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Abstract

Zinc influx and efflux events are essential for meiotic progression in oocytes of several mammalian and amphibian species, but it is less clear
whether this evolutionary conservation of zinc signals is also important in late-stage germline development in invertebrates. Using quantitative,
single cell elemental mapping methods, we find that Caenorhabditis elegans oocytes undergo significant stage-dependent fluctuations in total
zinc content, rising by over sevenfold from Prophase I through the beginning of mitotic divisions in the embryo. Live imaging of the rapid
cell cycle progression in C. elegans enables us to follow changes in labile zinc pools across meiosis and mitosis in single embryo. We find a
dynamic increase in labile zinc prior to fertilization that then decreases from Anaphase II through pronuclear fusion and relocalizes to the eggshell.
Disruption of these zinc fluxes blocks extrusion of the second polar body, leading to a range of mitotic defects. We conclude that spatial temporal
zinc fluxes are necessary for meiotic progression in C. elegans and are a conserved feature of germ cell development in a broad cross section
of metazoa.

Summary Sentence

Dynamic, large-scale zinc fluxes regulate events during meiotic progression in C. elegans embryos, including polar body extrusion and pronuclear
migration.
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Introduction

Cellular signaling pathways employ two types of canonical
inorganic signal mediators; the phosphorelay systems depend
upon covalent mechanisms [1], whereas calcium receptors
employ compartmentalization and release of a diffusible ionic
signal mediator to drive function [2]. Zinc is emerging as a
third type of inorganic signal mediator and exhibits properties
of both ionic and covalent signaling pathways. It is com-
partmentalized in a chemically labile form that can undergo
triggered release, diffusion, and reuptake much like calcium
transients, but, like phosphate, it can also form robust cova-
lent bonds in allosteric sites of enzymes and transcription
factors [3–5], and thereby trigger repression [6–8] or activa-
tion of gene expression [9–11]. Fluctuations in zinc activity
were first shown to act as a signal regulating cell cycle
progression using quantitative inorganic mapping methods to
characterize meiotic maturation in mammalian oocytes [12].
Briefly, mammalian oocytes must take up a large bolus of zinc
to pass through key checkpoints in the late stages of meiotic
maturation [12]. Over a relatively short, 12-h, time period,
mouse oocytes import over 20 billion zinc atoms from the
extracellular space, representing a 50% increase in the total
cellular zinc quota. Zinc uptake is essential for completion
of meiosis I and blocking this inward zinc flux results in
meiotic failure at telophase. Zinc influx during MI is also
required for the transition from MI to MII independent of
the Mos/mitogen-activated protein kinase pathway [13], and
for CCNB1 and Maturation promoting factor (MPF) activity.
The relationship between zinc and CCNB1 activity is likely
exerted through zinc binding to the zinc-binding protein,
EMI2, a cytostatic factor component [14]. At fertilization,
the MII egg must exocytose zinc ions in a process known as
“zinc sparks”. This outward zinc flux is required for the egg-
to-zygote transition and meiotic-to-mitotic cell cycles. Zinc
uptake and exocytosis occur in mouse [12, 15, 16], rhesus
macaque [15], crab-eating macaque [15], fly [17], frog [18],
bovine, and humans [15, 19]. Pharmacological reduction of
zinc availability via TPEN treatment in the MII-arrested egg
promotes activation and reentry into the cell cycle and thus
mimics the effects of the zinc spark events [15]. Likewise,
reintroduction of zinc (via treatment with a zinc ionophore)
after egg activation blocks the final stage of meiosis, leads to
reversal to an MII-like stage of cell cycle arrest that includes
reformation of the metaphase spindle and reestablishment of
the actin cap [15]. The mediators, receptors, and targets of
these transient zinc fluctuations vary depending on cell stage
but include the zinc-specific transporters Zip6 and Zip10
[20] as well as glycoproteins in the zona pellucida (ZP)
[16]. Although these quantitative elemental mapping studies
have established zinc ions as biological signaling agents that
regulate mammalian meiotic progression, it remains unclear
whether such mechanisms are conserved in other metazoans.

The readily accessible and translucent reproductive tract of
Caenorhabditis elegans enables interrogation of fluctuations
in intracellular zinc in live cells across the transition from
meiosis to mitosis including late egg development, fertiliza-
tion, and early embryo formation. By applying ultratrace
quantitative methods that are capable of detecting extremely
small quantities of metals in submicron volumes, to single
C. elegans cells at several stages in meiotic maturation and
the egg-to-embryo transition, we establish that each stage
has a distinct elemental signature that is best described as a

quantitative inorganic phenotype. These experiments employ
single cell X-ray fluorescence microscopy on air-dried cells to
gauge the total zinc content in terms of atoms per cell [12,
15, 16, 20–24]. In addition, the fact that C. elegans undergoes
rapid and well characterized progression through these stages
allows us, for the first time in any organism, to continuously
follow the dynamic fluctuations in zinc concentration at each
stage in real time. Fluorescence microscopy of live embryos
treated with zinc responsive dyes such as ZincBY−1 reveal
changes in labile zinc, which is the fraction of the total cellular
zinc that exists in exchangeable pools and is available to bind
to a probe with a dissociation constant in the nanomolar range
[15, 23]. We find that zinc influx in C. elegans oocytes begins
after Prophase I and increased by ∼700% peaking just before
mitosis; in comparison, mouse oocytes increase zinc content
across these stages by only 50%. As the C. elegans embryo
progressed from Anaphase II through pronuclear fusion, zinc
was reallocated to the eggshell and, as is the case in mouse,
total cellular zinc decreased as meiosis ended and mitosis in
the fertilized embryo began. Severe defects in meiotic and
mitotic progression occur if zinc uptake is blocked. Overall,
these results establish quantitative inorganic phenotypes for
discrete stages across the full meiotic and mitotic cell cycle
progression for the first time in any organism. These zinc
fluxes occurred at similar stages as those reported for mam-
malian oocytes. Thus, zinc signals are necessary for egg-to-
embryo transitions in invertebrate reproduction and this work
provides a foundation for future mechanistic studies of some
of the earliest signaling biology in the life cycles of metazoa.

