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Abstract

Asymmetric cell division is an important mechanism that generates cellular diversity during
development. Not only do asymmetric cell divisions produce daughter cells of different
fates, but many can also produce daughters of different sizes, which we refer to as Daughter
Cell Size Asymmetry (DCSA). In Caenorhabditis elegans, apoptotic cells are frequently pro-
duced by asymmetric divisions that exhibit DCSA, where the smaller daughter dies. We
focus here on the divisions of the Q.a and Q.p neuroblasts, which produce larger surviving
cells and smaller apoptotic cells and divide with opposite polarity using both distinct and
overlapping mechanisms. Several proteins regulate DCSA in these divisions. Previous stud-
ies showed that the PIG-1/MELK and TOE-2 proteins regulate DCSA in both the Q.a and Q.
p divisions, and the non-muscle myosin NMY-2 regulates DCSA in the Q.a division but not
the Q.p division. In this study, we examined endogenously tagged NMY-2, TOE-2, and PIG-
1 reporters and characterized their distribution at the cortex during the Q.a and Q.p divi-
sions. In both divisions, TOE-2 localized toward the side of the dividing cell that produced
the smaller daughter, whereas PIG-1 localized toward the side that produced the larger
daughter. As previously reported, NMY-2 localized to the side of Q.a that produced the
smaller daughter and did not localize asymmetrically in Q.p. We used temperature-sensitive
nmy-2 mutants to determine the role of nmy-2in these divisions and were surprised to find
that these mutants only displayed DCSA defects in the Q.p division. We generated double
mutant combinations between the nmy-2 mutations and mutations in foe-2 and pig-1.
Because previous studies indicate that DCSA defects result in the transformation of cells
fated to die into their sister cells, the finding that the nmy-2 mutations did not significantly
alter the Q.a and Q.p DCSA defects of toe-2 and pig-1 mutants but did alter the number of
daughter cells produced by Q.a and Q.p suggests that nmy-2 plays a role in specifying the
fates of the Q.a and Q.p that is independent of its role in DCSA.
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Introduction

A core aspect of development is that a single cell can give rise to multiple cell types. This is
often accomplished by Asymmetric Cell Division (ACD), where a cell divides to produce
daughters with distinct fates [1]. One mechanism contributing to ACD is the asymmetric dis-
tribution of cell fate determinants that specify daughter cell fates. Another mechanism contrib-
uting to ACD is Daughter Cell Size Asymmetry (DCSA), which results in daughter cells of
unequal size.

The C. elegans Q.a and Q.p neuroblast divisions provide examples of different mechanisms
of DCSA (Fig 1). The left (QL) and right (QR) neuroblasts each divide to produce anterior (Q.
a) and posterior (Q.p) daughter cells. These sister cells both divide to produce a smaller daugh-
ter cell that dies and exhibits opposite polarity: the Q.a anterior daughter, Q.aa, is smaller and
apoptotic; the Q.p posterior daughter, Q.pp, is smaller and apoptotic. The larger Q.ap becomes
the oxygen-sensing neuron A/PQR. The larger Q.pa cell divides to produce the mechanosen-
sory neuron A/PVM and the interneuron SDQR/L. Specifically, the QR lineage generates the
AQR, AVM, and SQDR neurons, while the QL lineage generates the PQR, PVM, and SDQL
neurons. During this process, the Q lineage cells undergo stereotyped migrations (Fig 1B): QR

Fig 1. The C. elegans Q neuroblast divisions. A) The Q lineage migrations. The QL neuroblast and PQR migrate to the posterior while the QR neuroblast and
its descendants migrate to the anterior. Solid black daughter cells indicate apoptotic daughter cells after DCSA, and colored cells indicate the final location of
the daughter neurons. B) The Q neuroblast lineage. The Q neuroblasts divide to produce Q.a and Q.p, which divide to produce anterior (Q.aa or Q.pa) and
posterior (Q.ap or Q.pp) daughter cells. In the Q.a division, the anterior daughter, Q.aa, is smaller and apoptotic. In the Q.p division, the posterior daughter, Q.
pp, is smaller and apoptotic. The coloration of the A/PQR, A/PVM and SDQR/L neurons represent the GFP, mCherry, and BFP fluorescence, respectively, of
animals bearing the gmlIs81 transgene used to score the numbers and positions of these neurons.

https://doi.org/10.1371/journal.pone.0304064.9001
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descendants QR.a, QR.p, and AQR migrate anteriorly, and the QL descendants QL.a and PVQ
migrate posteriorly. The A/PVM and SDQR/L neurons undergo short dorsoventral migrations
to assume their final positions.

Mutations that disrupt the size asymmetry also disrupt the apoptotic fate of the smaller
daughter cell, resulting in extra Q lineage neurons. Different DCSA mechanisms have been
reported for the two cells: Q.a divides by a spindle-independent, HAM-1 and myosin-depen-
dent mechanism, whereas Q.p divides by a spindle-dependent, HAM-1 and myosin-indepen-
dent mechanism [2-4]. Despite these differences, specific proteins are required for both
divisions including the PAR-4/PIG-1 kinase pathway and the DEP-containing protein TOE-2
(5, 6].

PIG-1 (par-1-like gene) is the ortholog of the mammalian Maternal Embryonic Leucine-
zipper Kinase (MELK) gene and a member of the AMPK family of kinases. MELK has been
shown to play a role in a wide range of cellular processes in vertebrates, including cell division,
differentiation, death, and survival [7]. In C. elegans, PIG-1 is involved in numerous asymmet-
ric cell divisions, including the first embryonic division, the NSM neuroblast division, and
both the Q.a and Q.p divisions [4, 8, 9]. PIG-1 has been shown to function downstream of a
PAR-4/LKB1, STRD-1/STRADa, MOP-25.1,2/ MO250. complex, presumably through phos-
phorylation of PIG-1 by PAR-4 kinase [5, 8, 10, 11].

