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SUMMARY

Growth of the Drosophila oocyte requires transport of cytoplasmic material from the 

interconnected sister cells (nurse cells), through ring canals, the cytoplasmic bridges that remained 

open after incomplete germ cell division. Given the open nature of the ring canals, it is unclear 

how the direction of transport through the ring canal is controlled. In this work we show that 

a single Drosophila spectraplakin Short stop (Shot) controls the direction of flow from nurse 

cells to the oocyte. Knockdown of shot changes the direction of transport through the ring canals 

from unidirectional (towards the oocyte) to bidirectional. After shot knockdown the oocyte stops 

growing resulting in a characteristic small oocyte phenotype. In agreement with this transport­

directing function of Shot, we find that it is localized at the asymmetric actin baskets on the 

nurse cell side of the ring canals. In wild-type egg chambers microtubules localized in the ring 

canals have uniform polarity (minus-ends towards the oocyte), while in the absence of Shot 

these microtubules have mixed polarity. Together, we propose that Shot functions as a gatekeeper 

directing transport from nurse cells to the oocyte, via the organization of microtubule tracks to 

facilitate the transport driven by the minus-end directed microtubule motor cytoplasmic dynein.
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INTRODUCTION

Microtubules and actin filaments are two fundamental cytoskeletal components of all 

eukaryotic cells. They are essential for multiple key functions of a cell, such as cell 

division, cell migration, cargo transport, morphogenesis and compartmentation/polarization. 

Coordination of microtubules and actin filaments is vital for these various cellular functions. 

Yet a full understanding of microtubule-actin crosstalk is still lacking.

Spectraplakins are a family of large cytoskeletal linker proteins that are evolutionarily 

conserved across the animal kingdom. Spectraplakins are unique in their ability to 

associate with all three cytoskeletal networks: F-actin, microtubules and intermediate 

filaments. They all contain N-terminal calponin homology (CH) domains for actin binding 

(ABD), C-terminal EF motif, GAS2 domain and C-terminal tail containing plus-end 

tracking SxIP motifs (EGC) for microtubule interaction, bridged by a plakin domain and 

a long rod-like domain composed of spectrin repeats [1–5]. Short stop (Shot) is the 

single Drosophila spectraplakin, coordinating and moderating the interactions between 

F-actin and microtubules via the N-terminal ABD domain and C-terminal EGC domain, 

respectively (Figure 1A) [6, 7]. Drosophila Shot has been shown to be involved in the 

regulation of cytoskeletal network interaction in many cell types [8]. For instance, Shot 

controls microtubule organization and regulates filopodia formation in neurites and is 

thus essential for axon extension [6, 7, 9–11]. Furthermore, Shot plays a critical role in 

multiple cell shape changes and developmental morphogenesis events, such as tracheal tube 
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fusion [12–14], epithelia cell-cell adhesion [15], foregut development [16], photoreceptor 

morphogenesis [17], fat body adipocytes microtubule organization [18], muscle myonuclear 

shape maintenance [19] and dorsal closure [20].

The Drosophila oocyte is the largest cell in a fruit fly. An oocyte is first specified among 

16-interconnected cyst cells with a diameter of several micrometers, and grows to a full­

size of several hundred micrometers, increasing its size by more than a hundred thousand 

times to prepare for future embryogenesis [21]. Remarkably, the Drosophila oocyte is 

mostly transcriptionally silent throughout oogenesis [22], and its drastic growth is primarily 

dependent on the acquisition of organelles, mRNAs, and proteins from the interconnected 

sister nurse cells, through ring canals, the intercellular cytoplasmic channels remained after 

incomplete cytokinesis [23]. Therefore, it is critical to understand what controls the direction 

of cytoplasmic transport from the nurse cells to the oocyte to support the oocyte growth. 

Given that microtubules and actin are both present at the nurse cell-oocyte ring canals [24–

26], Shot, the microtubule-actin scrosslinker, appears to be a promising candidate that could 

regulate cytoplasmic transfer to the oocyte.

Previous studies have shown that Shot is essential for Drosophila oogenesis. At early stages, 

Shot is required for oocyte specification in 16-cell cysts via association of microtubules 

with fusome [27], a membranous structure in interconnected germline cysts that contains 

several actin-related cytoskeletal proteins, such as adducin-like Hts and α-spectrin [28]. In 

mid-oogenesis, Shot links minus-ends of microtubules to the anterior and lateral actin cortex 

via a minus-end binding protein Patronin, and therefore is essential for the anterior-posterior 

microtubule gradient formation within the oocyte [29]. This Shot-dependent microtubule 

gradient is required for oocyte nucleus translocation and axis determination for future 

embryos [30, 31]. However, little is known about whether Shot plays a role in oocyte growth 

because of the fact that shot null mutant fails to specify the oocyte [27].

In this study, we use a germline-specific Gal4 that drives shot-RNAi after oocyte 

specification to show that Shot is essential for the oocyte growth. Live-cell microscopy 

demonstrates that Shot controls the directionality of transport of multiple cargoes through 

the nurse cell-oocyte ring canals. In the wild-type egg chambers, this transport is 

unidirectional towards the oocyte, but after shot knockdown the transport becomes 

bidirectional and thus oocyte growth is stalled. Consistent with the fact that Shot controls 

transport directionality, we discover that Shot itself is asymmetrically localized at the ring 

canals connecting the nurse cells with the oocyte. It is found on actin fibers that form 

baskets on the nurse cell side of the ring canals. Furthermore, Shot controls the orientation 

of microtubules inside the ring canals: while in the wild-type microtubules are orientated 

predominantly with minus-ends towards the oocyte, knocking down shot results in a mixed 

polarity of ring canal microtubules. We propose that Shot organizes microtubules in the 

ring canals along the asymmetric actin fibers, allowing the minus-end-directed motor, 

cytoplasmic dynein, to transport multiple components from the nurse cells to the oocyte, 

which is required for the oocyte rapid growth.
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RESULTS

Shot is essential for oocyte growth

Shot, the single spectraplakin in Drosophila, is essential for oogenesis. Each Drosophila 
ovary is composed of 15~20 individual developmental “assembly lines”, called ovarioles. 

Oogenesis starts in the most anterior structure of each ovariole, the germarium, and one 

oocyte is specified within a cyst of 16-interconected germline cells. The oocyte, together 

with 15-interconnected sister cells, the nurse cells, gets encapsulated by a mono-layer of 

somatic follicle cells and become an egg chamber [21] (Figure 1B). Germline clone mutant 

for shot3, a protein-null allele of shot [6], leads to failure of oocyte specification, shown 

by lack of an concentrated oocyte marker, Orb (oo18 RNA-binding protein) [32] (Figure 

S1A–S1B), consistent with a previous report [27].

In order to avoid the early oocyte specification defects, we used a maternal α-tubulin-Gal4 

line (mat αtub-Gal4[V37]) to drive shot-RNAi. This Gal4 starts the expression in stage 

2–3 egg chambers after completion of germ cell divisions and oocyte specification [33–

35], thus bypassing the requirement of Shot for oocyte specification (Figure 1B). We use 

three different RNAi lines targeting the N-terminus (shotABD-RNAi), C-terminus (shotEGC­
RNAi), and the middle rod domain (shotRod-RNAi) of shot, respectively (Figures 1A). The 

depletion of Shot after oocyte specification by maternal α-tubulin-Gal4 still allows oocyte 

specification to occur in early egg chambers, but causes striking oocyte growth defects 

(referred as “small oocyte phenotype”). These oocytes (identified as the single germline 

cell with four ring canals with a non-polyploid nucleus, by phalloidin/DAPI staining or 

GFP-tagged kinesin-6/Pavarotti labeling [36]) remain small and fail to grow over-time 

(Figure 1C–1E and 1H–J’; Videos S1 and S2). All three RNAi lines driven by maternal 

α-tubulin-Gal4 display the small oocyte phenotype (Figures 1F–1G and 2A–2B; Figure 

S1D–S1I’), indicating that this phenotype is specific to shot knockdown. The differences in 

“small oocyte phenotype” penetrance among the three shot-RNAi lines could be a result of 

different numbers of RNAi-targeted isoforms: both shotEGC-RNAi and shotRod-RNAi target 

all 22 isoforms of shot mRNA, while shotABD-RNAi only targets 14 isoforms leaving the 

isoforms lacking the CH1 domain intact (Figure 1A).

