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Abstract
Centrosomes promote mitotic spindle assembly by nucleating microtubules from the peri-centriolar material (PCM). At
mitotic exit, centrosomes disassemble and the PCM disperses. In the 1-cell C. elegans embryo, polarity cues result in
distinct disassembly patterns of the anterior vs. posterior centrosome. Here, we show that commonly used alleles of GFP-
tagged SPD-5, a major PCM protein, can interfere with posterior centrosome flattening during disassembly. We also report
the development of endogenous super-folder GFP::SPD-5 (sfGFP::SPD-5) that exhibits normal centrosome flattening.
This highlights the ability of tags to interfere with cellular structures and processes, and provides a new tool to symmetrize
centrosome disassembly.
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Figure 1. Tagging SPD-5 with fluorescent proteins can prevent posterior centrosome flattening in the 1-cell C.
elegans embryo:

(A) i-viii: Confocal fluorescent microscopy images of the indicated fluorescently tagged SPD-5 in 1-cell C. elegans
embryos at metaphase and at 4 and 5 minutes after metaphase. The alleles indicated in white are untagged. Embryos are
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all oriented with anterior end facing left. The outline of the embryo in panel i is shown for orientation purposes. The
strains in each panel are: i: JLF359, ii: OCF176, iii: OCF259, iv: OCF187, v: OCF218, vi and vii: OCF221, viii: OCF258.
ix: A representative example of a time course of a posterior centrosome that exhibits flattening (JLF359; RFPend) from
metaphase to the end of centrosome disassembly. Absolute fluorescence intensity range is the same across all panels.
Scale bar: 3 µm. x: As in ix, but for a posterior centrosome that does not exhibit flattening (OCF176; GFP1end).

(B) Indirect immunofluorescence of SPD-5 using anti-SPD-5 antibodies (in green) of three embryos in anaphase to
telophase (from top to bottom), as described in Hamill et al (2002). DNA is stained by propidium iodide (red). Scale bar:
10 µm

(C) Length of posterior PCM at 4 minutes after metaphase, for strains with endogenous and/or transgenic tagged SPD-5,
as indicated. N/A indicates that the strain did not contain a transgene. Centrosomes where the PCM was at least 5 µm long
were considered flattened. n= number of embryos analyzed. **p=0.0015 for RFPend vs GFP1end; ***p=0.0003 for RFPend

vs GFP2end; ns: p≥0.05. Statistical analysis was done using one-way ANOVA Kruskal-Wallis test with Dunn's multiple
comparisons correction. Error bars: mean ± SD.

(D) Linker sequences between the FP C-terminus and SPD-5's N terminus, the linker's protein motifs (if present), and
method of insertion into the genome for each of the spd-5 alleles shown in panel A.

(E) Area of posterior centrosomes at metaphase, brood size and embryonic viability for the strains described in panel A
plus a control strain, OCF15 (last row), in which endogenous spd-5 is not tagged and there is no transgene. For metaphase
centrosome area, n= 9-11. There were no statistically significant differences between any of the strains and the RFP strain
as determined by one-way ANOVA Brown-Forsythe test with Dunnett's multiple comparisons correction (the control
strain is untagged and thus could not be measured). Values represent mean ± SD. For brood size, n= 9-21 individual L4s.
None of the strains were statistically different from the control, except the strain that only expressed a GFP::SPD-5
transgene (GFP3trans; OCF187), which showed a slightly higher brood size (p= 0.0116) as determined by one-way
ANOVA Kruskal-Wallis test with Dunn's multiple comparisons correction. Values represent mean ± SD. Embryonic
viability was determined in triplicates. None of the strains were statistically different from the control. Values represent
mean ± SD.

Description
Centrosomes, composed of barrel-like centrioles surrounded by peri-centriolar material (PCM), are dynamic structures
that help build mitotic spindles in metazoan cells by promoting microtubule nucleation (Nigg and Raff, 2009).
Centrosomes increase in size until metaphase as the PCM expands, a process known as centrosome maturation. In C.
elegans, SPD-5 is a coiled-coil protein that serves as a major PCM protein by acting as a scaffold (Hamill et al., 2002).
SPD-5's phosphorylation by the kinase PLK-1 drives SPD-5 multimerization and recruitment of downstream clients,
resulting in centrosome maturation (Wueseke et al., 2016; Woodruff et al., 2017; Cabral et al., 2019; Ohta et al., 2021;
Nakajo et al., 2022; Rios et al., 2024; Ohta et al., 2026). At the end of mitosis, the PCM is dismantled in a process known
as centrosome disassembly by the combined action of phosphatases and microtubule-mediated forces (Woodruff et al.,
2014; Conduit et al., 2015; Enos et al., 2018). In C. elegans, dephosphorylation weakens SPD-5's intermolecular
interactions, allowing microtubule-mediated forces to rip apart the PCM (Enos et al., 2018; Magescas et al., 2019;
Mittasch et al., 2020). In the 1-cell embryo, centrosome disassembly is asymmetric; in telophase, the anterior centrosome
remains spherical while the posterior centrosome flattens due to microtubule-pulling forces (Strome and Wood, 1983;
Keating and White, 1998; Hamill et al., 2002; Severson and Bowerman, 2003). Similar flattening is also observed in other
organisms, such as the nematode Ascaris megalocephala (Boveri, 1900), the surf clam Spisula solidissima (Dan and Ito,
1984) and across multiple orders of sea urchins (Boveri, 1900; Dan, 1979; Endo, 1980; Paweletz et al., 1984). The role of
centrosome flattening is not known.