TOE-2 was originally defined by its Disheveled Egl-10 Pleckstrin (DEP) domain and multi-
ple predicted Mitogen-Activated Protein Kinase docking sites by bioinformatics and shown
biochemically to be a Target of Erk, and subsequently found to regulate both Q.a and Q.p
ACD [6, 12]. The DEP domain is a protein-protein interaction domain involved in cell signal-
ing [13]. Using the predicted structure of TOE-2 from AlphaFold in an NCBI VAST search,
we found that TOE-2 also has a region with structural similarity to RhoGAP domains [14-16].
The structure of TOE-2 is similar to that of LET-99, a protein that also contains both a DEP
domain and a degenerate RhoGAP-like domain and is involved in the first cell and EMS divi-
sions [6, 17, 18]. Based on the homology of the DEP domain and its predicted GAP domain,
the closest mammalian homolog of TOE-2 is DEPDC7.

Non-muscle myosin is a central component of the actomyosin network and is involved in a
wide variety of processes. The non-muscle myosin NMY-2 plays a key role in establishing the
polarity of the first cell division and of the C. elegans NSM, Q.a and Q.p neuroblast divisions
[3,9, 10, 19]. An interesting complication in generating a unifying model for NMY-2’s role in
DCSA is that in these divisions, it localizes to different parts of the progenitor cell relative to
the cell’s polarity. In the Q.a division, NMY-2 localizes to the anterior side, which will become
the smaller daughter cell fated to die [3]. This is similar to the non-muscle myosin pattern in
Drosophila neuroblasts [20, 21]. In the C. elegans NSM neuroblast, however, NMY-2 localizes
to the side that will become the larger surviving NSM daughter cell [10]. This is similar to the
C. elegans first cell division where NMY-2 initially localizes to the side that will produce the
larger AB blast cell [22]. However, in Q.p, NMY-2 does not appear to be asymmetric [3].
Despite the differences in NMY-2 asymmetry, PIG-1 regulates DCSA in all of these C. elegans
divisions, and has been shown to regulate NMY-2 localization in the Q.a, NSM and first cell
divisions [3, 5, 8, 10]. Considering that, in most of these divisions, NMY-2 has been shown to
play a role in furrow positioning independent of spindle positioning, the fact that the localiza-
tion of NMY-2 is different in these asymmetric divisions is puzzling.

We used endogenously tagged reporters of NMY-2, TOE-2, and PIG-1 to determine their
subcellular localization during the Q.a and Q.p cell divisions in order to better characterize
their function. We found that TOE-2 was biased toward the side of the cell that would produce
the smaller apoptotic cell, whereas PIG-1 was biased toward the side of the cell that would pro-
duce the larger surviving cell. We found that, similar to previous reports, NMY-2 localized
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asymmetrically in Q.a but not Q.p. We used temperature-sensitive nmy-2 mutants to deter-
mine the role of nmy-2 in these divisions and found that these alleles had only mild effects on
the DCSA of the Q.p division and none on the Q.a division. When combined with mutations
in toe-2 or pig-1, the nmy-2 alleles did not significantly alter the Q.a or Q.p DCSA defects of
the toe-2 or pig-1 mutants but did alter the fate of the Q.a and Q.p daughters in the toe-2 back-
ground and the Q.a daughters in the pig-1 background. These findings suggest that NMY-2
plays a DCSA-independent role in specifying the fate of the Q.a and Q.p daughter cells.

Materials and methods
Strains and genetics

General handling and culture of nematodes were performed as previously described [23]. N2
Bristol was the wild-type strain, and experiments were performed at 20°C unless otherwise
noted. Details of the strains used in this study can be found in S1 Table.

The following mutations, integrated arrays and endogenously tagged genes were used:

LG I. nmy-2(nel490ts, ne3409ts) [24], nmy-2(cp13) (nmy-2::gfp+LoxP), nmy-2(cp69) (nmy-2::
mKate2+LoxP) [25]

LG II: toe-2(gm4080k2807) 6], toe-2(syb1240) (mNeonGreen::toe-2) (this study), casIs165[egl-
17p::myr-mCherry; egl-17p::mCherry-TEV-S::his-24, unc-76(+)] [26]

LG III: rdvisl [egl-17p::mCherry:his-24 + egl-17p::myristolated mCherry + egl-17p::mig-10::
YFP::unc-54 + pRF4] [3],.

LG IV: pig-1(gm280, gm301, gm344) [9], pig-1(syb2355) (pig-1::mNeonGreen) (this study)
LG X: gmIs81 [mec-4p::mCherry, flp-12p::EBFP2, gcy-32p::gfp, egl-17p::gfp] (6]

The C-terminal tagged pig-1(syb2355) (pig-1::mNeonGreen) and N-terminal tagged toe-2
(syb1240) (mNeonGreen::toe-2) endogenous insertions were generated by SunyBiotech using
CRISPR-Cas9 gene editing.

Cell count protocol

Worms with the gmIs81 integrated array were grown on Nematode Growth Media (NGM) seeded
with OP50 at 15°C until the plates were populated with gravid adult hermaphrodites. Embryos
were then collected after incubating the adults in .75 mL of a solution containing 500mM NaOH
and 15% bleach until the adults were mostly dissolved, centrifuged to pellet the embryos which
were then washed three times in 1.5 mL of M9, and then plated on standard NGM plates seeded
with OP50 and then transferred to 25°C. After 2-3 days, adult and fourth larval stage (L4) worms
were transferred to 3-5 pL of 20 mM Sodium Azide in M9 buffer on a 2% agarose pad. Hermaph-
rodites were scored for the number of observed Q lineage descendants using a Zeiss Axioskop 2
microscope. The number of observed PQR, SDQL and PVM neurons were scored in hermaphro-
dites with their left, dorsal or ventral side up. While past work has shown that the QR and QL line-
ages largely behave the same way during DCSA [3], the gmlIs81 marker does not permit reliable
scoring of AQR neurons, so the QR descendants were not included in the cell count analysis as
they could not be filtered using the method described below.

Cell count analysis

The frequency of extra or missing cells was calculated for each cell type by dividing the worms
with an extra or missing cell by the number of worms scored. The analysis of Q lineage
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Table 1. QL lineage cell count defect filtering.

