After 6 minutes of drug treatment the embryo was 

imaged again. For centriculum maintenance, 10 μl of 4% DMSO (control) or 10 μl of 40 

μg/ml nocodazole were added and embryos were imaged after 1:15 and 2:30 minutes.

Confocal microscopy

Imaging: Unless indicated otherwise, images were taken using a Nikon confocal Ti2 with 

Yokagawa CSU-X1 spinning disk and a photometrix Prime 95B camera using a Nikon 

water/oil 60X 1.2-NA Apo Plan objective. Images were captured using Nikon Elements 
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software version 5.20.00. Images in Figure S1A were taken using a custom-assembled 

spinning disk confocal microscope consisting of a Zeiss Axio Imager A2 frame, a Borealis 

modified Yokogawa CSU10 spinning disk, an ASI 150-micron piezo stage controlled by a 

MS2000, and an ASI filter wheel and a Hamamatsu ImagEM X2 EM-CCD camera using 

a Plan Apochromat 100x/1.4 NA DIC objective (Carl Zeiss). Images in Figure 5F were 

taken using a Nikon confocal Ti2 with Yokagawa CSU-X1 spinning disk with a Prime 

BSI camera, using a 60X Plan Apo VC objective, NA 1.2. Images in Figure S5C were 

taken using Nikon Eclipse TE2000U spinning-disk confocal microscope with Metamorph 

software version 7.8.6.0 (Molecular Devices). The microscope was equipped with a 60X 

1.4-NA Apo objective, an LMM5 laser merge module with four diode lasers (excitation at 

405, 491, 561, and 655 nm) from Applied Research, a Yokogawa CSU10 spinning disk, 

and a Hamamatsu C9100-13 EM-CCD camera. For imaging, embryos were mounted on 2% 

agarose (Cat #214010, Invitrogen) pads prepared in standard M9 buffer (Cat# 11006-517, 

IPM scientific). Images were taken at z = 1 μm intervals unless otherwise mentioned. 

Images were processed with Fiji (74 ImageJ release 2.1.0; http://imagej.nih.gov/ij) and 

Adobe Photoshop CC (release 23.1).

For imaging adult somatic cells, we used a custom-built spinning disk confocal microscope 

with a 100x oil objective 75. First, worms at the L3 larval stage were immobilized 

using 5 mM levamisole (Cat# L9756, Sigma-Aldrich) in M9 buffer. Subsequently, the 

immobilized worms were mounted on a 5% Noble agar (Cat #A5431, Sigma-Aldrich) pad 

split into two asymmetric halves with worms placed on the larger half. A coverslip (Cat 

#12-541B, ThermoFisher Scientific) was gently placed on the worms. We used VALAP 

(http://cshprotocols.cshlp.org/content/2015/2/pdb.rec082917) to secure the coverslip onto 

the microscope slide, leaving two diagonal openings. We flooded the chamber with M9 

buffer to prevent desiccation. Finally, we set the step size at 1 μm and imaged every 2.5 

minutes for 3 hours using 488 and 561 nm lasers.

Image analysis: All images were analyzed using Fiji (74, http://imagej.nih.gov/ij). For 

diameter of structures that appeared as rings in the central plane of focus (e.g. the 

centriculum, TBA-2, AIR-1 and EBP-2), two perpendicular lines (line # 7 in Fiji, width 

= 1 μm) were drawn across the central plane of focus and through the estimated center of 

the centrosome, and intensity profiles of the plotted lines were obtained (see Figure S5A for 

an example). A rectangle tool was used to calculate the distance between the two peaks of 

fluorescence intensity, resulting in two diameters (d1 and d2). The diameters were then used 

to determine the average diameter (d1+d2)/2 of the protein structures in question.

For localization of centrosomal proteins relative to the centriculum, two lines, 9 μm in 

length and 1 μm in width, were drawn through the centrosome as described above. Intensity 

profiles were plotted for the centriulum channel (typically SP12 fused to GFP or mCherry) 

and the centrosomal protein channel. The average values from multiple centrosomes across 

the line for both channels were superimposed.

For embryo size, a freehand selection tool in Fiji was used to trace the edges of the central 

plane of the 1-cell embryos at metaphase stage. The software provided the area of the traced 

region.
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To determine the area and total fluorescence intensity of PCM proteins (e.g. SDP-5 and 

TAC-1), the mean background fluorescence was determined using Fiji between the two 

centrosomes at the central focal plane of the centrosome being measured. The lowest pixel 

value of the entire image was added to the mean fluorescence, and the resulting value was 

used as the lower threshold limit to create an area of the fluorescent protein examined. The 

areas and total fluorescence (Raw Intensity or RawInt) were measured in the defined area 

using Fiji.

For proteins that were present both at the centrosome and outside of it (e.g. TBA-2, AIR-1, 

EBP-2), their total intensity inside the centriculum was determined by determining the 

centriculum void area, defined as the area inside the perimeter of the centriculum at its 

mid-section. To mark the void area, a circle (area constant throughout each analysis) was 

drawn in the center of the centriculum void. The integrated fluorescence intensity (IntDen 

value) in Fiji of this circle was used as the upper threshold limit, thus excluding pixels with 

centriculum fluorescence. The void area was traced, the area was measured, and the total 

fluorescence intensity (RawInt) of the aforementioned proteins in this area was determined.