As shotEGC-RNAi displays the highest penetration of “small oocyte” phenotype, we decided 

to further characterize the phenotypes of the shotEGC-RNAi egg chambers. As the maternal 

α-tubulin-Gal4 starts the expression at stages 2~3, and no shotEGC-RNAi egg chambers 

with small oocytes survived pass stage 9, we measured the egg chamber growth from 

stage 4 to stage 9 in control and in shotEGC-RNAi (Figure S1J–S1P). Among the total egg 

chamber size, nurse cell size and oocyte size, the oocyte size displays the largest reduction 

in shotEGC-RNAi compared to control (Figure S1K–S1M). Meanwhile, while the oocyte/egg 

chamber ratio increases robustly from stages 7–8 to stage 9 in control, the ratio decreases 

in shotEGC-RNAi (Figure S1N). Furthermore, although the oocyte size in shotEGC-RNAi 
slightly increases from stage 4 to stage 9 (Figure S1M, inset), our quantification shows that 

ooplasm growth is arrested in shotEGC-RNAi and the oocyte size growth in shotEGC-RNAi is 

mostly driven by oocyte nucleus size increase (Figure S1O–S1P, insets).

Altogether, we conclude that Shot is essential for oocyte growth.
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Actin binding domain and microtubule interacting domains of Shot are required for oocyte 
growth

Shot is a giant cytoskeletal protein, carrying the N-terminal actin binding domain (ABD, 

composed of CH1 and CH2 domain) and the C-terminal microtubule interacting domain 

(EGC, composed of EF hand motif, GAS2 domain and C-terminal tail with SxIP motifs) 

connected by a long rod-like domain composed of spectrin repeats (Figure 1A) [4, 6, 7, 37]. 

Therefore, we decided to determine which domain is essential for oocyte growth.

The long rod domain consisting of spectrin-repeats is essential for intramolecular head-to­

tail auto-inhibition of Shot [37]. We first tested whether the rod domain is required to 

drive the oocyte growth. The shot-RNAi targeting the rod region (shotRod-RNAi) (Figure 

1A) causes the majority of the ovarioles to display oocyte growth defects (Figure 2B). 

The maternal expression of the ShotΔRod construct lacking the spectrin repeats (Figure 2A) 

rescues the “small oocyte” phenotype, resulting in most of the ovarioles with normal oocyte 

growth and concentrated Orb staining (Figure 2B). This indicates that the spectrin repeats 

are indeed dispensable for normal oocyte growth.

Next, we tested whether ABD and EGC domains are required for oocyte growth. As the 

Shot mutant lacking the EGC domain (shotΔEGC) is not homozygous viable [20], we 

induced germline clones that are homozygous of shotΔEGC. We found that, similar to 

shot3 germline clones, shotΔEGC mutant clones fail to specify oocytes, shown by the Orb 

staining (Figure S1C). In this case, we cannot determine whether the microtubule interacting 

domain is essential for oocyte growth due to the complete absence of oocyte specification 

in the shotΔEGC mutant clones. Therefore, we took advantage of the fact that the maternal 

α-tubulin-Gal4 drives RNAi expression after oocyte specification and combined it with 

the heterozygous truncated mutant that lacks either ABD domain (shotΔABD/shotWT) or 

EGC domain (shotΔEGC/shotWT). We chose the RNAi that only specifically knocks down 

wild-type shot, leaving the truncated shot mutant intact (shotABD-RNAi in shotΔABD/shotWT 

background, and shotEGC-RNAi in shotΔEGC/shotWT background, respectively) (Figure 2C). 

In this scenario, a single copy of the wild-type shot would specify the oocyte fate properly 

before it gets knocked down by shot-RNAi driven by maternal α-tubulin-Gal4 (starting at 

stage 2–3), which allows us to determine whether a single copy of truncated shot mutant 

could drive oocyte growth after stage 3 (Figure 2C). First of all, we confirmed that oogenesis 

is completely normal with one single copy of wild-type shot (shot3/shotWT, shotΔABD/
shotWT and shotΔEGC/shotWT), excluding the possibility of haploinsufficiency (Figure 2D). 

Then comparing the shot-RNAi in wild-type shot background versus in the heterozygous 

background of shot truncated mutant that is insensitive to the shot-RNAi, we found that 

neither one copy of shotΔABD nor one copy of shotΔEGC is able to drive oocyte growth 

(Figure 2D), indicating that both the actin binding and microtubule interacting domains are 

required for the oocyte growth. Intriguingly, we found that heterozygous mutant background 

further enhances the “small oocyte phenotype” penetration (Figure 2D), which could be 

caused by a dominant negative effect of the truncated Shot mutants that compete with 

wild-type Shot in binding actin or microtubules, and thus sensitizes the genetic background 

for the RNAi effect.
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Together, these data indicate that for oocyte growth, both the actin binding and the 

microtubule interacting domains of Shot are essential, while the central domain is 

dispensable, implying that actin-microtubule crosslinking activity of Shot plays a role in 

promoting oocyte growth.

Shot defines the direction of cargo transport through the nurse cell-oocyte ring canals

The Drosophila oocyte, remaining transcriptionally silent throughout most of the oogenesis, 

predominantly relies on its sister nurse cells for providing mRNAs, proteins and organelles 

for its growth. The small oocyte phenotype we observed in shot-RNAi suggests defects 

in cargo transport from the nurse cells to the oocyte. Furthermore, we noticed that in 

shot-RNAi Orb staining is initially correctly concentrated in the oocyte in early-stage egg 

chambers; however, over the stages, Orb staining becomes more dispersed and eventually 

lost in the oocytes (Figure 1H–J’; Video S2). This suggests that the oocyte fails to retain 

ooplasmic components after receiving them from the nurse cells. As control oocytes 

experience rapid growth at stage 8, and shot-RNAi egg chambers with small oocytes survive 

to stage 8 with no major structural defects, we decided to examine the role of Shot in the 

transfer of materials from the nurse cells to the oocyte in stage 8 egg chambers.

We selected four types of cargoes to study the nurse cell-oocyte cytoplasmic transfer: Golgi 

units, ribonucleoprotein particles (RNPs), mitochondria, and lipid droplets (LDs). All of 

these four cargoes generated in the nurse cells are essential for the oocyte function and 

development [25, 38–43]. We used a RFP-tagged galactosyltransferase line to label Golgi 

units [44], a RFP-tagged Staufen line to label osk/Staufen RNPs [31, 45], a photoconvertible 

mitochondrial-targeting probe (Mito-MoxMaple3) to label mitochondria, and a GFP-tagged 

lipid droplet domain of Drosophila protein Klar, GFP-LD, to label lipid droplets [46].

We examined the role of Shot in controlling directionality of transporting these components 

through the nurse cell-oocyte ring canals. In control, all four cargoes display robust 

movement within the nurse cells, and move primarily from the nurse cells to the oocyte 

through the ring canals (Figure 3 and Videos S3–S7). However, in shotEGC-RNAi, the 

transport directionality of these four cargoes is completely disrupted. We observed frequent 

reversed cargo transport, moving from the oocyte towards nurse cells, resulting in a lack of 

cytoplasmic accumulation in the oocyte (Figure 3; Videos S3–S4 and S6–S7).

Collectively, these data demonstrate that Shot controls the directionality of material flow 

from the nurse cells to the oocyte. Lack of Shot results in randomization of transport 

between the nurse cells and the oocyte, likely underlying the oocyte growth arrest.

Localization of Shot on the nurse cell side of the ring canals

Having confirmed that Shot controls the directionality of transport between the nurse cells 

and the oocyte, we decided to examine Shot localization around the ring canal region.