# CELLS ON LEFT SIDE DEFECT PRESENT?
PQR SDQL PVM QL.a QL.p
1 1 1 No No
1 1 2 No Yes
1 2 1 No Yes
1 2 2 No Yes
2 1 1 Yes No
2 1 2 Yes Yes
2 2 1 Yes Yes
2 2 2 Yes Yes

The filtering method that was used to determine what cell count patterns corresponded to each defect type for the left
side Q lineage neurons while excluding all cases requiring a cell fate transformation beyond the survival of the QL.aa

or QL.pp cell.
https://doi.org/10.1371/journal.pone.0304064.t001

division defects was predicated on the principle that certain cell-fate changes produce unique
patterns that cannot be produced by a Q.aa or Q.pp cell that is normally fated to die surviving
and adopting the fate of its sister cell or niece (S1 Fig). For instance, occasionally Q.a will
adopt the fate of Q.p leading to a missing A/PQR and extra SDQL/R or A/PVM neurons.
Another possibility is a progenitor may fail to divide, leading to the loss of its descendants. To
eliminate lineages with these types of defects, each pattern of potential cell counts was analyzed
to determine whether the production of extra neurons would likely result from a failure in apo-
ptosis and transformation into its sister cell or niece. Only those lineages were counted in the
filtered Q.a and Q.p results. The criteria for excluding a pattern were if a cell was missing or if
there were three or more of any cell type. These patterns were arranged into defect categories
corresponding with which daughter cell survived. In the final analysis, we used two defect cate-
gories, QL.a and QL.p, with the patterns and categories described in Table 1. The frequency of
each category was determined by the number of worms exhibiting that category of defect
divided by the number of worms scored for that lineage. Specifically, the frequency of QL.p
defects was calculated as (# QL.p defective)/(# QL.p defective + # QL.p normal), while the fre-
quency of QL.a defects was calculated as (# QL.a defective)/(# QL.a defective+ # QL.a normal).

Imaging
Worms with the gmIs81 integrated array were grown on NGM seeded with OP50 at 15°C until
the plates had a large number of embryos and larvae. The plates were then put at 25°C for 4
hours. Worms were then washed off the plates with M9 and transferred to microcentrifuge
tubes. They were then spun in a tabletop centrifuge for less than 6 seconds to pellet the larger,
adult worms. The supernatant was then transferred using a glass pipette to a fresh microcentri-
fuge tube. This was then spun for 30 seconds and the supernatant was removed until only
~100 pL remained. 2 uL of 1M sodium azide was added, and the tube was briefly vortexed and
spun for 30 seconds. All but ~10 uL of supernatant was removed, and using a glass pipette, the
pellet and remaining M9 + sodium azide was transferred to a 2% agarose slide. To determine
the sizes of the daughter cells and the number of Q-derived neurons, the worms were imaged
using an Axio Observer Z1 microscope.

For time-lapse imaging, worms were prepared as above except there was no 25°C step, and
1.25 mM levamisole was used to anesthetize the worms instead of 20 mM sodium azide. Time-
lapse images of Q neuroblast divisions were captured with seven plane Z-stacks (Z-step:
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0.5 pm) in 30-second intervals on a spinning-disk (CSU-X1; Yokogawa) confocal microscope.
Images were captured using an EM CCD camera (Evolve; Photometrics) and SlideBook soft-
ware (Intelligent Imaging Innovations).

Image analysis

Image analysis was performed using the FIJI package for Image] [27]. To measure DCSA, the
outlines of recently divided Q.p or Q.a daughters in worms containing the gmIs81 marker
were traced using the lasso select tool in Image], and the area was measured for each cell to
determine the ratio. Each cell was measured three times and the final ratio was calculated
using the average of the three measurements.

To measure the localization of the endogenously tagged reporters, we identified time points
for metaphase, anaphase, telophase and cytokinesis in the time-lapse images and created sum
Z-projections of the slices containing the best cross-section of the dividing cell. The slice num-
ber varied as slight movements of the worm can cause the Q.a and Q.p to shift or tilt during
imaging such that capturing the full perimeter of all imaged cells with a single stack size is not
feasible. We then performed line scans around the cortex, using the segmented line and plot
profile tools in FIJI, measuring the intensity of the endogenously tagged protein in the 488 nm
channel and myristoylated mCherry in the 561 nm channel across 3 pixels every 1/6 microns.
A line was drawn through either the metaphase plate or cleavage furrow and measurements
started at a point where that line intersected the membrane and followed the entire cell cortex
as marked by the myristoylated mCherry. The other point intersecting the line of the meta-
phase plate or cleavage furrow was then marked as were the anterior and posterior sides of the
furrow. We also established the background fluorescence levels by measuring the average
intensity in each channel of a section of the body cavity that expressed neither reporter using
the same z-projection as the measurement.

For analysis, the background values were subtracted from the intensity values of all mea-
sured points. To compensate for both variations in z-stack size and potential variations in
membrane density, we normalized the measurements within each time point for each cell by
dividing the intensity at 488 nm by the intensity at 561 nm for each point, which we refer to as
the normalized intensity ratio. These values were used for a basic comparison by determining
the ratio between the average normalized intensity of the anterior and posterior of each cell at
each time point. The average of these ratios and standard deviations for each phase and each
strain are found in S2 Table.

Line-scan modelling

To model the line-scan data, the normalized intensity ratio for each point was paired with
information about the relevant variables. To compare cells of different sizes, we determined
the Normalized Distance by dividing the distance from the start of the measurement by the
total distance measured. We also determined the normalized distance between each point and
the nearest metaphase plate or cleavage furrow point to determine the Furrow Distance. Each
point was then paired with its normalized intensity ratio, the cell type, the phase of the divi-
sion, and whether it was anterior or posterior to the division plane.

The line-scan information was used to construct Generalized Mixed Linear Models
(GLMMs) using the MCMCglmm package in R [28, 29]. We chose to use GLMMs because
they permit flexible analysis of nonnormal data with random effects [30]. We used Log base 2
of the normalized intensity ratio as the dependent variable, the specific measurement as a ran-
dom variable, and the Cell Type, the Phase, Anterior vs Posterior, and the Furrow Distance as
fixed variables. We also added the interaction terms of Phase and Anterior vs Posterior as well
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as Phase and Furrow Distance to account for changes in their effects in different phases. The
resulting models allowed us to estimate the effect size of each variable.