For EBP-2::mKate2 and GFP::TBA-2 fluorescence intensity in the spindle 0–0.5 μm from 

the chromosomes, a sum projection was generated. Then, 0.5 μm wide boxes were drawn 

to the left and right of the chromosomes, visualized using mTurquoise2::H2B. The boxes 

spanned from the top to the bottom of the spindle, as measured by the SP12 signal of the 

nuclear envelope, and the total fluorescence of the microtubule marker was measured. See 

also Figure S6A.

For spindle length, a line, 0.5 μm in width, was drawn through both centrosomes/centricula, 

and a fluorescence intensity profile was generated. The distance between the minima of the 

two centriculum in the trace was used to calculate spindle length (center of one centrosome 

to center of the other centrosome). For spindle width 0–0.5 μm from the chromosomes, a 

0.5 μm line was draw through the pronuclei. A fluorescence intensity profile based on SP12 

fluorescence was generated, and the distance between peaks was measured. See also Figure 

S6A.

Focused Ion Beam-Scanning Electron Microscopy (FIB-SEM)

Embryo collection and sample processing: We dissected wild-type N2 hermaphrodites 

(maintained at 20°C) in 20% Bovine Serum Albumin (BSA) and collected single 1-cell 

embryos in a cellulose capillary tube 76 (Cat# 16706869, Leica Microsystems, Vienna, 

Austria) under a stereomicroscope (SMZ645, 50X total magnification, Nikon). We followed 

the zygotes under the same stereoscope until they reached the desired stage in mitosis, 

i.e., prophase, prometaphase, metaphase. Then we froze the embryo immediately using 

gold-coated planchettes (Cat #16770152, Cu-Au 3.0 × 0.5 mm, Leica Microsystems, Vienna, 

Austria) using a high-pressure freezer (model EM ICE; Leica Microsystems, Vienna, 

Austria). We then applied quick-freeze substitution (QFS) 77 with a cocktail of 0.2 g 

Osmium tetroxide (OsO4) powder (Cat# 19100, Electron Microscopy Sciences in 9 ml of 

acetone (Cat #10000, Electron Microscopy Sciences), 0.5 ml of double deionized water, and 

0.5 ml of 2% uranyl acetate (UA) solution (Cat #22400, Electron Microscopy Sciences). 

Then we washed the samples for 10 minutes (x3) with 100 % acetone at room temperature 
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and infiltration in Polybed 812 resin (Cat #08791; Polysciences: 14.6 g Polybed, 8.4 g 

DDSA, 7.0 g NMA, and 0.42 ml DMP30) followed by resin: acetone ratios of 1:2, 1:1, and 

2:1 each for an hour. Finally, we transferred the samples into 100% resin for ~16 hours prior 

to curing at 55°C oven for 40 to 60 hrs. The cured resin was trimmed using a jeweler’s 

saw and razor blades and sectioned in an ultramicrotome until the embryos were tangentially 

exposed for FIB-SEM imaging. For a step-wise protocol, please refer to 78.

Data acquisition and postprocessing: Prior to imaging, the embryos were sputter coated 

with a 10 nm carbon coat to increase overall conductivity, and a thicker ~300 nm carbon 

pad was deposited with the FIB to cover the buried embryo. FIB-SEM acquisition was done 

using a Crossbeam 540 (Carl Zeiss). The front edge of a sample was milled with FIB beam 

(at 65 or 30 nA) followed by a reduced FIB current (3 nA). Samples were milled until the 

embryos were detected at the cliff face. At this point, a 1.5-μm-thick patterned platinum 

and carbon pad was laid over the carbon pad 79. Milling with a FIB current of 1.5 nA 

was resumed across the entire embryo, with intermittent SEM imaging, until a recognizable 

biological feature such as the hazy pericentriolar material was revealed. Next, imaging was 

initiated using ATLAS 5 (Fibics) at high-resolution for a region of interest in the embryo. 

The SEM was operated at 1.5 kV accelerating voltage and 1.0 nA current. FIB parameters 

were 30 kV with a 1.5 nA or 700 pA current. High-resolution, high-m/z contrast signal 

was recorded using an in-column energy selective back-scatter detector with a grid voltage 

of 1000 V. Images at 3 nm pixel size, dwell time of 3 μs, and 9 nm FIB step size or “z 

thickness” were obtained. Several thousand high-resolution images were captured in 40–60 

h. After dataset acquisition, the image stack was cropped and processed using IMOD-based 

scripts 80 to produce aligned, inverted, and binned mrc-image volumes with 9 nm isotropic 

voxels.

Segmentation of FIB-SEM datasets: We used Amira 6.5.0 (release 2018-03-07; Thermo 

Fisher Scientific) software with XIMagePAQ, XMesh, and XSkeleton extension packages 

for a threshold-based semi-automated segmentation. Segmentation using Amira was done 

following a general scheme unless specified elsewhere. We made a threshold-based selection 

of membranes first, followed by three rounds of slice-by-slice visual inspection (through 

XY, YZ, and XZ planes separately). Upon careful visual inspection, we manually added 

all undetected areas (about 1–2% of the total area) to the segmented volume. We removed 

any unrelated structures that were automatically selected due to a similar threshold level, 

(e.g., ER membranes beyond centriculum; nuclear envelope, lipid droplets, mitochondria, 

and other organelles in the proximity of centriculum). In our current study, we included 

FIB-SEM data from four wild-type embryos: two prophase (P1 and P2), and two metaphase 

(M1 and M2) embryos.