In the C. elegans embryo, the centrosome is surrounded by a membrane reticulum called the centriculum (Maheshwari et
al., 2023; Maheshwari et al., 2026). To follow the fate of the centriculum after metaphase, we visualized centrosomes by
live fluorescent confocal microscopy using SPD-5 tagged with a fluorescence protein (FP). SPD-5 is commonly used for
this purpose, and we had several such constructs on hand that have been previously used in the field [e.g. (Cabral et al.,
2019; Magescas et al., 2019; Garbrecht et al., 2021; Magescas et al., 2021; Holzer et al., 2022; Garcia-Baucells et al.,
2025)]. Using endogenously expressed tagRFP-T::SPD-5 (allele: wow36 (Magescas et al., 2019), henceforth “RFPend”),
we observed the expected flattening of the posterior but not anterior centrosome (Fig. 1Ai and ix), similar to the
centrosome flattening observed by indirect immunofluorescence [Fig. 1B and (Hamill et al., 2002; Severson and
Bowerman, 2003; Enos et al., 2018)], and consistent with this allele's behavior in previous publications (Magescas et al.,
2019; Rios et al., 2024; Schreiner et al., 2025). Unexpectedly, in strains expressing two different endogenously tagged
GFP::SPD-5 constructs (vie26 (Cabral et al., 2019) and wow52 (Magescas et al., 2019), referred to here as GFP1end and
GFP2end, respectively), the flattening of the posterior centrosome was abolished (Figs. 1Aii, iii and x). Despite the
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flattening defect, centrosomes in the GFP1end and GFP2end strains disassembled as in the RFP strain, as determined by the
complete dispersal of SPD-5 fluorescence surrounding the centrioles (Figs 1Aix and x). To quantify the defect in
flattening, embryos were imaged every minute starting at metaphase. Centrosome flattening began 4 minutes after
metaphase and increased through 5 and 6 minutes. At 5 minutes, the PCM had begun disassembling into puncta that were
occasionally too faint or disperse to measure. We thus quantified posterior centrosome flattening by measuring the length
of the PCM long axis at 4 minutes after metaphase (Fig. 1C).

We classified any centrosome with a ≥ 5.0 µm PCM at 4 minutes post-metaphase as being flattened. In a strain expressing
RFPend, posterior centrosomes flattened in 100% of embryos imaged (Figs. 1Ai, ix and 1C). In contrast, posterior
centrosomes failed to flatten in the two GFP::SPD-5 strains, GFP1end and GFP2end, and posterior PCM lengths in these
strains were significantly shorter than posterior RFPend centrosomes (Figs. 1Aii, iii, x, and 1C). In addition to the
fluorescent tag, RFPend, GFP1end and GFP2end also differ in the linkers between the FP and SPD-5 (Fig. 1D). To
determine whether these three constructs lead to a general difference in PCM morphology, we measured centrosome areas
at metaphase (when centrosomes are spherical) and found no significant differences between the three strains (Fig. 1E).

We also examined centrosome flattening in a strain expressing GFP::SPD-5 as a transgene, (ltSi1141 (Woodruff et al.,
2015), termed GFP3trans), in the presence of untagged endogenous SPD-5. GFP3trans's linker sequence is much shorter
than those in GFP1end and GFP2end (Fig. 1D) but the GFP itself is identical between all three strains. Interestingly, nearly
all centrosomes in GFP3trans flattened (Fig. 1C). This is consistent with Enos et al., (2018) and Erpf et al., (2019) who
observed posterior centrosome flattening in strains expressing the same construct. Given the presence of the untagged
endogenous SPD-5 in GFP3trans, we hypothesized that either the untagged endogenous protein was rescuing flattening by
diluting GFP3trans, or GFP3trans itself permitted centrosome flattening.

To test if untagged SPD-5 can rescue centrosome flattening in the presence of GFP::SPD-5, we combined GFP1end with
untagged transgenic SPD-5. 100% of centrosomes flattened in this strain (Figs. 1Av and 1C), suggesting that untagged
SPD-5 can rescue centrosome flattening that is inhibited by the GFP::SPD-5 constructs used here. We next examined
whether GFP3trans itself is permissive to centrosome flattening by combining it with GFP1end. We reasoned that if
GFP3trans permits flattening in the presence of GFP1end, then GFP3trans behaves as an untagged SPD-5. Interestingly, in
this GFP1end + GFP3trans strain, 44% of centrosomes flattened (Figs. 1Avi and vii, and 1C). GFP and other FPs can
dimerize and perturb organelle morphology (Zacharias et al., 2002; Snapp et al., 2003; Costantini et al., 2012). In our case,
the expression of GFP1end and GFP2end as the sole source of SPD-5 may have increased inter-GFP::SPD-5 interactions,
thus preventing anaphase SPD-5 dispersal and consequently, centrosome flattening. The presence of untagged SPD-5
would increase the average distance between GFP1end or GFP2end molecules, reducing their ability to interact. GFP3trans

has a much shorter linker than GFP1end or GFP2end (Fig. 1D); the short linker might constrain GFP3trans's dimerization,
thus perturbing centrosome flattening to a lesser degree than GFP1end or GFP2end. Furthermore, in strains expressing both
GFP3trans and GFP1end, posterior centrosome flattening might occur in embryos with higher relative levels of GFP3trans

expression, while in embryos with higher relative GFP1end expression, flattening might be inhibited.

Thus far, the only strains that exhibited posterior centrosome flattening were RFPend and those expressing SPD-5
transgenes. We therefore sought to construct a strain expressing endogenously tagged “green” SPD-5 that exhibited wild
type centrosome flattening without a transgene. To this end, we used super-folder GFP (sfGFP), which has been shown to
be more monomeric than GFP by gel filtration, crystallography, and cell-based assays (Zacharias et al., 2002; Pedelacq et
al., 2006; Costantini et al., 2012). Of note, recent reports using cell-based assays reported that sfGFP might dimerize,
although less so than many other FPs, like tagRFP-T (Cranfill et al., 2016; Stoddard and Rolland, 2019; Fraikin et al.,
2025). Using CRISPR-Cas9 gene editing, we tagged SPD-5 endogenously, affixing sfGFP to SPD-5's N-terminus via a 9
amino acid linker reminiscent of GFP3trans's linker (Fig. 1D). In this strain, where sfGFP::SPD-5 is the only source of
SPD-5, 100% of posterior centrosomes flattened after metaphase (Figs. 1Aviii and 1C). Thus, we successfully constructed
an endogenous green FP-tagged SPD-5 that retains normal centrosome morphology during late mitosis.

