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Summary
Cell polarity is a conserved feature of eukaryotic cells that relies on establishment and
maintenance of intracellular asymmetries. Primary oocytes of all animals examined

contain an evolutionarily conserved structure known as the Balbiani body (Bb), one of

pre-Bb oocytes, revealing

that these cells are polarized. This early micro i ent is normal when buc is
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Introduction

In many animals, including zebrafish, pre-meiotic oocyte precursors called oogonia
divide mitotically to form germline cysts (GICs) comprised of cystocytes that are
connected by intracellular bridges (Gondos, 1973; Huynh and St Johnston, 2004; Kloc

forms via a branching mechanism (de Cuev
1997; Huynh and St Johnston, 2004; Kloc et
Mullins, 2008; Pepling et al., 1999;
fusome maintains synchronous cysto
single oocyte among the 16 evas and Spradling, 1998; Deng and Lin,

ome serves as a scaffold to generate

Although the Bb is a widely appreciated indicator of polarity in animal oocytes, how it
and when polarity is established in vertebrates are not known. Several lines of
evidence suggest that polarization might occur in pre-Bb oocytes. First, analysis of pre-
meiotic GICs of flies, frogs and mice indicate that these early stages are at least

transiently polarized relative to their cytoplasmic bridges (Deng and Lin, 1997; Huynh
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and St Johnston, 2004; Kloc et al., 2004; Kloc et al., 2008). Second, Buc protein, an
essential polarity regulator (Bontems et al., 2009; Marlow and Mullins, 2008), is
asymmetrical in zygotene oocytes, before Bb formation (Heim et al., 2014). Finally, buc

transcripts are present in juvenile zebrafish during early stages of sexual differentiation

Selman et al., 1993; Takahashi, 1977; Wang et al., 2007)

The centrosome has long been appreciated as a cellular,
microtubule organizing activity in oogonia (cyst stages) and
Gard et al., 1995; Januschke et al., 2006; Mahowald an [ 4Pnao et al.,
2012), that mediates asymmetric segregation o0 ' ules during
asymmetric cellular divisions [reviewed in (Y ailed migration of
centrioles in Drosophila germline cysts disrupt ification (Roper and Brown,
2004). Ultrastructural analysis of oocytes in m ncluding frogs (Kloc et al.,
2004), mice (Kloc et al., 2008), flies (
fish (Marlow and Mullins, 2008), an onia (Sathananthan et al., 2000)

revealed conserved positioning es proximal to the cytoplasmic bridges that

frog and human GICs indicates that nuage

alignment of meiotic polarity to cellular polarity in plants, which lack
osomes (Cowan et al.,, 2001, 2002), or to the centrosomes in animal cells,
including zebrafish male GCs (Saito et al.,, 2014). Conservation of these relationships
has generated hypotheses regarding potential coordination or interdependence of

cellular and meiotic asymmetries. In one model centromere function is mediated by
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diffusible factors emanating from the telomeres that are attached to the nuclear
membrane; whereas, another posits that coordination is achieved via physical
connection between the telomeres and the centrosome, the telocentrosome [reviewed

in (Yoshida et al., 2013)]. Importantly, whether meiotic polarity and oocyte polarization

are coincident events or are functionally coordinated in vertebrates is unclea
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Results
buc functions prior to Balbiani body formation in pre-meiotic germ cells
Based buc transcripts are present in pre-meiotic oocyte precursors we examined

Buc protein using BucN antibody (Heim et al., 2014), to investigate whether Buc

transgene, Tg[buc:mApple;cmic2:mCherry] (Heim et al., 2014).

protein was produced in cysts containing two or more cells but

in oogonia (Figure 1A).