Electron tomography of serial sections

Embryo collection and sample processing: We used samples that were previously obtained 

for a 3D reconstruction of the first mitotic spindle in C. elegans 46. Briefly, C. elegans N2 

(wild type) gravid adults were dissected in M9 buffer, and zygotes in early mitosis were 

collected in cellulose capillary tubes (Cat# 16706869, Leica Microsystems) (Pelletier et al., 

2006). The embryos were observed under a stereoscope until metaphase was reached and 
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then immediately frozen using an EMPACT2 high-pressure freezer equipped with a rapid 

transfer system (RTS, Leica Microsystems). Freeze substitution of the cryo-immobilized 

embryos was done over three days in anhydrous acetone containing 1% OsO4 and 0.1% 

UA using freeze-substitution equipment (EM AFS, Leica Microsystems, (Pelletier et al., 

2006)). Epon/Araldite infiltration was followed by thin-layer embedding and polymerization 

for three days at 60°C. After remounting the specimens on dummy blocks, serial semi-thick 

sections (300 nm) were cut using an ultramicrotome (Ultracut UCT, Leica Microsystems). 

Sections were collected on a Formvar-coated copper slot grids (EMS) and post-stained with 

2% UA (in 70% methanol) followed by brief exposure to Reynold’s lead citrate Error! 
Hyperlink reference not valid..

Data acquisition and postprocessing: Prior to imaging, 15 nm colloidal gold particles 

(Cat# 777137, Sigma-Aldrich) were added to both sides of the 300 nm semi-thick sections 

to serve as fiducial markers for the calculation of electron tomograms. Next, a series 

of tilted images was taken by using a TECNAI F30 transmission electron microscope 

(Thermo Fisher Scientific) operated at 300 kV. TEM images were taken every 1° over a 

±60° range using a Gatan US1000 CCD camera (2k × 2k). The pixel size of the images 

was 2.3 nm. Tilted views/images were aligned using the fiducial gold markers and later 

back-projected and combined to a super montage using IMOD software package or 3dmod 

software package 80. To cover the pole-to-pole region of each mitotic spindle, on average, 24 

consecutive serial sections per spindle were imaged and processed accordingly 46.

Segmentation of tomogram datasets: The software Amira ZIB (Zuse Institute Berlin) 

version 2020.1 was used for manual segmentation of membranes around centrosome. 

Segmented membranes were visualized following the Amira default scheme unless 

mentioned otherwise. Segmented membrane sections were inspected twice slice-by-slice 

through visual inspection of the XY (imaging plane). Any undetected area (about 1–2% of 

the total segmented volume) left during segmentation in the XY plane was manually added 

to the final volume when inspecting the XZ and YZ planes. Any unrelated area, for example, 

round and isolated vesicles less than 300 nm in diameter 81, were removed manually.

The Amira 6.5.0 (release 2018-03-07; Thermo Fisher Scientific) software with XIMagePAQ, 

XMesh, and XSkeleton extension packages was used for microtubule segmentation. 

Microtubules were segmented in individual sections prior to serial stitching based on 

a previously published template matching and stitching algorithms 82,83. Here we show 

previously segmented microtubules data from sections #6 and #7 of the tomogram dataset 

described in 46.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis—All analyses were done using GraphPad Prism. Prior to analysis, 

the distribution of the datapoint was examined for normality. For comparison between two 

normally distributed datasets, Student’s t-test was used; otherwise two-tailed Mann Whitney 

test was used. For comparison between multiple datasets, one-way ANOVA non-parametric 

Kruskal-Wallis test with correction for multiple comparisons was used. In all cases, the 

statistical tests used, the number of samples analyzed, and the p-values are indicated in 
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the figure legends. The criterion for statistical significance was set at P < 0.05. Results are 

represented as mean ± SEM unless indicated otherwise.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• C. elegans embryo centrosomes are surrounded by a membrane reticulum, the 

centriculum

• Centriculum formation depends on microtubules and the pericentriolar 

material (PCM)

• Increasing centriculum size leads to a larger PCM and more spindle 

microtubules

• The centriculum may couple spindle elongation to nuclear membrane 

fenestration
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Figure 1: The centrosome is surrounded by ER membrane that contains some, but not all, NE 
proteins.
(A) Time lapse images of a C. elegans 1-cell embryo, expressing the resident ER signal 

peptidase, SP12, fused to mCherry (red), the PCM protein, SPD-5, fused to GFP (green), 

and histone H2B fused to mTurquoise2 (blue) (strain OCF164). Yellow arrowheads point to 

the membrane surrounding the centrosomes. Time points are relative to metaphase (t=0), as 

determined by the appearance of the membrane gap at the membrane interphase between 

the two pronuclei (note that the histone H2B signal is faint and not always visible in 

all embryos). In the first time point (−300 sec), the pronucleus containing the sperm 

DNA and associated with the centrosomes is on the right. (B) A 2-cell embryo (left) 

and a multi-cell stage embryo (right) expressing the centriolar protein SAS-6 fused to 
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GFP (green) and SP12 fused to mCherry (red) (strain OCF124). The association of the 

centrosome with ER membrane in the vulval precursor cell from a L3 stage C. elegans 
larvae is shown in Figure S1A. (C) Localization pattern of the indicated NE proteins relative 

to the membrane around centrosomes (indicated by red arrowheads) in 1-cell embryos 

at prometaphase. The strains used were OCF46 (GFP::LEM-2), BN243 (EMR-1::GFP), 

JH3908 (NPP-12::mNeonGreen), WLP801 (mCherry::NPP-22), OCF145 (SUN-1::GFP) 

OCF85 (ZYG-12::GFP), OCF4 (YFP::LMN-1) and OCF3 (NPP-1::GFP). Scale bar in all 

panels=10 μm. For more examples see Figure S1B. (D) A time course of a representative 

embryo expressing SUN-1::GFP (grey scale images and green in the merged images) and 

SPD-2::mCherry (red in the merged images) (OCF178). Enlargements of the indicated 

nuclei (dashed lines) are in the bottom row. At time 0 only the male pronucleus is visible 

in the focal plane shown. The arrow points to the centrosome at time 0. Time points are in 

minutes. Time courses of LEM-2 and NPP-12 around centrosomes are shown in Figure S1C. 

