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Abstract 

Microtubule-based spindle formation is essential to faithful chromosome segregation 

during cell division. In many animal species, the oocyte meiotic spindle forms without 

centrosomes (the major microtubule organizing centers), unlike most mitotic cells. Even 

in mitotic cells, centrosomes are sometimes dispensable for bipolar spindle formation, 

indicating a redundant pathway initiating spindle assembly. In this study, we examined 

meiotic spindle assembly in C. elegans oocytes. We have demonstrated: First, 

metaphase I spindle formation is Ran-GEF and Ran-GAP independent in meiotic 

embryos. Second, free tubulin, also called soluble tubulin, concentrates in the nuclear 

volume during Germinal Vesicle Breakdown (GVBD) as well as in the spindle region 

during metaphase I and metaphase II.  We then showed that the concentration of free 

tubulin at metaphase II spindle region is enclosed by dense ER sheets which exclude 

cytoplasmic organelles including mitochondria and yolk granules from the meiotic spindle. 

Similar observations are also shown in early mitotic cells. Together, this suggests free 

tubulin concentrating in the nuclear region might be a common mechanism promoting 

spindle formation through volume exclusion in both meiotic and early mitotic embryos in 

C. elegans.  Moreover, the movement of molecules during GVBD depends on the size 

and the charge of the molecules. 
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Chapter 1 

My research interests lie in the meiotic division in both males and females. My major 

project is trying to understand the mechanism of acentrosomal spindle assembly in C. 

elegans oocytes, which will be covered in Chapter 1. This is collaborative work with many 

members in McNally lab: I performed most of the experiments. Dr. Francis McNally 

conceived this project and helped with designing experiments. Siri Konanoor helped a lot 

with generating worm strains, worm crosses, live imaging data acquisition and data 

analysis. Cynthia Bailey, Alma Peraza, Elizabeth Beath and Shuyan Qiu kindly shared 

their live-imaging data of VIT-2, ER, COX-4, and PLIN-1 (Figure 5). Stefanie Redemann 

from the University of Virginia provided original electron tomograph data of meiotic 

spindles. And Karen McNally generously contributed her time to this project during her 

retirement. She reconstituted these meiotic spindles, performed quantification and figure 

making (Fig 6).  

 

My research project for my qualifying exam, which is to understand the difference of 

meiosis in oocytes and male spermatocytes in response to crossover failure, is covered 

in Chapter 2. 

 

I have also worked with other members in the lab and participated in their research 

projects, the findings of which are demonstrated as separate chapters (Chapter 3, 4 and 

5).  
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Introduction 

Errors in chromosome segregation result in chromosome aneuploidy, a leading 

cause of pregnancy loss, embryonic lethality, and congenital defects if they occur during 

meiosis and cancer if they occur during mitosis (Nasmyth, 2002). Faithfull chromosome 

segregation in most eukaryotes relies on the bipolar spindle segregating chromosomes 

into daughter cells. The bipolar spindle is a highly elaborate structure composed of 

thousands of microtubules, whose organization and stability are dynamically regulated to 

ensure proper chromosome attachment, alignment and segregation (Bennabi et al., 2016; 

Kline-Smith and Walczak, 2004; Mullen et al., 2019). 

In most mitotic cells, centrosomes at the two spindle poles act as major 

microtubule organization centers (MTOCs), in which spindle assembly factors (SAFs) are 

recruited to nucleate spindle microtubules (Petry, 2016; Prosser and Pelletier, 2017). 

Each centrosome contains a pair of centrioles and surrounding pericentriolar material 

(PCM) proteins (Bornens, 2012; Hinchcliffe, 2014; Kellogg et al., 2003; Sanchez and 

Feldman, 2017; Wang et al., 2014). However, mitotic cells lacking centrosomes can 

sometimes still assemble bipolar spindles, indicating the existence of additional pathways 

in spindle formation (Conduit et al., 2015; Khodjakov et al., 2000; Prosser and Pelletier, 

2017). Moreover, centrosomes gradually degenerate during oogenesis, and female 

meiotic spindles in many animal species form without centrosomes (Dumont and Desai, 

2012; Gruss, 2018; Heald et al., 1997; Mikeladze-Dvali et al., 2012; Schuh and Ellenberg, 

2007). It is well-known that human oocytes, especially from individuals with advanced 

maternal ages or in vitro fertilizations (IVF) are highly prone to meiotic spindle formation 
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errors, resulting in pregnancy loss and aneuploid embryos (Angell, 1991; Fair and 

Lonergan, 2023; Thomas et al., 2021).  

Many redundant pathways have been proposed to replace centrosomes and 

nucleate microtubules for spindle formation in different organisms (Li et al., 2006; Schuh 

and Ellenberg, 2007; Wu et al., 2022). In mouse oocytes, multiple de novo MTOCs 

originate from cytoplasmic microtubules prior to GVBD, which later increase largely in 

number and cluster into multipolar spindle. These MTOCs are enriched in PCM proteins, 

referred as non-centrosomal MTOCs (ncMTOCs) (Schuh and Ellenberg, 2007). Recently, 

MTOC-like structures have been shown in human oocytes, driven by microtubule 

associated protein TACC3 (Wu et al., 2022). No ncMTOCs have been reported in 

Drosophila oocytes and C. elegans oocytes. 

Studies using Xenopus egg extracts suggest that spindle bipolarity is an intrinsic 

nature of the chromosomes and the cytoplasm where microtubules are self-assembled 

into a bipolar spindle in centrosome-independent manner, driven by microtubule sorting 

proteins (Heald et al., 1996). However, the mechanism of spindle microtubule nucleation 

without centrosomes is not fully understood.  

Three molecular mechanisms have been proposed for microtubules nucleation 

around chromosomes in spindle regions lacking centrosomes: Ran-GTP pathway, 

Chromosome Passenger Complex (CPC) pathway and Augmin pathway. These 

mechanisms have been nicely summarized in (Bennabi et al., 2016). 

The small GTPase Ran has been demonstrated to play a critical role in spindle formation 

in addition to its role in nuclear transport (Carazo-Salas et al., 1999; Drutovic et al., 2020; 
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Hetzer et al., 2002; Kalab et al., 1999). Ran exists in its inactive GDP bound form (Ran-

GDP) and active GTP bound form (Ran-GTP).  Ran in its active GTP-bound form can 

release inactive SAFs from binding with Importins, thereby turning them (e.g., TPX2) into 

an active state and nucleating microtubules for spindle formation. Addition of 

constitutively active Ran-GTP in Xenopus egg extracts induces spindle formation in the 

absence of Ran. However, manipulating levels of Ran-GTP in mouse or X. laevis oocytes 

did not inhibit assembly of functional meiosis I spindles, indicating a centriole and Ran-

GTP independent spindle assembly pathway in vertebrate oocytes (Dumont et al., 2007). 