Materials and methods

Worm strains

EU1067 (unc-119(ed3) ruIs32[unc-119(+)pie-1promoter::
GFP::H2B]III; ruIs57[unc-119(+)pie-1promoter::GFP::tubulin])
was used to visualize the meiotic spindle in the labile zinc
fluorescence experiments [25]. N2 (Bristol) wild-type strain
was used in oocyte maturation X-ray fluorescence microscopy
(XFM) experiments. AV335 (emb − 27(g48)II; unc-119(ed3)
ruIs32[unc-119(+) pie-1promoter::GFP::H2B]III; ruIs57[unc-
119(+) pie-1promoter::GFP::tubulin]) was used to arrest
embryos in Metaphase I for XFM [25]. JK560 (fog-1(q253)I)
was used in TPEN challenge experiments [26]. GH378
(pgp-2(kx48)I) was used in in vivo labile zinc fluorescence
experiments [27].

Growth media

All control animals were grown on Nematode Growth Media
plates [28] seeded with an OP50 bacterial lawn. Worms were
similarly plated on nematode growth media (NGM) infused
with TPEN at a final concentration of 10 μM (Sigma Aldrich,
St. Louis, MO) for XFM experiments.

Imaging buffers
Egg buffer

The egg buffer for meiotic progression experiments and
TPEN challenge experiments was supplemented with
100 nM ZincBY-1. The components included 25 mM
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES),
pH 7.3, 118 mM NaCl, 48 mM KCl, 2 mM CaCl2, and 2 mM
MgCl2 [29].



408 Zinc fluxes regulate meiosis in Caenorhabditis elegans, 2022, Vol. 107, No. 2

Meiosis media

The meiosis media for meiotic progression experiments was
supplemented with 50 or 100 nM ZincBY-1. The components
include 5 mg/mL Inulin in culture safe water, 25 mM HEPES,
60% Leibowitz L-15 media, and 20% Heat Inactivated Fetal
Bovine Serum (Fisher) [30].

Zinc probes

Experiments that monitor dynamic changes in the local-
ization of labile zinc in isolated embryos utilize ZincBY-1
(λex = 520 nm, λem = 543 nm) [23]. All dilutions were made
in M9 buffer.

X-ray fluorescence microscopy sample preparation
Whole gonad isolation

L4 stage N2 worms were synchronized at 20◦C on NGM
plates and were grown until they were day 1 adults, before
dissecting the gonads with a 20-gauge needle into 0.1 M
aqueous ammonium acetate buffer on a microscope slide.
Worms were cultured under control conditions (NGM alone),
or on plates infused with 10 μM TPEN.

Analysis of meiotic and mitotic stages

Animals were bisected near the vulva to obtain wild-type
embryos (N2) in meiotic (n = 7), 1-cell (n = 10) and 2-cell
stages (n = 9); selected cell stages were based on presence of
polar bodies and visualization of pronuclei and nuclei. For the
metaphase arrest experiment, L4 stage AV335 worms contain-
ing a temperature-sensitive mutation in Anaphase Promoting
Complex component emb-27 were cultured overnight at 20◦C
and then shifted to 25◦C for 7 h to induce metaphase I arrest,
before dissecting into 0.1 M ammonium acetate buffer and
mounting them similarly to isolated gonads (n = 15).

X-ray fluorescence microscopy scanning
parameters and analysis

Samples for XFM were mouth pipetted onto silicon nitride
windows after dissecting in ammonium acetate buffer,
followed by air drying. Note that air drying can sometimes
distort the shape of the cells (which may explain the stretched
appearance of some of the cells in Figure 1B). Isolated 1-
cell and 2-cell stage embryos were raster scanned at a
50 ms dwell time at a 2 μm step size and isolated MI
stage embryos were raster scanned at 100 ms dwell time
at a 5 μm step size. Larger, isolated gonads were raster
scanned at a 15 ms dwell time at a 5 μm step size and the
fluorescence data were analyzed using the MAPS software
[31]. A beam splitting Si (220) monochromator focused the
X-ray beam using Fresnel zone plates at an energy of 10 keV
and provided a focused beam size of 0.5 μm × 0.4 μm. All
XFM experiments were performed at the 2-ID-E beamline at
the Advanced Photon Source (Argonne National Laboratory
in Argonne, IL).

Statistical analysis of XFM experiments

For meiotic progression experiments, the total content of a
given element is reported in units of atoms/cell. Statistical
significance was determined by first performing a two-way
ANOVA analysis to test the interaction between each metal
and stage using Prism GraphPad. A two-way analysis of
variance (ANOVA) analysis showed a significant interaction
(P < 0.0001) between the meiotic stage and metal content.