Scale bar =10 μm. For related data see Figure S1.
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Figure 2: The membrane around the centrosome forms a reticulum.
(A) A single SEM image from a region surrounding the centrosome in metaphase. Arrows 

point to membrane structures. The centrosome (Cen) appears as a dark zone that, when 

segmented using 3D FIB-SEM data, forms an irregular sphere (not shown). Scale bar= 

1 μm. (B-I) 3D reconstructions using FIB-SEM data from 31 of the membranes around 

the centrosome in a 1-cell embryo in prophase (panels B-E) and metaphase (panels 

F-I). Additional examples of prophase and metaphase centrosomes and their associated 

membranes are shown in Figure S2 and S3, respectively. A portion of the two pronuclei 

(PN) is visible adjacent to the centrosome in panels B, C, F and G. (B, F) A SEM image 

from the centrosome’s mid-section. Scale bar= 1 μm. (C, G) The same SEM images as 

in panels B and F, superimposed with a 200 nm (in the z axis) of segmented membrane 

(orange) around the centrosome. Scale bar= 1 μm. (D, H) An 800 nm segment of the 
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reconstructed membranes surrounding the centrosome from the same prophase (D) and 

metaphase (H) embryos as above. Scale bar= 1 μm. (E, I) A view from the centrosome 

towards the pronuclei/chromosomes (not shown) through the entire centriculum wall. Scale 

bar = 100 nm. (J) Centriculum density was determine by cropping at least 10 consecutive 

250 nm3 cubes from the center portion of two centricula in 1-cell embryos in either 

prophase (Pro) or metaphase (Met), and determining the percent volume that is occupied 

by a membrane. Bars indicate means and standard deviations. Statistical analysis was done 

using Student t-test. (K) Enlarged images of the same centricula as in panels C and G, with 

a 100 nm slice of segmented membrane superimposed on the SEM image. Arrows point the 

nuclear membranes (prophase) or remnants thereof (metaphase). For additional images of 

the relationship between the centriculum and nuclear membrane see Figure S4. For related 

data see Figures S2, S3 and S4.
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Figure 3: The centrosome is encased by the centriculum.
(A-E) The spatial relationship between the centriculum (detected using mCherry::SP12 or 

SP12::GFP) and the following components of the centrosome in a 1-cell stage embryo 

at metaphase: GFP::SAS-6 (strain OCF124, n=6 centrosomes), SPD-2::mCherry (OCF127, 

n=10 centrosomes), GFP::SPD-5 (OCF176, n=6 centrosomes), GFP::AIR-1 (OCF158, n=16 

centrosomes) and GFP::TBA-2 (MSN146, n=8 centrosome). Representative images are 

shown. Scale bar = 5 μm. Graphs show the fluorescence intensities along lines (Figure 

S5A) that traverse the centrosomal protein (blue) or the centriculum (orange). Error (in grey) 

around the mean represents 95% confidence interval. A.U. = arbitrary units. For related data 

see Figure S5.
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Figure 4: Centriculum size depends on the integrity of the centrosome.
(A) Worms expressing mCherry::SP12 and GFP::SAS-6 (to identify centrosome location; 

strain OCF124) were treated with either control or zyg-12 RNAi. Shown are representative 

1-cell embryos at metaphase from either condition. In the case of RNAi against zyg-12, 

metaphase was determined as the last time point before NE breakdown, when nuclei become 

deformed. Centriculum diameter was determined as described under STAR methods. 

Statistical analysis was done using two-tailed Mann Whitney test. Scale bar= 10 μm. 

(B) Centriculum diameter and SPD-5 area were determine during the development of 

1-cell embryos (n=8 centricula/centrosomes) expressing mCherry::SP12 and GFP::SPD-5 

(OCF164) at the indicated time points (t=0 is at metaphase). Error bars indicated standard 

deviation. (C) Representative images of centricula, as detected by mCherry::SP12, in 1-cell 
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embryos at metaphase in a strain also expressing GFP::SAS-6 (OCF124) that was treated 

with the following RNAi conditions: Control RNAi (against smd-1 61, top row) by feeding, 

injection of double stranded RNA (dsRNA) against spd-5 (middle row), and feeding RNAi 

against air-1 (bottom row). Control injection of dsRNA against smd-1 was indistinguishable 

from feeding control RNAi (not shown). Scale bar = 5 μm. (D) Quantification of centriculum 

diameters of control and air-1 RNAi as shown in panel (C). Bars represent means and 

standard deviation. Statistical analysis was done using two-tailed Mann Whitney test, 

P=0.0001. Note that because there is ambiguity in determining the cell cycle stage of 

embryos from air-1 RNAi treated worms due to lack of chromosome alignment, the size 

of the centriculum is only an estimate. (E) Centricula in 1-cell embryos at metaphase from 

wild type (WT, OCF176) and plk1-(or638ts) (OCF170) worms expressing mCherry::SP12 

and GFP::SPD-5 and grown at the semi-permissive temperature for the plk-1 mutant. 

