
Zinc availability during germline development impacts embryo 
viability in Caenorhabditis elegans

Adelita D. Mendozaa,b, Teresa K. Woodruffa,b,c, Sarah M. Wignalla,*, and Thomas V. 
O'Hallorana,b,d,**

a Department of Molecular Biosciences, Northwestern University, Evanston, IL 60208, USA

b The Chemistry of Life Processes Institute, Northwestern University, Evanston, IL 60208, USA

c Department of Obstetrics and Gynecology, Feinberg School of Medicine, Northwestern 
University, Chicago, IL 60611, USA

d Department of Chemistry, Northwestern University, Evanston, IL 60208, USA

Abstract

Zinc is an essential metal that serves as a cofactor in a variety of cellular processes, including 

meiotic maturation. Cellular control of zinc uptake, availability and efflux is closely linked to 

meiotic progression in rodent and primate reproduction where large fluctuations in zinc levels are 

critical at several steps in the oocyte-to-embryo transition. Despite these well-documented roles of 

zinc fluxes during meiosis, only a few of the genes encoding key zinc receptors, membrane-

spanning transporters, and downstream signaling pathway factors have been identified to date. 

Furthermore, little is known about analogous roles for zinc fluxes in the context of a whole 

organism. Here, we evaluate whether zinc availability regulates germline development and oocyte 

viability in the nematode Caenorhabditis elegans, an experimentally flexible model organism. We 

find that similar to mammals, mild zinc limitation in C. elegans profoundly impacts the 

reproductive axis: the brood size is significantly reduced under conditions of zinc limitation where 

other physiological functions are not perturbed. Zinc limitation in this organism has a more 

pronounced impact on oocytes than sperm and this leads to the decrease in viable embryo 

production. Moreover, acute zinc limitation of isolated zygotes prevents extrusion of the second 

polar body during meiosis and leads to aneuploid embryos. Thus, the zinc-dependent steps in C. 
elegans gametogenesis roughly parallel those described in meiotic-to-mitotic transitions in 

mammals.

1. Introduction

Zinc is a transition metal that serves as a cofactor and structural regulator in a variety of 

proteins that participate in numerous cellular processes (Beyersmann and Haase, 2001; 
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Bohnsack and Hirschi, 2004; Haase and Maret, 2010). We have shown that fluctuations in 

total cellular zinc levels play central regulatory roles controlling meiosis in mouse, non-

human primate, and human oocytes before and after fertilization (Bernhardt et al., 2011; 

Duncan et al., 2016; Kong et al., 2012, 2014; Que et al., 2015; Zhang et al., 2016). In the 

mouse oocyte, total zinc levels increase by over 50% during meiotic maturation and this 

accumulation of zinc is required for the oocyte to progress properly to metaphase of meiosis 

II (Kim et al., 2010). Previous work has shown that fertilization and parthenogenesis initiate 

zinc exocytosis from zinc loaded cortical vesicles (Que et al., 2015; Kim et al., 2011) into 

the extracellular space through a series of coordinated events known as ‘zinc sparks’ (Kim et 

al., 2011). If zinc levels are not reduced, the egg cannot complete meiosis, and the zygote is 

unable to initiate the mitotic divisions. Therefore, zinc fluxes are fundamental events at 

several steps in the oocyte-egg-embryo transition, and are critical for mammalian 

reproduction. Despite these well-defined roles of zinc fluxes during meiosis (Suzuki et al., 

2010a, 2010b), only a few of the genes encoding zinc receptors have been identified as 

mediating these switching events in mammals or other model systems to date. Zinc 

receptors, i.e., macromolecules defined by their ability to move or bind zinc, with known 

roles in meiosis include the cation transporters ZIP6 and ZIP10 and downstream signaling 

pathway factors, such as Emi2 (Lints and Hall, 2009d; Tian et al., 2014; Tian and Diaz, 

2012, 2013). The nematode C. elegans would be an ideal model system for identifying 

pathway members, especially if readily triggered meiotic phenotypes of zinc depletion can 

be established. Given that zinc availability has already been established to regulate proper 

meiotic progression in mammalian oocytes, we test here whether a similar type of inorganic 

regulation of egg biology might extend further into the phylogenetic tree using the 

invertebrate, C. elegans.