In order to determine whether there was a significant difference between the Anterior and
Posterior effects during each phase, we used the emmeans R package to calculate the estimated
marginal means for the Phase and Anterior vs Posterior interaction term [31]. Estimated mar-
ginal means are the marginal means of model predictions over the grid containing all factor
combinations. The estimated marginal mean for a specific variable can be viewed as an esti-
mate of the effect size and direction of a specific variable on the model after accounting for all
other variables [32]. Using the emmeans pairs function to perform pairwise comparisons
between the different estimated effect sizes, we found the difference between the estimated
effect sizes for each pair of interaction pairs of Phase and Posterior vs Anterior. The estimated
difference between the Anterior and Posterior in each phase is then used to calculate a z-ratio
and Tukey adjusted p value. The sign of the estimated difference indicates the direction, with
positive values indicating a stronger Posterior effect and negative values indicating a stronger
Anterior effect. Plots were made using the gather_emmeans_draws function in the tidybayes R
package to generate draws from the marginal posterior distributions of the models and the
ggplot2 R package to generate the plots from those draws [33, 34].

Statistical analysis

Statistical analysis was performed using the two-sample Z-test for proportions using the Benja-
mani-Hochberg procedure to correct for false discovery for extra cell count scoring and the
Kruskal-Wallace H test for cell size ratios.

Results

NMY-2, TOE-2, and PIG-1 are asymmetrically distributed during the
divisions of Q.a and Q.p neuroblasts

The C. elegans Q lineage has been a model for studying ACD. The left and right Q cells each
undergo a series of divisions along the anterior-posterior axis (A-P) to generate three neurons
and two cells fated to die [35]. The Q daughters, Q.a and Q.p, each divide to generate daughter
cells that are asymmetric in size and fate (Fig 1). Q.a divides to generate a smaller anterior
daughter cell that dies and a larger posterior daughter that survives and differentiates into an
A/PQR oxygen-sensing neuron. Q.p divides with the opposite polarity to generate a smaller
posterior daughter that dies and a larger anterior daughter that survives and divides to gener-
ate the A/PVM mechanosensory neuron and the SDQR/L interneuron. Because the right and
left Q cells and their descendants migrate in opposite directions, the neurons on the right side
(AQR, AVM and SDQR) are in positions anterior to those on the left side (PQR, PVM and
SDQL).

The non-muscle myosin NMY-2, the AMPK-family kinase PIG-1, and the DEPDC7 homo-
log TOE-2 all regulate the asymmetry of the Q.a and Q.p divisions [3, 6, 9]. To better under-
stand the roles of these molecules in asymmetric cell division, we took time-lapse images of the
Q.a and Q.p divisions in strains containing endogenously tagged NMY-2::GFP, PIG-1::
mNeonGreen, or mNeonGreen:: TOE-2 (Fig 2). We then measured the intensity of the GFP or
mNeonGreen at the cortex and normalized it to an mCherry cortical marker. Taking the aver-
age normalized intensity of the posterior and anterior sides of the cells (S2 Table), we observed
possible asymmetry of NMY-2::GFP (Fig 2A and 2B) and mNeonGreen: TOE-2 (Fig 2C and
2D) towards the side of Q.a or Q.p that will produce the daughter cell fated to die, and strong
asymmetry of PIG-1:mNeonGreen towards the side that will produce the daughter cell that
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Fig 2. Time-lapse images of endogenously tagged DCSA proteins in the Q.a and Q.p divisions. A-F) Time-lapse imaging with line scan profiles of QR.a and
QL.p divisions in A,B) NMY-2:GFP, C, D) mNeonGreen::TOE-2, and E, F) PIG-1::mNeonGreen. Arrowheads indicate areas of higher GFP or mNeonGreen
signal, and scale bars are 5 um. Line scan profiles show the normalized intensity ratios (Log 2) on the y-axis and normalized distance along the AP axis on the
x-axis. The distance is defined in relation to the division plane or cleavage furrow, indicated by the dotted line at zero, with negative values indicating the
anterior and positive values indicating the posterior.

https://doi.org/10.1371/journal.pone.0304064.9002

survives (Fig 2E and 2F). It is noteworthy that the PIG-1::mNeonGreen strain had a cell fate
defect (6.6% extra Q.p neurons N = 97) indicating that the tag affects pig-1 function. This is a
weak phenotype compared to the pig-1 null mutants that, under the same conditions, exhibited
a greater than tenfold higher frequency of Q.p defects as well as exhibiting a low frequency of
Q.a defects (discussed below).

Because both NMY-2 and TOE-2 localize to the cleavage furrow during anaphase and telo-
phase, the ratio of the average intensity between the posterior and anterior could be misleading
as identical levels of the protein flanking the furrow combined with the size asymmetry of the
daughter cells would result in the smaller side having a higher average intensity. To mitigate
this problem, we performed line scans around the cortex and annotated each measured point
on the line scan with the intensity normalized by taking the ratio of the intensity of the GFP
signal and the intensity of the mCherry cortical marker, the distance from the division plane
normalized to the circumference of the cell, the phase of the division, and whether the point
was anterior or posterior to the division plane.
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We used this information to construct two Generalized Linear Mixed Models (GLMMs) for
each reporter, one for Q.a and one for Q.p. GLMMs permit the modeling of data with a mix-
ture of random and fixed variables and nonnormal distributions and variances [29]. All of the
models used the log base 2 of the normalized intensity ratio as the dependent variable, the spe-
cific cell measurement as a random variable, and the phase, furrow distance and whether it
was anterior or posterior, as fixed variables. We also included interaction terms between the
phase and anterior or posterior as well as phase and furrow distance. Interaction terms account
for the difference in the effect of one variable based on the value of another variable. In this
model, these interaction terms account for the fact that the distribution of the protein with
respect to both the A-P bias and proximity to the furrow can vary between different phases.
The resulting models allowed us to estimate the effect size of each variable, and, most impor-
tantly, the interaction terms allowed us to compare the relative levels of the reporter at the
anterior and posterior within each phase after accounting for the other variables. The resulting
models’ estimates and parameters can be found in S3 Table.

