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Abstract 
Microtubules form polarised arrays throughout axons and dendrites necessary for 

neuronal growth and maintenance. γ-tubulin-ring-complexes (γ-TuRCs) nucleate 

microtubules at microtubule organising centres (MTOCs), but how microtubules are 

generated and organised within neurons remains unclear. We show that γ-TuRCs are 

predominantly recruited to the somatic Golgi, rather than to dendritic Golgi outposts, 

within Drosophila neurons. Microtubules nucleated from the somatic Golgi grow 

preferentially towards and into the axon, while growing microtubules that approach 

dendrites are excluded. Both directed growth and dendritic exclusion depend upon 

Kinesin-2, which associates with plus ends and directs their growth towards the plus 

ends of adjacent microtubules. We propose that plus-end-associated Kinesin-2 guides 

growing microtubules nucleated from the somatic Golgi towards the axon and prevents 

plus end entry into dendrites when engaging with oppositely polarised microtubules. 

In summary, microtubules are nucleated from the somatic Golgi within neurons and 

their guidance is necessary to maintain neuronal microtubule polarity. 
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Introduction 
Microtubules are polarised polymers of tubulin essential for cell viability that provide 

pushing and pulling forces, structural support or tracks for the transport of intracellular 

cargo1. They are made from α/β-tubulin dimers that join end-to-end to form 

protofilaments, which associate laterally to form the hollow microtubule. α-tubulin is 

located at the so-called minus end and β-tubulin is exposed at the so-called plus end, 

which is typically more dynamic. This inherent polarity of microtubules is important for 

cell polarity, as different motor proteins (Kinesins and Dynein) move cargo along 

microtubules in a specific direction – Dynein towards the minus end and most kinesins 

towards the plus end. This is particularly relevant in neurons where nearly all of the 

plus ends in axons point away from the soma, known as plus-end-out or anterograde 

microtubules, while the microtubules in dendrites are of mixed polarity with a 

significant fraction of minus-end-out (retrograde) microtubules2–4. This difference in 

microtubule polarity is important for the correct distribution of cargo throughout the 

neuron3–5. 

 

Within cells de novo assembly of new microtubules i.e. microtubule nucleation is 

kinetically unfavourable and is catalysed by multi-protein γ-tubulin ring complexes (γ-

TuRCs)6. These complexes provide a γ-tubulin-based template that promotes the 

lateral association of protofilaments during the initial stages of microtubule growth7–9. 

The single-turn helical pattern of 13 exposed γ-tubulin molecules is also thought to 

restrict the microtubule protofilament number to 137. This avoids supercoiling of 

protofilaments that may otherwise prohibit long-range motor-driven transport along the 

microtubule, which is of clear importance in neurons. Knockdown of γ-TuRCs within 

model systems affects dynamic microtubules in all neuronal compartments10–14 and 

mutations in γ-TuRC genes have been linked to human neurodevelopmental 

disorders15–17. 

 

γ-TuRCs assemble in the cytosol but they are typically inactive until recruited to 

specific sites, such as microtubule organising centres (MTOCs), the cytosol around 

mitotic chromatin or the sides of pre-existing microtubules via Augmin/HAUS18–22. A 

range of MTOCs exist, including centrosomes, the Golgi apparatus and the nuclear 
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envelope, and different cells use different MTOCs to help generate and organise their 

specific microtubule arrays18. γ-TuRC recruitment occurs via γ-TuRC “tethering 

proteins” that simultaneously bind to the MTOC and γ-TuRC, possibly also helping to 

activate the γ-TuRC. An example is Drosophila Centrosomin (Cnn) and its mammalian 

homologue CDK5RAP2, which recruit γ-TuRCs to centrosomes during mitosis23–26 

and whose binding can activate γ-TuRCs27–29. γ-TuRCs can be recruited to different 

MTOCs by different tethering proteins, and it was also recently shown that different 

isoforms of Cnn can mediate recruitment to different MTOCs29. Thus, there is 

potentially a wide-range of γ-TuRC recruitment mechanisms available and 

understanding which mechanisms are used in different cells, including neurons, 

remains poorly understood.   