The Ran-GTP and Ran-GDP cycle is regulated by the Ran Guanine Exchange Factor 

(Ran-GEF) RCC1, the Ran GTPase-Activating Protein (Ran-GAP) and Ran Binding 

Protein (Ran-BP). The Ran GEF, RCC1, which creates Ran-GTP by promoting exchange 

of GTP for GDP, is localized in interphase nuclei and on condensed chromatin from 

prometaphase through anaphase during mitosis in cultured human cells (Moore et al., 

2002; Ohtsubo et al., 1989), cultured rodent cells (Li et al., 2003), and Xenopus sperm 

chromatin incubated in M-phase Xenopus egg extract (Bilbao-Cortés et al., 2002; Li et 

al., 2003). The amount of RCC1 associated with mitotic chromatin peaks at the 

metaphase-anaphase transition in cycling Xenopus egg extracts (Arnaoutov and Dasso, 

2003), indicating RCC1 might play a role primarily in anaphase. In cultured human cells, 

metaphase phosphorylation of RCC1 causes it to turnover on chromatin more rapidly than 

when dephosphorylated during anaphase (Hutchins et al., 2004), suggesting that the 

activity of RCC1 can be tuned through its phosphorylation. Chromatin-bound RCC1 forms 

a transient complex with Ran during mitosis (Bilbao-Cortés et al., 2002; Li et al., 2003). 

RCC1 may bind chromatin through direct binding to histones (Nemergut et al., 2001), 
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however, it is distributed throughout mitotic cytoplasm in Drosophila embryos (Frasch, 

1991).  

RCC1 linked to beads is sufficient to drive bipolar spindle assembly in Xenopus 

egg extracts (Halpin et al., 2011). Depletion of Ran-GTP in Drosophila and C. elegans 

delays but do not abolish meiotic spindle formation (Cesario and McKim, 2011; Chuang 

et al., 2020). 

The CPC is composed of Aurora B/C kinase, the inner centromeric protein 

(INCENP), Survivin, and Borealin, which target it to chromatin. The chromosome-

associated CPC is required for bipolar spindle assembly during C. elegans oocyte meiosis 

(Divekar et al., 2021) although a cloud of disorganized microtubules is still nucleated near 

chromosomes. The Augmin complex recruits γ-tubulin and nucleates new microtubules 

on the sides of preexisting microtubules (Colombié et al., 2013; Goshima et al., 2008; 

Lawo et al., 2009; Petry et al., 2011; Sánchez-Huertas and Lüders, 2015; Uehara et al., 

2009).   

A less-studied pathway that may promote spindle assembly in the vicinity of 

chromosomes is the concentration of α/β-tubulin dimers in the nuclear volume at Nuclear 

Envelope Breakdown (NEBD). Unpolymerized tubulin, monitored in cells treated with 

microtubule-depolymerizing drugs, is excluded from nuclei during interphase. During 

NEBD, rather than equilibrating to equal concentrations in the cytoplasm and nucleus, 

tubulin dimers have been reported to concentrate in the nuclear volume in Drosophila 

mitotic embryos (~ 1.6-fold, Yao et al., 2012), C. elegans mitotic embryos (~ 2-fold, 

Hayashi et al., 2012), Drosophila S2 cells (~ 1.5-fold, Schweizer et al., 2015) and 

Drosophila neuroblasts (Métivier et al., 2021). The concentration of tubulin dimer 
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independently of microtubule polymerization has been proposed to be related to binding 

to spindle matrix, the mechanisms of which remain controversial. Interestingly, non-

proteinaceous molecules like dextran (a polysaccharide) can also concentrate in the 

nuclear region, raising the question whether binding to a spindle matrix is necessary or 

not. Depletion of Ran by RNAi affects this concentration and causes spindle defects in C. 

elegans mitotic embryos (Hayashi et al., 2012) and Drosophila neuroblasts (Métivier et 

al., 2021). It is unclear whether the concentration of tubulin may be a component of the 

Ran pathway, or the defects observed might be the indirect result of altering the kinetics 

of nuclear import/export long before mitosis. 

In the C. elegans female gonad, the microtubules in the -1 oocyte (most mature 

oocyte) remain cytoplasmic prior to germinal vesicle breakdown (GVBD).  As the -1 

oocyte matures, its nucleus moves away from the center, approaching the future anterior 

cortex. Upon fertilization at the future posterior end by the sperm, the -1 oocyte is ovulated 

into the spermatheca. At the same time, the nuclear envelope of the -1 oocyte is 

permeabilized (Germinal Vesicle breakdown; GVBD), and a dense microtubule cloud 

forms around chromosomes as spindle assembly initiates (Kim et al., 2013).  

C. elegans female meiosis is unique in a few different ways. First, no distinct 

MTOCs or PCM protein enrichment have been observed in mature oocytes (unpublished 

data in McNally Lab). Second, RNAi knockdown of C. elegans Ran RAN-1 decreases 

spindle microtubule levels but does not block meiotic spindle formation (Chuang et al., 

2020). Third, depletion of C. elegans γ-tubulin (seeds for templated microtubule 

nucleation) TBG-1 by RNAi also leads to spindle microtubule loss but does not prevent 

meiotic division. Although oocytes depleted of γ-tubulin and katanin (microtubule severing 
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protein) by RNAi failed to form any microtubule asters (McNally et al., 2006). Lastly, most 

SAFs remain cytoplasmic prior to GVBD (McNally et al., 2022). This suggests there might 

be a novel mechanism underlying the microtubule nucleation and spindle assembly 

without centrosomes in C. elegans oocytes. The mechanisms observed in C. elegans 

may indicate a universal pathway that exists as a redundant pathway in other systems, 

as we have mentioned earlier. Understanding this mechanism has significant implications 

for fertility and the development of healthy embryos, as it reveals factors that can induce 

spindle assembly errors. These factors can be potential therapeutic targets to improve 

the efficacy of IVF. 
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Results 

Ran-2 and Ran-3 are weakly associated with chromosomes during meiotic spindle 

assembly in C. elegans oocytes. 

A previous study depleting Ran in C. elegans by ran-1 (C. elegans homolog of 

human RCC1) RNAi showed female meiotic spindles still formed although with a reduced 

density of microtubules (Chuang et al., 2020). As RAN-1 may not have been fully depleted 

by RNAi, we created conditional knockdown worm strains of Ran-GEF and Ran-GAP by 

Auxin Induced Degradation (AID) system to further determine whether acentrosomal 

spindle formation is Ran-dependent (Zhang et al., 2015). We added sequences of AID 

and Halo tag to endogenous ran-2 (Ran-GAP in C. elegans) and ran-3 (Ran-GEF in C. 

elegans). Worms were sterile after depleting RAN-2 or RNA-3 through AID, indicating 

RAN-3 or RAN-2 depletion leads to germline defects (Fig 1B). Previous depletion of RNA-

3 or RNA-2 by RNAi caused >90% embryonic lethality but did not affect brood size 

(Askjaer et al., 2002). This suggests that depletion of RAN-2 or RAN-3 through the AID 

system might result in more complete depletion than RNAi. 