Using our models, we found that there was significantly more NMY-2::GFP at the anterior
of Q.a during metaphase, anaphase, and telophase. During cytokinesis, NMY-2 was not asym-
metric and localized to the cleavage furrow (Fig 3A and S2 Table). Our model showed no sig-
nificant Q.p asymmetry in NMY-2::GFP localization over the course of its division (Fig 3A
and S2 Table). These results are in agreement with those previously reported using an NMY-
2::GFP transgene [3].

Our model for the distribution of mNeonGreen::TOE-2 in Q.a was similar to that of NMY -
2::GFP: it had a greater anterior distribution throughout the Q.a division though, unlike
NMY-2::GFP, mNeonGreen:: TOE-2 remained asymmetric during cytokinesis (Fig 3B and S2
Table). TOE-2 localized to the posterior of Q.p in telophase and cytokinesis (Fig 3B and S2
Table). We were, however, unable to determine whether the two tagged proteins colocalize in
the Q lineage because the GFP and mCherry markers we used to detect these cells interfered
with our ability to detect NMY-2::GFP or mNeonGreen:: TOE-2, respectively.

The distribution of TOE-2 reported here differed from previous descriptions of GFP-tagged
transgenes. A GFP-tagged toe-2 cDNA expressed from an egl-17 promoter accumulated in the
nuclei of interphase cells [6], but we detected no nuclear TOE-2 with the endogenously tagged
gene.

We also observed that mNeonGreen:: TOE-2 localized to the junction between the germline
progenitors Z2 and Z3 and continued to localize to the apical surface of the germline cells
through all stages of development (S2 Fig). While the constraints of Q-cell imaging with the
markers available to us did not permit reliable detection of colocalization between TOE-2 and
NMY-2 in the Q lineage, we did find that mNeonGreen:: TOE-2 and NMY-2::mKate2 coloca-
lized in the germline (S3 Fig). NMY-2 localizes to the lateral membranes that separate the
germline nuclei and accumulates at the ring channels that form the pores that connect the
germ cells to a central canal, the rachis [36]. The presence of TOE-2 suggests a possible role for
it in the ring channels as well.

Our models showed that PIG-1::mNeonGreen was much more asymmetric than either
NMY-2::GFP or mNeonGreen:: TOE-2, localizing to the posterior of Q.a and the anterior of Q.
p during mitosis. For both Q.a and Q.p, the PIG-1::mNeonGreen asymmetry increased as the
cells progressed through mitosis (Fig 3C).

Temperature-sensitive nmy-2 mutants reveal a role in Q lineage ACD

To further characterize the role of NMY-2 in the Q lineage divisions, we asked whether the
two temperature-sensitive nmy-2 mutants, nmy-2(nel490ts) and nmy-2(ne3409ts), had altered
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Fig 3. Line scan modelling analysis of endogenous reporters shows asymmetry in the Q.a and Q.p divisions. A-C) Modelling analysis comparing anterior
and posterior effect in Q.a and Q.p in Metaphase, Anaphase, Telophase and Cytokinesis for A) NMY-2::GFP, B) mNeonGreen:: TOE-2, and C) PIG-1::
mNeonGreen. The black bars represent the confidence intervals, while the distributions represent the frequency of draws of that value. Negative values
indicate a greater anterior effect, positive values indicate a greater posterior effect. Full statistical analysis and model details can be found in S1 and S2 Tables.

https://doi.org/10.1371/journal.pone.0304064.9003

Q.a and Q.p DCSA when shifted to 25°C four hours before imaging. While both alleles are
lethal to early embryos at the restrictive temperature [24, 37], we found that when shifted to
the restrictive temperature as either late-stage embryos or L1 larvae, the mutants grew into
adults. We detected a significant decrease in Q.p DCSA in both nmy-2(ne3409ts) (P<0.01) and
nmy-2(nel490ts) mutants (P<0.05) compared to the control. Neither mutant allele had a sig-
nificant effect on Q.a DCSA (Fig 4A and 4B). While performing these experiments we
observed occasional persistent intracellular bridges between the daughter cells of both Q.a and
Q.p in strains containing the nmy-2(ts) alleles suggesting potential defects in abscission

(S4 Fig).
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Fig 4. DCSA and cell-fate defects in temperature-sensitive nmy-2 mutants. A,B) Box plots of the area ratios of A) Q.ap/Q.aa and B) Q.pa/Q.pp divisions in
control and nmy-2(ts) mutants. C) Frequency of extra (positive y-axis) and missing (negative y-axis) Q lineage cells. D) Frequency of extra cell defects that
could be explained by survival of QL.aa or QL.pp. (C, D) Below each bar are the number of lineages scored. *: P<0.05, **: P<0.01, ***: P<0.001, n.s.: P>0.05.

https://doi.org/10.1371/journal.pone.0304064.9004

We also assessed the fates of the QL cell descendants in the mutants by counting the num-
ber of PQR, SDQL, and PVM neurons in adult hermaphrodites that had been shifted to 25°C
during embryonic development. To determine the number of these cells, we used the gmlIs81
reporter, which labels each cell type with a different fluorescent marker [6]. We did not count
QR descendants because we could not reliably distinguish AQRs from other neurons express-
ing GFP in the head. The two nmy-2 mutants had a low frequency of extra PQR and PVM cells
and nmy-2(nel490ts) had a low frequency of missing PQR, SDQL, and PVM cells (Fig 4C).
The wild-type control, not shown, had no extra or missing cells (N = 133).

Some of these phenotypes are difficult to interpret and may result from a failure of progeni-
tor cells to divide or cell-fate transformations earlier in the lineage. We propose several lineage
defects that can explain these phenotypes in S1 Fig. For example, worms that lack Q.p
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descendants but have two or more Q.a descendants potentially represent Q.p to Q.a transfor-
mations [6]. Because of these complications, we filtered the cell counts to remove all instances
with either a missing cell or three or more of a given cell type. These filtered cell counts were
then grouped based on whether they had QL.a or QL.p defects (Table 1). Both temperature-
sensitive nmy-2 mutants had increased frequencies of QL.a and QL.p defects compared to
wild-type (Fig 4D). There was no significant difference in the frequency of QL.a or QL.p
defects between nmy-2(nel490ts) and nmy-2(ne3409ts) raised at the nonpermissive tempera-
ture (Fig 4C and 4D).