Representative images are shown. Scale bar = 5 μm. (F, G) Quantification of GFP::SPD-5 

area (panel F) and total SPD-5 fluorescence intensity (panel G) at a central plane of 

1-cell metaphase embryos from wild type and plk-1(or638ts) worms as shown in panel 

E. Statistical analyses were done using unpaired t-test. p= 0.0006 (panel F) and <0.0001 

(panel G).
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Figure 5: The centriculum depends on microtubules and affects centrosome function and 
microtubule organization.
(A) Design of centriculum establishment experiments: embryos expressing GFP::TBA-2 

and mCherry::SP12 (strain MSN146) from worm that were treatment with perm-1 RNAi 

to permeabilize the eggshell were imaged as they completed cytokinesis and then exposed 

to either DMSO (control) or nocodazole, as detailed under STAR methods. Embryos were 

imaged again after 6 minutes, as shown in (B). (B) Two focal planes from a control treated 

embryo and two examples of nocodazole treated embryos as described in panel (A). In these 

2-cell embryos, the AB cell is on the left. Green arrows point to centrosome location as 

determined by the focal point of the tubulin signal. Scale bars = 10 μm. (C, D) Diameter 
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(C) and void area (D) of centricula from metaphase embryos that were treated with DMSO 

(control) or nocodazole (NZ) for 0 and 2:30 minutes. Centriculum void area was measured 

as described in Figure S6A. Measurements were based on images of embryos expressing 

mCherry::SP12 (OCF124), shown in panel (E). n=10 and 12 for control and nocodazole 

treatment, respectively. Error bars indicate mean and standard deviation. Statistical analyses 

were done using Kruskal Wallis test with multiple comparisons (panel C: *, p=0.035; ****, 

p<0.0001. Panel D: *, p=0.0301, **, p=0.0058, ****, p<0.0001). (E) A representative 

example of a metaphase 1-cell embryo expressing mCherry::SP12 that was treated at time 

0 with nocodazole. Indicated times are in minutes. Scale bar= 10 μm. (F) Representative 

examples of centricula from 1-cell embryos at metaphase expressing SP12::GFP (OCF5), 

following control (top panel) or partial atln-1 RNAi treatment (bottom panel). The effect 

of several RNAi treatment is shown in Figure S5C. Scale bar= 5 μm. (G) Quantification of 

average centriculum diameter from the experiment shown in panel F (n=6 and 18 for control 

(orange) and atln-1 partial RNAi (blue), respectively). p<0.0001 using the Mann-Whitney 

test. Error bars indicate mean and standard deviation. (H-J) The effect of ATLN-1 down-

regulation using the auxin degradation system: ATLN-1 was tagged with an auxin inducible 

degron (AID; atln-1::degron) tag and introduced into worm strains without (OCF116) or 

with (OCF118) the TIR1 ubiquitin ligase. These strains also expressed the ER marker 

SP12::GFP. Centriculum diameter (panel I) and void area (panel J) were measured in the 

presence or absence of the auxin analog IAA. Panel H shows representative examples of 

centricula from control (OCF116) or atln-1::degron strain (OCF118) in the presence of 

IAA. Scale bar= 5 μm. Error bars indicate mean and standard deviation. Statistical analyses 

were done using Kruskal Wallis test with multiple comparisons (panel I: *, p=0.0131; ***, 

p=0.0004. Panel J: ***, p=0.0004 and 0.0005 for +TIR1 − vs. + IAA and − vs + TIR1 

both with IAA, respectively). (K) Areas occupied by the indicated fluorescently-tagged 

centrosomal proteins, as determined at the centrosome mid-plane, in 1-cell embryos at 

metaphase expressing atln-1::degron, without (orange symbols) or with (blue symbols) IAA 

treatment. The effect of the treatment on centriculum diameter is shown in Figure S5E. For 

AIR-1, because it forms a ring, the diameter of the ring, rather than the area occupied by 

AIR-1, was determined. The number of centricula analyzed (−/+ IAA) and the p values 

are as follows: SPD-5 (OCF164): 14/18, p=0.0003; TAC-1 (OCF167): 14/14, p<0.0001; 

AIR-1 (OCF172): 14/14, p<0.0001; PLK-1 (OCF166): 18/12, p=0.29. Statistical analyses 

were done using unpaired t-test (SPD-5) or non-parametric Mann-Whitney test (TAC-1, 

AIR-1 and PLK-1). Representative images for all conditions are shown in Figure S5F and 

quantification of PLK-1 distribution is shown in Figure S5G. (L) Intensity of the indicated 

GFP-tagged centrosomal proteins in the same centricula as in panel K. For AIR-1, which 

resides both in and out of the centrosome, total fluorescence intensity was determined in the 

area encompassed by the centriculum, referred to as the centriculum “void” (Figure S6A). p 

values, as determined by unpaired t-test (SPD-5, TAC-1) or non-parametric Mann-Whitney 

test (AIR-1), were as follows: SPD-5: p=0.0125; TAC-1: p=0.0372; AIR-1: p=0.0021. For 

related data see Figures S5 and S6.
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Figure 6: Centriculum expansion increases the microtubule nucleating capacity of the 
centrosome.
(A) A typical example of tubulin distribution in metaphase 1-cell embryo expressing 

GFP::TBA-2, mCherry::SP12, ATLN-1::degron and TIR1 (strain OCF183), in the absence 

or presence of IAA. Scale bar= 10 μm. (B) The same as panel A except cells were 

expressing EBP-2::mKate2 and SP12::GFP (strain OCF162). (C and D) quantification of 