As previously described, actin filaments form asymmetric baskets at the nurse cell-oocyte 

ring canals [25, 47]. These baskets are only found on the donor side of the ring canals (the 

nurse cells), but never on the recipient side (the oocyte). This localization is established at 

stages 6–7 and persist to stages 9–10 [25]. These asymmetrically positioned actin filaments 
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can be labeled either by Phalloidin staining (Figure 4A–4B) or by germline-specific 

expression of LifeAct-TagRFP [48] (Figure 4C–4D; Video S8). We quantified the LifeAct­

TagRFP signal on both sides of the ring canals connecting the nurse cells and the oocyte 

(see more details in the Materials and Methods “Measurement of the ratio of actin signal at 

ring canals”), and found a high degree of actin asymmetry on the nurse cell side over the 

oocyte side (Figure 4E–4G). This asymmetry of actin fibers at ring canals sharply decreases 

between nurse cells towards the anterior side of the egg chamber, with the lowest asymmetry 

at ring canals connecting anterior-most nurse cells (Figure 4E–4G). The level of actin 

asymmetry correlates well with the directionality of the cargo transport: we observed less 

directional bias of transport through the ring canals connecting nurse cells where asymmetry 

of actin fibers is significantly less than the nurse cell-oocyte ring canals (Table 1).

We next examined localization of Shot using immunostaining with a monoclonal antibody 

against Shot [12]. We found that Shot staining is associated with these actin fibers at the ring 

canals, showing a high level of asymmetry at the nurse cell-oocyte boundary (Figure 4D–D’; 

Figure S2A).

We also examined the Shot antibody staining in all three Shot-RNAi germline knockdown 

samples, and found a complete absence of cortical and actin localization of Shot staining in 

the germline cells, whereas the apical localization of Shot in the somatic follicle cells is not 

affected (Figure S2B–S2E). This indicates that the Shot staining we observed is specific.

In shot-RNAi, we found that the nurse cell-oocyte ring canals are smaller than the control 

ones (Figure S2F–S2H). This is probably due to the physical constrain of limited cell 

membrane of a small oocyte. This smaller ring canal size in shot-RNAi is correlated with 

lack of asymmetric actin fibers between the nurse cells and the oocyte (Figure S2I–S2L). 

However, we still observed actin fibers formed at the nurse cell-nurse cell ring canals 

(Figure S2M–S2N), suggesting that Shot is not required for actin fiber assembly. Instead, the 

absence of nurse cell-oocyte actin basket in shot-RNAi could be an indirect consequence of 

the oocyte growth defects.

Altogether, the specific localization of Shot at the ring canals implies that Shot controls the 

transport of cargoes from the nurse cells to the oocyte through its interaction with these 

asymmetric actin filaments.

Shot organizes microtubules in the ring canals

Having established that Shot is required for directional nurse cell-oocyte cargo transport 

and Shot is asymmetrically localized at the actin fibers on the nurse cell side, we decided 

to investigate the mechanism by which Shot controls the direction of transport through the 

nurse cell-oocyte ring canals. As microtubules are found inside the ring canals connecting 

the nurse cells with the oocyte, the transport of organelles and mRNAs/proteins to the oocyte 

have been considered as typical examples of microtubule-dependent motor-driven transport 

[24–26, 39, 41, 49]. Therefore, we examined whether shot-RNAi changes microtubule tracks 

in the nurse cell-oocyte ring canals.

Lu et al. Page 7

Curr Biol. Author manuscript; available in PMC 2022 August 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



First, we labeled the stable microtubules by overexpressing the minus-end binding protein, 

Patronin [50, 51], and found that, consistent with previous reports [24–26], microtubules 

are present in the ring canals between nurse cells and the oocyte, as well as between nurse 

cells (Figure 5A–A”). Microtubule distribution is not visibly altered either in the nurse 

cells or in the ring canals of shot-RNAi egg chambers (Figure 5B–B”). Next we examined 

the orientation of dynamic microtubules running through the ring canals by expressing 

GFP-tagged EB1 [52]. We found that in control most of the microtubules in the ring canals 

are oriented with their plus-ends pointing towards nurse cells (Figure 5C–C” and 5E; Video 

S9). Compared to the nurse cell-oocyte ring canals, the microtubule polarity at the posterior 

nurse cell-nurse cell ring canals is less uniform, consistent with the less directional transport 

observed through these ring canals (Figure S2Q–S2T; Table 1). In sharp contrast, shot-RNAi 
mutant has fewer EB1 comets in the oocyte and in the ring canals (Figure 5D–5D” and 

5F; Video S9). In agreement with the observation of reduced numbers of EB1 comets, 

we observed a reduced number of microtubules in the oocyte as well as in the nurse 

cell-oocyte ring canals in shot-RNAi, although the overall microtubule organization in the 

nurse cells are not seemingly affected by shot knockdown (Figure S2O–S2P”). Importantly, 

the direction of the EB1-GFP comets shows that microtubules in the nurse cell-oocyte ring 

canals have a mixed orientation in shot-RNAi knockdown (Figure 5D–5E; Video S9). This 

mixed polarity of microtubule tracks could explain the change of directionality of cargo 

transport between the nurse cells and the oocyte after shot knockdown.

By dual labeling with LifeAct-TagRFP and EB1-GFP, we found that microtubule plus-ends 

originated in the oocyte tend to grow along the asymmetric actin fibers of the ring canals 

on the nurse cell side, while the ones originated in the nurse cells are more likely to bump 

into the actin fibers and get deflected away from the ring canals (Video S10). In line with 

the EB1 and actin dual labeling observation, we found alignment of microtubules on the 

asymmetric actin fibers on the nurse cell side (Figure 5G–5G”). Given the facts that Shot is 

localized at these asymmetric actin fibers and Shot can bind to both actin and microtubules, 

we propose that Shot favors microtubule growth along these actin fibers on the nurse cell 

side, which could facilitate oocyte microtubule plus-ends pass through the ring canal, while 

prevent nurse cell microtubule plus-ends from entering the ring canal, thus controlling 

microtubule polarity for unidirectional cargo transport (Figure 6).

Dynein is the main motor for nurse cell-oocyte transport

The minus-end directed motor cytoplasmic dynein has been proposed to transport organelles 

and RNP granules to the oocyte [24–26, 33]. To examine whether dynein is required for 

oocyte growth, we knocked down dynein heavy chain in the ovary by RNAi (Dhc64C-RNAi, 
[53]). In order to bypass dynein’s requirement for cell division and oocyte specification, we 

used the same maternal α-tubulin-Gal4 as in shot-RNAi. We found that that dynein-RNAi 
knockdown results in small oocytes with dispersion of the oocyte marker Orb (Figure S3A–

S3F), completely mimicking the shot-RNAi phenotypes we observed.

As dynein knockdown phenocopies shot knockdown in the ovary, we examined Shot 

localization in the dynein-RNAi samples, and found that Shot is still localized corrected 

to the cell cortex as well as the ring canal actin fibers between the nurse cells (Figure S3G–
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S3H‘, compared to Figure S2A–S2B). However, as the oocyte fails to grow in dynein-RNAi, 
the asymmetric actin baskets do not form at the nurse cell-oocyte ring canals, probably due 

to the delayed development of the oocyte, similar to shot-RNAi (Figure S3I–S3I‘).

Next we examine two types of cargoes within dynein-RNAi egg chambers, mitochondria and 

lipid droplets. In contrast to shot-RNAi where cargoes move bidirectionally, mitochondria 

in dynein-RNAi display heavily reduced movement within the nurse cells and very little 

transport through the ring canals between the nurse cells and the oocyte (Video S11, 

compared to Video S6). To quantify the mitochondria transport to the oocyte, we measured 

the total fluorescence intensity of mitochondria in the oocyte, and found that Dhc64C-RNAi 
significantly reduced the transport of mitochondria into the oocyte (Figure S3J–S3L). We 

found a similar effect of Dhc64C-RNAi on the lipid droplet accumulation in the oocyte 

(Figure S3M–S3O). Hence, we conclude that dynein is the main motor responsible for the 

transfer of cytoplasmic contents (including mitochondria, lipid droplets, RNP granules [24] 

and Golgi units [25]) via the nurse cell-oocyte ring canals to support the oocyte growth.