Whether FP dimerization is what led to a defect in centrosome flattening in the strains expressing GFP1end and GFP2end

remains an open question. Beyond dimerization, FPs could disrupt PCM disassembly by interfering with microtubule
nucleation or SPD-5's accessibility to phosphatases, as both microtubules and phosphatases are required for PCM
disassembly (Enos et al., 2018; Magescas et al., 2019; Mittasch et al., 2020). The nature of the linker (Fig. 1D) could have
also affected the properties of the FP::SPD-5 fusion proteins. It also remains unknown whether inhibiting centrosome
flattening leads to a developmental defect; neither brood size nor embryonic viability was significantly different in strains
without posterior centrosome flattening compared to a control expressing untagged SPD-5 (Fig. 1E). Either flattening, or
lack thereof, has no functional importance, or the embryo has robust mechanisms to compensate for this defect. Thus, the
consequences of abolishing posterior centrosome flattening should be examined further. In this regard, if the GFP1end and
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GFP2end SPD-5 fusion proteins do affect centrosome-related processes, there is a concern that they may exhibit synthetic
genetic interactions under conditions that partially compromise centrosome function, even if these conditions, on their
own, do not exhibit a centrosome defect. Finally, the GFP1end and GFP2end alleles provide useful tools that inhibit
centrosome flattening without global disruption of microtubules, phosphatases, or motor proteins. Our study further
underscores that PCM disassembly is sensitive to the properties of its constituent proteins.

Methods
C. elegans Strains

The C. elegans strains used in this study were derived from the N2 strain (Bristol; Brenner, 1974) and its derivatives and
are listed under Reagents. Strain OCF259 was created by crossing OCF15 with strain JLF361, described previously
(Magescas et al., 2019). Strains were maintained at 20°C on E. coli OP50 lawns seeded on MYOB agarose using standard
methods (Brenner, 1974).

CRISPR-Cas9

Tagging of spd-5 with sfGFP was mostly done according to previously published methods (Paix et al., 2017). The sfGFP
sequence was inserted into a pUC-GW-Amp vector by Azenta Life Sciences. The sequence is as follows, with linkers in
bold and introns in lowercase:

GGTGGTTCCGGTGGTTCTGGTGGTTCTGTCAGCAAAGGAGAAGAACTTTTCACTGGAGTTGTCCC
AATTCTTGTTGAATTAGATGGTGATGTTAATGGGCACAAATTTTCTGTCCGTGGAGAGGG
TGAAGGTGATGCTACAAACGGAAAACTCACCCTTAAATTTATTTGCACTACTGGAAAACT
ACCTGTTCCATGGgtaagtttaaacatatatatactaactaaccctgattatttaaattttcagCCAACACTTGTCACTA
CTCTGACCTATGGTGTTCAATGCTTTTCCCGTTATCCGGATCACATGAAACGGCATGACT
TTTTCAAGAGTGCCATGCCCGAAGGTTATGTACAGGAACGCACTATATCTTTCAAAGATG
ACGGGACCTACAAGACGCgtaagtttaaacagttcggtactaactaaccatacatatttaaattttcagGTGCTGAAGTC
AAGTTTGAAGGTGATACCCTTGTTAATCGTATCGAGTTAAAAGGTATTGATTTTAAAGAA
GATGGAAACATTCTCGGACACAAACTCGAGTACAACTTTAACTCACACAATGTATACATC
ACGGCAGACAAACAAAAGAATGGAATCAAAGCTgtaagtttaaacatgattttactaactaactaatctaatttaaattt
tcagAACTTCAAAATTCGCCACAACGTTGAAGATGGTTCCGTTCAACTAGCAGACCATTA
TCAACAAAATACTCCAATTGGCGATGGCCCTGTCCTTTTACCAGACAACCATTACCTGTC
GACACAATCTGTCCTTTCGAAAGATCCCAACGAAAAGCGTGACCACATGGTCCTTCTTGA
GTTTGTAACTGCTGCTGGGATTACACATGGCATGGATGAGCTCTACAAAGGTGGTTCCGGTGGTTCT
GGTGGTTCT

Because ssDNA repair templates have been shown to be more efficient than dsDNA, we used repair template primers with
phosphorothioate linkages introduced for the first 5 nucleotides on the 5' left homology arm, permitting digestion with T7
exonuclease to create a single-stranded repair template (Noteborn et al., 2020). The sequences of the primers were as
follows:

Forward primer, with 120 bp spd-5 promoter (up to ATG) homology arm and 20 bp homology with sfGFP N-terminus, in
bold. Asterisks indicate phosphorothioate bond:

T*G*C*T*G*AAGCTTCAAATTTTGCAACCTCCTGTTCATTTTGACTCAAAACTCTTAATCCCAAAAAAA
CGCTCAATTTTGTTTTCGAACCCGTTTCTTGTTTCAGAAA
ACTTCGCGTTAAATGGTCAGCAAAGGAGAAGAACT

Reverse primer, with 145 bp spd-5 coding sequence homology arm and 20 bp homology with sfGFP C-terminal linker, in
bold:

CTGACAATACTTGCTGTTGAGTGGCACTGGTCGAAGACGTTCTTTTGTCTCCTTCAAC
ATTCAGAACTGGTTGCGACATAGATCTTCGTGGCTGGCCCTCGACATGCTCGAGATTGGA
GTCTTCATTAAGAACTGAGTTGTCTTCAGAACCACCAGAACCACCGG

Our gRNA sequence to target the spd-5 start codon was: GGATAATTCTGTGCTCAACG

Microscopy

Gravid adults were immobilized on a cover slip with 50 mM levamisole in standard M9 buffer and dissected with
hypodermic needles to release their embryos. The cover slip was then transferred to a pad of 2% agarose in standard M9
buffer on a glass slide. Images were taken using a Nikon confocal Ti2 microscope with a Yokogawa CSU-X1 spinning
disk and a Photometrics Prime 95B camera using a Nikon oil 60×1.40 NA Apo Plan objective. Images were captured
using Nikon Elements software version 5.21.03. Centrosomes were imaged across a 20-µm slice at z=1 µm intervals (21
total images per stack) and at 1-minute intervals starting around metaphase until the approximate completion of
centrosome disassembly. Indirect immunofluorescence was as described in Hamill et al, 2002.
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Image Analysis

All images were analyzed using Fiji (Schindelin et al., 2012; https://imagej.net/ij/).