TBA-2 or EBP-2 “ring” diameter (panel i), TBA-2 or EBP-2 fluorescence intensities in 

the centriculum void area (ii) and at the mid-spindle (iii), spindle width (iv), and spindle 

length (v) for the same strains as in panels (A) and (B), in the absence (orange symbols) or 

presence (blue symbols) of IAA. The methodology to quantify these parameters is shown 

in Figure S6A and centriculum diameters and void areas are shown in Figure S6B and 
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C. Examples of TBA-2 and EBP-2 localization relative to the centriculum are shown in 

Figure S6D and E. Error bars represent mean and standard deviation. Statistical analyses 

were done using unpaired t test. The number of centrosomes analyzed (−/+ IAA) and p 

values for each panel were as follows: Ci: n=16/14, p<0.0001; Cii: n=14/12, p<0.0001; 

Ciii: n=14/12, p=0.0001; Civ: n=14/13, p= 0.0014; Cv: n=8/7, p=0.4205; Di: n=10/14, 

p<0.0001; Dii:20/12, p<0.0001; Diii: n=12/12, p=0.0007; Div: n=12/12, p=0.0002; Dv: 

n=10/6, p=0.4615. (E) Representative images of 1-cell metaphase embryos expressing 

mCherry::SP12 (orange) and GFP::TBA-2 (green) (strain MSN146) treated with control 

RNAi (top two panels) or RNAi against klp-7 (bottom two panels). Scale bar= 10 μm. 

(F-K) Measurements of centriculum diameter (F), void area (G), SPD-5 area (H), SPD-5 

fluorescence in the centriculum void (I), tubulin ring diameter (J), and tubulin intensity in 

the centriculum void (K), in a strain expressing mCherry::SP12 and GFP::TBA-2 (MSN146, 

panels F, G, J and K) or mCherry::SP12 and GFP::SPD-5 (OCF176, panels H and I) 

that were treated with either control RNAi (orange symbols) or RNAi against klp-7 (blue 

symbols). Error bars represent mean and standard deviation. Statistical analyses were done 

using unpaired t test. The number of centrosomes analyzed (control/klp-7 RNAi) and p 

values for each panel were as follows: panel F: n=16/16, p<0.0001; G: n=16/16, p<0.0001; 

H: n=12/12, p= 0.0008; I: n=12/12, p=0.5604; J: n=16/16, p<0.0001; K: n=12/14, p<0.0001. 

For related data see Figure S6.
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Figure 7: The centriculum may serve as a microtubule filter and assist in NE breakdown.
(A) Top left panel: microtubule vectors (green), and a segment of the centriculum 

(orange) between the centrosome (Cen) and nucleoplasm in a 1-cell embryo in metaphase, 

superimposed on a single TEM image. Tomography datasets, including microtubule 

assignments, are from 46. Metaphase chromosomes (Chr) can be seen on the far left of the 

image. Scale bar= 5 μm. Top right: the same microtubule and centriculum reconstructions 

as in the left panel, but without the TEM image, which obscures structures below the plane 

of the image. The thickness of this segment, along the z axis, is ~ 60 nm. Regions i and 

ii, on the centrosome and chromosome sides of the centriculum, respectively, are enlarged 

below. Scale bar= 5 μm. (B) Segmentation of three microtubules (marked in yellow, blue and 

green) shown as they traverse the centriculum (orange). Note that the yellow microtubule 

terminates at a membrane. See Video S1 for the entire route of these three microtubules 

through the centriculum. Scale bar = 0.5 μm. (C) TEM images (left column) overlayed with 

Maheshwari et al. Page 35

Curr Biol. Author manuscript; available in PMC 2024 March 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



membrane reconstruction (middle column) and membrane + microtubules (right column) of 

the yellow and blue microtubules from panel B and Video S1 at the sites where they hit 

the membrane. Scale bar= 100 nm. See additional examples in Figure S7. (D) A diagram 

explaining the possible role of the centriculum in nuclear envelope fenestration during 

mitosis. Centrosomes are indicated in red, membrane in blue, microtubules in green and 

chromosomes in orange. See text for more detail. For related data see Figure S7.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

None

Bacterial and virus strains

Escherichia coli OP50 CGC OP50

Escherichia coli clone for C. elegans AIR-1 K07C11.2 RNAi feeding library (Open 
Biosystems, Huntsville, AL)

N/A

Escherichia coli clone for C. elegans ZYG-12 ZK546.1 RNAi feeding library (Open 
Biosystems, Huntsville, AL)

N/A

Escherichia coli clone for C. elegans SMD-1 F47G4.7 RNAi feeding library (Open 
Biosystems, Huntsville, AL)

N/A

Escherichia coli clone for C. elegans PERM-1 T01H3.4 RNAi feeding library (Open 
Biosystems, Huntsville, AL)

N/A

Escherichia coli clone for C. elegans KLP-7 K11D9.1 RNAi feeding library (Open 
Biosystems, Huntsville, AL)