C. elegans exist as two sexes, hermaphrodites and males (L'Hernault, 2006; Lints and Hall, 

2009c, 2009d). These worms develop through four larval stages (L1–L4), entering adulthood 

in approximately 3 days (Corsi et al., 2015). In self-fertilizing hermaphrodites, 

gonadogenesis completes and meiosis begins in the L4 stage. They first produce sperm and 

store these gametes in a compartment called the spermatheca, but upon becoming adults, 

there is a switch to oocyte production (Kimble and Crittenden, 2007). At this stage, the 

remaining meiotic cells in the germline begin maturing into oocytes, which are then 

fertilized as they pass through the spermatheca, becoming embryos that are laid and hatch 

(Greenstein, 2005). Each hermaphrodite produces approximately 300 self-progeny before 

running out of sperm, but they can produce many more offspring if mated with a male and 

sperm availability is not limited.

Many features of this system make it ideal for evaluating the regulatory roles of zinc fluxes 

in reproduction. The hermaphrodite gonad has two arms and each is arranged as a 

production line, with a population of germline stem cells in the distal region differentiating 

to enter meiosis, and then forming oocytes in the proximal region, as they move toward the 

spermatheca (McCarter et al., 1999; Von Stetina and Orr-Weaver, 2011) (Fig. 1). Therefore, 

this spatial-temporal gradient means that all stages of meiosis can be visualized 

simultaneously within the same worm. Moreover, C. elegans are transparent, allowing live 

imaging of the meiotic and mitotic divisions of the oocyte and embryo, and they are 

amenable to a wide variety of experimental manipulations. Based on these advantages, we 
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assessed whether zinc availability impacts germline development or oocyte viability in a 

whole animal model.

Here, we test the hypothesis that growth of the worm under zinc deficient conditions will 

impair oocyte function and fertility. Zinc availability to both the worm and its food, E. coli, 
can be attenuated by addition of the metal chelator N,N,N′,N′-tetrakis(2-

pyridylmethyl)ethylenediamine (TPEN) to the growth medium. TPEN has been employed in 

a number of studies of meiosis in isolated mammalian oocytes (Bernhardt et al., 2011; Kim 

et al., 2011; Suzuki et al., 2010a, 2010b). In order to establish mild zinc limitation in which 

there is no observable impact on the general physiological status of C. elegans, progeny 

counts were evaluated as a function of TPEN concentration in the growth medium. We found 

that growth of adults under mild zinc depletion leads to a statistically significant drop in the 

number oocytes produced. Moreover, acute zinc limitation of isolated zygotes prevents the 

extrusion of the second polar body and causes chromosome segregation defects, resulting in 

aneuploid embryos. These results establish a zinc-dependent phenotype in the reproductive 

axis of C. elegans and support the idea that zinc-regulated pathways in meiosis are 

evolutionarily conserved.

2. Materials and methods

2.1. Worm strains

EU1067: unc-119(ed3)ruIs32[unc-119(+)pie-1promoter::GFP::H2B] III; ruIs57[unc-119(+) 

pie-1promoter::GFP::tubulin] was used for fluorescence imaging of the meiotic spindle, 

gamete count, and for generating males (Wignall and Villeneuve, 2009). N2 (Bristol) wild 

type strain was used in all brood size experiments, food aversion, and pharyngeal contraction 

experiments (Wormbase, 2016b). The mutant strain fog-1(q253) (Wormbase, 2016a) was 

used in the mating experiment.

2.2. Growth media

Animals were grown on bacterial lawns plated on 6 cm agar plates following standard 

methods (Stiernagle, 2006) with the following modifications. Plates containing growth 

media were prepared with a final concentration of 10 μM TPEN (Sigma Aldrich, St. Louis, 

MO) to Nematode Growth Media (NGM) (Stiernagle, 2006) prior to pouring the plates. 

After the plates solidified, 200 μl of an overnight growth of E. coli strain OP50 in Luria 

Broth (Stiernagle, 2006) was added and allowed to dry at room temperature. Alternatively, a 

final concentration of 10 μM of the copper-specific chelators Neocuproine (Sigma) or 

Ammonium tetrathiomolybdate (Sigma) were dissolved in ethanol or H2O, respectively, and 

were added to the NGM as described above. For rescue experiments, plates were further 

supplemented with 20 μM metal salts CuSO4·5H2O (Sigma), ZnSO4·7H2O (Sigma), and 

FeSO4·7H2O (Sigma).