Measurements

To measure PCM length, a maximal projection was created using all 21 slices of each image. The timepoint at which
metaphase occurs was determined by centrosome shape and positioning: mitotic spindle length (i.e. distance between
centrosomes) is around 15 microns at metaphase (Greenan et al., 2010). Metaphase centrosomes are also circular and
static; once anaphase begins, the PCM deforms and the centrosomes begin regression to the embryonic poles. At four
minutes post-metaphase, the boundary of the posterior centrosome was traced by hand using Fiji's freehand selection tool.
The mean and minimum values inside this hand-traced object were recorded, and the average of these two values was set
as a minimum threshold to highlight the pixels of the centrosome. The length of the PCM was measured as the length of
its longest axis.

For centrosome area, the same tracing and thresholding protocol was followed as PCM length. Area was determined rather
than length (namely diameter) to avoid ambiguities in the placement of the line to measure diameter. Once thresholding
had determined the pixels constituting the centrosome, this area was measured.

For brood size, single L4s were placed on OP50 E. coli lawns seeded on MYOB agarose in a small petri dish (35x10mm).
OP50 E. coli lawns were ensured to be in the center of the petri dish to prevent worms from straying close to the outer
walls. Each worm's progeny was counted by removing its hatched larvae from the dish until no new progeny were laid.
Parents were often sequentially transferred to 1 or 2 plates to prevent plates from getting too crowded with progeny.

For embryonic viability, three MYOB plates with OP50 were inoculated with 10 gravid adults each (collected the day
before as L4 larvae) and incubated at 20°C. Worms were allowed to lay eggs for 2 hours after which they were removed.
The percent of eggs that hatched was first determined after 30 additional hours at 20°C, and the plates were inspected
again 24 hours later.

Statistical Analyses

All analyses were done using GraphPad Prism [Version 10.6.1 (799)]. D'Agostino-Pearson, Anderson-Darling, Shapiro-
Wilk, and Kolmogorov-Smirnov tests were used to test for normality of distributions. Standard deviations (SDs) for all
datasets were measured. When samples were normal and had variable SDs, Brown-Forsythe and Welch's ANOVA tests,
with Dunnett's T3 multiple comparisons test with individual variances computed for each comparison, were used. When
datasets were not normal (nonparametric), the Kruskal-Wallis test with Dunn's correction for multiple comparisons was
used.

Reagents
Reagents

Strain
name

Referred
to in this
study

Genotype Reference

JLF359

 
RFPend spd-5(wow36[tagRFP-T::3xmyc::spd-5] I Magescas et

al., 2019

OCF15*

 
N/A unc-119(ed3) III; ocfIs2[pie-1p::mCherry::SP12::pie-1 3'UTR + unc-119(+)]

Joseph-
Strauss et
al., 2012

OCF176*

 
GFP1end spd-5(vie26[GFP::spd-5::loxP]) I; his-72(erb77[his-72::linker::mTurquoise2])

III; unc-119(ed3) III; ocfIs2[pie-1p::mCherry::SP12::pie-1 3'UTR + unc-119(+)]
Maheshwari
et al., 2023

OCF187

 

untagged
spd-5end +
GFP3trans

ltSi1141[(pOD1021/pVV103) spd-2p::GFP::spd-5(re-encoded) + Cbr-unc-
119(+)] II; unc-119(ed3) III; ocfIs2[pie-1p::mCherry::SP12::pie-1 3'UTR + unc-
119(+)]

Maheshwari
et al., 2026
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http://www.wormbase.org/db/get?name=WBGene00004955;class=Gene
http://www.wormbase.org/db/get?name=WBGene00001946;class=Gene
http://www.wormbase.org/db/get?name=WBVar02154105;class=Variation
http://www.wormbase.org/db/get?name=WBGene00001946;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006843;class=Gene
http://www.wormbase.org/db/get?name=WBVar00145093;class=Variation
http://www.wormbase.org/db/get?name=WBTransgene00014941;class=Transgene
http://www.wormbase.org/db/get?name=WBGene00004027;class=Gene
http://www.wormbase.org/db/get?name=WBGene00004027;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006843;class=Gene
http://www.wormbase.org/db/get?name=WBGene00004955;class=Gene
http://www.wormbase.org/db/get?name=WBGene00004955;class=Gene
http://www.wormbase.org/db/get?name=WBGene00037738;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006843;class=Gene
http://www.wormbase.org/db/get?name=WBVar00145093;class=Variation
http://www.wormbase.org/db/get?name=WBTransgene00014941;class=Transgene
http://www.wormbase.org/db/get?name=WBGene00004027;class=Gene
http://www.wormbase.org/db/get?name=WBGene00004027;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006843;class=Gene


OCF218

 

GFP1end +
untagged
spd-5trans

spd-5(vie26[GFP::spd-5::loxP]) I; ltSi1129[(pZZ2) spd-2p::spd-5(re-encoded) +
Cbr-unc-119(+)] II; unc-119(ed3) III; ocfIs2[pie-1p::mCherry::SP12::pie-1
3'UTR + unc-119(+)]

Maheshwari
et al., 2026

OCF221

 
GFP1end +
GFP3trans

ltSi1141[(pOD1021/pVV103) spd-2p::GFP::spd-5(re-encoded) + Cbr-unc-
119(+)] II; spd-5(vie26[GFP::spd-5::loxP]) I; unc-119(ed3) III; ocfIs2[pie-
1p::mCherry::SP12::pie-1 3'UTR + unc-119(+)]