Because this interaction was significant, we followed the
ANOVA with a Student t-test comparing the given total metal
content to each stage of meiotic progression; P-values below
0.05 were considered statistically significant. Significance is
designated by letters assigned to meiotic stage. Letters that are
the same are not statistically significant. For experiments mea-
suring metal content in individual oocytes within dissected
gonads, we performed a one-way ANOVA analysis to test
the interaction between total metal content and each oocyte
occupying the −4 through −1 positions. In all cases, P > 0.05,
so the interaction between total metal content and oocyte
position was not considered significant.

Confocal fluorescence microscopy
Isolated embryos for meiotic progression experiments

All meiotic progression experiments in isolated embryos were
conducted on a Leica SP5 II Laser Scanning Confocal Micro-
scope located at the Biological Imaging Facility at Northwest-
ern University. Control embryos were dissected from day 1
adult hermaphrodites (EU1067) directly into 7 μL of either
50 or 100 nM ZincBY-1 as indicated [23] in a 35-mm glass
bottom FluoroDish (World Precision Instruments). Time-lapse
videos were acquired at room temperature using the 63×
objective and captured with the HyD detector, the 488 laser to
detect GFP and the 514 laser to detect ZincBY-1. Videos were
captured at 60-s intervals with a 0.8 μm step size, in short
segments of meiosis (∼10–20 min, n = 11). Imaging using
50 nM ZincBY-1 (n = 7) eliminated probe chelation effects
and allowed for complete imaging of meiosis. Embryos were
collected across seven experiments. For each experiment, we
dissected, screened, and scanned four to six embryos (total
screened, n = 28–42). Screening and scanning involved elimi-
nating embryos that were progressing outside of meiosis. For
each dissection, we identified one embryo at a time that was
progressing through meiosis. Embryos that were identified at
Meiosis I were imaged continuously through the 2-cell stage.
Others that were in later stages of meiosis were also imaged,
and the data were pooled to acquire fluorescence intensity per
stage across all embryos representing Metaphase I to 2-cell
(n = 7).

Preparation of live worms

For in vivo experiments, we adapted the worm preparation
protocol [32] by reconstituting 5-mM ZincBY-1 or Fluozin-
3 AM (Invitrogen) stock solution in dimethylsulfoxide (Sigma)
and diluting in M9 buffer (22 mM KH2PO4, 42 mM
Na2HPO4, 86 mM NaCl) [29] to a final concentration of
50 mM. All live worm experiments used a serotonin-dye
solution. We dissolved serotonin creatinine sulfate (Sigma) in
M9 buffer to a final concentration of 50 μM while sonicating
and mildly heating (50◦C). Next, we picked young adult
animals in 100 μL of 50 μM ZincBY-1 (n = 11) or Fluozin-3
(n = 4) solution and incubated in the dark at 20◦C for 3–4 h.
The 50 μM dye solution containing the soaking live worms
was dispensed onto an NGM plate with OP50 and the worms
were allowed to recover for up to 150 min.

Imaging and analysis of live worms

We adapted the live worm imaging protocol [33] and
immobilized dye-soaked worms on a 3% agarose pad
using a few droplets of a mixture of equal parts 0.1 μm
polystyrene beads (Polysciences) and 50 μM serotonin
creatinine sulfate. Next, we imaged animals on a Leica
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Figure 1. Transient changes in both labile and total zinc in Caenorhabditis elegans oocytes and embryos across meiotic and early mitotic stages. (A) The
distribution of labile zinc using ZincBY-1 fluorescence as a reporter (left column, red in the merge). Developmental stages were assigned using a worm
strain expressing GFP::tubulin and GFP::H2B histone (middle column, green in the merge). Labile zinc is apparent throughout the cytoplasm in MI (n = 2)
and increased significantly as cells enter MII (n = 5). Finally, labile zinc in the 2-cell embryo (n = 5) is not apparent in the cytoplasm but is apparent in the
eggshell in seven experiments. Scale bar =10 μm. (B, C) Total zinc, copper, and iron content at the single cell level was established using XFM across
four experiments and is shown in units of atoms/cell. Example images are shown in B and quantification is shown in C; the number of cells analyzed for
each stage was greater than 7. Most of the stages were analyzed in wild-type (N2) worms (Prophase I, n = 15; Embryo, n = 7; 1-cell, n = 10; 2-cell, n = 10),
except for the Metaphase I-arrest stage (n = 15), which was assessed in worms with a temperature-sensitive mutation in the anaphase-promoting
complex component emb-27 . In wild-type, the “embryo” stage refers to fertilized embryos undergoing the meiotic divisions, whereas the “1-Cell” and
“2-Cell” stages are in mitosis. Total Zn content increased by more than threefold between Metaphase I and the embryo stage. Fe and Zn generally
display a similar flux pattern across the meiotic and mitotic stages. Scale bar = 10 μm (1-cell) and 20 μm (PI, MI, and 2-cell). The color legend indicates
the spectrum of intensity of total zinc with blue being low intensity, and low levels of total zinc, and red being high intensity and high levels of total zinc.
(C) The letters above the bars represent statistical significance between developmental stages for the given element where P < 0.05. Letters that are
the same are statistically insignificant (P > 0.05). Statistical analysis was conducted by performing a one-way ANOVA followed by a Student t-test.
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DMI6000 Spinning Disk Inverted Confocal Microscope
with a Yokogawa CSU-X1 spinning disk module with a
Microlens-enhanced Nipkow disk and a Photometrics Evolve
Delta512 camera. Animals were captured using a 20×
air objective and 488 and 561 nm solid state lasers and
images were processed and analyzed using Fiji software [34,
35].