2.3. Brood size experiments

L4 stage hermaphrodites were picked onto control NGM or zinc insufficient NGM plates (1 

worm/plate). Every 24 h, the worm was transferred to a fresh plate. Progeny were counted 

48 h after the adult was removed from the plate. Progeny were scored from control 
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hermaphrodites (day 1, n = 50, day 2, n = 43, day 3, n = 40, day 4, n = 33, day 5, n = 30) and 

zinc insufficient hermaphrodites (day 1, n = 52, day 2, n = 52, day 3, n = 25, day 4, n = 22, 

day 5, n = 18). Similarly, brood size experiments were conducted on plates with bacteria 

killed by UV irradiation, heat exposure (75 °C for 1 h) and 250 μg/ml Kanamycin (Sigma) 

(MacNeil et al., 2013). For DMSO vehicle: day 1, n = 20, day 2, n = 19, day 3, n = 10, day 

4, and n = 18, and day 5, n = 19. For TPEN in DMSO: day 1, n = 25, day 2, n = 20, day 3, n 
= 10, day 4, n = 16, and day 5, n = 15. For methanol vehicle: day 1, n = 19, day 2, n = 19, 

day 3, n = 18, day 4, n = 15, day 5, n = 15. For TPEN in methanol: day 1, n = 19, day 2, n = 

11, day 3, n = 20, day 4, n = 22, and day 5, n = 11. In the case of the TPEN in the methanol 

group, some worms were stuck between the agar and the plate wall on day 1 and were 

liberated for later egg laying in the experiment, others were caught in water on the side wall 

and were also liberated.

2.4. Hatching experiment

N2 animals were synchronized at the L4 stage and placed on either control plates (n = 14 

adults) or plates with 10 μM TPEN (n = 12 adults). Each group was incubated at 20 °C for 

24 h to allow for egg laying. After incubating, the adults were removed and allowed an 

additional 24 h for the embryos to hatch. After this time, the number of embryos that 

hatched was quantified.

2.5. Eating behavior experiments

Young adult eating behavior was quantified by counting the number of pharyngeal 

contractions per 30 s in control (n = 31) and zinc insufficient groups (n = 29). Food 

avoidance was quantified as the percent of worms eating (worms on the plate eating / total 

worms on plate × 100) for control (n = 35) and zinc insufficient groups (n = 37).

2.6. Metal rescue experiments

L4 stage hermaphrodites were picked onto control or TPEN plates and incubated at 20 °C 

for 6 h. From the TPEN group, some were selected to remain on the TPEN plates, while 

single adults were placed onto the rescue plates, supplemented as described above, and 

transferred to a fresh plate every 24 h. Progeny were counted 48 h after the adult was 

removed from the plate. For controls: n = 30, 18 h post rescue, and n = 21, 42 h post-rescue. 

For the 10 μM TPEN group: n = 32, 18 h post rescue, and n = 25, 42 h post-rescue. For the 

Cu rescue group: n = 30, 18 h post rescue, and n = 17, 42 h post-rescue. For the Zn rescue 

group: n = 25, 18 h post rescue, and n = 18, 42 h post-rescue. Finally, for the Fe rescue 

group: n = 27, 18 h post rescue, and n = 20, 42 h post-rescue.

2.7. Copper chelation

L4 hermaphrodites were picked onto plates supplemented with 10 μM Neocuproine or 10 

μM ammonium tetrathiomolybdate (AT) and compared to control worms picked onto 

standard NGM. For Neocuproine we scored progeny for controls on day 1, n = 10, day 2 n = 

10, day 3, n = 10, day 4, n = 8, and day 5, n = 8, and for the chelated group day 1, n = 20, 

day 2, n = 19, day 3, n = 18, day 4, n = 17, and day 5, n = 15. For ammonium 

tetrathiolmolybdate, we scored progeny for controls on day 1, n = 20, day 2, n = 19, and day 
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3, n = 18, and for the chelated group day 1, n = 23, day 2, n = 27, and day 3, n = 27. Every 

24 h a single worm was transferred to a fresh plate to deposit their offspring. After 2 days 

the offspring were counted. The ammonium tetrathiolmolybdate experiment on days 2 and 3 

had more worms because four worms on day 1 were stuck crawling between the plate and 

the agar and did not lay eggs on day 1. We liberated these worms and allowed them to keep 

laying eggs for the rest of the experiment.