Maheshwari
et al., 2026

OCF258

 
sfGFPend spd-5(ocf110[sfGFP::spd-5]) I; unc-119(ed3) III; ocfIs2[pie-

1p::mCherry::SP12::pie-1 3'UTR + unc-119(+)] This study

OCF259

 
GFP2end spd-5(wow52[GFP::3xflag::spd-5]) I; unc-119(ed3) III; ocfIs2[pie-

1p::mCherry::SP12::pie-1 3'UTR + unc-119(+)] This study

*Available from the Caenorhabditis Genetics Center

Notes on strains
1The tagRFP-T includes short insertions (S2_S2delinsVSKGE/H230_K231insKLNGMDELY) from EGFP's termini, as
determined by sequencing. This is the predominant variant of tagRFP-T, according to FPbase
(https://www.fpbase.org/protein/tagrfp-t/).
2The version of GFP present in all strains in this paper, as determined by sequencing, is original GFP from Aequorea
victoria with two mutations: S65C—a common mutation in C. elegans GFP for improved photostability—and Q80R—a
common “neutral” mutation (Tsien, 1998; Green et al., 2008).
3The GFP::SPD-5 allele in GFP3trans, ltSi1141, is frequently referred to in the literature as ltSi202, including in Woodruff
et al., 2015. This allele originated in the Oegema lab, which reports the correct allele for this construct is ltSi1141 (KO,
personal communication).

Acknowledgements: The authors would like to thank Kevin O’Connell and Jason Pfister (NIDDK, NIH) for helpful
discussions. We also thank Jessica Feldman (Stanford University), Alex Dammermann (University of Vienna), and Karen
Oegema (UC San Diego) for worm strains.

References
Boveri, T. (1900). Ueber die Natur der Centrosomen. In Zellen-Studien (Vol. 4). Gustav Fischer.
https://www.biodiversitylibrary.org/page/6303288?__cf_chl_f_tk=isKyV5iYcAKbMmWILzBk
aRICOd_nvnOpACnVfVr9Udg-1783435793-1.0.1.1-Yokbr3F40lKm8gaHKAmFpvi576TxyuvGHnB4piuV
k4Q#page/7/mode/1up (Jena, Germany: G. Fischer)

Brenner S. 1974. The genetics of Caenorhabditis elegans. Genetics 77: 71-94. DOI: 10.1093/genetics/77.1.71

Cabral G, Laos T, Dumont J, Dammermann A. 2019. Differential Requirements for Centrioles in Mitotic Centrosome
Growth and Maintenance. Developmental Cell 50: 355-366.e6. DOI: 10.1016/j.devcel.2019.06.004

Conduit PT, Wainman A, Raff JW. 2015. Centrosome function and assembly in animal cells. Nature Reviews Molecular
Cell Biology 16: 611-624. DOI: 10.1038/nrm4062

Costantini LM, Fossati M, Francolini M, Snapp EL. 2012. Assessing the Tendency of Fluorescent Proteins to Oligomerize
Under Physiologic Conditions. Traffic 13: 643-649. DOI: 10.1111/j.1600-0854.2012.01336.x

Cranfill PJ, Sell BR, Baird MA, Allen JR, Lavagnino Z, de Gruiter HM, et al., Piston. 2016. Quantitative assessment of
fluorescent proteins. Nature Methods 13: 557-562. DOI: 10.1038/nmeth.3891

Dan K. 1979. Studies on unequal cleavage in sea urchins I. migration of the nuclei to the vegetal pole. Development,
Growth and Differentiation 21: 527-535. DOI: 10.1111/j.1440-169X.1979.00527.x

Dan K, Ito S. 1984. Studies of Unequal Cleavage in Molluscs: I. Nuclear Behavior and Anchorage of a Spindle Pole to
Cortex as Revealed by Isolation Technique. Development, Growth & Differentiation 26: 249-262. DOI: 10.1111/j.1440-
169X.1984.00249.x

 

9/23/2026 - Open Access

http://www.wormbase.org/db/get?name=WBGene00004955;class=Gene
http://www.wormbase.org/db/get?name=WBGene00004955;class=Gene
http://www.wormbase.org/db/get?name=WBVar02158129;class=Variation
http://www.wormbase.org/db/get?name=WBGene00004955;class=Gene
http://www.wormbase.org/db/get?name=WBGene00004955;class=Gene
http://www.wormbase.org/db/get?name=WBGene00037738;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006843;class=Gene
http://www.wormbase.org/db/get?name=WBVar00145093;class=Variation
http://www.wormbase.org/db/get?name=WBTransgene00014941;class=Transgene
http://www.wormbase.org/db/get?name=WBGene00004027;class=Gene
http://www.wormbase.org/db/get?name=WBGene00004027;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006843;class=Gene
http://www.wormbase.org/db/get?name=WBGene00004955;class=Gene
http://www.wormbase.org/db/get?name=WBGene00037738;class=Gene
http://www.wormbase.org/db/get?name=WBGene00004955;class=Gene
http://www.wormbase.org/db/get?name=WBVar02158129;class=Variation
http://www.wormbase.org/db/get?name=WBGene00004955;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006843;class=Gene
http://www.wormbase.org/db/get?name=WBVar00145093;class=Variation
http://www.wormbase.org/db/get?name=WBTransgene00014941;class=Transgene
http://www.wormbase.org/db/get?name=WBGene00004027;class=Gene
http://www.wormbase.org/db/get?name=WBGene00004027;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006843;class=Gene
http://www.wormbase.org/db/get?name=WBGene00004955;class=Gene
http://www.wormbase.org/db/get?name=WBGene00004955;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006843;class=Gene
http://www.wormbase.org/db/get?name=WBVar00145093;class=Variation
http://www.wormbase.org/db/get?name=WBTransgene00014941;class=Transgene
http://www.wormbase.org/db/get?name=WBGene00004027;class=Gene
http://www.wormbase.org/db/get?name=WBGene00004027;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006843;class=Gene
http://www.wormbase.org/db/get?name=WBGene00004955;class=Gene
http://www.wormbase.org/db/get?name=WBGene00004955;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006843;class=Gene
http://www.wormbase.org/db/get?name=WBVar00145093;class=Variation
http://www.wormbase.org/db/get?name=WBTransgene00014941;class=Transgene
http://www.wormbase.org/db/get?name=WBGene00004027;class=Gene
http://www.wormbase.org/db/get?name=WBGene00004027;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006843;class=Gene
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=6239
http://www.wormbase.org/db/get?name=WBGene00004955;class=Gene
https://doi.org/10.1093/genetics/77.1.71
https://doi.org/10.1016/j.devcel.2019.06.004
https://doi.org/10.1038/nrm4062
https://doi.org/10.1111/j.1600-0854.2012.01336.x
https://doi.org/10.1038/nmeth.3891
https://doi.org/10.1111/j.1440-169X.1979.00527.x
https://doi.org/10.1111/j.1440-169X.1984.00249.x