 

Although it is known that γ-tubulin is important10–14, it remains unclear how microtubule 

nucleation is regulated within neurons. During early development of mammalian 

neurons, the centrosome within the soma nucleates microtubules30 that are severed 

and transported into neurites via motor-based microtubule sliding31. Microtubules 

sliding is also important for axon outgrowth in Drosophila cultured neurons32,33, and 

for establishing microtubule polarity34–38. Centrosomes are inactivated, however, at 

later developmental stages30 and are dispensable for neuronal development in both 

mammalian and fly neurons30,39. No other active MTOCs within the neuronal soma 

have been described. Nevertheless, microtubules continue to grow within the 

soma11,39, and in mammalian neurons this depends in part on HAUS11, which is also 

important for microtubule growth within axons and dendrites11,40. Some MTOCs have 

been identified within dendrites in different neurons. For example, the basal body, or 

its surrounding region, within C. elegans ciliated neurons acts as an MTOC at the 

distal end of the dendrite5; this is also true of the URX non-ciliated neuron, but the 

identity of the MTOC is unclear5. Within the dendrites of Drosophila dendritic 

arborisation (da) neurons, fragments of Golgi called Golgi outposts have been 

proposed to recruit γ-TuRCs and act as MTOCs12,41,42.  

 

Drosophila da neurons are a particularly good model to study microtubule generation 

and organisation within neurons in vivo. Their cell bodies and dendritic arbors lie just 
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below the epidermis, making them ideal for imaging through the translucent body wall. 

They are specified during embryogenesis and are categorised into four classes based 

on their dendritic morphology, with class I neurons having the simplest branching 

pattern and class IV neurons the most elaborate43. Class I neurons are proprioceptive, 

detecting the peristaltic movements of the larvae, and thus have parallel dendrites that 

run in a specific anterior-posterior orientation forming a “comb-like” arbor. In contrast, 

class IV neurons are nociceptive, detecting external stimuli such as touch or heat, and 

they tile the surface of the larvae with each neuron displaying a dense branching 

pattern. In both neuronal classes, microtubules in axons are predominantly plus-end-

out throughout development, but microtubule polarity in dendrites progressively 

becomes more minus-end-out as the neurons develop, such that by late larval stages 

the majority of dynamic microtubules are minus-end-out44,49. Microtubule polarity 

within da neurons can be disrupted under various mutant or RNAi knockdown 

conditions10,12,41,42,45–48, but we still don’t have a full understanding of how microtubule 

polarity is normally established and maintained. 

 

Golgi outposts, which in both mammalian and Drosophila dendrites are involved in 

localised protein trafficking and membrane supply50–55, appear to also regulate 

microtubule nucleation in Drosophila da neurons12,41,42. Golgi outposts are enriched at 

dendritic branch points54,55 and studies in Drosophila suggest that microtubules 

nucleated from Golgi outposts help regulate dendritic branching and contribute to 

maintaining microtubule polarity12,41,42. Unlike the somatic Golgi, which in both 

mammalian cells and Drosophila comprises cis, medial and trans compartments 

organised into stacks and ribbons56,58, Golgi outposts can be either single- or multi-

compartment units with multi-compartment units having a higher propensity to initiate 

microtubule growth42. Within class I da neurons, Golgi outpost-mediated nucleation is 

thought to be dependent on the γ-TuRC-tethering protein Cnn and is thought to help 

restrict dendritic branching41, while within class IV neurons Golgi outpost-mediated 

nucleation is thought to be dependent on Pericentrin-like protein (Plp) and is thought 

to help promote dendritic branching12. There remains some uncertainty, however, 

about the role of Golgi outposts in microtubule nucleation, as a separate study that 

examined the localisation of ectopically expressed γ-tubulin-GFP concluded that γ-
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tubulin localises predominantly to dendritic branch points in a Golgi outpost-

independent manner10.  