2.8. Gamete counts

L4 stage EU1067 hermaphrodites and adult males were picked onto control and TPEN 

plates and incubated for 24 h at 20 °C. They were then ethanol fixed and mounted using 

Vectashield containing 10 μg/ml Hoechst. Fluorescence images were captured on a Leica 

DM5500 epifluorescence microscope. Oocytes were scored based on the presence of 6 

chromosome bivalents within a distinct nuclear envelope and cellular membrane 

(Greenstein, 2005; Lints and Hall, 2009b). For the control, we scored n = 71 and for 

hermaphrodites grown on TPEN plates we scored n = 78 at L4, and n = 32 at L3. Sperm 

inside the spermatheca were identified with Hoechst (L'Hernault, 2006; Lints and Hall, 

2009a). We scored n = 40 for the control group, and for the hermaphrodites grown on TPEN 

plates we scored n = 35 at L4, and n = 32 at L3. For the male sperm counts, we scored n = 

19 control males, and n = 22 males grown on TPEN.

2.9. Production of males

Males were generated by heat shock in EU1067 animals. Approximately 5 late L4 stage 

hermaphrodites per plate were incubated at 30 °C for 3 h. After this incubation, worms were 

returned to 20 °C and allowed to produce F1 progeny. Some males were developed from this 

F1 generation, which were then used to set up matings to produce additional males.

2.10. Mating experiment

2.10.1. Hermaphrodites versus males—Early L4 stage hermaphrodites and males 

were picked onto either control or zinc insufficient plates to incubate for 24 h at 20 °C. After 

incubating, the following mating pairs were allowed to mate on control plates for 24 h:

Control hermaphrodites × control males (n = 56 matings)

Control hermaphrodites × zinc insufficient males (n = 51 matings)

Zinc insufficient hermaphrodites × control males (n = 61 matings)

Zinc insufficient hermaphrodites × zinc insufficient males (n = 46 matings)

After mating, adults were removed from the plates and the progeny were 

counted 24 h later.

2.10.2. Feminized versus male worms—Early L4 stage fog-1(q253) worms were 

picked onto either control or zinc insufficient plates to incubate for 24 h at 25 °C to produce 

the feminized phenotype. At this restrictive temperature, fog-1(q253) mutants do not 

produce sperm (Wormbase, 2016a), so we refer to them as “females” for simplicity. At the 

same time, males were also picked onto separate control or zinc insufficient plates to 
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incubate for 24 h at 20 °C. After incubating, the following mating pairs were allowed to 

mate for 24 h:

Control females × control males (n = 26 matings)

Control females × zinc insufficient males (n = 18 matings)

Zinc insufficient females × control males (n = 16 matings)

Zinc insufficient females × zinc insufficient males (n = 20 matings)

After mating, adults were removed from the plates and the progeny were 

counted 24 h later.

2.11. Meiotic progression time-lapse imaging

2.11.1. Sample preparation—Adult EU1067 hermaphrodites were picked into an 8 μl 

drop of egg buffer (Zhang and Kuhn, 2013) supplemented with 10 μM TPEN within a 35 

mm culture dish with a 10 mm well (World Precision Instruments, Sarasota FL). Zygotes 

were cut out of the hermaphrodites with a 20-gauge needle (BD). The dish was placed on the 

microscope stage and embryos in Meiosis II were selected for imaging.

2.11.2. Imaging—Zygotes were imaged on a SP5 II Laser Scanning Confocal Microscope 

located in the Biological Imaging Facility at Northwestern University. We used the 63× 

objective with the 488 laser to detect GFP and the HyD detector. Single plane images were 

captured at 45 s intervals until the zygotes reached the 2-cell stage. We imaged 5 control, 

and 6 zinc insufficient maturing oocytes. Movies were allowed to progress until cellular 

features moved out of focus. We then stopped the movies, refocused and resumed filming 

immediately, thus splitting the movies into separate files. Listed video time frames were 

based on the start of filming of each segment.

2.12. Metal content of NGM plates

Inductively coupled plasma mass spectrometry (ICP MS) was performed at the Quantitative 

Bio-element Imaging Center (QBIC) at Northwestern University. The full content of an 

NGM plate (10 ml) was dissolved in 5 ml of 3% nitric acid (Sigma Aldrich, St. Louis, MO) 

diluted with ultra pure H2O (18.2 MΩ·cm) for 1 h in triplicate. A multi-element internal 

standard (CLISS-1, Spex Certiprep, Metuchen, NJ, USA) was then added to produce a final 

solution of 3.0% nitric acid (v/v) with 5.0 ng/ml internal standard in a total sample volume 

of 10 ml.

ICP-MS was performed on a computer-controlled (Plasmalab software) Thermo XSeries II 

ICP-MS (Thermo Fisher Scientific, Waltham, MA, USA) operating in standard mode and 

equipped with a CETAC 260 autosampler (Omaha, NE, USA). Each sample was acquired 

using one survey run (10 sweeps) and three main (peak jumping) runs (100 sweeps). The 

isotopes selected for internal standard analysis were 59Co, 101,102Ru, 89Y, 115In, and 165Ho. 