Dickinson DJ, Pani AM, Heppert JK, Higgins CD, Goldstein B. 2015. Streamlined Genome Engineering with a Self-
Excising Drug Selection Cassette. Genetics 200: 1035-1049. DOI: 10.1534/genetics.115.178335

Dickinson DJ, Ward JD, Reiner DJ, Goldstein B. 2013. Engineering the Caenorhabditis elegans genome using Cas9-
triggered homologous recombination. Nature Methods 10: 1028-1034. DOI: 10.1038/nmeth.2641

Endo S. 1980. Further observations on the clusters of granular material around the centriole in the sea urchin egg: changes
in distribution during mitosis*. Development, Growth and Differentiation 22: 509-516. DOI: 10.1111/j.1440-
169X.1980.00509.x

Enos SJ, Dressler M, Gomes BF, Hyman AA, Woodruff JB. 2017. Phosphatase PP2A and microtubule-mediated pulling
forces disassemble centrosomes during mitotic exit. Biology Open : 10.1242/bio.029777. DOI: 10.1242/bio.029777

Erpf AC, Stenzel L, Memar N, Antoniolli M, Osepashvili M, Schnabel R, Conradt B, Mikeladze-Dvali T. 2019. PCMD-1
Organizes Centrosome Matrix Assembly in C. elegans. Current Biology 29: 1324-1336.e6. DOI:
10.1016/j.cub.2019.03.029

Fraikin N, Couturier A, Mercier R, Lesterlin C. 2025. A palette of bright and photostable monomeric fluorescent proteins
for bacterial time-lapse imaging. Science Advances 11: 10.1126/sciadv.ads6201. DOI: 10.1126/sciadv.ads6201

Frøkjær-Jensen C, Wayne Davis M, Hopkins CE, Newman BJ, Thummel JM, Olesen SrP, Grunnet M, Jorgensen EM.
2008. Single-copy insertion of transgenes in Caenorhabditis elegans. Nature Genetics 40: 1375-1383. DOI:
10.1038/ng.248

Garbrecht J, Laos T, Holzer E, Dillinger M, Dammermann A. 2021. An acentriolar centrosome at the C. elegans ciliary
base. Current Biology 31: 2418-2428.e8. DOI: 10.1016/j.cub.2021.03.023

Garcia-Baucells Jl, Bevilacqua C, Rufin M, Rumpf-Kienzl C, Zampetaki A, Andriotis OG, et al., Dammermann. 2025.
Centrosome Softening As A Mechanical Adaptation For Mitosis. : 10.1101/2025.09.09.675178. DOI:
10.1101/2025.09.09.675178

Green RA, Audhya A, Pozniakovsky A, Dammermann A, Pemble H, Monen J, et al., Oegema. 2008. Expression and
Imaging of Fluorescent Proteins in the C. elegans Gonad and Early Embryo. Methods in Cell Biology,Fluorescent Proteins
: 179-218. DOI: 10.1016/S0091-679X(08)85009-1

Greenan G, Brangwynne CP, Jaensch S, Gharakhani Jb, Jülicher F, Hyman AA. 2010. Centrosome Size Sets Mitotic
Spindle Length in Caenorhabditis elegans Embryos. Current Biology 20: 353-358. DOI: 10.1016/j.cub.2009.12.050

Hamill DR, Severson AF, Carter JC, Bowerman B. 2002. Centrosome Maturation and Mitotic Spindle Assembly in C.
elegans Require SPD-5, a Protein with Multiple Coiled-Coil Domains. Developmental Cell 3: 673-684. DOI:
10.1016/s1534-5807(02)00327-1

Holzer E, Rumpf-Kienzl C, Falk S, Dammermann A. 2022. A modified TurboID approach identifies tissue-specific
centriolar components in C. elegans. PLOS Genetics 18: e1010150. DOI: 10.1371/journal.pgen.1010150

Joseph-Strauss D, Gorjánácz Mts, Santarella-Mellwig R, Voronina E, Audhya A, Cohen-Fix O. 2012. Sm protein down-
regulation leads to defects in nuclear pore complex disassembly and distribution in C. elegans embryos. Developmental
Biology 365: 445-457. DOI: 10.1016/j.ydbio.2012.02.036

Keating HH, White JG. 1998. Centrosome dynamics in early embryos of Caenorhabditis elegans. Journal of Cell Science
111: 3027-3033. DOI: 10.1242/jcs.111.20.3027

Magescas Jrm, Eskinazi S, Tran MV, Feldman JL. 2021. Centriole-less pericentriolar material serves as a microtubule
organizing center at the base of C. elegans sensory cilia. Current Biology 31: 2410-2417.e6. DOI:
10.1016/j.cub.2021.03.022