To investigate potential Buc functions in oog
mutants. Although intercellular bridges are pr aptonemal complexes are
present in buc mutants (Marlow and Mullins, 2 t cysts appeared larger or
disorganized compared to WT (Figure er loss of buc affected cyst
size, we labeled GCs using a transgé gresses membrane targeted GFP in
GCs, Tg[ziwi:eGFP CAAX]ucL d with DAPI, and counted oogonia in GICs

gia were identified based on morphological

In zebrafish the subcellular organization of the GIC has not been reported and
whether cysts have a fusome-like structure is not known. Therefore, we examined

known fusome markers F-actin and Spectrin (Kloc et al., 2004; Lin et al., 1994), in
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zebrafish juvenile ovaries (Figure S1). Although F-actin and Spectrin were present at
cellular membranes, we could not detect a prominent fusome-like structure in WT or in
buc oocytes, which resembled WT (Figure S1A-D). Although we cannot exclude

existence of a fusome-like structure, localization of F-actin and Spectrin occurs

prominent fusome-like structure as indicated by EM and
2008; Pepling and Spradling, 1998).

Next, we examined microtubules, as microtubu e known to
traverse the intercellular bridges between cystoc
al., 1994). Most cells types have two populatio [ les, dynamic microtubules

and stable microtubules, the latter of which marked @y acetylation of a-tubulin

, suggesting that Buc is dispensable for
stages (Figure 3C,D). In contrast to stable

labeled with a-tubulin formed two

in regions devoid of the nucleus. Alternatively, this asymmetry could result from a
functional centrosome nucleating microtubules that then displace the nucleus.

Therefore, we investigated the relationship between nuclear position and the

Q
O
)
.
©
(]
O
[
©
>
©
<
L]
FE)
[
(0]
£
Q
o
(]
>
(O]
(@)



centrosome by examining y-tubulin, a conserved centrosomes component (Stearns et
al., 1991) (Figure 3H-J). In WT oogonia with central nuclei (class I) the centrosomes
were adjacent to the oogonial nuclei and proximal to adjacent cystocytes (Figure 3H).

Ultrastructural analysis of WT, buc mutants, and cbuc transgenic oogonia revealed that

nucleating microtubules and displacing the nucleus.

Next we examined oogonia of buc mutants a

tubulin were observed in buc mutant and the distribution of each
class was of similar frequencies for b

(Figure 4G). Furthermore, th

(Figure 3F) and cbuc transgenics
tribution in buc mutants (Figure 3I,K) and
cbuc transgenics (Figure rable to WT. Unexpectedly, microtubules
labeled with a-tubuli cystocytes (Figure 3F,G). Taken together

ies were intact in buc loss-of-function and

Mukhtar and Webb, 1971). Moreover, these aggregates are thought to represent Bb
precursors. To investigate whether mitochondria in zebrafish oogonia might similarly be

asymmetrically distributed, we examined mitochondria distribution in buc mutant and
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cbuc transgenic GICs. Ultrastructural analysis showed abundant mitochondria in the
cytoplasm of all genotypes examined (Figure 4A-D). Fewer mitochondria were observed
in buc mutants; however, it was unclear if this reflected reduced numbers or reduced

enrichment of mitochondria in the plane of section. We then quantified the distribution of

before Bb assembly at zygotene stage (Heim

model we used y-tubulin to label centrosome

stage Ib (Figure S3B,D). This is consistent with our findings in juvenile cysts that buc is

not required for centrosome localization.
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Localization of Buc protein to the centrosomes of WT and normal centrosome
dispersal in buc mutants, which do not form Bbs raises the interesting possibility that
formation of a functional Bb requires assembly of Buc complexes at the centrosome.