Together, we propose that Shot functions as a gatekeeper at the ring canal: Shot favors 

the uniform microtubule orientation with minus-ends in the oocyte, and allows cytoplasmic 

dynein to transport various cargoes from the nurse cells to the oocyte to ensure the rapid 

growth of the oocyte during oogenesis (Figure 6).

DISCUSSION

Spectraplakins coordinate and regulate two major cytoskeletal networks, microtubules and 

actin filaments. Drosophila has a single spectraplakin protein Short stop (Shot) that makes it 

a perfect model to study the interaction and coordination between microtubules and F-actin. 

In the biggest cell of the whole animal, the oocyte, microtubules and F-actin are dynamic 

but precisely arranged throughout the development. In this study, we show that Shot is 

absolutely required for the oocyte growth. Shot is localized asymmetrically at the actin 

baskets on the nurse cell side of the ring canals, and controls the microtubule polarity in the 

ring canals connecting the nurse cells and the oocyte. The highly polarized microtubules in 

the ring canals allows the minus-end directed motor, dynein, to move cargoes from the nurse 

cells to the oocytes, resulting in the accumulation of cytoplasmic materials in the oocyte 

(Figure 6). Therefore, Shot controls the cytoplasmic transfer of cargoes produced in the 

nurse cells that are essential for rapid oocyte growth.

Asymmetric actin baskets at the ring canals

The asymmetric actin baskets at the ring canals start forming in stage 6–7 egg chambers and 

persist to stage 9–10 before they become indistinguishable from the actin cables formed for 

nurse cell dumping [25, 47]. From stage 6 to stage 10, the oocyte experiences exponential 

growth in size [54] (Figure S1M) caused by unidirectional transport of materials from the 

nurse cells to the oocyte. This flow of materials precedes massive nurse cell dumping caused 

by contraction of nurse cells at stages 11–12 [23], and is easy to distinguish from dumping 

because during the directional transport stage the volume of the oocyte increases but the 

nurse cells do not shrink (Figure S1L–S1M). Strong correlation between the appearance 
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of asymmetric actin baskets and the rapid oocyte growth suggests that actin baskets are 

involved in directing the transport through the ring canals to the oocyte.

It is not yet clear why the actin baskets are formed asymmetrically at the nurse cell­

oocyte border. One possible explanation is that actin filaments are organized differently 

in the nurse cells and in the oocyte. Actin filaments form microvilli originating from the 

plasma membrane in nurse cells, which is dependent on the Drosophila Profilin homolog, 

Chickadee, and Fascin homolog Singed [55–57]. Meanwhile, actin cytoplasmic mesh in 

the oocyte is organized by two actin filament nucleators Cappuccino (Drosophila Formin 

homolog) and Spire (contains of four WASP homology 2 (WH2) domains) [58–60]. 

Therefore, albeit in a 16-cell syncytium connected by ring canals, it is likely that different 

regulations of actin growth lead to asymmetric actin baskets formed only on the nurse cell 

side, but not on the oocyte side of these ring canals [61].

Intriguingly, we also noticed the lack of asymmetric actin baskets at the nurse cell-oocyte 

ring canals in both shot-RNAi and dynein-RNAi, although the actin fibers at nurse cell-nurse 

cell ring canals are not seemingly affected (Figures S2I–S2J‘, S2M–S2N and S3H–S3I). 

This indicates that Shot and dynein are not essential for actin fiber formation at the ring 

canals; instead the failure of actin basket formation could be caused by either the physical 

constrains of the small oocyte size, or the defects of oocyte development (shown by delayed 

oocyte nucleus growth) (Figure S1O) and/or oocyte identity maintenance (evidenced by 

dispersion of Orb staining and reduced concentration of lipid droplets) (Figures 1H–1J’ and 

3L–3N; Figure S3C–S3D and S3M–S3O).

Furthermore, we observed an interesting gradient of actin fiber asymmetry associated with 

the ring canals from the posterior to the anterior: the posterior nurse cell-nurse cell ring 

canals appear to have more actin fibers as well as a higher asymmetric actin ratio than the 

anterior ones. Noticeably, in spite of the fact that nurse cells are interconnected with ring 

canals, they are not born equally. A previous study has shown that the size of nurse cell 

are correlated with its distance to the oocyte: the nurse cell group (2,3,5,9) > the nurse cell 

group (4, 6, 7, 10, 11, 13)> the nurse cell group (8, 12, 14, 15)> the nurse cell (16) (Figure 

4E, bottom) [62]. This cell size gradient is consistent with the actin fiber ratio gradient at 

the ring canals (O>P>M>A, Figure 4E–4G). Therefore, we speculate the asymmetry level of 

actin fibers between nurse cells is related to the nurse cell sizes. Recently, it has been shown 

that an oocyte-produced CDK inhibitor, Dap protein, diffuses to nurse cells, and it controls 

nurse cell endocycle, which probably in turn correlates with nurse cell size increase [63]. 

Thus, the oocyte could provide a signal to form a gradient of actin fiber asymmetry in nurse 

cells and therefore achieve the optimized directional cargo transport from the nurse cells to 

the oocyte.

Shot guides microtubule growth at the ring canal

Our results show that Shot is localized at the asymmetric actin fibers at the ring canals 

between the nurse cells and the oocyte. Interestingly, microtubules are required for 

maintaining these actin baskets at the ring canals. Depolymerization of microtubules in 

the egg chamber by treatment with microtubule-depolymerizing drug, colchicine, results in 

disappearance of the actin baskets at the ring canals [25].
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Our data suggest that Shot plays a role in guiding the microtubule plus-ends along the actin 

fibers. Microtubules in the ring canals have more plus-ends towards the nurse cells, while 

knockdown of shot changes these ring canal microtubules to a mixed orientation. This Shot 

function is probably dependent on the EB1-interacting SxIP motifs at the C-terminal tail. 

Studies in Drosophila neurons showed that Shot interacts with EB1 protein and F-actin in 

the growth cone, and thus guides polymerizing microtubules along the actin-structure in 

the direction of axonal growth [5, 8, 64]. Additionally, Shot has been shown to promote 

microtubule assembly by recruiting EB1/APC2 at the muscle-tendon junctions [65]. These 

studies are in an agreement with our model that Shot favors the microtubule polymerization 

along the asymmetric actin fibers, which in turn allows microtubule plus-ends in the oocyte 

to enter the nurse cells. Therefore, Shot localization at the asymmetric actin fibers results in 

the directional bias of microtubule tracks, allowing the minus-end-directed motor dynein to 

efficiently transfer cytoplasmic contents to the oocyte (Figure 6).

Noticeably, the microtubule density of the oocyte is higher than the nurse cells in 

control, while this difference is eliminated in shot-RNAi, shown by the EB1 comets and 

microtubule staining (Figure 5C–5F; Figure S2O–S2P”). Our speculation on the higher 

microtubule density in the oocyte is that: (1) directional transport from the nurse cells 

to the oocytes builds up a concentration of some microtubule polymerization-promoting 

factor(s) in the oocyte; (2) this higher microtubule polymerization activity also allows more 

microtubules growing through the ring canals from the oocyte towards the nurse cells; (3) 

the biased microtubule orientation at the nurse cell-oocyte ring canals further enhances 

the directionality of cargo transport (including the microtubule polymerization- promoting 

factor) towards the oocyte. Together, it forms a positive feedback loop to maintain the oocyte 

with the highest microtubule polymerization activity among the 16-cell cyst. Apparently, in 

shot-RNAi directional transport is disrupted (Figure 3) and oocyte identity is lost overtime 

(Figure 1 and Figure S1). Thus the feedback loop is clearly abolished. This leads to lower 

microtubule polymerization activity in the oocyte and therefore reduces the microtubule 

density in the nurse cell-oocyte ring canals, which could contribute to the mixed polarity of 

microtubules we observed in shot-RNAi (Figure 5).