It has been proposed that chromosome associated RCC1(Ran-GEF) establishes 

a Ran-GTP gradient in the vicinity and promotes spindle assembly by recruiting active 

SAFs in the proximity of chromosomes in mitosis. The localization and function of Ran-

GEF or Ran-GAP in meiosis has not been determined in vivo. To establish a Ran-GTP 

gradient, Ran-GAP remains mostly cytoplasmic while chromosome bound/associated 

Ran-GEF releases inactive SAFs from binding with importins (Fig 1A). Consistent with 

these ideas, we observed RAN-3::AID::HALO in the nucleoplasm and predominantly 

associated with chromosomes before GVBD. After GVBD, Ran-3 diffused from the 
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nucleus and only faintly associated with chromosomes at metaphase I and II. In contrast, 

RAN-3 strongly localized to chromosomes at anaphase I and anaphase II (Fig 1C). RAN-

2::AID::HALO was strongly associated with the nuclear envelope before GVBD. Later, 

Ran-2 faintly labeled metaphase I and metaphase II spindles. At anaphase, Ran-2 

localized to the spindle midzone, and its intensity increased as anaphase progressed, 

and it strongly associated with inner side of separating chromosomes (Fig 1D). These 

results suggest that Ran-3 and Ran-2 might function primarily at anaphase. 

Ran-GEF and Ran-GAP are required for meiotic chromosome segregation but not 

metaphase I spindle formation.  

Previous studies suggest Ran regulators are also involved in nuclear transport, 

defects in which usually leads to small and leaky nuclei. By treating the worms with auxin 

for a brief period, we sought to only evaluate the function of RAN-3 and RAN-2 on meiotic 

spindle formation without disrupting meiotic prophase and nuclear transport.  

When treated with Auxin for 4hrs, expression of Halo-AID-RAN-3 in the 

nucleoplasm and chromosomes in diakinesis oocytes was significantly reduced (Fig 2A-

B). At 6hr auxin treatment, the expression level was comparable to control oocytes with 

no Halo expression. Moreover, -1 oocytes treated with auxin for 4hrs were slightly smaller, 

and compartmentalization of nucleus is compromised: microtubules were less excluded 

from the nucleus. Worms treated with auxin for extended periods (36hrs) have even 

smaller nuclei and worse compartmentalization (Fig S1A-C), suggesting Ran-3 might be 

required for nuclear transport in diakinesis oocytes.  
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Similarly, expression of Halo-AID-RAN-2 in the cytoplasm and nuclear envelope in 

diakinesis oocytes was significantly reduced when treated with 4hr or 6hr auxin (Fig 2B). 

At 6hr auxin treatment, the expression level was comparable to control oocytes with no 

Halo expression. The sizes of oocytes treated with 4hr and 6hr auxin was normal, and 

their nuclei were not leaky compared to controls (Fig S1B-C). RAN-2::AID::HALO oocytes 

treated with auxin for extended periods were not examined as nucleus in the oocytes are 

severely disorganized.  

Consistent with the localization of Ran-3 and Ran-2, loss of Ran-3 or Ran-2 when 

treated with 4hrs or 6hrs auxin did not abolish bipolar spindle formation at metaphase I, 

although significantly more oocytes were arrested at anaphase I than in control worms 

without AID insertion or without auxin treatment (Fig 2E-F).  

Attempt to make Ran-1(RAN in C. elegans) depletion strain was made but no 

successful edit was obtained, possibly because modification of ran-1 leads to lethality. 

Free tubulin is concentrated in the nuclear volume at GVBD. 

At the onset of mitosis in C. elegans and Drosophila, soluble tubulin concentrates 

in the nuclear/spindle volume relative to the surrounding cytoplasm (Hayashi et al., 2012; 

Métivier et al., 2021; Schweizer et al., 2015; Yao et al., 2012). Since microtubule 

polymerization is concentration dependent, this concentration might facilitate spindle 

formation in the vicinity of chromosomes in meiotic oocytes. In DMSO-treated control -1 

oocytes, NeonGreen::TBB-2 (β-tubulin) labelled microtubules in the cytoplasm and was 

excluded from the nucleus (Fig 3A, 3B). Upon fenestration of the nuclear envelope 

(GVBD: germinal vesical breakdown), indicated by leakage of non-chromosomal 
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mCherry::histone out of the nucleus, NeonGreen::TBB-2 fluorescence increased within 

the nuclear volume in 10/10 time-lapse sequences (Fig. 3B) as previously described 

(McNally et al., 2006; Mullen and Wignall, 2017). Tubulin fluorescence then transformed 

into a “microtubule cage” (Mullen and Wignall, 2017) and eventually a bipolar spindle in 

10 out of 10 time-lapse sequences. Surprisingly, in oocytes treated with nocodazole to 

depolymerize microtubules, tubulin was diffused in the cytoplasm prior to GVBD (Fig. 3C), 

and still concentrated in the nuclear volume during and after GVBD (Fig 3C; Fig. 3D, 3E). 

Simple diffusion from the cytoplasm into the nuclear volume should result in equal 

fluorescence intensities of NeonGreen::tubulin in the nucleus and cytoplasm but 

fluorescence instead increased in the nuclear volume to 1.2-fold greater than the 

cytoplasm (Fig. 3E).  After ovulation, chromosomes in nocodazole-treated zygotes were 

dispersed and loosely wrapped by sparse short microtubules. No spindle formation or 

chromosome separation was observed before pronucleus formation in 12 out of 12 time-

lapse sequences. 

Similar results in previous studies of mitosis led to the interpretation that alpha/beta 

tubulin dimers concentrate in the nuclear volume of unperturbed cells during spindle 

assembly.  However, it is possible that nocodazole does not completely block microtubule 

polymerization and the fluorescence accumulating in the nuclear volume of nocodazole-

treated oocytes represents accumulation of short microtubules.  It is also possible that 

this phenomenon is induced by nocodazole and does not occur in unperturbed cells.  

Accumulation of tetrameric GFP and un-polymerizable tubulin in the “nuclear 

volume” at GVBD. 
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Previous investigators suggested that tubulin dimers concentrate either by binding 

to something in the nuclear volume (Hayashi et al., 2012; Métivier et al., 2021) or by being 

excluded by cytoplasmic organelles that are kept out of the spindle volume by the ER 

envelope that still envelopes the spindle after nuclear envelope breakdown (Schweizer et 

al., 2015; Fig. 4A).  We analyzed the behavior of two fluorescent probes designed to 

address three major issues: 1. Incomplete depolymerization by nocodazole; 2. 

Concentration of alpha/beta dimers in the absence of nocodazole; 3. Specific binding of 

tubulin to a nuclear binding site vs volume exclusion by cytoplasmic organelles.  

GFP::GCN4-pLI is a tetramerized GFP designed to have a native molecular weight similar 

to an alpha/beta tubulin dimer, but which should not bind to any tubulin-specific binding 

sites in the nuclear volume (Mittl et al., 2000; Fig. 4B). GFP::TBA-2(T349E) is an alpha 

tubulin mutant that can dimerize with beta tubulin, cannot polymerize (Johnson et al., 

2011; Fig. 4C), and should bind any specific tubulin binding sites in the nuclear volume. 