Tests for zinc-specific fluorescence in embryos and
oocytes

To test whether the observed fluorescence signal arose from
zinc and not from auto-fluorescence, we imaged isolated
gonads on the same Leica SP5 II laser Scanning Confocal
Microscope as the isolated embryos, and also carried out
controls where excess TPEN was added. Since TPEN binds
zinc five to six orders of magnitude more tightly than ZincBY-
1, addition of excess TPEN removed zinc from the probe
and allowed measurement of background fluorescence. We
dissected oocytes and embryos from wild-type (N2) and fog-
1(q251) animals into Egg buffer alone, 10 μL of buffer
containing 75 nM ZincBY-1 (n = 5), 10 μL of 75 nM ZincBY-
1 + 50 μM TPEN (n = 5), 10 μL of 75 nM ZincBY-1 + 10 μM
Zn pyrithione (n = 5), and 50 μM TPEN alone (n = 5). All
samples were incubated for 15 min and were then covered
with a coverslip that was slightly elevated with high vac-
uum grease beads (Dow Corning). To ensure that changes
in ZincBY-1 fluorescence intensity were due to biological
changes within the embryos, we conducted photobleaching
controls using an 8 μL drop of 50 nM ZincBY-1 under mineral
oil for 15 min with the 514 laser and scanned a depth of
30 μm at a 0.8 μm step size. In addition, 8 μL of ZincBY-1
only was imaged under mineral oil (Sigma) using the same
imaging settings as was used for isolated embryos. ZincBY-1
only samples were imaged at 0.8 μm at a depth of 42 μm.

Fluorescence microscopy data analysis
Quantifying fluorescence of oocytes in live worms

In ImageJ, three squares of equal area were drawn within
each distinguishable oocyte and three squares of the same size
were drawn in the background (outside the worm). Next, the
mean fluorescence intensity of each box was measured from
a single slice, then the values for these boxes were averaged to
generate an average fluorescence intensity value of the oocyte
or background. To get the true fluorescence intensity, the
average intensity of the background was subtracted from each
oocyte average. To account for variation, we normalized the
fluorescence intensities by setting the background corrected
“-1” oocyte value to 100%.

Cytoplasmic volume estimation in isolated embryos

The EU1067 strain (unc-119(ed3) ruIs32[unc-119(+)
pie-1promoter::GFP::H2B]III; ruIs57[unc-119(+)pie-1promoter::
GFP::tubulin]) was advantageous because we could define
the cytoplasm using GFP::tubulin fluorescence. The Volumest
plugin [36] in ImageJ was used to estimate the cytoplasmic
volume (reported as μm3).

Fluorescence intensity measurements in isolated

embryos

Fluorescence intensity was determined for each channel by
using the sum slice max projection in Image J. From this pro-
jection, we performed background subtraction by rolling ball
radius based on the number of pixels/embryo. We measured

the fluorescence intensity by selecting an region of interest
(ROI) of the cytoplasm as defined by GFP::tubulin (EU1067)
and used that same ROI to define the cytoplasm by ZincBY-
1 in the sum slice analysis. After obtaining the fluorescence
intensity measurements and the volume measurements for
each stage, we plotted ZincBY-1 intensity as fluorescence
intensity/volume.

Quantifying defects in the embryos

Pronuclei were identified using the GFP::tubulin and GFP::
histone markers. We assessed (1) the formation of one pronu-
cleus on each side of the embryo (2 total), (2) if they joined
together in the normal time frame following the completion
of meiosis, and (3) if a normal mitotic spindle formed. These
features were assessed using time-lapse microscopy. We used
these same criteria when assessing embryos exposed to TPEN.
If any of these criteria were unmet, it was considered abnor-
mal.

Results

Transient changes in labile zinc occur during late
oocyte maturation in C. elegans

To determine whether fluctuations in labile zinc occur during
germ cell maturation in C. elegans, we used live cell fluores-
cence microscopy to examine oocytes treated with the zinc
responsive fluorescent probe, ZincBY-1 [23]. This zinc probe
is cell-permeable and has been successfully used at nanomolar
concentrations in mouse oocytes. Moreover, unlike molecular
probes containing AM-ester functionalities, it does not require
an enzyme cleavage mechanism to function [37]. Worm strains
expressing GFP::tubulin and GFP::histone were used to allow
real-time correlation with spindle dynamics [25], thus facil-
itating the identification of specific cell cycle stages. In C.
elegans, Prophase I oocytes are fertilized, and this triggers the
assembly of the oocyte spindle and progression through the
meiotic divisions. Following the extrusion of the second polar
body, the female and male pronuclei fuse and then begin the
mitotic divisions of the embryo. Initially we surveyed com-
parable stages to those previously documented in mammals:
Metaphase I, Metaphase II, and the 2-cell mitotic embryo.
ZincBY-1 fluorescence was abundant in the cytoplasm of
Metaphase I and Metaphase II cells but was significantly
diminished in the 2-cell mitotic stage (Figure 1A).