Intercellular cytoplasmic bridges are conserved across species

In this study, we demonstrate that multiple cargoes, including Golgi units, RNP granules, 

mitochondria and lipid droplets are transported through the ring canals from the nurse 

cells to the oocyte, of which the directionality is controlled by the microtubule- actin 

cross-linker Shot. The ring canal in Drosophila egg chambers is not the sole example 

of cytoplasmic bridges connecting cells and transferring cytoplasm. Multiple organisms 

ranging from plants to mammals have arrested cytokinesis and maintain the contractile 

rings as stable cytoplasmic bridges to stay connected with sister cells, both in germline 

cells and in somatic cells [66]. Particularly, intercellular cytoplasmic bridges between 

germline cyst cells have been documented in higher organisms, such as in Xenopus, chicken, 

mouse, rat, hamster, rabbit, and human [67]. Remarkably, mouse germ cyst cells transfer 

organelles, such as Golgi and mitochondria, to the developing oocyte through ring canals 

in a microtubule transport-dependent manner [68]. This “sister cell transferring cytoplasm” 

paradigms in mice highly resemble the Drosophila nurse cell-to-oocyte transport, suggesting 

Lu et al. Page 11

Curr Biol. Author manuscript; available in PMC 2022 August 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



there could be an evolutionarily conserved mechanism of cytoplasmic transfer during 

germline development. This intercellular transfer may present a highly efficient way for 

the oocyte to acquire essential materials/organelles for its rapid growth.

Altogether, we demonstrate that the single Drosophila spectraplakin, Short stop (Shot), 

functions as a gatekeeper at the cytoplasmic canals, and controls the directionality of 

cytoplasmic transfer from the nurse cells to the oocyte, which ensures the oocyte to have 

enough cytoplasmic materials during its rapid growth. As spectraplakin family proteins and 

intercellular cytoplasmic bridges are conserved across species, it is likely that it serves as a 

universal cytoplasmic transfer mechanism for oocyte growth in higher organisms.

STAR★Methods

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should 

be directed to and will be fulfilled by the lead contact, Vladimir I. Gelfand: 

vgelfand@northwestern.edu.

Materials availability—This study has generated three plasmids (pWalium22-shotABD­
RNAi, pWalium22-shotEGC-RNAi, and pUASp- UASp-Mito-MoxMaple3) and several 

transgenic fly lines accordingly: UAS-shotABD-RNAi, UAS-shotEGC-RNAi (both integrated 

at attP2 site), and UASp-Mito-MoxMaple3 (II-F2 and III-M4). Requests for these plasmids 

and/or transgenic animals should be directed to and will be fulfilled by the lead contact, 

Vladimir I. Gelfand: vgelfand@northwestern.edu.

Data and code availability—The published article includes all dataset generated and 

analyzed during this study.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Drosophila strains.—Fly stocks and crosses were maintained on standard cornmeal food 

(Nutri-Fly® Bloomington Formulation, Genesee, Cat #: 66–121) supplemented with dry 

active yeast at room temperature (~24–25°C), The following fly stocks were used in this 

study: hs-FLP[12](X, Bloomington Drosophila Stock Center #1929 [70]); FRTG13 (II, 

Bloomington Drosophila stock center # 1956); FRTG13 shot[3] (Bloomington Drosophila 
Stock Center # 5141 [71]); FRTG13 ubi-GFP.nls (II, Bloomington Drosophila Stock Center 

# 5826); shotΔEGC (from Dr. Ferenc Jankovics, Institute of Genetics, Biological Research 

Centre of the Hungarian Academy of Sciences [20]); mat αtub-Gal4[V37] (III, Bloomington 

Drosophila Stock Center #7063); ubi-GFP-Pav (II, from Dr. David Glover, Caltech [36]); 

UAS-shotRod-RNAi (TRiP.GL01286, attP2, III, Bloomington Drosophila Stock Center # 

41858), UASt-shot.L(A)Δrod-GFP (Bloomington Drosophila Stock Center # 29040 [7]); 

shotΔABD (aka shot[k03010], shot[kakP1]; Bloomington Drosophila Stock Center #10522 [6, 

7, 27, 72]); nos-Gal4-VP16 (III, from Dr. Edwin Ferguson, the University of Chicago [73, 

74]); UASp-LifeAct-TagRFP (II, 22A, Bloomington Drosophila Stock Center # 58713); 

UASp-LifeAct-TagRFP (III, 68E, Bloomington Drosophila Stock Center # 58714); UASp­
RFP-Golgi (II, Bloomington Drosophila Stock Center # 30908, aka UASp-GalT-RFP [44]); 
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mat αtub-RFP-Staufen (X, from Dr. Daniel St Johnson [45]); UASp-GFP-LD (II and III, 

from Dr. Michael Welte [46]); UASp-GFP-Patronin (II) (from Dr. Uri Abdu, Ben-Gurion 

University of the Negev [31, 51, 69]); UASp-EB1-GFP (II, from Dr. Antoine Guichet [52]); 

ubi-EB1-GFP [53, 75]; UASp-F-Tractin-tdTomato (II, Bloomington stock center #58989, 

[76]); UAS-Dhc64C-RNAi (TRiP.GL00543, attP40, II, Bloomington Drosophila Stock 

Center # 36583)[53]; UASp-Staufen-SunTag (III, [69]). The following fly stocks were 

generated in this study: UAS-shotABD-RNAi (in pWalium22 vector, inserted at attP2, III); 

UAS-shotEGC-RNAi (in pWalium22 vector, inserted at attP2, III); UASp-Mtio-MoxMaple3 
(II and III).

METHOD DETAILS

Plasmid constructs.—The oligos of shotABD-shRNA 

(agtTGCGCGATGGTCACAATTTACtagttatattcaagcataGTAAATTGTGACCATCGCGCA 

gc) and shotEGC-shRNA 

(agtCCGGAAAATGGATAAGGATAAtagttatattcaagcataTTATCCTTATCCATTTTCCGGg 

c) were synthesized and inserted into the pWalium22 vector (Drosophila Genomics 

Resource Center, Stock Number #1473, 10XUAS) [77] by NheI(5’)/EcoRI(3’). shotABD­
RNAi targeting sequences: TGCGCGATGGTCACAATTTAC; shotEGC-RNAi targeting 

sequences: CCGGAAAATGGATAAGGATAA.

MoxMaple3 was amplified by PCR from the pmCherry-T2A-moxMaple3 (Addgene 

Plasmid #120875) [78] and inserted into the pUASp vector by Spel (3’)/EcoRI 

(3’); mitochondria targeting probe, human Cox8a (mitochondrial cytochrome c 

oxidase subunit 8A) (1–29 residues, MSVLTPLLLRGLTGSARRLPVPRAKIHSL) 

(atgtccgtcctgacgccgctgctgctgcggggcttgacaggctcggcccggcggctcccagtgccgcgcgccaagatcc 

attcgttg) was synthesized and inserted into pUASp-MoxMaple3 by Kpnl(5’)/Spel(3’).

All the constructs were sent to BestGene for injection: PhiC31-mediated integration (UAS­
shotABD-RNAi and UAS-shotEGC-RNAi in pWalium22 vectors, at attP2 site) and P-element 

transformation (UASp-Mito-MoxMaple3; two inserted lines were used in this study, II-F2 

and III-M4).

Induction of shot[3]and shotΔEGC germline clones.—A standard recombination 

protocol was performed between FRTG13 and shotΔEGC. FRTG13 shot[3]/CyO or FRTG13 
shotΔEGC/CyO virgin female flies were crossed with males carrying hs-flp[12]/y; FRTG13 
ubi-GFP.nls/CyO. From these crosses, young pupae at day 7 and day 8 AEL (after egg 

laying) were subjected to heat shock at 37 °C for 2 hours each day. Non CyO F1 females 

were collected 3–4 day after heat shock and fattened with dry active yeast overnight before 

dissection for Orb staining.