Temperature-sensitive nmy-2 alleles alter toe-2 mutant Q lineage cell-fate
defects but not Q.a or Q.p DCSA

The similar distributions of NMY-2 and TOE-2 during the Q.a divisions suggest that they may
function together in the Q lineage. We constructed double mutants with the presumptive null
toe-2(gm4080k2807) allele and each temperature-sensitive nmy-2 allele to determine if the two
genes function together or in parallel. Consistent with the two genes acting together, no signifi-
cant DCSA differences existed between the toe-2 single mutant and either toe-2; nmy-2 double
mutant (Fig 5A and 5B). We note that contrary to previous findings from our lab [6] toe-2
(gm4080k2807) exhibited a Q.p DCSA defect (Fig 5B). This difference may result from differ-
ences in the reporters used in the two studies. Because the nmy-2 mutants do not alter Q.a
DCSA, the lack of a toe-2 enhancement is difficult to interpret, but because the mutants do
alter Q.p DCSA, the lack of enhancement suggests that nmy-2 and toe-2 function together to
regulate the size asymmetry of this division.

Our observations of cell fate in the single and double mutants were more complicated.
When compared to toe-2(gm4080k2807), the nmy-2(nel490ts); toe-2 strain had a significant
(p<0.001) increase in the frequency of extra SDQL and PVM neurons and a decrease in the
frequency of extra PQR neurons (Fig 5C). After filtering, there was a similar increase in QL.p
defects and decrease in QL.a defects in the double mutants (Fig 5D). The nmy-2(ne3409ts);
toe-2 strain had weaker effects: a significant (P<0.05) increase in the frequency of extra SDQL
cells and a significant decrease in the frequency of extra PQR cells (P<0.05) (Fig 5C). How-
ever, the nmy-2(ne3409ts); toe-2 strain was not significantly different from toe-2
(gm4080k2807) in the frequency of QL.a or QL.p defects after filtering (Fig 5D).

Temperature-sensitive nmy-2 alleles suppress pig-1(gm301) Q.a cell fate
defects while not significantly altering Q.a DCSA

Our finding that PIG-1 and NMY-2 localized to opposite sides of Q.a suggests that these two
molecules play different roles in these cells. To determine how pig-1 and nmy-2 interact, we
constructed double mutants with pig-1(gm301) and each of the temperature-sensitive nmy-2
alleles and scored the single and double mutants for Q.a and Q.p DCSA defects and the pres-
ence or absence of Q-lineage neurons. There were no significant differences in DCSA of either
Q.a or Q.p between pig-1 single and nmy-2; pig-1 double mutants (Fig 6A and 6B). Both double
mutant strains had a significant decrease in the frequency of extra PQR neurons and QL.a-spe-
cific defects when raised at the nonpermissive temperature of 25°C. (Fig 6C and 6D). The pig-
1 single and the nmy-2; pig-1 double mutants displayed similar Q.p defects.

The significant increase in SDQLs in the nmy-2(nel490ts); pig-1(gm301) strain compared
to the pig-1(gm301) strain is potentially due to what is referred to by Mishra et. Al. [38] as an
increase in mitotic potential (Fig 6C). Specifically, in instances where QL.pp survives in pig-1
(gm301), it divides 46.2% of the time, while in nmy-2(nel490); pig-1(gm301) it divides signifi-
cantly (P<0.001) more frequently, 63.8% of the time (S4 Table).
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https://doi.org/10.1371/journal.pone.0304064.9005

Discussion

PIG-1 is asymmetric in Q.a and Q.p

Previous studies using a Ppig-1::pig-1:gfp transgene showed that PIG-1::GFP localized to the
cortex and centrosomes, but did not report any asymmetry in the Q lineage [5]. The endoge-
nously tagged PIG-1::mNeonGreen showed cortical localization as well as a clear asymmetry
towards the side of the neuroblast that would produce the daughter cells fated to live during
both the Q.a and Q.p divisions.
Using double mutant strains of pig-1 and the temperature-sensitive nmy-2 alleles, we
observed no significant change in surviving QL.pp cells compared to pig-1 on its own. We
observed an increased frequency of QL.p lineages that produced both extra SDQL and PVM
neurons as opposed to just one extra neuron and interpret this as an increase in mitotic

PLOS ONE | https://doi.org/10.1371/journal.pone.0304064 May 24, 2024

13/20


https://doi.org/10.1371/journal.pone.0304064.g005
https://doi.org/10.1371/journal.pone.0304064

PLOS ONE

Genes that regulate asymmetric cell division

Q.ap/Q.aa size ratio (Log2)

Frequency Extra/Missing

»

-

o

KE

90

80

70

60

-10

Q.aDCSA B Q.p DCSA
*kk dedek
r T T 1 I T T 1
P n.s. n.s.
L—f— —— —— o —
D 1 N
5 el 9
B 3
T Led 1 — . 2 B O O
S| = L g 4 e 8
». e o N Oy o ~
1 1 L
(7] .
n - [} Bl St 1
g ° Q < 7-:1'.7 .‘.
__________________ R B Sk % oy IR | SRR S
1 == o
T « Genotypes
i . wild-type
| | | I | | . | | | | ! ! |:| nmy-2(ne1490)
Genotypes Genotypes D nmy-2(ne3409)
D s B rig-1(m301) |
Bl my-2(ne1490); pig-1(m301)
— 80 B my-2(ne3409); pig-1(gm301)
70
n.s.
= 3 60
=
g
g 50
-
B 40
Q
.
20
756 253 “296{355 A% 755~ 253 298355124 756~ 253 9284355 st 10
0 255 253 222 340 224 255 253 222 340 224
PQR sbaL PVM QLa aLp
Cell Type Defect Type