N/A

Biological samples

None

Chemicals, peptides, and recombinant proteins

Indole-3-acetic acid (auxin) Alfa Aesar Cat# A10556

Nocodazole Sigma Aldrich Cat# 1404

DMSO Sigma Aldrich Cat# 41648

IPTG Sigma Aldrich Cat# I6758

L15 buffer Thermo Fisher Scientific Cat# 21083027

Qiagen MinElute Reaction Cleanup Kit Qiagen Cat# 28206

MEGAscript™ T7 Transcription Kit Invitrogen Cat# AM1333

Phenol:CHCl3:Isoamyl Alcohol Invitrogen Cat# 15593031

Ethanol 200 proof The Warner-Graham 
company

Cat# 64-17-5

Levamisole Sigma Aldrich Cat# L9756

TE buffer (10 mM, pH 8) Quality biological Cat# 351-011-131

Noble agar Sigma-Aldrich Cat# A5431

Critical commercial assays

None

Deposited data

None

Experimental models: Cell lines

None

Experimental models: Organisms/strains

C. elegans N2: wild isolate CGC N2

C. elegans OCF3: unc-119(ed3) III; jjIs1092 [pNUT1::npp-1::GFP + 
unc-119(+)]; ltIs37 [pAA64: pie-1p::mCherry::his-58 + unc-119(+)]

Golden et al, 2009 61 OCF3
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REAGENT or RESOURCE SOURCE IDENTIFIER

C. elegans OCF4: unc-119(ed3) III; qaIs3502 [pie-1p::YFP::lmn-1 + 
pie-1p::CFP:H2B + unc-119(+)]; ltIs37 [pAA64: pie-1p::mCherry::his-58 + 
unc-119(+)]

Golden et al, 2009 61 OCF4

C. elegans OCF5: unc-119(ed3) III; ojIs23 [pie-1p::SP12::GFP + unc-119(+)]; 
ltIs37 [pAA64: pie-1p::mCherry::his-58 + unc-119(+)]

Golden et al, 2009 61 OCF5

C. elegans OCF46: unc-119(ed3) III; qaIs3507 [pie-1p::GFP::lem-2 + 
unc-119(+)] III; ltIs37 [pAA64: pie-1p::mCherry::his-58 + unc-119 (+)]

Rahman et al 2015 39 OCF46

C. elegans OCF85: unc-119(ed3) III; ojIs9 [pie-1p::zyg-12(all)::GFP + 
unc-119(+)]; ieSi21 [sun-1p::sun-1::mRuby::sun-1 3' UTR + Cbr-unc-119(+)] 
IV

Rahman et al 2020 31 OCF85

C. elegans OCF108: ocf102[atln-1::GFP::3xFLAG] IV (CRISPR); 
unc-119(ed3) III; ocfIs2 [pie-1 p::mCherry::SP12::pie-1 3' UTR + unc119 (+)]

This paper OCF108

C. elegans OCF116: ocf101[atln-1::3xFLAG::degron] IV (CRISPR); 
unc-119(ed3) III; ojIs23 [pie-1p::SP12::GFP + unc-119(+)]; 
mTurquoise2::H2B (his-72::linker::mTurquoise2) III (CRISPR)

This paper OCF116

C. elegans OCF118: ocf101[atln-1::3xFLAG::degron] IV (CRISPR); 
TIR1::mRuby IV; unc-119(ed3) III; ojIs23 [pie-1p::SP12::GFP + unc-119(+)]; 
mTurquoise2::H2B (his-72::linker::mTurquoise2) III (CRISPR)

This paper OCF118

C. elegans OCF124: unc119(ed3) III; ItIs33 [pOD224; pie-1/GFPTEV-
stag::sas-6 genomic; unc119(+)genomic]; unc-119(ed3) III; ocfIs2 
[pie-1p::mCherry::SP12::pie-1 3' UTR + unc119 (+)]

This paper OCF124

C. elegans OCF127: unc-119(ed3) III; bsSi15 [pKO109: spd-2p-
spd-2::mCherry::spd-2 3' UTR, unc-119(+)], ojIs23 [pie-1p::SP12::GFP + 
unc-119(+)]

This paper OCF127

C. elegans OCF145: ocf103[sun-1::GFP::3xFLAG] V (CRISPR) This paper OCF145

C. elegans OCF158: unc-119(ed3) III; ItIs78 [pKO5:pie-1p::GFP::air-1; 
unc-119(+)]; ocfIs2 [pie-1p::mCherry::SP12::pie-1 3' UTR + unc119 (+)]

This paper OCF158

C. elegans OCF162: ebp-2(or1954[ebp-2::mKate2]) II (CRISPR); 
unc-119(ed3) III; ojIs23 [pie-1p::SP12::GFP + unc-119(+)]; 
ocf101[atln-1::3xFLAG::degron] IV (CRISPR); TIR1::mRuby IV; 
mTurquoise2::H2B (his-72::linker::mTurquoise2) III (CRISPR)

This paper OCF162

C. elegans OCF164: spd-5(vie26[GFP::spd-5 +loxP]) I (CRISPR); 
unc-119(ed3) III; ocfIs2 [pie-1 p::mCherry::SP12::pie-1 3' UTR + unc119 
(+)]; ocf101[atln-1::3xFLAG::degron] IV (CRISPR); TIR1::mRuby IV; 
mTurquoise2::H2B (his-72::linker::mTurquoise2) III (CRISPR)

This paper OCF164

C. elegans OCF165: spd-5(vie26[GFP::spd-5 +loxP]) I (CRISPR); 
unc-119(ed3) III; ocfIs2 [pie-1 p::mCherry::SP12::pie-1 3' UTR + unc119 
(+)]; ocf101[atln-1::3xFLAG::degron] IV (CRISPR); mTurquoise2::H2B 
(his-72::linker::mTurquoise2) III (CRISPR)

This paper OCF165

C. elegans OCF166: plk-1(lt18[plk-1::sGFP::loxp] III); 
ocf101[atln-1::3xFLAG::degron] IV (CRISPR); TIR1::mRuby IV; 
unc-119(ed3) III; ocfIs2 [pie-1 p::mCherry::SP12::pie-1 3’ UTR + unc119 (+)]