 

In this study, we aimed to identify sites of microtubule nucleation within Drosophila da 

neurons. We used endogenously tagged γ-tubulin-GFP as a proxy for γ-TuRCs and 

made a detailed analysis of γ-TuRC localisation within both class I and class IV da 

neurons. We find variation between neuronal classes in how γ-TuRCs localise within 

dendrites, but find that the most prominent localisation of γ-TuRCs is at the somatic 

Golgi within all sensory neurons of the dorsal cluster. This association of γ-TuRCs with 

the somatic Golgi is not dependent on either Cnn or Plp. Using an in vivo microtubule 

nucleation assay, we show that the somatic Golgi is a genuine site of microtubule 

nucleation. Moreover, we also found that microtubules initially grow preferentially 

towards the axon, suggesting that microtubule nucleation events at the somatic Golgi 

are asymmetric, and that growing microtubules turn towards the axon in a Kinesin-2 

dependent manner. Growing microtubules readily enter axons contributing to plus-

end-out microtubule polarity, but are excluded from entering dendrites to help maintain 

minus-end-out polarity within proximal regions of the primary dendrites. This dendritic 

exclusion is also dependent on Kinesin-2. We therefore propose a model to explain 

microtubule guidance towards axons, and dendritic exclusion, based on Kinesin-2’s 

ability to associate with growing microtubule plus ends while simultaneously engaging 

with adjacent microtubules.  
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Results 
A detailed analysis of endogenous γ-tubulin localisation within class I and class IV da 

neurons  

We began by examining the localisation of γ-tubulin (as a proxy for γ-TuRCs) within 

class I and class IV da neurons. To avoid any potential artefacts induced by ectopic 

overexpression, we used alleles where γ-tubulin23C (the zygotic form of γ-tubulin) 

was tagged at its endogenous locus with GFP (57 and this study). We generated fly 

stocks expressing two genetic copies of endogenously-tagged γ-tubulin23C-GFP 

(hereafter γ-tubulin-GFP) and the membrane marker mCD8-RFP, expressed either in 

class I or class IV da neurons, and imaged living animals. We found that γ-tubulin-

GFP was not strongly enriched throughout the dendrites of either neuron (Fig. 1A; Fig. 

2A), but that we could detect discrete accumulations of γ-tubulin-GFP at specific 

dendritic sites. This varied between class I and class IV neurons, so we describe each 

neuron in turn below.  

 

For class I da neurons we focussed on the ddaE neuron (hereafter class I neurons), 

as these have been the most widely characterised. From 13 class I neurons analysed, 

we detected an average of 1.1 discrete γ-tubulin-GFP puncta per 100µm of dendrite 

(Fig. 1A). Most puncta were just above background intensity levels, although some 

were bright, and they were more frequently found outside of branchpoints (80.2% of 

puncta) than within branchpoints (19.8% of puncta). We could detect γ-tubulin-GFP 

signal in 18% of branchpoints; in approximately half of these branchpoints the γ-

tubulin-GFP appeared as puncta, often with multiple puncta per branchpoint, while in 

the other half of branchpoints the γ-tubulin-GFP signal was spread diffusely through 

the branchpoint (Fig. 1B). This diffuse signal was similar to that observed when γ-

tubulin-GFP is overexpressed10 (Fig. S1A), although it appeared that the frequency of 

branchpoint occupancy and the strength of the endogenous γ-tubulin-GFP signal was 

lower than that observed with ectopically expressed UAS-γ-tubulin-GFP. We noticed 

that class I neurons display “bubbles”, where the diameter of the dendrite is locally 

increased to differing extents (Fig. 1A); there were on average 2.6 “bubbles” per 

100µm of dendrite with a larger fraction found further from the soma; ~16.5% of 
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bubbles contained γ-tubulin-GFP signal, either as weak puncta or a diffuse signal (Fig. 