Fig 6. Temperature-sensitive nmy-2 alleles suppress pig-1(gm301) Q.a cell fate defects while not significantly altering Q.a DCSA. A,B) Box plots of the
area ratios of A) Q.ap/Q.aa and B) Q.pa/Q.pp divisions. C) Frequency of extra (positive y-axis) and missing (negative y-axis) QL lineage cells. D) Frequency of
extra cell defects that could be explained by survival of QL.aa or QL.pp. (C, D) Below each bar are the number of lineages scored. *: P<0.05, **: P<0.01, ***:
P<0.001, n.s.: P>0.05.

https://doi.org/10.1371/journal.pone.0304064.g006

potential. By contrast, there was a significant decrease in the frequency of surviving QL.aa cells
in both nmy-2(nel1490ts); pig-1 and nmy-2(ne3409ts); pig-1 when compared to pig-1 on its
own. This suggests that nmy-2 functions downstream of pig-1 in the Q lineage.

In support of this model, nmy-2 functions downstream of pig-I in the C. elegans NSM neu-
roblast division [10]. The authors showed that NMY-2 lost its cortical asymmetry in the NSM
and identified two phosphorylation sites on NMY-2 that were partially dependent on PIG-1
for phosphorylation. They also found that phosphomimetic NMY-2 was able to partially rescue
the loss of PIG-1 in the NSM division.

An interesting set of future experiments would be to determine if PIG-1 has the same pat-
tern of cortical asymmetry towards the larger side of other asymmetric divisions throughout
C. elegans development, as we know from the difference between the localization of NMY-2 in
the NSM neuroblast division and the Q lineage divisions that NMY-2’s localization pattern rel-
ative to the size of the daughter cell is not constant.
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NMY-2 is asymmetric in Q.a and functions in Q.p DCSA

Our results for NMY-2 are interesting in that they do not align fully with previously reported
findings. In particular, Ou et al. performed Chromophore Assisted Laser Inactivation (CALI)
experiments where they inactivated a GFP:NMY-2 transgene at the anterior of Q.a or the pos-
terior of Q.p during late anaphase [3]. In Q.a, they saw that this perturbation caused an attenu-
ation, loss, or reversal of DCSA and an increased rate of survival and differentiation of Q.aa.
However, they observed no change in Q.p DCSA [3]. This led them to conclude that nmy-2
primarily regulates Q.a DCSA.

By contrast, our experiments with temperature-sensitive nmy-2 mutants showed no signifi-
cant change in Q.a DCSA and a significant reduction in Q.p DCSA. Supporting this observa-
tion, we observed a higher frequency of extra Q.p lineage cells than Q.a lineage cells in the
mutant strains.

What could explain these differences? A possible confounding factor in the CALI experi-
ments is the presence of endogenous NMY-2. Indeed, a comparison of the zuls45 integrated
array used in the CALI experiments with endogenously tagged nmy-2 showed that zuls45 had
lower levels of expression than the endogenously tagged NMY-2, suggesting that there is more
endogenous NMY-2 than tagged NMY-2 in the strain used for the CALI experiment [25].
Whereas the CALI experiments would have an effect by reducing the levels of NMY-2 in the
inactivated region, the expression of endogenous, untagged NMY-2 makes it likely that NMY-
2 activity persisted in the irradiated areas, complicating the interpretation of these experi-
ments. In particular, the difference between the Q.p results could easily be explained by the
presence of endogenous NMY-2. The difference between Q.a results is harder to explain but
could be due to a difference between a general and local disruption of NMY-2 activity.

In Drosophila neuroblasts, as in C. elegans Q.a, more non-muscle myosin localizes to the
side that will produce the smaller cell. In the Drosophila neuroblast, this localization is thought
to produce cortical contractions that produce a cortical flow that is required to correctly dis-
tribute polarity proteins [39, 40]. In the C. elegans NSM neuroblast and the first cell division,
NMY-2 localizes to the opposite side of the dividing cell, the side that will produce the larger
daughter cell [20]. In the NSM neuroblast division, the nmy-2(ne3409ts) mutation results in a
complete loss of DCSA. The authors proposed that NMY-2 creates cortical flows that are
required to establish the gradient of cell-fate determinants and increase cortical contractility
on the ventral side, which will produce the larger daughter cell [10]. This model contrasts with
the models of cortical contractility on the side that produces the smaller daughter cell. Further
experiments are needed to determine which model would be correct in the context of the Q
lineage.

NMY-2 has a role in Q-lineage fate determination that is independent of its
role in DCSA

The temperature-sensitive nmy-2 alleles caused defects in cell-fate determination in both Q.a
and Q.p despite having no or a modest impact, respectively, on the DCSA of those divisions.
These findings suggest that NMY-2 has a DCSA-independent role in cell fate determination in
the Q.a and Q.p divisions. The finding that NMY-2 regulates cell fate has also been observed in
the NSM neuroblast division. Besides eliminating DCSA, the nmy-2(ne3409ts) mutation dis-
rupted the gradient of CES-1, a Snail-like transcription factor and cell-fate determinant [10].
We observed that the endogenously tagged mNeonGreen:: TOE-2 and NMY-2::GFP report-
ers exhibited similar localization patterns in the Q.a division, with both being biased towards
the side that will produce the daughter cell fated to die as well as to the cleavage furrow. This
localization suggests that they may have related functions. Consistent with this possibility,
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double mutants of toe-2 and the temperature-sensitive alleles of nmy-2 exhibit no increase in
DCSA in either the Q.a or Q.p divisions when compared to toe-2 on its own but did have dif-
ferences in specifying the fate of their descendants. Only the nmy-2(nel1490ts) mutation inter-
acted with toe-2, increasing the frequency of the toe-2 mutant QL.p defects while decreasing
the frequency of the QL.a defects, while the nmy-2(ne3409ts); toe-2 double mutant and single
toe-2 mutant defects did not significantly differ. The interaction between nmy-2(nel1490ts) and
toe-2 is consistent with a role for NMY-2 in regulating cell fate independent of a role in DCSA
in both Q.a and Q.p. A DCSA-independent role is further supported by the finding that both
nmy-2 mutations suppressed the frequency of QL.a defects in pig-1(gm301) mutants without
significantly altering pig-1 mutant Q.a DCSA.