Immunostaining of Drosophila egg chambers.—A standard fixation and staining 

protocol was used [74, 79]. Samples were incubated with mouse monoclonal anti-Orb 

antibody (Orb 4H8, Developmental Studies Hybridoma Bank, 1:5) or mouse monoclonal 

anti-Shot antibody (shot mAbRod1, Developmental Studies Hybridoma Bank, 1:5) at 4°C 

overnight, washed with 1XPBTB (1XPBS + 0.1% Triton X-100 + 0.2% BSA) five times 
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for 10 min each time, incubated with FITC-conjugated or TRITC-conjugated anti-mouse 

secondary antibody (Jackson ImmunoResearch Laboratories, Inc; Cat# 115–095-062 and 

Cat# 115–025-003) at 1:100 at room temperature (24~25°C) for 4 h, and washed with 

1XPBTB five times for 10 min each time. Some samples were stained with Rhodamine­

conjugated phalloidin (1:5000) and DAPI (1 μg/mL) for 30 min before mounting. Samples 

were imaged on a Nikon A1plus scanning confocal microscopy with a GaAsP detector and 

a 20× 0.75 N.A. lens using Galvano scanning, a Nikon Eclipse U2000 inverted stand with a 

Yokogawa CSU10 spinning disk confocal head and a 40× 1.30 NA oil lens using an Evolve 

EMCCD, or Nikon W1 spinning disk confocal microscope (Yokogawa CSU with pinhole 

size 50 μm) with Photometrics Prime 95B sCMOS Camera and a 40 × 1.30 N.A. oil lens or 

a 40X 1.25 N.A. silicone oil lens, all controlled by Nikon Elements software. Images were 

acquired every 1 μm/step for whole ovariole imaging or 0.3~0.5 μm/step for individual egg 

chambers in z stacks.

Live imaging of Drosophila egg chamber.—Young mated female adults were fed 

with dry active yeast for 16~18 hours and then dissected in Halocarbon oil 700 (Sigma­

Aldrich) as previously described [31, 69, 79]. Fluorescent samples were imaged using Nikon 

W1 spinning disk confocal microscope (Yokogawa CSU with pinhole size 50 μm) with 

Photometrics Prime 95B sCMOS Camera, and a 40 × 1.30 N.A. oil lens or a 40X 1.25 N.A. 

silicone oil lens, controlled by Nikon Elements software.

Microtubule Labeling by GFP-Patronin expression.—Ovaries from flies expressing 

GFP-Patronin under maternal αtub-Gal4[V37](with or without the UAS-shotEGC-RNAi) were 

dissected and fixed in 1XPBS +0.1%Triton X-100 +4% EM-grade formaldehyde for 20 

min on the rotator; briefly washed with 1XPBTB five times and stained with Rhodamine­

conjugated phalloidin (1:5000) for 30 min before mounting. Samples were imaged using 

Nikon W1 spinning disk confocal microscope (Yokogawa CSU with pinhole size 50 μm) 

with Photometrics Prime 95B sCMOS Camera, and a 40 × 1.30 N.A. oil lens, controlled 

by Nikon Elements software. Images were acquired every 0.3 μm/step in z stacks and 3D 

deconvoluted using Richardson-Lucy iterative algorithm provided by Nikon Elements. A 

maximum intensity projection of 0.6 μm z-stack sample (3 slices in the z-stacks) was used to 

present the microtubule distribution in each genotype.

Microtubule staining in control and in shot-RNAi.—Ovaries were dissected 

in 1XPBS and fixed in 1X Brinkley Renaturing Buffer 80 (BRB80), pH 6.8 (80 

mM piperazine-N,N’-bis(2-ethanesulfonic acid) [PIPES]), 1 mM MgCl2, 1 mM EGTA) 

+0.1%Triton X-100 +8% EM-grade formaldehyde for 20 min on the rotator; briefly 

washed with 1XPBTB five times and stained with FITC-conjugated β-tubulin antibody 

(ProteinTech, Cat# CL488–66240) 1:100 at 4C overnight; then samples were stained 

rhodamine-conjugated phalloidin and DAPI for 30 min before mounting. Samples were 

imaged using Nikon W1 spinning disk confocal microscope (Yokogawa CSU with pinhole 

size 50 μm) with Photometries Prime 95B sCMOS Camera, and a 40X 1.25 N.A. silicone 

oil lens, controlled by Nikon Elements software. Images were acquired every 0.3 μm/step in 

z stacks and 3D deconvoluted using Richardson-Lucy iterative algorithm provided by Nikon 

Elements.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Measurement of cell size and ring canal diameter.—Ovaries from the control 

and shotEGC-RNAi flies carrying ubi-GFP-Pav were stained with rhodamine-conjugated 

phalloidin and DAPI. Z stacks of triple color images were acquired, and cell areas were 

specified (at the largest cross-sections) and measured by manual polygon selection (area 

size) or line selection (ring canal diameter) in FIJI [80].

Measurement of actin signal ratio at ring canals.—Ovaries from flies expressing 

LifeAct-TagRFP under nos-Gal4-VP16 were dissected and fixed in 1XPBS +0.1%Triton 

X-100 +4% EM-grade formaldehyde for 20 min on the rotator; briefly washed with 

1XPBTB five times before mounting. Z-stack images were acquired at every 0.5 μm, and 

Z projection of sum slices for each individual ring canal was used for measurement. The 

ring canals are categorized into four groups dependent on its distance to the oocyte (Figure 

4E, bottom) : (1) nurse cell-oocyte ring canals, directly connected to the oocyte (O ring, 

green); (2) posterior nurse cell-nurse cell ring canal, having one nurse cell between this ring 

canal and the oocyte (P ring, orange); (3) middle nurse cell-nurse cell ring canal, having 

two nurse cells between this ring canal and the oocyte (M ring, magenta); (4) anterior nurse 

cell-nurse cell ring canal, having three nurse cells between this ring canal and the oocyte 

(A ring, blue). For each Z-projection image, fluorescence intensities of four following areas 

were measured: (1) the anterior side of the ring canal; (2) the posterior side of the ring 

canal; (3) the background of the anterior side; (4) the background of the posterior side. The 

ratio of LifeAct-TagRFP signal of the anterior side over the posterior side of a ring canal 

is calculated = [(1) the anterior side of the ring canal – (3) the background of the anterior 

side] / [(2) the posterior side of the ring canal – (4) the background of the posterior side].

Quantification of cargo transport and MT polarity.—Kymographs were created 

along a ~3.7 μm-width line (for cargo transport) or a 3.5 μm ~5.0 μm -width line (for 

microtubule polarity) from the nurse cell to the oocyte through the ring canal (labeled by 

GFP-Pav or F-Tractin-tdTomato) using the MultipleKymograph plugin in FIJI [80]. Cargo 

movement direction and microtubule polarity were manually quantified based on these 

kymographs.

Statistical analysis.—The plots in figures show percentage of phenotypes, or average 

values, as indicated in figure legends. Error bars in figures represent 95% confidence 

intervals, unless it is specified elsewhere in figure legends. N stands for number of samples 

examined in each assay. Unpaired t tests or unpaired t tests with Welch’s correction 

were performed in GraphPad Prism 8.0.2, while chi-square tests were performed using Chi­

Square Calculator (https://www.socscistatistics.com/tests/chisquare/default2.aspx). P values 

and levels of significance are listed in figure legends

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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A Drosophila oocyte grow more than a hundred thousand times without transcriptional 

activity. Here Lu et al. show that an actin-microtubule cross-linker, Short Stop, functions 

as a gatekeeper at cytoplasmic bridges between supporting nurse cells and the oocyte, 

directing transport of cytoplasmic components to the oocyte, thus driving its growth.

