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20Zinc Q5is an essentialmetal that serves as a cofactor and structural regulator in a variety of cellular processes, includ-
21ingmeioticmaturation. Cellular control of zinc uptake, availability and efflux is closely linked Q6tomeiotic progres-
22sion in rodent and primate reproduction where large fluctuations in zinc levels are critical at several steps in the
23oocyte-to-embryo transition.Despite thesewell-documented roles of zincfluxes duringmeiosis, only a fewof the
24genes encoding key zinc receptors, membrane-spanning transporters, and downstream signaling pathway fac-
25tors have been identified to date. Furthermore, little is known about analogous roles for zinc fluxes in the context
26of a whole organism. Here, we evaluate whether zinc availability regulates germline development and oocyte vi-
27ability in the nematode Caenorhabditis elegans, an experimentally flexible model organism. We find that similar
28to mammals, mild zinc limitation in C. elegans profoundly impacts the reproductive axis: the brood size is signif-
29icantly reduced under conditions of zinc limitation where other physiological functions are not perturbed. Zinc
30limitation in this organism has a more pronounced impact on oocytes than sperm and this leads to the decrease
31in viable embryo production.Moreover, acute zinc limitation of isolated zygotes prevents extrusion of the second
32polar body duringmeiosis and leads to aneuploid embryos. Thus, the zinc-dependent steps in C. elegans gameto-
33genesis roughly parallel those described in meiotic-to-mitotic transitions in mammals.
34© 2016 Published by Elsevier Inc.
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39 1. Introduction

40 ZincQ7 is a transitionmetal that serves as a cofactor and structural reg-
41 ulator in a variety of proteins that participate in numerous cellular pro-
42 cesses (Beyersmann and Haase, 2001; Bohnsack and Hirschi, 2004;
43 Haase andMaret, 2010).We have shown that fluctuations in total cellu-
44 lar zinc levels play central regulatory roles controllingmeiosis inmouse,
45 non-human primate, and human oocytes before and after fertilization
46 (Bernhardt et al., 2011; Duncan et al., 2016; Kong et al., 2012, 2014;
47 Que et al., 2015; Zhang et al., 2016). In the mouse oocyte, total zinc
48 levels increase by over 50% duringmeiotic maturation and this accumu-
49 lation of zinc is required for the oocyte to progress properly to meta-
50 phase of meiosis II (Kim et al., 2010). Previous work has shown that
51 fertilization and parthenogenesis initiate zinc exocytosis from zinc

52loaded cortical vesicles (Que et al., 2015; Kim et al., 2011) into the extra-
53cellular space through a series of coordinated events known as ‘zinc
54sparks’ (Kim et al., 2011). If zinc levels are not reduced, the egg cannot
55complete meiosis, and the zygote is unable to initiate the mitotic divi-
56sions. Therefore, zinc fluxes are fundamental events at several steps in
57the oocyte-egg-embryo transition, and are critical for mammalian re-
58production. Despite these well-defined roles of zinc fluxes duringmeio-
59sis (Suzuki et al., 2010a, 2010b), only a few of the genes encoding zinc
60receptors have been identified as mediating these switching events in
61mammals or othermodel systems to date. Zinc receptors, i.e.macromol-
62ecules defined by their ability tomove or bind zinc, with known roles in
63meiosis include the cation transporters ZIP6 and ZIP10 and downstream
64signaling pathway factors, such as Emi2 Q8(Lints and Hall, 2009d; Tian et al.,
652014; Tian and Diaz, 2012, 2013). The nematode C. elegans would be an
66idealmodel system for identifying pathwaymembers, especially if readily
67triggered meiotic phenotypes of zinc depletion can be established. Given
68that zinc availability has already been established to regulate propermei-
69otic progression in mammalian oocytes, we test here whether a similar
70type of inorganic regulation of egg biology might extend further into the
71phylogenetic tree using the invertebrate, C. elegans.
72C. elegans exist as two sexes, hermaphrodites andmales (L'Hernault,
732006; Lints andHall, 2009c, 2009d Q9). Theseworms develop through four
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74 larval stages (L1–L4), entering adulthood in approximately 3 daysQ10