Total iron, copper and zinc was determined using average values for the respective isotopes 

(57Fe, 63,65Cu, and 64,66,68Zn). Instrument performance was optimized daily through 

autotuning followed by verification via a performance report (passing the manufacturer's 

specifications).
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2.13. Statistical analysis

The results were depicted as mean and standard error of mean (SEM). The Student's t-test, 

and 2-way analysis of variance (ANOVA) were used to evaluate significant differences 

between control and treatment groups. All statistical analysis was conducted using Graph 

Pad software from Prism. Values considered statistically significant were below p < 0.05.

3. Results

3.1. Zinc insufficiency impacts C. elegans reproduction

To determine if zinc insufficiency impacts C. elegans fertility, we picked L4 stage 

hermaphrodites onto plates containing 10 μM of TPEN, in excess of the chelating agent 

relative to the total zinc, copper and iron content of the plate (Fig. S1). Hermaphrodites 

grown on these plates produced smaller broods from days 1 through 3 (Fig. 2B) compared to 

those grown on control plates. The dose dependence of TPEN exposure was determined by 

titrating TPEN in the growth media at 2.5 μM, 5 μM and 10 μM concentrations. As the 

TPEN concentration incrementally increased, the brood size decreased correspondingly (Fig. 

2C). At TPEN concentrations above 20 μM, adult worms crawled off the plates. We tested 

the viability of the eggs that were laid on the TPEN plates by quantifying the number that 

hatched. Within 24 h of egg laying by a young adult hermaphrodite, all of the embryos 

hatched in both control and TPEN groups (Fig. S2).

Since C. elegans are typically grown on plates with live bacteria as a food source, we next 

sought to determine if the observed brood size reduction following exposure to 10 μM TPEN 

might be the result of general effects on the adult worm or the bacteria. First, we scored the 

pharyngeal pumping rate of TPEN treated worms and also tested for food avoidance 

behaviors; in these assays we found no significant differences with control worms (Figs. S3, 

S4). Moreover, we observed similar effects on brood size when we triple-killed the bacteria 

prior to providing them as a food source to the worms (Fig. S5), demonstrating that it is 

unlikely that the effects on worm viability resulted from effects of TPEN treatment on the 

bacterial food source. We conclude that these experimental conditions, i.e., bacterial and 

worm growth on medium containing 10 μM TPEN, constitutes a mild zinc limitation 

condition that has little impact on the general health of the worm. This condition is 

nonetheless sufficient to induce a reduction in brood size by primarily impairing the 

reproductive axis of the worm.

Given that TPEN can bind copper, zinc and iron ions with high affinity (Martell and Smith, 

1998a), we next tested which of these essential transition metal ions gave rise to the 

limitation phenotype using rescue experiments as described previously (Kim et al., 2010). 

After incubating L4 stage hermaphrodites for 6 h on TPEN-containing plates, we moved the 

worms to TPEN plates supplemented with either copper, zinc, or iron salts, and scored the 

resulting brood size. While copper or zinc supplementation returned the brood size to near 

normal levels 48 h after rescue, iron supplementation did not restore the brood size to 

control levels at any point, indicating that the TPEN phenotype at this concentration does not 

result from iron-limitation (Fig. 3A). While the observed rescue upon copper addition could 

indicate that the effects of TPEN are due to copper limitation, since TPEN has a higher 
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affinity for Cu(II) (Martell and Smith, 1998b) (10−19 M compared to 10−16 M for Zn), an 

alternative possibility is that the added copper is preferentially sequestering TPEN in the 

media and thus blocking its ability to reduce zinc availability in the rescue experiment. To 

distinguish between these possibilities, the effect of copper limitation on brood size was 

directly evaluated using two copper-specific chelators (10 μM ammonium 

tetrathiolmolybdate or 10 μM Neocuproine; Martell and Smith, 1998b). Neither treatment 

led to reduced brood size relative to controls (Fig. 3B,C), consistent with the hypothesis that 

the effects we observed following TPEN treatment were due to zinc limitation.

3.2. Oocytes are more vulnerable to zinc insufficiency than sperm

To establish whether the brood size defect under this zinc insufficiency condition is the 

result of impaired development of sperm, oocytes, or both, hermaphrodites were subjected to 

zinc insufficient conditions prior to oocyte formation (McCarter et al., 1999). 