Previously, we showed that cbuc transgenes cause ectopic formation of small Bbs that

nts (Figure 6D), and class

centrosome (Figure 6E).

and Bb assembly in primary oocytes a

essential for oocyte polarity.

zebrafish vasa is required for progression through prophase | of meiosis (Hartung et al.,
2014). To examine establishment of Buc asymmetry and animal-vegetal polarity in the

context of impaired meiosis, we examined the centrosome and Buc protein in vasa
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mutants. To distinguish germ cells from the somatic cells of the gonad, we utilized the
ziwi promoter reporter transgene, Tg[ziwi:GFP] (Leu and Draper, 2010). In oogonia, Buc
was distributed throughout the cytoplasm of WT (Figure 6A), but colocalized with the
centrosome in vasa mutants (Figure 6B), indicating that asymmetric accumulation of
Buc can be uncoupled from meiotic asymmetries at the leptotene-zygoteng
(Figure 6).

but not buc and cbuc females (Figure 5), we investig e function
as a microtubule-organizing center (MTOC) requir.
MF organization of buc mutants and transgeni

la oocytes when the centrosome and Buc col ize. MFs were enriched in the

f the microtubule + end binding protein EB3 depends on Buc

o further investigate MF orientation in oocytes, we generated stable transgenic
line pressing microtubule +TIP marker EB3 (Komarova et al., 2005; Nakagawa et al.,
2000; Stepanova et al., 2003) using the germline specific ziwi promoter (Leu and
Draper, 2010). We examined Tg[ziwi:hsa.EB3-mCherry] to visualize the growing tips of

the microtubules in WT and mutants. We observed two EB3-mCherry foci flanking the
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centrosome and asymmetric Buc protein in WT (Figure 8A-C). These EB3-mCherry foci
persisted after centrosome elimination and Bb replacement in WT and were reminiscent
of growing microtubules, marked by EB1-GFP foci previously associated with nuclear

translocation via microtubule-mediated pushing in Drosophila oocytes (Zhao et al.,

e found that foci position
relative to the MTOC, or later, to the growin tained as the Bb moved
toward the vegetal cortex, consistent nization of these subcellular
structures and the nucleus.
Next we asked if the EB3

from the nucleus or the

dinating polarity either by mediating cues

natively if Buc or the Bb might coordinate

enic backgrounds. If the nucleus or centrosome

then EB3 foci should be present in buc mutants when the

0). Consistent with involvement of Buc or a Bb cue, EB3 foci were rarely detected in
putants and when present only a single EB3 aggregate was observed in 20-40um
oocytes (Figure 9A,C). Notably, in cbuc transgenic oocytes EB3 foci failed to form
(Figure 9C), which further supports the notion the alignment of Buc protein and the

centrosome is essential for oocyte polarization. Moreover, in mgn mutants the geometry
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of EB3 foci relative to the asymmetric nucleus and the Bb was diamond shaped and
comparable to the arrangement in WT at early stages (Figure 9D), but later became
triangular as the distance between foci increased during Bb translocation in WT (Figure
8B, 9B,D). Interestingly, at later stages once the centrosome disappeared and the Buc

domain moves away from the nucleus, the distance between EB3 foci wag

mgn mutants compared to WT 48.4 ym = .8 and 29.4 ym % .8. These ré

that Buc or the Bb is required for the formation and positioning of the B3 c€
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Discussion

Our study characterizes early pre-meiotic stages and early meiotic stages of
oocyte development in zebrafish to identify cellular asymmetries and their relationship to
the Bb precursor Buc. Here, we find that Buc protein is produced in cystocytes,

disassembly associate with the Bb, where Byl is localizegl. Cumulatively, our results

indicate that polarity establishment begins witR@the centrome in cyst cells and that

microtubule organizer activity requir, Ization of Buc to promote

oocyte polarity in zebrafish.

oocyte precursors. Our characterization and prior

ent indicates that zebrafish GICs arise from synchronous

frogs (Cox and Spradling, 2003; de Cuevas and Spradling, 1998; Deng and Lin, 1997,
Grieder et al., 2000; Kloc et al.,, 2004; Lin and Spradling, 1995; Roper and Brown,

2004); however, based on our analysis of several fusome markers, we did not detect a
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prominent fusome-like structure in zebrafish germline cysts. This finding suggests
zebrafish GICs may be more similar to the mouse GICs, which also lack a prominent or
stable fusome (Pepling and Spradling, 1998).