Both GFP::GCN4-pLi (Fig. 4B) and GFP::tba-2(T349E) (Fig. 4C) concentrated in the 

nuclear volume at GVBD in the absence of nocodazole. These results 1. Suggested that 

the concentration of GFP::tubulin in nocodazole was not due to incomplete 

depolymerization; 2. That tubulin dimers concentrate in the nuclear volume during 

unperturbed spindle assembly; and 3. That binding to a tubulin-specific binding site in the 

nuclear volume is not required for concentration.   

Because GFP::GCN4-pLI and GFP::tba-2(T349E) could be tracked in the absence 

of nocodazole, we could examine their behavior during normal meiotic divisions. 

Chromosome segregation was normal in GFP::tba-2(T349E) oocytes and GFP::GCN4-

pLi oocytes (12/12 and 10/10 filmed respectively) suggesting that expression of GFP::tba-
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2(T349E) or GFP::GCN4-pLi did not severely disturb normal spindle function.  

Interestingly, their concentration at GVBD lasted through Metaphase I but diffused to a 

1:1 spindle: cytoplasm ratio at Anaphase I, followed by re-accumulation at metaphase II 

and dispersion at Anaphase II (Fig 4B, 4C, 4D). This is very interesting as the nuclear 

envelope does not re-form prior to Metaphase II, raising the question of what delimits the 

concentration at Metaphase II and how this happens.  Our results suggest that alpha/beta 

tubulin dimers are concentrated in the nuclear region to a critical concentration that allows 

timely and proper meiotic spindle formation.  

The ER instead of the nuclear envelope delimits the accumulation of free tubulin 

during meiosis and early mitosis. 

The fact that tubulin-sized molecules concentrate in the nuclear volume draws our 

attention to the nucleo-cytoplasmic environment in the oocytes that might favor the 

accumulation of the free tubulin during GVBD, metaphase I and metaphase II. The 

nuclear envelope, a double-membrane barrier, separates nucleoplasm from cytoplasm. It 

allows small molecules to freely diffuse in and out through nuclear pores, while excluding 

larger molecules unless through active nucleo-cytoplasmic transport. Although the 

process of GVBD is diverse in different species, it usually starts with the disassembly of 

nuclear pore complexes (NPCs) allowing for the influx of molecules up to 70 kDa, then 

the fenestration of membrane allows for the influx of 500 kDa Dextran, followed by the 

complete rupture of nucleus membrane leading to the mixing of nucleoplasm and 

cytoplasm (Wesolowska et al., 2020). To understand where the free tubulin is 

concentrated, we first tracked nuclear proteins and nuclear Lamin, which might persist or 

re-organize in C. elegans meiotic embryos after GVBD (Fig 5A). GFP::NPP-6, a nuclear 
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pore protein of the Y complex (Galy et al., 2003), disappeared from the nuclear envelope 

after GVBD and did not re-locate to the nuclear membrane until the pronuclear formation 

(Fig 5B). Although it persisted in the cytoplasm at pre-metaphase I and localized on 

chromosomes through meiosis (Fig 5B), it differs from where free tubulin concentrated 

(Fig 4C, 4E). Similarly, GFP::LMN-1, the C. elegans nuclear Lamin (Galy et al., 2003), 

disappeared at GVBD, and only re-appeared after anaphase II (Fig 5C). These suggest 

that the nucleus dissembles before metaphase I and does not reform before Metaphase 

II.  

On the other hand, ER is continuous with the outer nuclear membrane (Fig 5A), 

and it has been shown to remain throughout meiosis although undergoing dramatic 

morphological changes in C. elegans oocytes (Kimura et al., 2017). Indeed, ER forms a 

ring around the nucleus in the -1 oocyte, then ruffles around spindle microtubules upon 

GVBD (Fig 5D). After GVBD, ER wraps around meiotic spindles at metaphase I and 

metaphase II, with strong clustering at two spindle poles. Cytoplasmic ER at metaphase 

stage demonstrated a typical sheet structure. At anaphase I and II, ER dispersed to a 

tubular structure (Fig 5D). Also, the dramatic morphological change of ER coincides with 

the concentration and dispersion of GFP::GCN4-pLI during meiosis (Video 1, available 

upon request). 

It has been shown that free tubulin in spindle region during early mitosis is 2 times 

as concentrated as in cytoplasm. We wondered if this also pairs with ER changes. 

Similarly, dense ER sheets delimit the concentration of GFP::GCn4-pLI at Metaphase and 

disperse when GFP::GCn4-pLI diffuse at Anaphase during the first and second mitosis 

(Video 2, available upon request). This suggests the concentration of free tubulin 
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enclosed by ER may be a prevalent mechanism to promote spindle formation in both 

meiosis and mitosis. 

ER sheets between the metaphase meiotic spindle and cytoplasm form a barrier to 

vesicles and mitochondria, but not to ribosomes. 

It is often stated that cytoplasm is like busy streets full of organelles, cytoskeleton, 

and protein synthesis machinery, mainly ribosomes. This cytoplasmic environment 

accelerates or slows down certain cellular processes by attuning molecular 

concentrations or molecular movements. C. elegans ooplasm is filled with yolk granules, 

lipid droplets, and mitochondria and others (Chen et al., 2020). GFP::VIT-2 encodes C. 

elegans yolk proteins Vitellogenin YP170B (Depina et al., 2011). GFP::VIT-2 is highly 

expressed in meiotic embryo but is excluded from the meiotic spindle by the ER. The 

exclusion is slightly alleviated during anaphase I and II when ER disperses (Fig 5D). The 

exclusion of yolk proteins from the meiotic spindle is stereotypical in meiotic embryos 

although the functional significance remains unclear. Similarly, GFP tagged mitochondrial 

inner membrane protein COX-4 (GFP::COX-4) are also highly expressed and excluded 

from the meiotic spindle (Fig 5E; Raiders et al., 2018). PLIN-1 labelled liquid droplets 

tagged with GFP (GFP::PLIN-1) are also highly expressed in oocytes (Fig 5F; Na et al., 

2015). 

In meiotic embryos reconstituted from electron tomographs, the sheet-like ER at 

metaphase and tubular-like ER at anaphase are beautifully revealed (Fig 6A-D, Video 3, 

4, available upon request). At metaphase II, vesicles and mitochondria are excluded from 

the chromosomes by dense ER sheets (Fig 6A-B, Video 3). At anaphase I, vesicles and 

mitochondria are no longer excluded by dispersed tubular-like ER, invading anaphase 
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spindle region (Fig 6C-D, Video 4). Interestingly, ribosomes, also abundant in cytoplasm, 

are roughly equally distributed in the spindle region and the cytoplasm at metaphase I 

and metaphase II, suggesting ER sheets between metaphase spindle and the cytoplasm 

only excludes vesicles and mitochondria but not ribosomes (Fig 6E). This is consistent 

with GFP tagged ribosomes subunit rpl-29 (GFP::RPL-29) evening between the nucleus 

and the cytoplasm upon ovulation in 9/9 time-lapse sequences (Fig 6F).    

The concentration of molecules during GVBD is size dependent. 