Hermaphrodites exposed to zinc insufficient conditions in either L3 or L4 and then scored as 

young adults exhibit a significant reduction in the number of oocytes compared to the 

controls (Fig. 4), consistent with the interpretation that reduced zinc availability impacts 

oocyte production. In contrast, under the same conditions sperm production showed smaller 

differences that vary with stage (Fig. S6). While hermaphrodites exposed to zinc insufficient 

conditions in L3 show a small reduction in the number of sperm per gonad arm, exposure to 

10 μM TPEN in late L4 did not cause a reduction in sperm number (Fig. S6). These results 

show that the large decrease in brood size of animals grown on 10 μM TPEN is the result of 

effects on oocyte rather than sperm production. To more directly test this idea, control and 

TPEN treated worms were mated in pairs in which each gamete (either oocyte or sperm) was 

exposed to zinc insufficient conditions prior to mating (Fig. 5). For these experiments, males 

were mated with either WT L4 hermaphrodites (prior to the time when they would begin to 

generate self-progeny) or with feminized fog-1(q253) mutant animals that do not produce 

sperm. A significant brood size reduction was measured each time the oocyte-bearing 

animals were exposed to zinc insufficiency. To determine whether zinc insufficiency has any 

effects on sperm production in males, male sperm was counted in control and zinc 

insufficient groups; no significant difference was observed (Fig. 6).

3.3. Zinc insufficient oocytes experience spindle defects and hyperploidy during the 
meiosis to mitosis transition

To assess whether zinc insufficiency has effects on the meiotic and mitotic divisions, 

independent of effects on events earlier in the germline, zygotes from untreated worms were 

dissected into media containing 10 μM TPEN. This treatment profoundly altered several 

steps in the transition from meiosis to mitosis after fertilization. Time lapse images of 

embryos expressing GFP::tubulin and GFP::histone (to label microtubules and 

chromosomes, respectively) revealed that zygotes treated with 10 μM TPEN often did not 

extrude a second polar body at the end of Meiosis II but instead formed an extra female 

pronucleus (Fig. 7B and Supplemental movies 7B.1, 7B.2); these two female pronuclei then 

migrated toward the male pronucleus and upon nuclear envelope breakdown, a spindle 

formed. However, these spindles exhibited defects. In control embryos (Fig. 7A and 

supplemental movies 7A.1, and 7A.2), spindles orient along the long axis of the embryo and 

then initiate anaphase (Gonczy et al., 1999; Oegema and Hyman, 2006). However, in the 
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TPEN treated embryos, we observed spindles that initiated anaphase but exhibited lagging 

chromosomes, demonstrating that TPEN affects the fidelity of chromosome segregation 

(Fig. 7B and supplemental movies 7B.1,7B.2). TPEN treatment of three additional zygotes 

revealed similar effects. In one occasion, a zygote did not extrude the second polar body 

with normal timing during Telophase II. Instead, the zygote later pinched off the second 

large polar body within the extra embryonic space, between the cytoplasm and the eggshell 

(approximately 8 min after the beginning of pronuclear migration; Supplemental movies 

S7B.1-S7B.6), suggesting that it is sometimes possible for the cell to overcome polar body 

retention. In an extreme case, another zygote successfully extruded both polar bodies, but 

they were later pulled back into the cytoplasm, and the zygote arrested during 

pseudocleavage (Supplemental Movie S8B). The zygote formed a “popcorn” shape, the 

pronuclei never migrated properly, and the two polar bodies remained near the edge of the 

cytoplasm (Figs. S8B, C, and supplemental movies S8B.1-S8B.6). In contrast, the control 

zygote was able to undergo pseudocleavage during a similar time frame and the pronuclei 

were able to migrate normally (Fig. S8A, and supplemental movies S8A.1-S8A.6). 

Therefore, TPEN treatment has severe effects on the completion of the meiotic divisions and 

results in mitotic defects.

4. Discussion

Zinc fluxes are known to both regulate oocyte maturation and the egg-to-embryo transition 

in mammals (Kim et al., 2011, 2010), however little is known about whether zinc availability 

plays any role in invertebrate germ cell function. Guided by results showing that TPEN-

induced zinc insufficiency controls meiotic progression in oocytes as well as the egg-to-

embryo transition in mouse (Kim et al., 2011; Kong et al., 2012), we show that C. elegans 
reproductive function is similarly sensitive to zinc limitation. We found that this 

reproductive phenotype was robust and showed that it most likely arises from the ability of 