• An actin-microtubule cross-linker, Short stop, is required for oocyte growth

• Both actin and microtubule binding activities of Short stop are essential

• Short stop controls direction of transport between nurse cells and the oocyte

• Short stop at asymmetric actin fibers organizes microtubules in the ring canals
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Figure 1. Shot is required for Drosophila oocyte growth.
(A) A diagram of Shot domains and Shot crosslinking of microtubules and F-actin. Three 

independent shot-RNAi lines were used in this study, targeting ABD, Rod and EGC 

domains, respectively. shotRod-RNAi and shotEGC-RNAi target all 22 isoforms of shot 
mRNA; shotABD-RNAi does not target 8 isoforms of shot mRNA lacking CH1 domain (RC, 

RH, RP, RX, RY, RAB, RAC, RAD).

(B) A schematic illustration of Drosophila oogenesis in one ovariole and the shot-RNAi 

knockdown strategy to bypass the requirement of Shot in oocyte specification. Oocyte is 
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shown in darker grey, while nurse cells are represented in lighter grey in the egg chambers. 

The mat αtub-Gal4[V37] line starts the expression in stage 2–3 egg chambers, after the 

completion of oocyte specification.

(C-E) Representative images of Rhodamine-conjugated phalloidin staining in control (mat 

αtub-Gal4[V37]/+), shotABD-RNAi (mat αtub-Gal4[V37]/UAS-shotABD-RNAi), and shotEGC­

RNAi (mat αtub-Gal4[V37]/UAS-shotEGC-RNAi).

(F) Summary of phalloidin staining phenotypes in control, shotABD-RNAi and shotEGC­
RNAi. (G) Summary of GFP-Pav labeling and Orb staining phenotypes in control, shotABD­
RNAi and shotEGC-RNAi.
(H-J’) Representative images of GFP-Pav labeling (H-J) and Orb staining (H’-J’) in 

control (ubi-GFP-Pav/+; mat αtub-Gal4[V37]/+), shotABD-RNAi (ubi-GFP-Pav/+; mat αtub­

Gal4[V37]/UAS-shotABD-RNAi), and shotEGC-RNAi (ubi-GFP-Pav/+; mat αtub-Gal4[V37]/

UAS-shotEGC-RNAi).

Oocytes are highlighted by orange arrowheads or brackets. Scale bars, 50 μm. See also 

Figure S1 and Videos S1–S2.
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Figure 2. Actin binding and microtubule interacting domains of Shot are essential for oocyte 
growth.
(A) Diagrams of the full-length Shot and truncated mutants. (B) Summary of 

Orb and phalloidin staining phenotypes in control (mat αtub-Gal4[V37]/+), shotRod­
RNAi (mat αtub-Gal4[V37]/UASp-shotRod-RNAi), and shotRod-RNAi +shotARod-GFP 
(UASt-shot.L(A)ΔRod-GFP/+; mat αtub-Gal4[V37]/UASp-shotRod-RNAi). (C) A schematic 

illustration of knockdown of wild-type Shot by shot-RNAi in shot truncated mutant 

heterozygous background. KD, knockdown. (D) Summary of Orb and phalloidin staining 

in listed phenotypes. Unlike one copy of shotWT, one copy of shotΔABD or shotΔEGC is 

unable to drive normal oocyte growth.
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Figure 3. Shot controls directionality of cargo transport from the nurse cells to the oocyte.
(A-C) Golgi transport in the nurse cell-oocyte ring canals in control (A) and in shot-RNAi 
(B). Golgi are labeled with RFP-tagged human galactosyltransferase (GalT) (RFP-Golgi). 

(C) Quantification of Golgi transport directions in control and in shot-RNAi. Chi-square test 

between control and shot-RNAi, p-value < 0.00001 (****).

(D-F) Staufen RNP transport in the nurse cell-oocyte ring canals in control (D) and in 

shot-RNAi (E). Staufen RPNs are labeled with RFP-tagged Staufen (RFP-Staufen). (F) 
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Quantification of Staufen transport directions in control and in shot-RNAi. Chi-square test 

between control and shot-RNAi, p-value < 0.00001 (****).

(H-J) Mitochondria transport in the nurse cell-oocyte ring canals in control (H) and in 

shot-RNAi (I). Mitochondria are labeled with Mito-MoxMaple3 (red channel, after global 

photoconversion). (J) Quantification of total mitochondria fluorescence intensity (mean ± 

95% confidence interval) in control (N=18) and in shot-RNAi (N=22) oocytes. Unpaired t 

test with Welch’s correction between control and shot-RNAi, p-value < 0.0001 (****).

(L-N) Transport of lipid droplets in the nurse cell-oocyte ring canals in control (L) and 

in shot-RNAi (M). Lipid droplets are labeled with GFP-tagged lipid droplet domain of 

Drosophila protein Klar (GFP-LD). (N) Quantification of lipid droplet total fluorescence 

intensity and average fluorescence intensity (inset) (mean ± 95% confidence interval) in 

control (N=33) and in shot-RNAi (N=28) oocytes. Unpaired t test with Welch’s correction 

of total fluorescence intensity of GFP-LD between control and shot-RNAi, p-value < 0.0001 

(****); Unpaired t test with Welch’s correction of average fluorescence intensity of GFP-LD 

between control and shot-RNAi, p-value < 0.0001 (****).

Left side: the nurse cells; right side, the oocyte; small oocytes in shot-RNAi are pointed 

with the white arrowheads; ring canals are labeled with either GFP-Pav (A-B, D-E, H-I) or 

F-Tractin-tdTomato (L-M); inverted kymographs were created along a ~3.7 μm-width line 

from the nurse cell (N, left side) to the oocyte (O, right side) through the ring canals (marked 

as capped lines underneath in the kymographs) in the white dashed box areas; scale bars, 50 

μm.

See also Videos S3–S7.
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Figure 4. Shot is localized at the asymmetric actin fibers of the nurse cell-oocyte ring canals.
(A-A’) Rhodamine-conjugated phalloidin staining shows asymmetric actin fibers (the white 

dashed box) at the ring canal (ring canal inner rim is labeled with GFP-Pavarotti) on the 

nurse cell side, not on the oocyte side.

(B) Quantification of the length of actin fibers on the nurse cell side. The lengths of the four 

longest actin fibers were measured for each ring canal (59 ring canals from 15 control egg 

chambers). The average actin fiber length on the nurse cell side is 12.0 ± 0.7 μm (mean ± 

95% confidence interval).

(C) Asymmetric actin fibers, labeled with TagRFP-tagged LifeAct, are seen at all four ring 

canals connecting nurse cells and the oocyte in a live sample. See also Video S8.
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(D-D’) A representative image of Shot antibody staining in a TagRFP-LifeAct-expressing 

egg chamber. Shot is localized at the asymmetric actin fibers on the nurse cell side of the 

ring canal, but it is not concentrated in the F-actin core of the ring canal inner rim.

(E) Schematic illustrations of a stage 8 Drosophila egg chamber and an interconnected 

16-cell germline cyst, including 1 oocyte (cell 1) and 15 nurse cells (cells 2–16, numbered 

according to the order of cell divisions). Ring canals are categorized depends on their 

relative distance to the oocyte [62] and are color-coded: (1) nurse cell-oocyte ring canals, 

directly connected to the oocyte, green, “O”; (2) posterior nurse cell-nurse cell ring canal, 

having one nurse cell between this ring canal and the oocyte, orange, “P”; (3) middle nurse 

cell-nurse cell ring canal, having two nurse cells between this ring canal and the oocyte, 

magenta, “M”; (4) anterior nurse cell-nurse cell ring canal, having three nurse cells between 

this ring canal and the oocyte, blue, “A”.

(F) The asymmetry of actin fibers is quantified as the ratio of LifeAct-TagRFP fluorescence 

signal on the anterior side to the signal on the posterior side of the ring canals (see more 

details in Materials and Methods). Numbers of ring canals for each type: anterior nurse 

cell-nurse cell ring canals (A), N=17; middle nurse cell-nurse cell ring canals (M), N=46; 

posterior nurse cell-nurse cell ring canals, N=55; nurse cell- oocyte ring canals (O), N=70. 