In immature starfish oocytes, fluorescent dextrans of 25 kDa or larger are excluded 

from the nucleus (Lénárt et al., 2003), similar to our results with GFP::tubulin, 

GFP::GCN4pLI and GFP::TBA-2(T349E), presumably because they are too large to 

diffuse freely through NPCs.  In contrast, 10 kDa fluorescent dextrans accumulated in the 

nucleus of immature starfish oocytes at a concentration twice that of the cytoplasm 

(Lénárt et al., 2003). It was suggested that this is because the small dextrans diffuse 

freely through NPCs and because yolk granules occupy 50% of the cytoplasmic volume 

thus driving apparent concentration of small dextrans in the nucleus (Lénárt et al., 2003). 

We found that a 36 kDa monomeric GFP concentrated in C. elegans oocyte nuclei before 

GVBD (Fig. 7A, B) to a concentration twice that of the cytoplasm (Fig. 7D), like 10 kDa 

dextrans in starfish oocytes. To rule out the possibility that this might be mediated by a 

cryptic NLS on GFP, we expressed a 34 kDa monomeric HALO tag in the C. elegans 

germline, which also concentrated to a 2-fold higher concentration in the nucleus relative 

to the cytoplasm in diakinesis oocytes prior to GVBD (Fig 7C-E).  

These results suggested that the same mechanisms driving concentration of larger 

proteins during GVBD might be responsible for the concentration of smaller proteins after 
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GVBD. However, monomeric HALO tag did not stay concentrated after GVBD and instead 

diffused to a 1:1 fluorescence ratio inside and outside the spindle envelope (Fig. 7E-F).   

The monomeric HALO tag did not grossly perturb meiotic progression (Fig. 5E) in 12/12 

time-lapse sequences. These results suggested that there might be a size-dependence 

for concentration of proteins in the nuclear volume during meiotic spindle assembly.  

Molecule movement during GVBD is charge dependent. 

Although the tubulin-sized molecules that concentrated in the nuclear volume at 

GVBD are larger than the smaller HALO tag that quickly dispersed to a 1:1 ratio between 

nuclear and cytoplasmic volumes at GVBD, these proteins also differ in net charge (Fig. 

7A), with the concentrating proteins more negative than the dispersing protein. One 

possibility is that electrostatic interactions of molecules with different local environments 

in the nucleus vs the cytoplasm might drive accumulation in the nuclear volume. To test 

this, we added arginines to tetrameric GFP to either neutralize net charge or add a net 

positive charge to GFP::GCN4-pLI. Similar to tetrameric GFP, GFP::GCN4-pLI with 

neutral or positive charges were excluded from the nucleus before GVBD (Fig 8A-D; -10 

min). GFP::GCn4-pLI (neutral charge) remained excluded from the nuclear volume at 

GVBD for a longer period of time after histone leakage out of the nucleus than negatively 

charged GFP::GCN4::pLI and exhibited only a slight accumulation in the nuclear volume 

(~7min after GVBD onset) (Fig 8A, 8C), a significant delay compared to GFP::GCn4-pLI 

with negative charges (~2min after GVBD onset, Fig 4C). GFP::GCn4-pLI (positive 

charge) remained excluded from the nuclear volume for an even longer period after 

GVBD (Fig 8B, 8D). This result suggested that proteins with negative charge concentrate 

in the nuclear volume at GVBD whereas proteins with neutral or positive charges do not.  
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Discussion and future directions 

Our data suggests that the ran pathway is dispensable for spindle formation but is 

essential for chromosome segregation during meiosis. Free tubulin concentrated in the 

nuclear volume during and after GVBD in C. elegans oocytes treated with nocodazole 

recapitulating what has been reported in C. elegans mitotic cells and Drosophila S2 cells 

(Baumgart et al., 2019; Hayashi et al., 2012; Schweizer et al., 2015). The concentration 

of tubulin-sized molecules: tetrameric GFP and un-polymerizable tubulin in the nuclear 

volume further confirms that it is polymerization independent.  

Furthermore, tetrameric GFP and un-polymerizable tubulin concentrated in 

metaphase II spindle region when nuclear pore protein NPP-6 and nuclear lamina are 

absent. We have shown that this concentration is instead enclosed by dense ER sheets, 

which later disperse at anaphase when tetrameric GFP evens out.  

The C. elegans ooplasm is populated with yolk granules, lipid droplets, 

mitochondria, ribosomes, and others. During metaphase, they are excluded from the 

meiotic spindle by ER sheets. It is not clear why the ER morphology changes dramatically 

and periodically from metaphase to anaphase, but in addition to protein production, we 

think that ER might function as a selective barrier, preventing cytoplasmic organelles from 

perturbing metaphase spindle formation. However, tubulin dimers, at this stage, are free 

to travel through the barrier of ER. Without membrane organelles, the nucleus volume 

provides more available space for tubulin, thus driving the concentration of tubulin in the 

nuclear volume, referred as “volume exclusion model” by previous studies (Schweizer et 

al., 2015). If this volume exclusion model by ER is true, disrupting ER during GVBD or 

metaphase might lead to defects in spindle formation and chromosome segregation. We 
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are currently working on disrupting ER by knocking down ATX-2 via Auxin-Induced-

Degradation and testing whether it will affect concentration of tetrameric GFP. ATX-2 is 

the C. elegans ortholog of human Ataxin-2, related to the late-onset neurodegenerative 

disease Spinocerebellar ataxia type-2 (SCA2). Loss of ATX-2 in C. elegans results in 

collapse of ER in the germline (Ciosk et al., 2004; del Castillo et al., 2022). It is unclear 

whether the ER sheets around the metaphase spindle and exclusion of cytoplasm 

organelles will be abolished in ATX-2 mutant. Another way to disrupt ER is by laser-

blazing the ER around the forming spindle. Problems that might come with this are: 1) 

laser operation during ovulation can be challenging; 2) the oocyte might arrest after laser 

ablation. 

It is interesting whether the same mechanism exists in aged oocytes or oocytes 

used for IVF where ER stress is present. Understanding the mechanisms of how ER 

affects spindle formation could provide insights on drug development to reduce meiotic 

errors and increase success rate in assisted reproduction (Schwarz and Blower, 2015).  

In the volume exclusion model, the size of the molecules is the key. With the barrier 

of nuclear envelope before GVBD, monomeric GFP or HALO tag without NLS are not 

excluded from the nucleus possibly because they are small enough to diffuse through the 

nuclear pores. It is surprising why they even out instead of concentrating more as tubulin 

does after GVBD. One explanation is that after GVBD, volume exclusion affects 

molecules with various sizes differently. While the nuclear volume grants more available 

space to tubulin-sized molecules, it makes no difference to smaller molecules like 

monomeric Halo Tag. We also tried to make ribosome-sized molecules, which will tell us 
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how volume exclusion would affect bigger molecules. However, it is not evenly distributed 

in the oocyte cytoplasm as other probes we have showed in this study. 