1C), and ~36.7% of the γ-tubulin-GFP puncta that we observed within dendrites were 

found within bubbles. To test whether γ-tubulin-GFP puncta within class I dendrites 

associate with Golgi outposts, we fixed and stained larval preps expressing γ-tubulin-

GFP with the neuronal membrane marker HRP and antibodies against GFP and the 

Golgi protein GM130. Out of 9 neurons from 3 larvae, we could only find one example 

where γ-tubulin-GFP colocalised with HRP, and in this case GM130 was also 

colocalised suggesting it was a Golgi outpost (Fig. 1D). GM130 labels only multi-

compartment Golgi outposts42 but HRP probably labels most, if not all, Golgi outposts; 

we chose not to use the ectopically expressed Golgi marker ManII-GFP used in 

previous studies, as we found that this can form puncta, enrichments and long 

stretches within class I dendrites that are not associated with HRP and thus may not 

represent genuine Golgi outposts, possibly because an excess of ManII protein 

causes ‘leakage’ from Golgi compartments (Fig. S1B). All γ-tubulin-GFP puncta 

(except for the single occasion noted above), including those within branchpoints, 

dendrites and bubbles, did not colocalise with HRP or GM130 (Fig. 1E,F). Thus, our 

data strongly suggests that γ-TuRCs do not typically associate with Golgi outposts 

within class I neurons, and instead localise to a fraction of branchpoints and dendritic 

bubbles in a Golgi outpost-independent manner. 

 

For class IV neurons we focussed on the ddaC neuron (hereafter class IV neurons), 

as these have also been the most widely characterised. We analysed two distinct 

dendritic regions that we term proximal (within ~100µm of the soma) and distal (over 

~200µm from the soma). We detected an average of 2.3 and 0.3 γ-tubulin-GFP puncta 

per 100µm of dendrite within proximal (10 neurons analysed) and distal (7 neurons 

analysed) regions, respectively, and the intensity of the majority was only just above 

background levels, including all of the puncta in the distal regions (Fig. 2A). 

Nevertheless, we consistently observed bright γ-tubulin-GFP puncta within the 

primary and secondary branchpoints close to the soma (Fig. 2A). 44.6% of γ-tubulin-

GFP puncta observed in the proximal regions were found within the large primary and 

secondary branchpoints, and 57% of these branchpoints contained γ-tubulin-GFP 

puncta, which were always relatively bright (Fig. 2A). Staining with HRP and GM130 
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antibodies showed that these bright γ-tubulin-GFP puncta associated with Golgi 

outposts (Fig. 2B). Intriguingly, γ-tubulin-GFP only colocalised with HRP puncta that 

also associated with GM130 (Fig. 2B), suggesting that γ-TuRCs are recruited only to 

multi-compartment Golgi outposts. The high frequency of proximal branchpoints that 

contained γ-tubulin-GFP puncta contrasted with the near absence of γ-tubulin-GFP 

puncta within the smaller branchpoints of the distal arbor, where only 1.7% of these 

branchpoints contained detectable but very weak γ-tubulin-GFP signal (Fig. 2A 

insets). In contrast to class I neurons, we found that the vast majority of ectopically 

expressed ManII-GFP puncta within class IV neurons colocalised with HRP and did 

not form large accumulations or stretches within the dendrites (Fig. 2C), suggesting 

that ectopically expressed ManII-GFP can be used as a reliable marker of Golgi 

outposts in class IV neurons; we observed an average of 11.7 and 5 ManII-GFP-

positive Golgi outposts per 100µm of dendrite in within proximal and distal regions, 

respectively, which is consistent with previous observations36 and far higher than the 

frequency of γ-tubulin-GFP puncta that we observed (compare Fig. 2A to Fig. 2C). 

Thus, only Golgi outposts within the proximal branchpoints of class IV neurons appear 

to readily associate with γ-TuRCs. In contrast to class I neurons, we very rarely 

observed γ-tubulin-GFP spread diffusely through branchpoints, suggesting that Golgi 

outpost-independent recruitment of γ-TuRCs to branchpoints is specific to class I 

neurons. Moreover, we found far fewer dendritic bubbles per 100µm of dendrite in 

class IV neurons (0.4 and 0.8 per 100µm dendrite in proximal and distal regions, 

respectively). Collectively, our data shows that Golgi outposts within class IV neuron 

branchpoints close to the soma frequently associate with γ-TuRCs, but that the 

majority of Golgi outposts do not.  