To establish whether ZincBY-1 fluorescence in C. elegans
embryos was zinc specific, we used a series of reagents that
perturb zinc availability and employed a worm strain, fog-
1(q253) [26, 38], which does not produce sperm; at the restric-
tive temperature (25◦C), oocytes from these animals remain
unfertilized, do not advance through the cell cycle, and do not
undergo changes in eggshell permeability, thereby ensuring
that zinc probe and zinc-perturbing reagents will permeate the
oocyte membrane without risk of blocking by the eggshell. We
found that addition of the cell-permeable zinc chelator TPEN,
which binds zinc much more avidly than ZincBY-1, elimi-
nated fluorescence in ZincBY-1-treated fog-1(q253) oocytes
(Supplementary Figure S1A, ii, iii). As expected, addition of
10 μM zinc pyrithione, a zinc ionophore, increased fluores-
cence (Supplementary Figure S1A, iv). Furthermore, fluores-
cence was not observed in fog-1(q253) oocytes that were not
exposed to ZincBY-1, both with and without TPEN addition
(Supplementary Figure S1A, i, v). A similar profile was seen in

https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioac064#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioac064#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioac064#supplementary-data
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isolated gonads. Gonads not exposed to ZincBY-1 showed no
autofluorescence (Supplementary Figure S1B, i, vi). Gonads
treated with ZincBY-1 displayed fluorescence (Supplementary
Figure S1B, ii, vii), and this fluorescence was eliminated upon
exposure to 10 μM TPEN (Supplementary Figure S1B, iii, viii).
Addition of 10 μM zinc pyrithione increased fluorescence
(Supplementary Figure S1B, iv, ix). Exposure to 10 μM TPEN
alone showed no fluorescence (Supplementary Figure S1B, v, x).
Finally, exposure of wild-type embryos to 10 μM TPEN
reduced ZincBY-1 fluorescence (Figure 2A and B), similar
to the fog-1(q253) results. We further performed a control
experiment with ZincBY-1 alone in meiosis media to
determine if the zinc dye was susceptible to photobleaching
under our imaging conditions. ZincBY-1 exposure to the
confocal laser did not show a reduction in fluorescence signal
over time (Movie 1, Supplementary Figure S2). These results
and controls support the conclusion that labile zinc levels in
the cytosol of germ cells increase during meiosis and decrease
as the cells progress to early mitotic stages (Figure 1A). This
flux in labile zinc concentration may arise from zinc import
or from the release of zinc from binding sites that are not
accessible to the probe. One way to address this question is
to measure the total zinc content at the single cell level.

Total zinc content increases substantially after
metaphase I

To determine if changes in the total cellular content of zinc
occur in parallel with labile zinc in a stage-specific manner,
we examined isolated C. elegans oocytes and embryos using
synchrotron-based XFM. Quantitative analysis of changes in
zinc content was obtained by deconvoluting X-ray emission
spectra into element-specific photon counts within a given x-
y region into numbers of atoms of that element, as described
previously [15]. All X-ray photons emitted from the sample
are integrated across the z-axis, so the number of atoms in
a given x-y ROI corresponds to the sum of atoms in x, y, z.
We evaluated multiple stages in wild-type animals including
Prophase I oocytes, fertilized embryos undergoing the meiotic
divisions (we were not able to stage them more precisely
since spindle dynamics were not visible using this technique),
and mitotic 1-cell and 2-cell stage embryos; we also used a
temperature sensitive mutant to analyze oocytes arrested at
Metaphase I [25] (Figure 1B). For this analysis, we defined the
ROI by cellular boundaries using the phase contrast images,
and the number of atoms within the ROI is represented as
atoms/cell (Figure 1C).

First, we tested whether oocytes within the gonad undergo
changes in total and labile zinc content prior to fertiliza-
tion. The −1 oocyte is located adjacent to the spermatheca
and is the only one that can be fertilized. Oocytes further
away from the spermatheca are numbered in descending
order [39] (Supplementary Figure S3A). Experiments utiliz-
ing ZincBY-1 revealed a modest increase in labile zinc in
oocytes from the −4 to the −1 position of the germ line
(Supplementary Figure S1C and D). However, XFM analysis
(Supplementary Figure S3B and C) revealed that the total zinc
content did not significantly increase (P > 0.05) as the oocyte
progressed from the −4 to the −1 position (Table 2). Although
the total zinc concentration in these oocytes was constant, we
find the highest zinc localized in the nucleus.

In contrast, comparison of wild-type Prophase I oocytes
with fertilized meiotically dividing embryos revealed that

total zinc content increased by nearly an order of magnitude
between these two stages (2.7 ± 0.27 × 109 in Prophase
compared with 2.2 ± 0.38 × 1010 in embryos) (Figure 1C).
To more precisely define when in the cell cycle this increase
occurs, we examined embryos from a C. elegans strain with
a temperature-sensitive mutation in the anaphase-promoting
complex, which leads to a Metaphase I arrest at the restric-
tive temperature. The average number of zinc atoms/cell at
Metaphase I (4.6 ± 0.11 × 109) was only slightly higher than
at Prophase I, indicating that most of the zinc accumulation
occurs after Metaphase I (Figure 1C). Total zinc levels then
decreased slightly after progression from meiosis to the 1-cell
(1.5 ±0.47 × 1010) or 2-cell (1.5 ± 0.53 × 1010) mitotically
dividing embryo (Table 1). Regardless of stage, zinc was the
most abundant transition metal in these oocytes and embryos.
Total iron and copper content also increased across this
developmental window (Figure 1B and C); iron increasing by
560% and copper by 640% between Prophase I and the
embryo compared with zinc, which increased by 700%. In
mammalian oocytes, the absolute increase in zinc across these
two stages is also much greater than is seen for iron and
copper [12]. This pattern of iron, copper, and zinc changes
in C. elegans help frame our earlier observation that lowering
of zinc, but not iron or copper, via metal-selective chelation
disrupts these stages of meiosis [40]. Further experiments will
be necessary to determine what role, if any, iron and copper
might play in meiotic progression in C. elegans. However, the
large changes in total zinc content are significant and follow a
similar pattern to changes in labile zinc, where we observed a
rapid increase as cells entered the MII stage and a decrease
in metal content in the mitotic cells, motivating us further
examine zinc during early embryonic development.