Although the tubulin-sized molecules exhibit higher fluorescence intensity in the nuclear 

volume, it does not necessarily mean it has higher concentration in the nuclear volume 

than in the cytoplasm. Despite this,  the crowded cytoplasm environment might be 

unfavorable for microtubule polymerization by promoting microtubule catastrophe while 

the nuclear volume with more open space has less restrictions for microtubule 

polymerization and spindle formation , even when the concentration of tubulin is same 

inside and out of the nuclear volume.  

Finally, we have shown that concentration of free tubulin is not just size-dependent. 

Tetrameric GFP with negative charge are more concentrated than tetrameric GFP with 

positive charge or neutral charge during GVBD. It remains unclear why negatively 

charged molecules are favored to get in. The cytoplasmic faces of cytoplasmic organelles 

are thought to be negatively charged due to phosphoinositides and phosphatidylserine 

(PtdSer). A recent study mapping the electrostatic profile of cellular membranes suggests 

that plasma membrane, ER, mitochondria, Golgi are all negatively charged in Hela cells 

(Eisenberg et al., 2021; average surface potential ranging from -14mV to -35mV). The 

negatively charged lipid heads will have counterions neutralizing these charges. 

However, it is possible the negative surface charge of cellular membranes in oocytes like 

ER, mitochondria might act like cation exchange chromatography beads, causing 

transient binding of counterions such as tetrameric GFP with positive charges, restraining 

them from getting into the nuclear volume. It will be interesting to determine whether 

monomeric Halo tag with positive charge will still concentrate in the immature oocytes. 
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Materials and Methods 

C. elegans strains and maintenance 

Worms used in this study were maintained under standard laboratory conditions. The 

strains used in this study and their sources are listed below: 

Strain name Genotype Source 

FM917 fxIs1 [pie-1p::TIR1::mRuby, I:2851009] I; 
ltIs37 [pAA64; pie-1p::mCh::his-58 + unc-119(+)]; 
ruIs57 [pie-1p::GFP::tubulin + unc-119(+)] V 

This study 

FM1054 fxIs1[pie-1p::TIR1::mRuby, I:2851009] I;  
ran-3(syb7781[ ran-3-3xGAS-AID-3xGAS-HALO]) II; 
ltIs37 [pAA64; pie-1p::mCh::his-58 + unc-119(+)]; 
ruIs57 [pie-1p::GFP::tubulin + unc-119(+)] V 

This study 

FM1056 fxIs1[pie-1p::TIR1::mRuby, I:2851009] I; 
ran-2(syb7819[ran-2-3xGAS-AID-3xGAS-HALO]) III; 
ltIs37 [pAA64; pie-1p::mCh::his-58 + unc-119(+)]; 
ruIs57 [pie-1p::GFP::tubulin + unc-119(+)] V 

This study  

FM971 [GFP(SMU)-GCN4-pLi] II; 
ltIs37 [pAA64; pie-1p::mCh::his-58 + unc-119(+)]; 
him-8(e1489) 

This study  

FM1011 [GFP(SMU)::tba-2(T349E)] II 
ltIs37 [pAA64; pie-1p::mCh::his-58 + unc-119(+)]; 
him-8(e1489) 

This study 

FM628 unc-119(ed3) III; 
 ltSi464[pNH103; Pmex-5::npp6::GFP::tbb-2 3'UTR; 
cbunc-119(+)] I; 
ItIs37[pAA64; pie-1::mCherry::his-58; unc-119 (+)] IV 

A gift from 
Oegema-
Desai Lab 

BN359 ima-2(ok256) I/hT2[bli-4(e937) let-?(q782) qIs48] (I;III); 
qaIs3502[pie-1p::YFP::lmn-1 + pie-1p::CFP::H2B + 
unc-119(+)] 

CGC 

FM991 wjIs76[Cn_unc-119(+); pie-1p::mKate2::tba-2]; 
vit-2(crg9070[vit-2::gfp]) X; 
egxSi126 [mex-5p::hsp-3(aa1-19)::halotag::HDEL::pie-
1 3’UTR+ unc-119(+)] I. " 

This study 

FM691  cox-4(zu476[cox-4::eGFP::3xFLAG]) I; 
wjIs76[Cn_unc-119(+); pie-1p::mKate2::tba-2] 

This study 

FM1077 hj178[plin-1a/c::GFP_TEV_3xFLAG] I; 
ItIs44pAA173; [pie-1p-mCh::PH(PLC1delta1) + unc-
119(+)]V;  
vit-2(syb5705[halo-tag])X (A);  
wjIs76[Cn_unc-119(+); pie-1p::mKate2::tba-2]" 

This study 

CZ18550 juSi123[rpl-29::GFP] II; rpl-29(tm3555) IV CGC 



22 
 

FM1103 [halo(smu)] II;  
ruIs57 [pie-1p::GFP::tubulin + unc-119(+)] V 
itIs37 [pie-1p::mCh::H2B::pie-1 3'UTR + unc-119(+)] 
IV" 

This study 

FM1168  [plus7-GFP(SMU)::GCn4-pLI] II;  
ItIs37[pAA64; pie-1::mCherry::his-58; unc-119 (+)] IV 

Neutral 
Charge; this 
study 

FM1169 [plus21-GFP(SMU)::GCn4-pLI] II;  
ItIs37[pAA64; pie-1::mCherry::his-58; unc-119 (+)] IV 

Positive 
Charge; this 
study 

 

Drug treatment 

For nocodazole treatment, 5mg/ml stock nocodazole solution (Sigma-Aldrich, St. Louis, 

MO, dissolved in 100% DMSO) was diluted into tricaine/tetramisole anesthetics to 5ug/ml 

just before adding to worms for live imaging. 100% DMSO without nocodazole were 

diluted in the same way for control treatment. 

Live imaging and Statistical Analysis  

Worms were anesthetized with tricaine/tetramisole as described (Kirby et al. 1990; 

McCarter et al. 1999) and gently mounted between a coverslip and a thin 2% agarose 

pad on a slide. All live imaging were captured with a Solamere Spinning Disk Confocal 

equipped with a Yokogawa CSU10, Hamamatsu Orca FLASH 4.0 cMOS and an Olympus 

100x 1.35 oil objective. For measuring fluorescence intensity or nucleus sizes (in Fig 2A-

C; Fig 7B-C; Fig S1A), z-stack images were taken in 1-micron step size to capture the 

center of nucleus for measurements. For time-lapse movies of GVBD and meiosis, 

images were captured every 30s. The fluorescence intensity in the background (where 

there was no worm) were subtracted before the fluorescence in the nucleus or cytoplasm 

before quantification. 
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Figure Legends 

Fig 1. Ran-2 and Ran-3 are weakly associated with chromosomes during meiotic 

spindle assembly in C. elegans oocytes. 

(A) Diagram of Ran-GDP, Ran-GTP cycle in nucleoplasm transport. 

(B) Embryonic viability of strains depleting RAN-2 or RAN-3 by Auxin-Induced 

Degradation. 

(C) Time lapse images of meiotic embryo expressing Ran-3::AID::HALO, TIR1::mRuby, 

GFP::TUB and mCh::HIS. 