 

γ-tubulin-GFP localises to the somatic Golgi of sensory neurons in a Cnn- and Plp-

independent manner 

While we could only detect rare γ-tubulin-GFP puncta and enrichments within 

dendrites, the most striking and obvious localisation of γ-tubulin-GFP within both class 

I and class IV neurons was as multiple large bright puncta within their soma (Fig. 1A; 

Fig. 2A; Fig. 3A-C). We also observed similar puncta within the somas of other nearby 

sensory neurons (Fig. 3A), including external sensory neurons; these sensory neurons 
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possess basal bodies that appear to associate with large amounts of γ-tubulin-GFP 

(Fig. 3A). Staining with antibodies against HRP and the GM130, which in mammals 

localises to the cis-Golgi, showed that all γ-tubulin-GFP puncta within the soma of all 

sensory neurons associated with somatic Golgi stacks (Fig. 3B,C; Fig. S2), which are 

typically scattered throughout the cytosol in Drosophila cells while still maintaining cis-

medial-trans polarity58. These Golgi stacks can be oriented either side-on or face-on 

to the imaging plane, appearing either more elongated or circular, respectively. Our 

staining showed that the signals of γ-tubulin-GFP and GM130 partially overlapped at 

side-on stacks, with γ-tubulin-GFP extending further out laterally than GM130 (Fig. 

3B; Fig. S2A), suggesting that γ-tubulin-GFP localises on the rims of the cis-Golgi 

stack. Consistent with this, γ-tubulin-GFP surrounded GM130 in a ring-like pattern on 

face-on stacks (Fig. 3C; Fig. S2B). 

 

Two proteins, Cnn and Plp, were possible candidates for being responsible for γ-TuRC 

recruitment to the somatic Golgi, as their homologues are required for proper 

organisation of microtubules at the somatic Golgi in cycling mammalian cells24,59–61, 

and Cnn and Plp have been implicated in γ-TuRC recruitment to Golgi outposts in 

Drosophila class I and class IV neurons, respectively12,41.  Cnn is a multi-isoform gene 

with three sets of isoforms driven by three different promotors62 (Fig. S3A). Promoter 

one drives the best-studied isoform (that we term Cnn-P1) that localises to 

centrosomes during mitosis63–67; promoter two drives isoforms (Cnn-P2) that are yet 

to be characterised; and promoter three drives isoforms that are expressed specifically 

within testes29 and so have not been considered in this study. Immunostaining with 

previously-characterised antibodies against Cnn68 revealed only very weak, if any, 

signal within the soma of the sensory neurons and few, if any, obvious puncta within 

their dendrites, although the presumptive basal bodies of the external sensory neurons 

displayed a strong Cnn signal (data not shown). Given that antibody staining can be 

problematic, we generated flies where Cnn-P1 or Cnn-P2 were tagged with GFP at 

their isoform-specific N-termini (hereafter, GFP-Cnn-P1 and GFP-Cnn-P2; Fig. S3A). 

The GFP insertions appear functional as flies could be kept as homozygous stocks 

and the localisation of GFP-Cnn-P1 to centrosomes in syncytial embryos was normal 

(Movie S1). We made flies expressing two genetic copies of the GFP-tagged alleles 
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and the membrane marker mCD8-RFP specifically within class I da neurons, and 

imaged living larvae. Under these conditions, we could see only a very weak GFP-

Cnn-P1 signal within the soma (Fig. 4A), and staining with HRP and GM130 antibodies 

and an alexa-488-conjugated anti-GFP “nanobody” showed that only a weak signal of 

GFP-Cnn-P1 associated with the somatic Golgi sensory neurons (Fig. S3B); the GFP-

Cnn-P1 signal at the presumptive basal bodies of the external sensory neurons was 

very strong (Fig. S3B), but we did not detect GFP-Cnn-P1 associated with HRP puncta 

within dendrites (Fig. S3B; data not shown). In living larvae, GFP-Cnn-P1 puncta 

within the dendrites close to the soma were rare (Fig. 4A), but we observed clear GFP-

Cnn-P1 accumulations within dendritic bubbles located in the distal regions of the 

class I arbor (Fig. 4B), similar to the Golgi-independent γ-tubulin-GFP signal that is 

also found within these dendritic bubbles (Fig. 1C,F). Collectively our data suggests 

that GFP-Cnn-P1 does not readily associate with Golgi, but accumulates within a 

fraction of dendritic bubbles, possibly together with γ-tubulin.   