Additionally, we show that while asymmetries in the cytoskeleton and

mitochondrial distribution in oogonia are evident, they do not depend on

and cbuc transgenics, this network of microtubules is

differentiation into oocytes, and meiotic progressj

The centrosome foreshadows early asyn§etric BugWlocalization even when

meiosis is disrupted

the centrosomes coordinate chromosomal rearrangements
ociated with the leptotene-zygotene transition during prophase | (Scherthan et al.,
. Previous work showed that meiosis can proceed independent of buc function
and cellular polarization (Marlow and Mullins, 2008), but whether meiosis was required
to generate asymmetric Buc was unknown. Our observation that Buc asymmetry is

established before leptotene/zygotene transition in vasa mutants, which disrupt meiosis,
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indicates that, as in yeast (Trelles-Sticken et al., 1999) and plants(Cowan et al., 2002),
cellular polarity can be established independent of meiotic progression in zebrafish
oocytes. Notably, accumulation of Buc in vasa mutant oogonia indicates that there are
cellular mechanisms that coordinate the timing of cellular polarization and meiosis. Our

findings are consistent with a model whereby coordination is achieved via j

with the centrosome, with vasa directly or indirectly inhibiting Buc accu

centrosome until meiotic entry (Figure 10).

Buc promotes the accumulation of microtubule filament

pased cage-like structures during Bb development. While it is unclear why
are two EB3 foci per oocyte, their localization near the centrosome at the
periphery of the crescent-shaped asymmetric Buc suggests these microtubule-based
structures may restrict the size of the Buc domain until the requisite Bb components,

possibly endoplasmic reticulum, have aggregated. Once the Bb detaches from the
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nucleus, the EB3 foci travel away from the nucleus and their apparent trajectory creates
a “wedge-shape” that is reminiscent of the “wedge-shaped” distribution of RNAs that
forms in the vegetal cortex of Xenopus oocytes (Forristall et al., 1995; Kloc and Etkin,

1995). Similarly in zebrafish, several germ plasm RNAs also exhibit a wedge-shape

ing the force underlying Bb

ortex. Because these foci

Interestingly, in e |ocalization of the EB3 centers is comparable to WT

during stages e is present, suggesting that initial coordination

at later stages once the centrosome is lost and the Buc
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Materials and Methods
Animals. AB strain wild-type, bucP43/p43 (Bontems et al., 2009), bucr106/p106 (Dosch et al.,
2004), mgnréevipéey (Dosch et al.,, 2004), and vasasa6158/6158 (Hartung et al., 2014)

zebrafish embryos were obtained from pairwise matings and reared according to

lify the region followed by

digestion with Rsal, which generates a small T. Genotyping of mgnpsev

performed as described in (Hartung et
Generation of Transgenic Lj cell-expressed membrane-localized EGFP

transgene was assembleg g plasmids using GateWay cloning: p5E-

Yesignated pBD196. The resulting stable transgenic

truct was designated Tg(ziwi:egfpcaax)uciL.

amplified from pCS2+ EB3-GFP (Norden et al., 2009) using

GGCCGTCAATGTGTACTC-3) and EB3_no_stop (5-
TCCYGGTCTTCTT-3) primers, gel purified (28704, QIAGEN), and cloned
pCR8/GW/TOPO (K250020, Invitrogen) to generate pME-EB3. pME-EB3, p5E-ziwi
ter (Leu and Draper, 2010), and p3E-mCherry (Villefranc et al., 2007) were

recombined into multi-site destination vector pDestTol2CG/CG2 (Kwan et al., 2007).

The resulting transgenic line was designated Tg[ziwi:EB3-mCherry;cmlc2:eGFP].
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Histology. Females or males were anesthetized in Tricaine as described (Westerfield,
2000). Ovaries were dissected and fixed in 4% paraformaldehyde overnight at 4°C.
Fixed ovaries were embedded in paraffin, sectioned, H&E stained, and imaged as in
(Heim et al., 2014). Oocytes were staged according to (Selman et al., 1993).