Magescas Jrm, Zonka JC, Feldman JL. 2019. A two-step mechanism for the inactivation of microtubule organizing center
function at the centrosome. eLife 8: 10.7554/elife.47867. DOI: 10.7554/eLife.47867

Maheshwari R, Rahman MM, Drey S, Onyundo M, Fabig G, Martinez MAQ, et al., Cohen-Fix. 2023. A membrane
reticulum, the centriculum, affects centrosome size and function in Caenorhabditis elegans. Current Biology 33: 791-
806.e7. DOI: 10.1016/j.cub.2022.12.059

Maheshwari R, Rahman MM, Ruddick A, Drey S, Mirabello RS, Cohen-Fix O. 2026. The centriculum, a membrane
reticulum that surrounds Caenorhabditis elegans centrosomes, might serve as a microtubule filter. Journal of Cell Science
139: 10.1242/jcs.264404. DOI: 10.1242/jcs.264404

Mittasch Mu, Tran VM, Rios MU, Fritsch AW, Enos SJ, Ferreira Gomes B, et al., Woodruff. 2020. Regulated changes in
material properties underlie centrosome disassembly during mitotic exit. Journal of Cell Biology 219:
10.1083/jcb.201912036. DOI: 10.1083/jcb.201912036

 

9/23/2026 - Open Access

https://doi.org/10.1534/genetics.115.178335
https://doi.org/10.1038/nmeth.2641
https://doi.org/10.1111/j.1440-169X.1980.00509.x
https://doi.org/10.1242/bio.029777
https://doi.org/10.1016/j.cub.2019.03.029
https://doi.org/10.1126/sciadv.ads6201
https://doi.org/10.1038/ng.248
https://doi.org/10.1016/j.cub.2021.03.023
https://doi.org/10.1101/2025.09.09.675178
https://doi.org/10.1016/S0091-679X(08)85009-1
https://doi.org/10.1016/j.cub.2009.12.050
https://doi.org/10.1016/s1534-5807(02)00327-1
https://doi.org/10.1371/journal.pgen.1010150
https://doi.org/10.1016/j.ydbio.2012.02.036
https://doi.org/10.1242/jcs.111.20.3027
https://doi.org/10.1016/j.cub.2021.03.022
https://doi.org/10.7554/eLife.47867
https://doi.org/10.1016/j.cub.2022.12.059
https://doi.org/10.1242/jcs.264404
https://doi.org/10.1083/jcb.201912036


Nakajo M, Kano H, Tsuyama K, Haruta N, Sugimoto A. 2022. Centrosome maturation requires phosphorylation-mediated
sequential domain interactions of SPD-5. Journal of Cell Science 135: 10.1242/jcs.259025. DOI: 10.1242/jcs.259025

Nigg EA, Raff JW. 2009. Centrioles, Centrosomes, and Cilia in Health and Disease. Cell 139: 663-678. DOI:
10.1016/j.cell.2009.10.036

Noteborn WEM, Abendstein L, Sharp TH. 2020. One-Pot Synthesis of Defined-Length ssDNA for Multiscaffold DNA
Origami. Bioconjugate Chemistry 32: 94-98. DOI: 10.1021/acs.bioconjchem.0c00644

Ohta M, Arakawa O, Gu Y, Tian W, Corbett KD, Desai A, Oegema K. 2026. Phosphorylation remodels the mitotic
centrosome matrix to generate bipartite γ-tubulin complex docking sites. Science Advances 12: 10.1126/sciadv.aed6539.
DOI: 10.1126/sciadv.aed6539

Ohta M, Zhao Z, Wu D, Wang S, Harrison JL, Gómez-Cavazos JSn, Desai A, Oegema KF. 2021. Polo-like kinase 1
independently controls microtubule-nucleating capacity and size of the centrosome. Journal of Cell Biology 220:
10.1083/jcb.202009083. DOI: 10.1083/jcb.202009083

Paix A, Folkmann A, Seydoux G. 2017. Precision genome editing using CRISPR-Cas9 and linear repair templates in C.
elegans. Methods 121-122: 86-93. DOI: 10.1016/j.ymeth.2017.03.023

Paweletz N, Mazia D, Finze EM. 1984. The centrosome cycle in the mitotic cycle of sea urchin eggs. Experimental Cell
Research 152: 47-65. DOI: 10.1016/0014-4827(84)90229-5

Pédelacq JD, Cabantous Sp, Tran T, Terwilliger TC, Waldo GS. 2005. Engineering and characterization of a superfolder
green fluorescent protein. Nature Biotechnology 24: 79-88. DOI: 10.1038/nbt1172

Rios MU, Bagnucka MgA, Ryder BD, Ferreira Gomes B, Familiari NE, Yaguchi K, et al., Woodruff. 2024. Multivalent
coiled-coil interactions enable full-scale centrosome assembly and strength. Journal of Cell Biology 223:
10.1083/jcb.202306142. DOI: 10.1083/jcb.202306142

Schindelin J, Arganda-Carreras I, Frise E, Kaynig V, Longair M, Pietzsch T, et al., Cardona. 2012. Fiji: an open-source
platform for biological-image analysis. Nature Methods 9: 676-682. DOI: 10.1038/nmeth.2019

Schreiner A, Heim A, Pletschacher L, Alznauer LM, Schwenkert S, Wolff F, Zanin E, Mikeladze-Dvali T. 2025. PCMD-1
stabilizes the PCM scaffold and facilitates centriole separation. Journal of Cell Biology 224: 10.1083/jcb.202411107. DOI:
10.1083/jcb.202411107

Severson AF, Bowerman B. 2003. Myosin and the PAR proteins polarize microfilament-dependent forces that shape and
position mitotic spindles in Caenorhabditis elegans . The Journal of Cell Biology 161: 21-26. DOI:
10.1083/jcb.200210171

Snapp EL, Hegde RS, Francolini M, Lombardo F, Colombo S, Pedrazzini E, Borgese N, Lippincott-Schwartz J. 2003.
Formation of stacked ER cisternae by low affinity protein interactions. The Journal of Cell Biology 163: 257-269. DOI:
10.1083/jcb.200306020