Induced zinc insufficiency leads to developmental
defects

Previously, we and others reported that zinc insufficient
zygotes can experience impairments in the extrusion of
the second polar body [40, 41]. To test whether zinc
restriction also alters the subsequent mitotic divisions,
isolated individual embryos were dissected directly into
buffer containing 100 nM ZincBY-1 and 10 μM TPEN
prior to eggshell deposition, and then subjected to time-
lapse imaging as the embryos progressed through the cell
cycle. ZincBY-1 fluorescence decreased upon TPEN treatment
prior to eggshell deposition in Anaphase I and stayed low
throughout the cell cycle (Figure 2A and B), confirming that
this treatment restricted intracellular zinc availability across
this time frame. This is in contrast to control embryos that
were not exposed to TPEN, which showed a strong ZincBY-
1 fluorescence increase from Anaphase I to a Metaphase
II peak, followed by a diminished fluorescence signal at
pronuclear formation (Figure 2A and B). As before, we
observed abnormalities in all embryos exposed to TPEN
(n = 14) (Figure 2C–G). Of the total number of embryos
analyzed, 21% (3/14) contained ≥3 pronuclei, 50% (7/14)
displayed a retraction or retention of the second polar body,
57% (8/14) had abnormal pronuclear migration, and 36%
(5/14) had mitotic spindle positioning defects (Figure 2F; note
that these percentages add up to >100% since every embryo
had multiple defects).

Given these phenotypes, we next assessed whether TPEN-
treated embryos were able to progress to the 2-cell stage; this

https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioac064#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioac064#supplementary-data
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https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioac064#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioac064#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioac064#supplementary-data
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Figure 2. Blocking zinc influx with TPEN induces a series of meiotic defects. Fluorescence images are of embryos expressing GFP::histone and
GFP::tubulin (bottom row of images) and treated with 100 nM ZincBY-1 (top row of images). (A, B) Control embryos that cycle through the meiotic
divisions show an increased uptake of ZincBY-1 fluorescence from Anaphase I to Metaphase II. Compared with controls, embryos treated with 10 μM
TPEN at Anaphase I prior to eggshell formation show decreased ZincBY-1 fluorescence intensity that continuously drops through pronuclear formation.
(C–E) Embryos were dissected into 10 μM TPEN, mounted, and filmed. T = 0 represents the beginning of filming. ZincBY-1 and GFP pairs are from the
same movie. (C) A pronucleus is trapped in the posterior end of the embryo and is contained within a small portion of the cytoplasm as ZincBY-1
fluorescence decreases (i–iii) and the cell cycle progresses (iv–vi). (D) iv–vi shows a mitotic spindle in the posterior end of the embryo oriented
perpendicularly, demonstrating defects in spindle positioning. ZincBY-1 fluorescence also decreases (i–iii). (E) iv–vi shows a misoriented mitotic spindle
and extra nuclei as a result of mitotic defects, whereas ZincBY-1 fluorescence decreases during pronuclear migration (i–iii). (F) All embryos were collected
in five experiments (n = 14) and were exposed to 10 μM TPEN contained meiotic defects: 21% (n = 3/14) contained 3 or more pronuclei, 50% (n = 7/14)
had retraction or retention of the second polar body, 36% (n = 5/14) had mitotic spindle positioning defects, and 57% (n = 8/14) had abnormal pronuclear
migration leading to hyperploidy. Despite the defects, the embryos could still progress to the 1-cell (n = 5) or 2-cell stage (n = 9). All scale bars = 10 μm.
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Figure 3. Live-cell microscopy reveals labile zinc fluxes during meiotic progression. (A) Cells treated with ZincBY-1 (left column, red in merge) exhibit a
significant increase in fluorescence as they progress from Meiosis I to Meiosis II; total fluorescence then begins to decrease at Anaphase II and
continues to drop through pronuclear fusion. Fluorescence levels then remain low through the 2-cell stage. (B) Plot of the integrated fluorescence
intensity normalized to cell volume is consistent with a threefold fluctuation in labile zinc that occurs in a stage-specific manner across meiotic maturation
(n = 7 embryos isolated from 7 animals). Error bars represent standard error of mean. (C) Fluorescence images comparing ZincBY-1 fluorescence in
Prometaphase II to the 2-cell stage. Cytoplasmic fluorescence is lower at the 2-cell stage, but there is increased fluorescence at the periphery of the
embryo. (D) A fluorescence comparison by gray value of Prometaphase II compared with the 2-cell stage, showing that labile zinc is fairly uniform across
the cytoplasm in Prometaphase II, but after completion of meiosis is enriched in the eggshell region (n = 5, 2 experiments). All scale bars = 10 μm.

is an important issue because previous mouse experiments
demonstrated that TPEN exposure arrested the cell cycle [12].
In contrast to mouse, we found that 62% of all C. elegans
embryos exposed to TPEN (9/14) were able to progress to

the 2-cell stage despite experiencing several meiotic defects,
whereas five arrested at the 1-cell stage (Figure 2F). We con-
clude that the large increase in zinc content in the late mei-
otic stage is necessary for normal embryo development but
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preventing this increase with TPEN does not completely block
cell cycle progression and some embryos are able to advance
to the 2-cell stage with defects.