A possible mechanism for NMY-2’s function in specifying fate in the Q lineage is to distrib-
ute cell fate determinants, as was shown for CES-1 in the NSM neuroblast [10]. This has also
been observed in Drosophila neuroblasts where non-muscle myosin is required for the basal
distribution of two cell-fate determinants, Prospero and Numb [41]. Another possible explana-
tion would be an indirect effect wherein the nmy-2 mutants may have defects that slow cytoki-
nesis or abscission, potentially resulting in cell fate determinants losing asymmetry due to a
persisting connection between the daughter cells. This is supported by the observation of occa-
sional persistent intercellular bridges between the daughter cells of both Q.a and Q.p in strains
containing the nmy-2(ts) alleles (S4 Fig) as well as the fact that the original characterization of
the nmy-2(ts) alleles reported that the cleavage furrow of the first embryonic division would
halt or regress when the embryo was shifted to the non-permissive temperature [24].

Further experiments to determine how the loss of these three genes in the Q lineage influ-
ences the localization of the others, as well as other cell fate factors, will be an important step in
understanding their DCSA-dependent and independent roles in cell fate specification.

Supporting information

S1 Fig. Possible lineages for Q lineage specification defects. A) The wild-type Q lineage. B)
A Q.a division defect where the Q.aa fails to die and adopts the Q.ap fate as an A/PQR neuron.
C) A Q.p division defect where the Q.pp fails to die and adopts the Q.pa fate. D) A Q.p division
defect where the Q.pp fails to die but does not divide and adopts an SDQR/L or A/PVM fate.
E) A Q division defect where Q.p adopts the fate of Q.a. This results in an extra A/PQR and an
absence of the Q.p descendants. F) A Q division defect, where the Q.a adopts the fate of Q.p.
This results in a duplication of the SDQR/L and A/PVM neurons and an absence of the A/
PQR. The Q.p transformation in E and the Q.a transformation in F may also display the
defects shown in B, and C and D respectively, resulting in three or more neurons that express
a specific fate.

(TIF)

S2 Fig. Confocal imaging of endogenously tagged TOE-2 localizing to the apical surface of
the germ cells. A) mNeonGreen::TOE-2 in a first larval (L1) stage hermaphrodite. Closed
arrowhead indicates mNeonGreen:: TOE-2 at the point of contact between Z2 and Z3. B)
mNeonGreen:TOE-2 in an L3 stage hermaphrodite. Closed arrowheads indicate localization
of mNeonGreen:: TOE-2 to the apical surface of the germline cells. Open arrowheads indicate
mNeonGreen::TOE-2 localization to unknown cells near the vulva. C) mNeonGreen::TOE-2
in a fourth larval (L4) stage hermaphrodite. Closed arrowheads indicate mNeonGreen:: TOE-2
localization to the apical surface of the germline cells. Open arrowheads indicate the positions
of unknown cells near the vulva.

(TTF)
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S3 Fig. TOE-2 and NMY-2 are present at the apical germline. Confocal images of endoge-
nously tagged TOE-2 and NMY-2 in a third larva stage (L3) hermaphrodite. Both proteins are
expressed in the germline and accumulate at the apical surface of the germline cells. Arrow-
heads indicate the apical germline.

(TIF)

S4 Fig. Intercellular bridges persist between Q lineage neuroblasts in nmy-2(ts) mutants.
Anterior is to the left in A-C. A) QL.a and QL.p cells in an nmy-2(ne3409ts) mutant raised at the
nonpermissive temperature with persistent intercellular bridges between their daughter cells. The
cells on the left are the QL.p daughters. The QL.a daughters are more posterior because QL.a
migrated past the Q.p cell before dividing. B) QL.a cell in an nmy-2(ne3409ts) mutant raised at the
nonpermissive temperature with a persistent intercellular bridge between its daughter cells. The
cell to the left is an undivided QL.p cell. C) QR.p cell in nmy-2(ne1490ts) mutant raised at the non-
permissive temperature with a persistent intercellular bridge between its daughter cells. Arrow-
heads indicate intercellular bridges, * indicates the QL.p and # indicates the QL.a cell.

(TTF)

S1 Table. Strains used in this study. All strains used in this study with strain names, geno-
types, and the figures that show data from these strains.
(XLSX)

S2 Table. Comparison of posterior vs anterior intensity during Q lineage cell divisions.
Comparison between Posterior and Anterior protein distributions. N is the number of cells
measured in each phase for that genotype and cell type included in the line scan analysis. The
average P/A Ratio is derived by averaging the ratio of the average of posterior and average of
anterior normalized intensity ratios of each cell at each phase included in the line scan analysis.
Empairs P/A estimate is derived from pairwise contrasts between the posterior and anterior
effect sizes at each phase for each GLMM. Asymmetry indicates whether the posterior or ante-
rior had significantly higher normalized intensity ratios with significance derived from the
empairs analysis. (* p<0.05, ** p<0.01, *** p<0.001).

(XLSX)

$3 Table. Coefficient estimates for models of the distribution of NMY-2::GFP, PIG-1::
mNeonGreen, and mNeonGreen::TOE-2 during the Q lineage divisions. Table showing the
estimated coefficients and confidence intervals for each variable in the models run for Q.a and
Q.p for each genotype.

(XLSX)

$4 Table. Mitotic potential in pig-1, toe-2, and temperature sensitive nmy-2 mutants. Cell counts
with extra QL.pp daughter cells were divided between those in which the QL.pp daughter survived
but did not divide, resulting in either 2 SDQLSs or 2 PVMs and those where the QL.pp daughter sur-
vived and divided, resulting in 2 of both cell types. This determination of QL.pp mitotic potential
makes the assumption that when there is an extra SDQL or PVM, the extra cell results from a QL.
pp surviving and adopting the SDQL or PVM fate and that when there is both an extra SDQL and a
PVM, the extra cells result from a QL.pp surviving and dividing to produce an SDQL and PVM.
(XLSX)
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