Unpaired t tests with Welch’s correction were performed in following groups: “O” and “P”, 

p<0.0001 (****); “O” and “M”, p<0.0001 (****); “O” and “A”, p<0.0001 (****); “P” and 

“M”, p=0.0024 (**); “P” and “A”, p<0.0001 (****); “M” and “A”, p=0.0143 (*).

(G) A representative image of a stage 8 egg chamber expressing LifeAct-TagRFP. Four types 

of ring canals are highlighted in colored boxes with zoom-in images below.

N, nurse cell; scale bars, 10 μm (A, C, D-D’) and 50 μm (G).

See also Figure S2 and Video S8.
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Figure 5. Shot controls microtubule polarity in the nurse cell-oocyte ring canals.
(A-B) Stable microtubule organization is not affected by shot knockdown. (A) In control, 

stable microtubules are localized at the ring canals between the nurse cell and the oocyte 

(A’) and between two nurse cells (A”). (B) Knockdown of shot does not change stable 

microtubule distribution at the ring canals between the nurse cells and the oocyte (B’) and 

between two nurse cells (B”). Stable microtubules are labeled by overexpressed GFP-tagged 

Patronin, and ring canals are labeled with Rho-Phalloidin staining. Scale bars, 50 μm.

(C-E) Knockdown of shot results in a mixed orientation of microtubules in the ring canals. 

(C) EBI-GFP-labeled microtubule +end comets in the ring canal (labeled by GFP-Pav) 

connecting a nurse cell and an oocyte in control. (C’) A color-coded hyperstack of the EB1 

comet movement of (C). (C”) A kymograph of EB1 comet movement at the ring canal (the 

white dashed box in C) in control. (D) EBI-GFP-labeled microtubule +end comets at the 

ring canal (labeled by GFP-Pav) connecting two nurse cells and an oocyte in shot-RNAi. 
(D’) A color-coded hyperstack of the EB1 comet movement of (D). (D”) A kymograph 

of EB1 comet movement at the ring canal (the white dashed box in D) in shot-RNAi. 
(E) Quantification of the fraction of EB1 comets moving through the ring canals from the 
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oocyte towards the nurse cells in control and in shot-RNAi. Control, N=30; shotEGC-RNAi, 
N=22; unpaired t test with Welch’s correction between control and shot-RNAi, p-value 

< 0.0001(****). (F) Quantification of EB1 comet numbers in the nurse cell-oocyte ring 

canals in control and shot-RNAi. Control, N=30; shotEGC-RNAi, N=22; unpaired t test with 

Welch’s correction between control and shot-RNAi, p-value= 0.0004 (***).

(G-G”) A representative image of dual labeling of microtubules (by FITC-conjugated 

tubulin antibody) and F-actin (by Rho-Phalloidin) at a nurse cell-oocyte ring canal. 

Alignment of microtubules on asymmetric actin filaments are highlighted by small white 

arrowheads.

(C-D and G-G’) N, nurse cell; O, oocyte; scale bars, 10μm.

See also Figure S2 and Videos S9–S10.
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Figure 6. Shot is a gatekeeper at the ring canal for Drosophila oocyte growth.
Shot controls microtubule orientation in the ring canal, via regulating the interaction 

between EBI/microtubule plus-ends and asymmetric actin fibers on the nurse cell side. 

Therefore, Shot is essential for directing dynein-dependent transport of various cargoes 

(including Golgi units, osk/Staufen RNPs, mitochondria, and lipid droplets) from the nurse 

cells to the oocyte.

See also Figure S3 and Video S11.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-Orb monoclonal (mouse) Developmental Studies Hybridoma 
Bank orb 6H4

Anti-Shot monoclonal (mouse) Developmental Studies Hybridoma 
Bank mAbRod1

FITC-conjugated anti-β tubulin monoclonal 
(mouse) ProteinTech Cat#: CL488–66240

FITC-conjugated anti-mouse IgG antibody 
(Goat)

Jackson ImmunoResearch 
Laboratories, Inc Cat# 115–095–062

TRITC-conjugated anti-mouse IgG antibody 
(Goat)

Jackson ImmunoResearch 
Laboratories, Inc Cat# 115–025–003

Chemicals, peptides, and recombinant proteins

Rhodamine Phalloidin Thermo Fisher Scientific Cat # R415

DAPI (4’,6-Diamidino-2-Phenylindole, 
Dihydrochloride) Thermo Fisher Scientific Cat# D1306

16% Paraformaldehyde aqueous methanol­
free solution, EM Grade

Thermo Fisher Scientific 
(Manufacturer: Electron Microscopy 
Sciences)

Cat# 50–980–488

Halocarbon oil 700 Sigma-Aldrich Cat# H8898–50ML

Triton X-100 Fisher Scientific Cat# BP151–500

BSA Bovine Serum Albumin (BSA) DOT Scientific Cat# DSA30075–100

Normal Goat Serum SouthernBiotech Cat# 0060–01

Nutri-Fly® Bloomington Formulation Genesee Cat# 66–121

Experimental models: organisms/strains

Drosophila melanogaster: hs-FLP Bloomington stock center RRID:BDSC_1929

Drosophila melanogaster: FRTG13 Bloomington stock center RRID:BDSC_1956

Drosophila melanogaster: FRTG13 shot [3] Bloomington stock center RRID:BDSC_5141

Drosophila melanogaster: FRTG13 ubi­
GFP.nls Bloomington stock center RRID:BDSC_5826

Drosophila melanogaster: mat αtub-Gal4 
[V37] Bloomington stock center RRID:BDSC_7063

Drosophila melanogaster: UAS-shotRod­
RNAi (TRiP.GL01286) Bloomington stock center RRID:BDSC_41858

Drosophila melanogaster: UASt­
shot.L(A)Δrod-GFP Bloomington stock center RRID:BDSC_29040

Drosophila melanogaster: shot ΔABD Bloomington stock center RRID:BDSC_10522

Drosophila melanogaster: UASp-LifeAct­
TagRFP Bloomington stock center RRID:BDSC_58713; RRID:BDSC_58714

Drosophila melanogaster: UASp-RFP-Golgi Bloomington stock center RRID:BDSC_30908

Drosophila melanogaster: UASp-F-Tractin­
tdTomato Bloomington stock center RRID:BDSC_58989

Drosophila melanogaster: UAS-Dhc64C­
RNAi (TRiP.GL00543) Bloomington stock center RRID:BDSC_36583

Drosophila melanogaster: shot ΔEGC Gift from Dr. Ferenc Jankovics [20]

Drosophila melanogaster: ubi-GFP-Pav Gift from Dr. David Glover [36]
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REAGENT or RESOURCE SOURCE IDENTIFIER

Drosophila melanogaster: nos-Gal4-VP16 Gift from Dr. Edwin Ferguson lab [70,71]

Drosophila melanogaster: mat αtub-RFP­
Staufen Gift from Dr. Daniel St Johnson [45]

Drosophila melanogaster: UASp-GFP-LD Gift from Dr. Michael Welte [46]

Drosophila melanogaster: UASp-GFP­
Patronin Gift from Dr. Uri Abdu [31, 51, 69]

Drosophila melanogaster: UASp-EB1-GFP Gift from Dr. Antoine Guichet [52]

Drosophila melanogaster: ubi-EB1-GFP Gift from Dr. Derek Applewhite [53, 72]

Drosophila melanogaster: UASp-Staufen­
SunTag Generated in our lab [69]

UAS-shotABD-RNAi This paper N/A

UAS-shot EGC -RNAi This paper N/A

UASp-Mtio-MoxMaple3 This paper N/A

Recombinant DNA

Plasmid: pWalium22-shotABD-RNAi This paper N/A

Plasmid: pWalium22-shotEGC-RNAi This paper N/A

Plasmid: pUASp-UASp-Mito-MoxMaple3 This paper N/A

Software and algorithms

NIS-Elements Nikon Instruments Inc.
https://www.microscope.healthcare.nikon.com/
products/software/nis-elements/nis-elements­
advanced-research

FIJI open source[80] https://imagej.net/Fiji
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