(D) Time lapse images of meiotic embryo expressing Ran-2::AID::HALO, TIR1::mRuby, 

GFP::TUB and mCh::HIS. Graphs representing normalized fluorescence intensity along 

a 1-pixel-wide line scan (indicated by dashed line on the respective images) before GVBD, 

Ana I and Ana II are plotted on the bottom; position 0 corresponds to one end of the line 

scan. Scale bars, 5μm. 

Fig 2. Ran-GEF and Ran-GAP are required for meiotic chromosome segregation 

but not for meiotic spindle formation.  

(A) Images of meiotic embryo expressing an-3::AID::HALO, TIR1::mRuby, GFP::TUB and 

mCh::HIS before Germinal Vesicle Breakdown(bGVBD) and after(aGVBD).  

(B) Fluorescence intensity of Halo in embryos treated with 0, 4 or 6-hour Auxin. Control: 

strain not containing Degron. Ran-3::AID::Halo: strain expressing Ran-3::AID::HALO. Y 

axis (Left): fluorescence intensity ratio of Halo in nucleoplasm to background. Y axis 

(Right): fluorescence intensity ratio of Halo on chromosome to background.  

(C) Images of meiotic embryo expressing Ran-2::AID::HALO, TIR1::mRuby, GFP::TUB 

and mCh::HIS before Germinal Vesicle Breakdown(bGVBD) and after(aGVBD). 
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(D) Fluorescence intensity of Halo in embryos treated with 0, 4 or 6-hour Auxin. Control: 

strain not expressing degron; Ran-2::AID::Halo: strain expressing Ran-2::AID::HALO. Y 

axis (Left): fluorescence intensity ratio of Halo in nucleoplasm to background. Y axis 

(Right): fluorescence intensity ratio of Halo on nuclear envelope to background.  

(E) Time lapse images of meiotic embryo in control strain; Ran-3::AID::HALO or Ran-

2::AID::HALO, all expressing TIR1::mRuby, GFP::TUB and mCh::HIS. 

(F) Chromosome segregation defects in control strain, Ran-3::AID::halo or Ran-

2::AID::Halo strain treated with 0 or 4-hour Auxin. Normal: chromosome segregated 

during MI (Metaphase I). Arrested: metaphase spindle was formed but chromosome did 

not segregate 30 min after MI and spindle microtubules disassembled. PB exclusion 

failure: half of the chromosomes were expelled into the first PB but then were re-absorbed. 

Fig 3. Free Tubulin concentrated in the nuclear volume at GVBD. 

(A) Diagram of chromosome and microtubule organization in C. elegans gonad. 

Chromosomal DNA or chromosomes(magenta); Microtubules (Green); Plasma 

Membrane (Black); Nuclear Envelope (Orange); -1 oocyte: most maturing oocyte; +1 

oocyte: meiotic oocyte. 

(B) Representative time-lapse images of the Germinal Vesicle in -1 oocyte expressing 

mNeonGreen::TBB-2 (green) and mCh::HIS (magenta). Tubulin concentrated in the 

nuclear volume at GVBD in worms treated with DMSO or  

(C) Nocodazole. Non-chromosomal histone in the “nucleus” even out as the onset of 

GVBD. bGVBD, GVBD, aGVBD: before, at and after GVBD. Scale bars, 5 μm. 

(C) Plots of fluorescence intensity difference in nucleus and cytoplasm over time. Tubulin 

(green); Histone (Magenta). Y axis: mean fluorescence intensity in nucleus - mean 
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fluorescence intensity in cytoplasm. N: time lapse images analyzed. Average was shown 

in solid square [His] or solid circle [Tub]. 

(D) Ratio of mean fluorescence intensity of tubulin in nucleus over cytoplasm before 

GVBD and after GVBD. Tubulin were excluded from nucleus before GVBD (ratio < 1) and 

concentrated in nucleus after GVBD (ratio > 1). N: number of nuclei analyzed. 

Fig 4. Tubulin-sized molecules concentrated in the nuclear volume at GVBD. 

(A) Volume exclusion model of free tubulin rushing into nucleus (black circled region) 

where more space is available to tubulin-sized molecules (green dots) at GVBD. 

(B) Representative time lapse images of meiotic embryo expressing tetrameric GFP 

(green) and mCh::His (magenta). Tetrameric GFP was expressed by inserting 

GFP::GCN4-pli onto ttTi5605(Chr. II) by RMCE method introduced in Monet. 2020. The 

ratio of fluorescence intensity of GFP (green) or non-chromosome histone (magenta) in 

nucleus to cytoplasm during GVBD over time are shown in the graph on the right. N: time 

lapse images analyzed. Average was shown in solid square [His] or solid circle [Tub]. 

(C) Representative time lapse images of meiotic embryo expressing un-polymerizable 

tubulin (green) and mCh::His (magenta). un-polymerizable tubulin was expressed by 

inserting C. elegans GFP::tba-2(T342E) onto ttTi5605(Chr. II) by RMCE method. The ratio 

of fluorescence intensity of GFP (green) or non-chromosome histone (magenta) in 

nucleus to cytoplasm during GVBD over time are shown in the graph on the right. 

(D) Plots of fluorescence intensity ratio in nucleus to cytoplasm bGVBD, GVBD, aGVBD, 

MI, AI, MII and AII in (C) and (E). Blue: GFP::GCN4-pli or GFP::tba-2(T342E). Magenta: 

Histone. Y axis: mean fluorescence intensity[nucleus-background] ÷ mean fluorescence 

intensity[cytoplasm-background]. 
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Fig 5. The ER instead of the nuclear envelope delimits the concentration of free 

tubulin during meiosis and early mitosis. 

(A) Diagram of an intact nucleus before GVBD. ONM: Outer Nuclear Membrane. INN: 

Inner Nuclear Membrane. NPC: Nuclear Pore Complex. ER: Endoplasmic Reticulum.  

(B) Time-lapse sequences of representative meiotic embryo expressing GFP::NPP-6 

(green); mCh::HIS (red).  

(C) or GFP::LMN-1 (green); mCh::HIS (magenta).  

(D) or GFP::VIT-2 (green); mKate::TUB (red); Halo::ER (magenta). 

(E) or GFP::COX-4 (cyan); mKate::TUB (red). 

(F) or GFP::PLIN-1 (cyan); mCh::PH (red); mKate::TUB (red)  

Scale Bar, 5um. The cell cortex was drawn in white dash line in B, C and E. Arrows point 

to the spindle poles with dense ER cluster at metaphase I and metaphase II in D. 

Fig 6. ER sheets between the metaphase meiotic spindle and cytoplasm form a 

barrier to vesicles and mitochondria, but not to ribosomes. 

(A) Model of ER sheets on the partial exterior of a metaphase II meiotic spindle and 

spanning 1.2 mm in the z.  

(B) Model of ER at one pole of a metaphase meiotic spindle and spanning 0.6 mm in the 

z.   

(C) Model of ER in an outer 0.6mm z-section of a MI anaphase spindle.  No large ER 

sheets were observed.  

(D) Model of ER in a 0.6mm z-section of a late anaphase I spindle.  