TPEN to restrict zinc, as opposed to copper and iron availability. We also find that acute 

treatment of isolated zygotes with TPEN disrupts polar body extrusion, affects chromosome 

segregation, and potentially affects cell cycle progression. The observed defects lead to 

severe aneuploidy in the embryos, pointing to a crucial role for zinc in meiotic and mitotic 

fidelity. Specifically, the late meiotic and early mitotic divisions in the C. elegans embryo are 

highly sensitive to physiologically- or pharmacologically-induced changes in zinc 

availability, consistent with zinc limitation experiments in mouse oocyte development and 

fertilization. Aneuploidy in mammals is already linked to impairment of gamete 

development (Hall et al., 2006; Hunt and Hassold, 2008), and we demonstrate here that 

aneuploidy occurring in C. elegans impairs gamete development as well. The fact that eggs 

laid by zinc-deficient animals are able to hatch, whereas isolated embryos dissected into 

TPEN-media have severe defects, highlights an interesting difference between these two 

conditions. In the case of an intact worm, the fact that they are still able to produce viable 

progeny (albeit fewer than wildtype) suggests that the adult worms are still able to utilize 

zinc either from the food or from zinc stores within the body. Isolated embryos cannot do 

this, so we suspect that the defects in polar body extrusion and mitosis arise from the 

inability of the isolated egg to acquire zinc from another source. Finally, we demonstrate 

how this approach to zinc limitation can be exploited in mating experiments, a critical 
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feature for future experiments that will exploit the powerful genetic opportunities in this 

model organism to identify pathway members that mediate zinc signaling events.

Perhaps most significantly, these studies expand our understanding of inorganic regulatory 

pathways across evolution. Our prior work provides insights into mouse, monkey and human 

meiotic progression where egg development occurs during embryonic development and 

terminal meiosis is triggered in the adult. These early studies of zinc limitation in the worm 

(Davis et al., 2009; Roh et al., 2013, 2012, 2015) enable the design of more mechanistic 

studies that can resolve how putative zinc signaling events operate in an organism that 

depends on stem cell generation of oocytes. Our results confirm that zinc uptake is necessary 

for the generation of quality oocytes in this context as well.

Canonical zinc trafficking and zinc-responsive transcription mechanisms are known in single 

cell organisms (Bird et al., 2000, 2004, 2003, 2006; Evans-Galea et al., 2003; Frey et al., 

2011; Gilston et al., 2014; Herbig et al., 2005; Wu et al., 2009) but are just beginning to be 

mapped in multicellular organisms. Many signs point to specialized zinc-responsive 

pathways in the early stages of development in mammals such as those involving Emi2 

control of APC/C activity in meiosis (Bernhardt et al., 2011; Suzuki et al., 2010a). Given our 

new results showing zinc-dependence at related stages in invertebrate meiotic and mitotic 

cell cycles, we plan to test the speculative idea that zinc was coopted very early in evolution 

as a meiotic transition signal. The ease of scoring these zinc-dependent phenotypes in the 

worm is important for future genetic screens that probe the mechanistic basis of this 

regulation. An inorganic signal, such as zinc fluxes across membranes or changes in 

availability inside the cell during a time of reductive division and in the absence of 

appreciable transcription, is an elegant solution to the advancement of the meiotic cell cycle. 

Additional studies will illuminate the specific receptors, transporters and mechanisms by 

which zinc is mobilized and deployed in a stage specific manner.

Supplementary Material

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

TPEN N,N,N′,N′-tetrakis(2-pyridylmethyl)ethylenediamine

NGM Nematode growth media

ZI Zinc insufficient

TM Ammonium tetrathiomolybdate

CH Control Hermaphrodite

CM Control male

CF Control female

ZIH zinc insufficient hermaphrodite

ZIM zinc insufficient male

ZIF zinc insufficient female
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Fig. 1. 
C. elegans hermaphrodite and male anatomy. (A) Adult hermaphrodites have two gonad 

arms. The distal region of each arm contains germline stem cells that differentiate to enter 

meiosis and then move through the gonad as they progress through meiosis, forming oocytes 

in the proximal region of the gonad. Oocytes are then fertilized in the spermatheca, where 

the sperm are stored, triggering completion of the meiotic divisions and the beginning of the 

mitotic divisions of the embryo. (B) Males only contain sperm, and can mate with 

hermaphrodites.
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Fig. 2. 
Metal insufficiency in C. elegans causes fertility defects. (A) Experimental setup: worms 

were grown on either control plates or on plates containing 10 μM TPEN to sequester 

available transition metal ions. (B) Total number of progeny produced by either untreated or 