Stoddard A, Rolland V. 2019. I see the light! Fluorescent proteins suitable for cell wall/apoplast targeting in Nicotiana
benthamiana leaves. Plant Direct 3: 10.1002/pld3.112. DOI: 10.1002/pld3.112

Strome S, Wood WB. 1983. Generation of asymmetry and segregation of germ-line granules in early C. elegans embryos.
Cell 35: 15-25. DOI: 10.1016/0092-8674(83)90203-9

Tsien RY. 1998. THE GREEN FLUORESCENT PROTEIN. Annual Review of Biochemistry 67: 509-544. DOI:
10.1146/annurev.biochem.67.1.509

Woodruff JB, Ferreira Gomes B, Widlund PO, Mahamid J, Honigmann A, Hyman AA. 2017. The Centrosome Is a
Selective Condensate that Nucleates Microtubules by Concentrating Tubulin. Cell 169: 1066-1077.e10. DOI:
10.1016/j.cell.2017.05.028

Woodruff JB, Wueseke O, Hyman AA. 2014. Pericentriolar material structure and dynamics. Philosophical Transactions
of the Royal Society B: Biological Sciences 369: 20130459. DOI: 10.1098/rstb.2013.0459

Woodruff JB, Wueseke O, Viscardi V, Mahamid J, Ochoa SD, Bunkenborg J, et al., Hyman. 2015. Regulated assembly of
a supramolecular centrosome scaffold in vitro. Science 348: 808-812. DOI: 10.1126/science.aaa3923

Wueseke O, Zwicker D, Schwager A, Wong YL, Oegema K, Jülicher F, Hyman AA, Woodruff JB. 2016. Polo-like kinase
phosphorylation determines Caenorhabditis elegans centrosome size and density by biasing SPD-5 toward an assembly-
competent conformation. Biology Open 5: 1431-1440. DOI: 10.1242/bio.020990

Zacharias DA, Violin JD, Newton AC, Tsien RY. 2002. Partitioning of Lipid-Modified Monomeric GFPs into Membrane
Microdomains of Live Cells. Science 296: 913-916. DOI: 10.1126/science.1068539%208539%20068539

 

9/23/2026 - Open Access

https://doi.org/10.1242/jcs.259025
https://doi.org/10.1016/j.cell.2009.10.036
https://doi.org/10.1021/acs.bioconjchem.0c00644
https://doi.org/10.1126/sciadv.aed6539
https://doi.org/10.1083/jcb.202009083
https://doi.org/10.1016/j.ymeth.2017.03.023
https://doi.org/10.1016/0014-4827(84)90229-5
https://doi.org/10.1038/nbt1172
https://doi.org/10.1083/jcb.202306142
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1083/jcb.202411107
https://doi.org/10.1083/jcb.200210171
https://doi.org/10.1083/jcb.200306020
https://doi.org/10.1002/pld3.112
https://doi.org/10.1016/0092-8674(83)90203-9
https://doi.org/10.1146/annurev.biochem.67.1.509
https://doi.org/10.1016/j.cell.2017.05.028
https://doi.org/10.1098/rstb.2013.0459
https://doi.org/10.1126/science.aaa3923
https://doi.org/10.1242/bio.020990
https://doi.org/10.1126/science.1068539%208539%20068539


Funding: R.S.M., M.M.R., A.R., R.M and O.C.F were supported by a National Institute of Diabetes and Digestive and
Kidney Diseases (NIDDK) intramural grant to O.C-F. (DK069012-18). D.R.H. was supported by a postdoctoral
fellowship from the American Cancer Society (PF-4444) and by NIH grant R01GM58017 to B.B. B.B. was also supported
by NIH grant R35GM131749.

This research was supported, in part, by the Intramural Research Program of the National Institute of Diabetes and
Digestive and Kidney Diseases (NIDDK) within the National Institutes of Health (NIH). The contributions of the NIH
authors were made as part of their official duties as NIH federal employees, are in compliance with agency policy
requirements, and are considered Works of the United States Government. However, the findings and conclusions
presented in this paper are those of the authors and do not necessarily reflect the views of the NIH or the U.S. Department
of Health and Human Services. Open Access funding provided by National Institute of Diabetes and Digestive and
Kidney Diseases.

 

Conflicts of Interest: The authors declare that there are no conflicts of interest present.

Author Contributions: Robert S. Mirabello: conceptualization, formal analysis, investigation, methodology, writing -
original draft. Mohammad M. Rahman: investigation, formal analysis, writing - review editing. Abigail Ruddick:
investigation, conceptualization, writing - review editing. Danielle R. Hamill: conceptualization, investigation, writing -
review editing. Bruce Bowerman: conceptualization, supervision, writing - review editing, funding acquisition. Richa
Maheshwari: conceptualization, supervision, writing - review editing. Orna Cohen-Fix: conceptualization, funding
acquisition, project administration, supervision, writing - original draft.

Reviewed By: Anonymous

Nomenclature Validated By: Anonymous

WormBase Paper ID: WBPaper00070174

History: Received July 14, 2026 Revision Received August 3, 2026 Accepted September 20, 2026 Published Online
September 23, 2026 Indexed October 7, 2026

Copyright: © 2026 by the authors. This is an open-access article distributed under the terms of the Creative Commons
Attribution 4.0 International (CC BY 4.0) License, which permits unrestricted use, distribution, and reproduction in any
medium, provided the original author and source are credited.

Citation: Mirabello RS, Rahman MM, Ruddick A, Hamill DR, Bowerman B, Maheshwari R, Cohen-Fix O. 2026. Tags
Attached to the Centrosomal Protein SPD-5 Can Disrupt Centrosome Flattening During Anaphase of the 1-cell C. elegans
Embryo. microPublication Biology. 10.17912/micropub.biology.002285

 

9/23/2026 - Open Access

https://doi.org/10.17912/micropub.biology.002285