Immunofluorescence. For F-actin labeling, dissected gonads were fixe®

erest. Further analysis of a-tubulin stained was

jections to sort cystocytes into two classes based on the a-

er cells were categorized as class Il. Images of EB3-mCherry transgenics were
athed using ImageJ to reduce pixilation. Spatial measurements for EB3-mCherry

foci were done using ImageJ software on maximal z-projections.
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TEM. Samples were fixed with 2.5% glutaraldehyde, 2% paraformaldehyde in 0.1 M
sodium cacodylate buffer. Samples were then processed by the Einstein Analytical
Imaging Facility by postfixation with 1% osmium tetroxide followed by 2% uranyl
acetate, dehydration through a graded series of ethanol and embedment in LX112 resin

unpaired Student’s t test to compare t

Tukey multiple comparisons t
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Figure 1. Endogenous Buc protein in female germline cysts. A) Endogenous Buc
protein is detected in Tg[buc:mApple]*, but not Tg[buc:mApple]- gonads. 5/14 fish
examined that did not express mApple in the germ cells and had no detectable
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endogenous Buc protein (juvenile gonad transitioning to a testis) and 9/14 fish that
expressed mApple in the germ cells had detectable endogenous Buc protein (juvenile
ovary). Dotted magenta line outlines a mid-stage germline cyst. Yellow dashed boxes
indicate the zoomed in region of interest in panels B and C. B) Buc immunostained
juvenile gonad transitioning to a testis. C) Buc immunostained juvenile g

bars are 40 um in panel A and 50 um in panels B&C.
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Mitotic stages Meiotic stages of Prophase |
1° oogonia 2° oogonia Leptotene Zygotene Pachytene Diplotene/Diakinesis

PEO®S @)

a-tubulin/DAPI Acetylated a-tubulin/DAPI

y-tubulin/DAPI

meue N) 7

: “‘g nucleus ’ nucleus

b
7

| nucleus. o |

Figure 3. Microtubule cytoskeleton organization in mitotic oogonia is independent
of buc. A) Schematic showing the development of mitotic oogonia (cystocytes) to early

meiotic oocytes progressing through prophase I. Oogonia with a single prominent
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nucleolus (circles in nucleus) were defined as primary, and those with multiple nucleoli
were defined as secondary oogonia. The centrosome (magenta) is present from mitotic

stages through pachytene stage. Asymmetric Buc protein expression domains in

meiotic stages are indicated in light blue. B-D) Localization of stable microtubules

ridge (green arrow) in all

ages of the intercellular
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2000x TEM image

Quantification

gYitotic oogonia is buc independent. A-C)
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|Stage la oocytes |

3 or more ovaries. Scale bars are 10 pym.

action of,stage la oocytes

cbuc - class |

X
I MTOT - Multiple Buc/no coloc
B No MTOC /No Buc

[ No MTOC + Buc
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vasa”*|A

58/sa6158 jyvenile gonads at 28 dpf.
iffuse and not asymmetrically localized. B)
in vasasat158/saélss cystocytes. A’ and B’)
arks the germ cells. Yellow dashed line outlines

asymmetric Buc protein in vasasab158/sa6158 cystocytes.

Q
RS
)
1
©
Q
O
C
@©
>
©
<
L]
+
[
()
£
Q
ko)
()
>
[}
o




Buc/DAPI a-tub/DAPI

@

*kkk

*kkk

Q- tub/DAPI a-tub/DAPI

buc

ea covered signal (fraction of WT)

C,
e
[i

R
B
ﬁ.