A second significant zinc flux begins during
Anaphase II

To better understand the spatial and temporal dynamics of
the zinc increase up to MII and the subsequent decrease
as the fertilized oocyte begins entry into mitosis, we fol-
lowed single embryos in live cell imaging across the egg-
to-embryo transition. Corroborating the drop in total zinc
between Prophase I and the one-cell embryo, we observed
a decrease in cytoplasmic ZincBY-1 fluorescence beginning
in Metaphase II (Figure 3A and B, Movie 2). Notably, this
decrease correlated with a steady increase in fluorescence
near the periphery of the embryo (Figure 3C). This increased
fluorescence was in the region of the eggshell, a multilayer
structure that functions as a polyspermy block, protects the
embryo from the environment, and maintains embryo osmo-
larity [42–45]. By the 2-cell mitotic stage, ZincBY-1 fluores-
cence was detected in the space between the cytoplasm and
an outer eggshell layer (Movie 3). Line scans across embryos
at Prometaphase II showed elevated ZincBY-1 fluorescence
in the inner 30 μm of the embryo, corresponding to the
cytoplasm, compared with the outer 10 μm of each side of
the cytoplasm, corresponding to the anterior and posterior
poles. In contrast, the 2-cell stage embryo showed the inverse
concentration of labile zinc, which was lower in the cyto-
plasm compared with the eggshell region (Figure 3C and D,
Movie 3).

The time-lapse experiments (Figure 3A and B) were con-
ducted with long-term exposure to ZincBY-1 throughout mei-
otic progression. To determine whether continuous exposure
of the embryo to the probe might alter labile zinc exocytosis
and therefore lead to accumulation in the eggshell, we limited
ZincBY-1 exposure time to 1 min while the early zygote
was permeable and followed with a buffer rinse to remove
excess probe. We found no difference between short term and
continuous exposure to the probe: fluorescence accumulated
in the same manner across the eggshell region and cell division
progressed normally (Movie 4), indicating that the probe did
not alter labile zinc distribution in the eggshell region over
time. We conclude that significant, large-scale fluxes in labile
zinc occur between fertilization and mitotic entry. Labile
intracellular zinc levels begin rising in prophase oocytes, and
then increase sharply after fertilization and peak around
Metaphase II. These levels then decrease until the pronuclear
formation stage; during this decrease in the cytoplasm, the
eggshell region acquires labile zinc that remains there in the
2-cell stage mitotic embryo.

Discussion

Zinc fluxes are essential to oocyte maturation and
egg viability in C. elegans

These results in C. elegans provide the first direct spatial
temporal correlation of cell cycle and zinc flux events
during the egg-to-embryo transition. Our findings also
expand the evolutionary scope of dynamic zinc fluxes and
strongly support the idea that cyclic changes in zinc are a
major factor in developmental pathways controlling both
the oocyte-to-egg and egg-to-embryo transitions across

https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioac064#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioac064#supplementary-data
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https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioac064#supplementary-data
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Table 2. Quantification of elements in C. elegans oocytes.

−1 −2 −3 −4

Mean SEM N Mean SEM N Mean SEM N Mean SEM N

P 8.07 × 1011 6.76 × 1010 5 8.30 × 1011 5.43 × 1010 5 7.67 × 1011 3.13 × 1010 5 6.50 × 1011 6.31 × 1010 5
Fe 1.97 × 109 3.19 × 108 5 1.60 × 109 2.18 × 108 5 1.46 × 109 1.36 × 108 5 1.36 × 109 1.75 × 108 5
Cu 2.59 × 108 3.85 × 107 5 2.28 × 108 2.37 × 107 5 2.00 × 108 1.38 × 107 5 1.94 × 108 2.74 × 107 5
Zn 3.83 × 109 4.44 × 108 5 3.67 × 109 3.86 × 108 5 3.54 × 109 1.28 × 108 5 53.40 × 109 3.63 × 108 5

Mean number of atoms/cell of phosphorous (P), iron (Fe), copper (Cu), and zinc (Zn) in the −1 oocyte (n = 5), −2 oocyte (n = 5), −3 oocyte (n = 5), and − 4
oocyte (n = 5). Note that phosphorus was included in the analysis because maps of this element are routinely used to delineate cell boundaries.

metazoans (Figure 4A). This conclusion is supported by
earlier studies that showed that zinc limitation reduces C.
elegans brood size and causes defects in oogenesis [40],
including reduced oocyte number, an extended number
of pachytene nuclei in the gonad, and improper oocyte
stacking [46]. The importance of these cyclic changes in
zinc concentration is born out in zinc limitation experi-
ments; acute zinc limitation in isolated embryos disrupts
polar body extrusion at the end of Meiosis II and leads
to defects in spindle positioning, and hyperploidy [40]
(Figure 4B).