10 μM TPEN treated animals. Increased TPEN concentration incrementally reduces brood 

size from day 1 to day 5 (day 1 **p = 0.0024, day 2 **p = 0.0033, ****p < 0.0001, day 3 *p 
= 0.0279, **p = 0.0023, ****p < 0.0001, day 4 *p < 0.0153). (C) The concentration of 
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TPEN in the growth media was varied to observe dose response effects. Fertility was 

measured for the first 5 days after L4 molt.
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Fig. 3. 
Fertility defects are likely due to zinc insufficiency. (A) Total number of progeny produced 

by untreated worms or worms treated with 10 μM TPEN for 6 h, and then supplemented 

with either Cu, Zn, or Fe in the growth media. (B–C) The total number of progeny measured 

from worms treated with known copper-specific chelators ammonium tetrathiomolybdate (b) 

or Neocuproine (c). Fertility was measured daily after the L4 molt. Error bars represent the 

standard error of mean of measurements. **p < 0.005, ***p < 0.0001 by Student's t-test.
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Fig. 4. 
C. elegans oocyte production is sensitive to perturbations in zinc levels. (A) Distribution of 

oocytes in gonad arms of untreated worms or worms treated with 10 μM TPEN at either the 

L3 or L4 stage and then scored as young adults. N represents the number of gonad arms 

measured. p < 0.0001 for L3 and L4. (B) Fluorescence images of worms expressing 

GFP::histone and GFP::tubulin, showing the number of oocytes in a gonad arm of either 

untreated or TPEN treated worms. The left column shows the GFP signal, the center column 

is DNA stained with Hoechst, and the right column is a colored merge. Note that GFP 

expression increases near the proximal end of the gonad, highlighting the fully-formed 

oocytes, while Hoechst labels all nuclei in the gonad and in the somatic cells of the worm. 

Scale bar is 20 μm.
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Fig. 5. 
Oocytes are significantly more vulnerable to zinc insufficiency than sperm. (A) C. elegans 
hermaphrodites untreated (control hermaphrodite = CH) or treated with 10 μM TPEN (zinc 

insufficient hermaphrodite = ZIH) were mated with untreated (control male = CM) or TPEN 

treated males (zinc insufficient male = ZIM). Analysis by 2-way ANOVA p value was p < 

0.00001. (B) Feminized C. elegans (fog-1(q253)) either untreated (control female = CF) or 

TPEN treated (zinc insufficient female = ZIF) were mated with untreated (CM) or TPEN 

treated (ZIM) males. One hermaphrodite or female was paired with one male per mating 

plate, mated for 24 h, and the total progeny was counted 24 h later. N represents number of 

breeding pairs examined. Analysis by 2-way ANOVA: p = 0.0003. Also shown are results of 

post hoc pairwise analysis by Student's t-test, where *p < 0.05, **p < 0.001, ***p < 

0.00001. Bars in the graph and error bars represent the mean and standard deviation of the 

distribution.
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Fig. 6. 
Mild zinc insufficiency has a small impact on C. elegans male sperm counts. (A) 

Distribution of sperm counts in gonad arms of either control males or males treated with 10 

μM TPEN (zinc insufficient = ZI). N represents the number of gonad arms measured. Bars 

and error bars represent the mean and standard deviation of the distribution, respectively. 

The difference in the distributions was found to be statistically insignificant by Student's t-
test. (B) Representative images of fixed C. elegans males stained with Hoechst, demarking 
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the sperm. Control or zinc insufficient males (10 μM TPEN) do not have visually different 

numbers of sperm. Scale bar is 20 μm.
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Fig. 7. 
Acute zinc insufficiency causes defects in the meiotic and mitotic divisions. Example time 

lapse movies of embryos dissected from untreated worms into media containing 10 μM 

TPEN; worms are expressing GFP::tubulin and GFP::histone to visualize spindle dynamics. 

Acute exposure to TPEN causes dramatic defects in meiosis and mitosis. In (A), the second 

polar body is properly extruded at 45 s. One maternal and one paternal pronucleus are 

apparent (06:45). They properly migrate, fuse and the metaphase spindle forms (12:00). The 

cell then successfully divides to the 2-cell stage. In (B), the second polar body fails to 

extrude (15:00). This is followed by the appearance of two maternal pronuclei, which join 

the male pronucleus (33:45). The mitotic spindle forms (45:00) and chromosomes segregate 

(48:30), but exhibit lagging chromosomes. Scale bar = 10 μm, n = 5 in the control group, 

and n = 6 in the TPEN treated group.
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