(E) Ribosomes were counted in 12mm sections of spindle and cytoplasm in metaphase I 

and metaphase II tomograms. Ribosomes were counted after setting the threshold value 
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to half of the peak value. Average ribosome areas in metaphase I spindles and cytoplasm, 

and metaphase II spindles and cytoplasm were: 30.9 +/- 2.0nm, 28.0 +/- 1.2nm, 26.3 +/- 

1.0nm, and 26.8 +/- 1.7nm respectively.   

(F) Time-lapse images of meiotic embryo expressing GFP::rpl-29(grayscale) and rpl-29 

(tm3555). Scale Bar, 5um. 

Fig 7. Molecule movement during GVBD is size dependent. 

(A) Molecular weight and net charge of molecules used in this study, expressed in the C. 

elegans germline: pie-1p::GFP; mex-5p::HALO; GFP::GCN4-pli; GFP::GCN4-pli (close to 

neutral); GFP::GCN4-pli (positive).  

(B) Images of diakinesis oocytes expressing pie-1p::GFP (gray) before Germinal Vesicle 

Breakdown, and 

(C) Diakinesis oocytes expressing GFP::TUB (green), mCh::HIS (magenta) and mex-

5p::HALO (gray). 

(D) Fluorescence intensity ratio of pie-1p::GFP or mex-5p::HALO in the nucleus to the 

cytoplasm in -1 or -2 oocytes. 

(E) Time lapse images of meiotic embryo expressing GFP::TUB (green), mCh::HIS 

(magenta) and mex-5p::HALO (gray).  

(F) Fluorescence intensity ratio of mex-5p::HALO (purple) and non-chromosome histone 

(magenta) in the nucleus to the cytoplasm before GVBD, at GVBD onset and after GVBD. 

Fig 8. Molecule movement during GVBD is charge dependent. 

(A) Representative time lapse images of meiotic embryo expressing mCh::HIS and 

tetramerized GFP (green) with neutral charge or 

(B) positive charge 
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(C) and (D) Plots of fluorescence intensity difference in nucleus to cytoplasm over time in 

(A) and (B), respectively. Y axis: mean fluorescence intensity [nucleus-background] ÷ 

mean fluorescence intensity [cytoplasm-background]. N: time lapse images analyzed. 

Average was shown in solid magenta square [His] or solid green circle [GFP]. 

Fig S1. Halo-AID-RAN-3 oocytes treated with auxin for extended periods (36hrs) 

have even smaller nuclei and worse compartmentalization. 

(A) Representative Images of meiotic embryo expressing TIR1::mRuby, GFP::TUB and 

mCh::HIS or Ran-3::AID::HALO, TIR1::mRuby, GFP::TUB and mCh::HIS, treated with no 

auxin, 4hr auxin or 36hr auxin, respectively. 

(B) Quantification of oocyte nuclei size of control strain, Ran-3::AID::halo or Ran-

2::AID::Halo strain treated with 0, 4-hour, 6-hour, or 36-hour Auxin. 

(C) Quantification of microtubule fluorescence ratio in nucleus to cytoplasm in same 

conditions shown in (B). 

Video 1. ER delimits the concentration of free tubulin GFP::GCn4 during meiosis. 

Time-lapse sequences of embryo expressing GFP::GCn4-pLI (green); mCh::HIS (red) 

and Halo::ER (magenta). Video started before GVBD and ended after Anaphase I. GFP 

fluorescence concentrated in the nuclear volume during GVBD, after GVBD and at 

metaphase I. The concentration is enclosed by ER. 

Video 2. ER delimits the concentration of free tubulin GFP::GCn4 during early 

mitosis. 

Time-lapse sequences of embryo expressing GFP::GCn4-pLI (green); mCh::HIS (red) 

and Halo::ER (magenta). The video started at the one-cell pronuclear meeting and ended 

at the four-cell stage. GFP fluorescence concentrated in the nuclear volume at metaphase 



46 
 

during the first mitosis and second mitosis. The concentration of GFP fluorescence is 

enclosed by ER. 

Video 3. ER sheets between metaphase II spindle and cytoplasm exclude vesicles 

and mitochondria. 

3D images of Fig 6A: Model of ER sheets on the partial exterior of a metaphase II meiotic 

spindle and spanning 1.2mm in the z. 

Video 4. ER between anaphase I spindle, and cytoplasm does not exclude vesicles 

and mitochondria. 

3D images of Fig 6D: Model of ER in a 0.6mm z-section of a late anaphase I spindle. 
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Chapter 2 

 

 

Caenorhabditis elegans spermatocytes can segregate achiasmate homologous 

chromosomes apart at higher than random frequency during meiosis I. 

Ting Gong, Francis J McNally 

 

 

 

Gong T, McNally FJ. Caenorhabditis elegans spermatocytes can segregate achiasmate 

homologous chromosomes apart at higher than random frequency during meiosis I. 

Genetics. 2023 Apr 6;223(4):iyad021. doi: 10.1093/genetics/iyad021. PMID: 36792551; 

PMCID: PMC10319977. 

 

 

 I participated in designing and performing the experiments except examining 

chromosome segregation in spo-11 oocytes (Figure 5B and 5C), which is done by Karen 

McNally. I participated in writing the paper and the revision process. 
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Chapter 3 

 

 

Evidence for anaphase pulling forces during C. elegans meiosis. 

Brennan M. Danlasky, Michelle T. Panzica, Karen P. McNally, Elizabeth Vargas, Cynthia 

Bailey, Wenzhe Li, Ting Gong, Elizabeth S. Fishman, Xueer Jiang, and Francis J. McNally 
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Cell Biol. 2020 Dec 7;219(12):e202005179. doi: 10.1083/jcb.202005179. PMID: 

33064834; PMCID: PMC7577052. 

 

 

In this project, I worked with Brennan and performed experiments examining the function 

of dynein during C. elegans meiosis. I participated in data analysis and preparing Fig 9 

for this manuscript.  
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Chapter 4 

 

 

Paternal mitochondria from an rmd-2, rmd-3, rmd-6 triple mutant are properly 

positioned in the C. elegans zygote. 

Iris Y Juanico, Christina M Meyer, John E McCarthy, Ting Gong, and Francis J McNally 
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In this project, I helped IRIS with generating rmd-2, rmd-3, and rmd-6 single mutant. I 

used CRISPR-CAS9 to knockout rmd-2, rmd-3 and rmd-6. 
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Chapter 5 

 

 

Cohesin is required for meiotic spindle assembly independent of its role in 

cohesion in C. elegans. 

Karen P. McNally, Elizabeth A. Beath, Brennan M. Danlasky, Consuelo Barroso, Ting 

Gong, Wenzhe Li, Enrique Martinez-Perez, Francis J. McNally 
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cohesion in C. elegans. PLoS Genet. 2022 Oct 24;18(10):e1010136. doi: 

10.1371/journal.pgen.1010136. PMID: 36279281; PMCID: PMC9632809. 

 

 

I obtained the live imaging data and quantification of microtubules in control; spo-11 rec-

8 double mutant; spo-11 rec-8 coh-3 coh-4 quadruple mutant and bir-1 mutant (Figure 

S6). 
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