Total and labile zinc change in parallel after
fertilization

Although the maturing C. elegans oocyte shows a significant
increase in the amount of labile zinc from the −4 to the
−1 position of the germ line, the total zinc content does
not change significantly from oocyte to oocyte. This may be
attributed to labile zinc becoming liberated from tight binding
sites that are not accessible to the zinc probe in oocytes closer
to the loop region of the gonad. In this scenario, there would
be no change in total zinc in the oocytes, but rather a change
of zinc accessibility to probes. Alternatively, the influx of
labile zinc may constitute a very small change in total zinc
levels this would mean that labile zinc fluxes occur but would
account for a very small change of the total zinc that would
be difficult to detect in our XFM analysis. By contrast, the
developing C. elegans embryo exhibits substantial and highly
coordinated increases in total and labile zinc distribution as
it progresses from Meiosis I to Meiosis II and then drops
as the zygote transitions to mitosis (Figure 4A). This nicely
parallels the fluctuations of total zinc in the mouse meiotic
cell cycle; after Meiosis II the C. elegans embryo has lost 31%
of total zinc compared with the mouse egg where 20% of
the total ensemble of zinc ions are lost via cortical vesicle
exocytosis [12]. It is quite interesting that this general flux
pattern persisted throughout evolution, despite differences
in meiotic regulation between C. elegans and mammals. A
notable difference is the timing of the zinc fluxes relative to
fertilization. In C. elegans, oocytes are ovulated and then fertil-
ized prior to the initiation of the meiotic divisions [47]. Thus,
in this organism, zinc influx largely occurs after fertilization;
once influx begins, dynamic changes occur continuously with
efflux beginning at Metaphase II and ending at the start
of Mitosis (Figure 3A, B and Figure 4A). In contrast, mouse
oocytes arrest at Metaphase II, and then fertilization triggers
the release from this arrest. In mouse, zinc efflux occurs as cor-
tical granule release upon this fertilization-induced resump-
tion of the cell cycle. These differences in zinc efflux relative
to the timing of fertilization suggest that fertilization is not a

universal trigger for zinc efflux, and instead demonstrates that
alternative mechanisms must control zinc influx and efflux.
Whether zinc influx is linked to mechanisms that promote
meiotic maturation such as major sperm protein signaling is
an open question.

Labile zinc accumulates in the eggshell during the
transition from meiosis to mitosis

When the mouse egg transitions out of Meiosis II, rapid loss
of zinc is readily detected as “zinc sparks” using extracellular
probes. In contrast, as the C. elegans egg exits Meiosis II,
the rapid loss is detected as an accumulation of labile zinc
in the eggshell region (Figure 4C). The C. elegans eggshell
has many functions, including osmolarity maintenance,
polyspermy block, and protection from the environment [45,
48]. Here we show that labile zinc is distributed within the
entire eggshell region (i.e., the space between the plasma
membrane and the outermost eggshell layer). The comparable
mammalian structure is the ZP. The ZP is a glycoprotein
matrix that surrounds maturing mammalian oocytes. It
undergoes structural changes during maturation and again
after fertilization. After the sperm fuses with the egg, the ZP
“hardens”, and this hardening prevents polyspermy [16]. It
was recently shown that post egg activation and endogenous
zinc release or following addition of zinc to isolated ZPs,
the fibril structure thickens in a manner identical to egg
hardening [16, 23]. Recent studies suggests that the zinc
release also contributes to the prevention of polyspermy in
nonmammalian model systems, including the African clawed
frog [18, 49] as well as salamander, zebrafish, and Cnidarians
[49]. Whether and how extracellular zinc modifies the eggshell
in C. elegans remains to be investigated more deeply.

Taken together, our results show that although most
of the zinc in the cell is tightly bound to proteins and
unavailable to fluorescent probes, transient fluctuations in
labile zinc are highly correlated with two stages in meiotic
maturation in C. elegans. Upon fertilization, a significant
influx of zinc raises the total zinc concentration by over
sevenfold and an increase in labile zinc is also observed,
peaking at Metaphase II. Subsequent efflux events then
reduce total zinc concentration by 31%, whereas the labile
zinc concentration drops dramatically in the cytoplasm and
increased in the eggshell region. This quantitative analysis
of zinc fluxes during meiotic progression, both within the
context of a single unfertilized oocyte and the developing
embryo, establishes that zinc fluxes are characteristic of
meiotic divisions and not mitotic ones. Further work in model
organisms and in mammalian species will further explicate
the important roles of zinc as a signal in meiotic cell cycle
biology.
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Figure 4. (A) Zinc fluxes in invertebrates have significant parallels to those seen in mammals. Both C. elegans and mouse oocytes accrue large
quantities of total zinc during early stages of meiotic progression and achieve the maximum concentration at Metaphase II; total zinc then drops as the
final phases of meiosis come to completion in both species. The timing of fertilization in both species is denoted by the presence of a blue sperm; in
worm, fertilization occurs at the end of Prophase I, whereas in mouse, fertilization occurs at Metaphase II. Pronounced fluxes in labile zinc begin upon
fertilization, which is restricted to different stages in the meiotic cycle, i.e., Prophase I in worm and Metaphase II arrest in mouse. (B) TPEN-induced zinc
insufficiency in isolated, developing embryos experience polar body retention or retraction during Meiosis II, resulting in hyperploidy, spindle defects,
and cell cycle arrest. (C) Labile zinc (pink) is acquired during the early stages of Meiosis I, when the embryo is permeable. Influx continuously occurs
until Anaphase II, and then zinc is expelled from the cytoplasm over 30 min. Finally, labile zinc accumulates in the general eggshell region.
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