75 (Corsi et al., 2015). In self-fertilizing hermaphrodites, gonadogenesis
76 completes and meiosis begins in the L4 stage. They first produce
77 spermand store these gametes in a compartment called the spermathe-
78 ca, but upon becoming adults, there is a switch to oocyte production
79 (Kimble and Crittenden, 2007). At this stage, the remaining meiotic
80 cells in the germline begin maturing into oocytes, which are then fertil-
81 ized as they pass through the spermatheca, becoming embryos that are
82 laid and hatch (Greenstein, 2005). Each hermaphrodite produces ap-
83 proximately 300 self-progeny before running out of sperm, but they
84 can producemanymore offspring ifmatedwith amale and spermavail-
85 ability is not limited.
86 Many features of this systemmake it ideal for evaluating the regula-
87 tory roles of zinc fluxes in reproduction. The hermaphrodite gonad has
88 two arms and each is arranged as a production line, with a population
89 of germline stem cells in the distal region differentiating to enter
90 meiosis, and then forming oocytes in the proximal region, as they
91 move toward the spermatheca (McCarter et al., 1999; Von Stetina and
92 Orr-Weaver, 2011) (Fig. 1). Therefore, this spatial-temporal gradient
93 means that all stages ofmeiosis can be visualized simultaneouslywithin
94 the same worm. Moreover, C. elegans are transparent, allowing live im-
95 aging of themeiotic andmitotic divisions of the oocyte and embryo, and
96 they are amenable to a wide variety of experimental manipulations.
97 Based on these advantages, we assessed whether zinc availability
98 impacts germline development or oocyte viability in a whole animal
99 model.
100 Here, we test the hypothesis that growth of the worm under zinc de-
101 ficient conditionswill impair oocyte function and fertility. Zinc availability
102 to both theworm and its food, E. coli, can be attenuated by addition of the
103 metal chelator N,N,N′,N′-tetrakis(2-pyridylmethyl)ethylenediamine
104 (TPEN) to the growth medium. TPEN has been employed in a number
105 of studies of meiosis in isolated mammalian oocytes (Bernhardt et al.,
106 2011; Kim et al., 2011; Suzuki et al., 2010a, 2010b). In order to establish
107 mild zinc limitation inwhich there is no observable impact on the general
108 physiological status of C. elegans, progeny counts were evaluated as a
109 function of TPEN concentration in the growth medium. We found that
110 growth of adults under mild zinc depletion leads to a statistically signifi-
111 cant drop in the number oocytes produced. Moreover, acute zinc limita-
112 tion of isolated zygotes prevents the extrusion of the second polar body
113 and causes chromosome segregation defects, resulting in aneuploid
114 embryos. These results establish a zinc-dependent phenotype in the

115reproductive axis of C. elegans and support the idea that zinc-regulated
116pathways in meiosis are evolutionarily conserved.

1172. Materials and methods

1182.1. Worm strains

119EU1067: unc-119(ed3) ruIs32[unc-119(+) pie-1promoter::GFP::H2B]
120III; ruIs57[unc-119(+) pie-1promoter::GFP::tubulin] was used for fluores-
121cence imaging of the meiotic spindle, gamete count, and for generating
122males (Wignall and Villeneuve, 2009). N2 (Bristol) wild type strain was
123used in all brood size experiments, food aversion, and pharyngeal con-
124traction experiments (Wormbase, 2016b). The mutant strain fog-
1251(q253) (Wormbase, 2016a) was used in the mating experiment.

1262.2. Growth media

127Animals were grown on bacterial lawns plated on 6 cm agar plates
128following standardmethods (Stiernagle, 2006)with the followingmod-
129ifications. Plates containing growth media were prepared with a final
130concentration of 10 μM TPEN (Sigma Aldrich, St. Louis, MO) to Nema-
131tode Growth Media (NGM) (Stiernagle, 2006) (Sigma) prior to pouring
132the plates. After the plates solidified, 200 Q11μl of an overnight growth of E.
133coli strainOP50 in Luria Broth (Stiernagle, 2006)was added and allowed
134to dry at room temperature. Alternatively, a final concentration of 10 μM
135of the copper-specific chelators Neocuproine (Sigma) or Ammonium
136tetrathiomolybdate (Sigma) were dissolved in ethanol or H2O, respec-
137tively, and were added to the NGM as described above. For rescue ex-
138periments, plates were further supplemented with 20 μM metal salts
139CuSO4·5H2O (Sigma), ZnSO4·7H2O (Sigma), and FeSO4·7H2O (Sigma).

1402.3. Brood size experiments

141L4 stage hermaphrodites were picked onto control NGM or zinc in-
142sufficient NGM plates (1 worm/plate). Every 24 h, the wormwas trans-
143ferred to a fresh plate. Progeny were counted 48 h after the adult was
144removed from the plate. Progeny were scored from controls (day 1,
145n= 50, day 2, n= 43, day 3, n= 40, day 4, n= 33, day 5, n= 30 her-
146maphrodites) and zinc insufficient hermaphrodites (day 1, n= 52, day
1472, n=52, day 3, n=25, day 4, n=22, day 5, n=18). Similarly, brood
148size experiments were conducted on plates with bacteria killed by UV
149irradiation, heat exposure (75 °C for 1 h) and 250 μg/ml Kanamycin
150(Sigma) (MacNeil et al., 2013). For DMSO vehicle: day 1, n = 20, day
1512, n = 19, day 3, n = 10, day 4, n = 18, and day 5, n = 19. For TPEN
152in DMSO: day 1, n = 25, day 2, n = 20, day 3, n = 10, day 4, n = 16,
153and day 5, n = 15. For methanol vehicle: day 1, n = 19, day 2, n = 19,
154day 3, n = 18, day 4, n = 15, day 5, n = 15. For TPEN in methanol:
155day 1, n = 19, day 2, n = 11, day 3, n = 20, day 4, n = 22, and day 5,
156n = 11. In the case of the TPEN in the methanol group, some worms
157were stuck between the agar and the plate wall on day 1 and were lib-
158erated for later egg laying in the experiment, others were caught in
159water on the side wall and were also liberated.

1602.4. Hatching experiment

161N2 animals were synchronized at the L4 stage and placed on either
162control plates (n = 14 adults) or plates with 10 μM TPEN (n = 12
163adults). Each groupwas incubated at 20 °C for 24 h to allow for egg lay-
164ing. After incubating, the adultswere removed and allowed an addition-
165al 24 h for the embryos to hatch. After this time, the number of embryos
166that hatched was quantified.

1672.5. Eating behavior experiments

168Young adult eating behavior was quantified by counting the number
169of pharyngeal contractions per 30 s in control (n = 31) and zinc

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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