This paper OCF166

C. elegans OCF167: tac-1(or1955[GFP::tac-1]) II (CRISPR); unc-119(ed3) 
III; ocfIs2 [pie-1 p::mCherry::SP12::pie-1 3’ UTR + unc119 
(+)]; ocf101[atln-1::3xFLAG::degron] IV (CRISPR); TIR1::mRuby IV; 
mTurquoise2::H2B (his-72::linker::mTurquoise2) III (CRISPR)

This paper OCF167

C. elegans OCF170: plk-1(or683ts) III, unc-119(ed3) III; ocfIs2 
[pie-1p::mCherry::SP12::pie-1 3’ UTR + unc119 (+)]; spd-5(vie26[GFP::spd-5 
+loxP]) I (CRISPR)

This paper OCF170

C. elegans OCF172: unc-119(ed3) III; ItIs78 [pKO5:pie-1p::GFP::air-1; 
unc-119(+)]; ocfIs2 [pie- 1p::mCherry::SP12::pie-1 3’ UTR + unc119 
(+)]; ocf101[atln-1::3xFLAG::degron] IV (CRISPR); TIR1::mRuby IV; 
mTurquoise2::H2B (his- 72::linker::mTurquoise2) III (CRISPR)

This paper OCF172

C. elegans OCF173: spd-5(vie26[GFP::spd-5 +loxP]) I (CRISPR); 
unc-119(ed3) III; bqSi226 [lem-2p::lem-2::mCherry + unc-119(+)] IV

This paper OCF173
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REAGENT or RESOURCE SOURCE IDENTIFIER

C. elegans OCF174: unc-119(ed3) III; bsSi15 [pKO109: spd-2p-
spd-2::mCherry::spd-2 3’ UTR + unc-119(+)] I; bqSi210 [lem-2p::lem-2::GFP 
+ unc-119(+)] II

This paper OCF174

C. elegans OCF176: unc-119(ed3) III; ocfIs2 [pie-1p::mCherry::SP12::pie-1 
3’ UTR + unc119 (+)]; spd-5(vie26[GFP::spd-5 +loxP]) I (CRISPR); 
mTurquoise2::H2B (his-72::linker::mTurquoise2) III (CRISPR)

This paper OCF176

C. elegans OCF178: ocf103[sun-1::GFP::3xFLAG] V (CRISPR) ); 
unc-119(ed3) III; bsSi15 [pKO109: spd-2p-spd-2::mCherry::spd-2 3’ UTR + 
unc-119(+)] I

This paper OCF178

C. elegans OCF179: ax4539[npp-12::mNeonGreen] I (CRISPR); unc-119(ed3) 
III; bsSi15 [pKO109: spd-2p-spd-2::mCherry::spd-2 3’ UTR + unc-119(+)] I

This paper OCF179

C. elegans OCF183: ocf101[atln-1::3xFLAG::degron] IV (CRISPR); 
TIR1::mRuby IV; mTurquoise2::H2B (his-72::linker::mTurquoise2) III 
(CRISPR); unc-119(ed3) III; ocfIs2 [pie-1p::mCherry::SP12::pie-1 3’ UTR + 
unc119 (+)]; ltIs25 [pAZ132; pie-1p::GFP::tba-2 + unc-119 (+)]

This paper OCF183

C. elegans WLP718: GFP-LMN-1 WT (CRISPR) Pintard lab WLP718

C. elegans WLP801: mCherry::NPP-22 (CRISPR) Pintard lab WLP801

C. elegans JH3908: ax4539[npp-12::mNeonGreen] I (CRISPR); 
bqSi189[lmn-1p::mCherry::his-58::pie-1 3’ UTR] II (MosSCI))

Thomas et al 2022 70 JH3908

C. elegans MSN146: unc-119(ed3) III; ltIs76 [pAA178: 
pie-1p::mCherry::SP12 + unc-119(+)]; ltIs25 [pAZ132; pie-1p::GFP::tba-2 + 
unc-119(+)]

Audhya lab MSN146

C. elegans BN243: unc-119(ed3) III; bqSi235 [emr-1p::emr-1::GFP + 
unc-119(+)] II; bqSi226 [lem-2p::lem-2::mCherry + unc-119(+)] IV

CGC BN243

Oligonucleotides

See Table S1

Recombinant DNA

Plasmid for synthesis of dsRNA of atln-1: pRM01 This paper N/A

Plasmid for synthesis of dsRNA of spd-5: pRM02 This paper N/A

Plasmid for atln-1::GFP::3xFLAG CRISPR tagging: pAP973 Seydoux lab N/A

Plasmid for atln-1::3xFLAG::degron CRISPR tagging: pKO132 O’Connell lab N/A

Vector for expressing dsRNA: pL4440 Addgene #1654

Software and algorithms

FIJI (ImageJ release 2.1.0) Schindelin et al., 2012 74 https://imagej.nih.gov/ij/

GraphPad Prism [version 9.1.2 (255)] GraphPad https://
www.graphpad.com/
scientific-software/prism/

Nikon Elements Software Nikon USA N/A

IMOD or 3dmod [version 4.11.1] https://bio3d.colorado.edu N/A

AMIRA 6.5.0 (release 2018-03-07) Thermo Fisher Scientific N/A

Amira ZIB edition Version 2020.1 Zuse Institute Berlin Dep. 
Visual Data Analysis, 
Takustr.7, Berlin, Germany.

N/A

Adobe Photoshop CC (release 23.1) Adobe N/A

Other

none
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