S

e
o
1

% area covered signal (fraction of WT)

g
=)

& vo" vo“ 4“ é‘

St 1a@ St laz St Ia“|

Acetylated a-tub/DAPI

Figure 7. Microtubule filament density but not distribution depends on Buc prior

to Balbiani body formation. A) Distribution of microtubule flaments and Buc protein in
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WT St la? (zygotene) oocytes. B) Distribution of microtubule filaments in bucP43r43 and
cbuc oocytes. C) Quantification of a-tubulin signal coverage. Error bars show
meanzs.e.m., ***p<.0001. D) Distribution of acetylated microtubules in wild-type,

bucr4343 and cbuc oocytes when the centrosome is present (zygotene (la?) through

pachytene (laP), and after centrosome dispersal (diplotene (Ia% stage). E) Q 2
of acetylated tubulin signal coverage. Error bars show meants.e.m., ***pS@0

bars are 25 ym in panels A and B and 20 ym in panel D.

A
&

Q
L
)
.
©
(]
O
[
©
>
©
<
L]
FE)
[
()
£
Q
o
(0]
>
()
(@)




A ytub IEB3-mCherry Merge

C I 3puncta@@ 2 puncta D
I 1 punctal@ O puncta

S
=
(=)

Stage Ib

| 25

n
o
1

2!

0
= | T T T

-

T T T 0 T T T

g
HI
H
Distance (um)
¢ 3 7
H_TH

T
<

] 1 L]
NV Y e © N 9 N 9 N VAN o
o \OQ \OQ o‘& o‘& & P o°° o"" \OQ \Q \OQ NN
R 00 ((\ ,\\ ‘\} Qwo 69 Q\ \'\o q.'@
3 40-60pm oocytes < <
40-60pm oocytes

20-40pm oocytes

Figure 8. EB3-mCherry foci are proximal to the centrosome and Buc protein
during Bb assembly. A) Localization of EB3-mCherry foci (yellow arrows) relative to

endogenous Buc protein and y-tubulin (pink arrows) in WT St la oocytes. B) Localization
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of EB3-mCherry foci (yellow arrows) relative to Buc protein. C) Quantification of EB3-
mCherry foci per oocyte. D) Schematic of a stage la oocyte showing the distances and
angles measured in panels F and G. E) Schematic of a stage Ib oocyte showing the
distances and angles measured in panels H and I. The gtub to F1 or F2 distance is the

puncta and the EB3-mCherry foci F1 and F2, respec

are created between the center of the nucleus

respectively. Scale bars are 25 um.
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A ytub IEB3-mCherry IEB3-mCherry

Fraction of Oocytes

cbuc

mgn
20-40pm 40-60pm e -40pm P40um  20-40pm 20-40um 60-80um
nucleus nucleus uS cleus nucleus nucleus nucleus
F1 AFZ

o F1 F2 E2
MTOC  Eq MTOC F1

MTOC
b (Buc)

Bb (Buc
1 E2,
)

Bb (Buc

yellow arrows) relative to endogenous Buc protein, y-tubulin, and DAPI in
pauie/auie St |h oocytes. C) Quantification of EB3-mCherry per oocyte in WT and buc
muta¥its. D) Representative polygons created from averaging the angles and distances
between EB3 foci in WT, bucP43/P43, and mgnavie/avie mytant oocytes. Scale bars are 25

um. White dashed lines in panels A&B outline the nucleus of mgnavie/auie mytant oocytes.
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Mitotic Meiotic

1° oogonia 2° oogonia
(cystoblast) (cystocytes)
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Vasa — Buc
Polarity is established Centrosome depend®nt MTOCs
independent of Buc + Buc pr te coordinate Bb

gro ranslocation and
ediate oocyte polarity

Figure 10. Buc alignment with quired for proper oocyte
polarization. Mitotic oogonia are pold e to the intracellular bridges. The
centrosome (magenta) is adi tracellular bridges of mitotic oogonia and

persists through pachy : ophase |. Dynamic microtubules and

mitochondria are als atridt Ty O ted in oogonia. In WT oogonia Buc protein

(indicated in light [ _ but due to the activity of Vasa is not recruited to the
eiosis. During the zygotene stage of prophase I,

alizes with the centrosome and mediates the formation of

thslocation and delivery of germ plasm and patterning molecules to the vegetal cortex.
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