 

In contrast to GFP-Cnn-P1, we did not detect any obvious GFP-Cnn-P2 signal within 

either soma or dendrites (Fig. S3C). Instead, GFP-Cnn-P2 appeared to be expressed 

within glia cells that ensheath the axons, soma and part of the proximal dendritic region 

of the da neurons (Fig. S3C). These Glia are known to help regulate dendritic 

development69–71, and thus Cnn-P2 isoforms may have an indirect role in regulating 

neuronal development by supporting glia function. GFP-Cnn-P2 also localised strongly 

to the presumptive basal body of external sensory neurons (data not shown). 

Consistent with the localisation pattern of GFP-Cnn-P1 and GFP-Cnn-P2, γ-tubulin-

GFP could still associate with the somatic Golgi in cnn mutant larvae, but not to the 

basal bodies of external sensory neurons (Fig. 4C). We therefore conclude that Cnn 

is dispensable for γ-TuRC recruitment to the somatic Golgi within sensory neurons. 

 

In contrast to Cnn, antibodies against Plp readily stained the somatic Golgi marked by 

anti-HRP in all sensory neurons, including class I and class IV da neurons (Fig. S4A). 

The Plp signal was, however, largely offset from the γ-tubulin-GFP signal at Golgi 

stacks in both class I and class IV da neurons (Fig. 5A,B), suggesting that they localise 

to different Golgi compartments. Nevertheless, Plp associated with the HRP- and γ-
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tubulin-GFP-positive puncta within branchpoints close to the soma of class IV neurons 

(Fig. 5C), perhaps because these are multi-compartment Golgi outposts. Plp also 

associated strongly with the presumptive basal bodies of the external sensory neurons 

(Fig. S4B), and was enriched within a fraction of the distal dendritic bubbles of the 

class I arbor (Fig. S4C). Strikingly, γ-tubulin-GFP localisation at the somatic Golgi of 

all sensory neurons, including class I and class IV neurons, and at proximal Golgi 

outposts in class IV neurons, were unaffected in plp mutant larvae (Fig. 5D), despite 

the loss of γ-tubulin-GFP at the basal bodies of external sensory cilia (Fig. 5D). This 

result is consistent with γ-tubulin-GFP and Plp localising to different Golgi 

compartments (Fig. 5A,B).  

 

In summary, neither Plp nor Cnn are required for the efficient recruitment of γ-TuRCs 

to the somatic Golgi within sensory neurons, or to the few γ-tubulin-GFP positive Golgi 

outposts within class IV da neurons. 

 

The Somatic Golgi within da neurons nucleates microtubules 

We next wanted to assess whether the somatic Golgi is an active MTOC. We therefore 

generated flies expressing EB1-GFP and ManII-mCherry within class I da neurons 

and imaged microtubule growth events (marked by EB1-GFP comets) within the soma 

with respect to Golgi stacks for a period of up to 5 minutes. We manually tracked each 

EB1-GFP comet using Image-J and generated overlays such that the origins and 

paths of each comet could be easily visualised. While some comets originated at 

locations away from the Golgi, other EB1-GFP comets could be observed emerging 

from Golgi structures, including occasions where multiple EB1-GFP comets 

sequentially emerged from a single Golgi structure (Fig. 6A; Movie S2; note that the 

circle of each track represents the latest position of the EB1 comet). 

 

EB1-GFP marks all microtubule growth events, including both nucleation and 

microtubule rescue events (where the microtubule regrows after partial 

depolymerisation). Thus, the origin of EB1-GFP is not a perfect proxy for microtubule 

nucleation. We therefore used a microtubule regrowth assay where a temperature-

control device (CherryTemp, Biotech) was used to rapidly cool samples to 5°C and 
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then re-heat them to 20°C during continuous imaging of the sample. Cooling leads to 

the depolymerisation of dynamic microtubules that have not yet been stabilised by 

post-translational modifications or the binding or microtubule associated proteins. 

Warming results in microtubule polymerisation, such that depolymerised microtubules 

will re-grow from their nucleation sites. Moreover, any microtubules that grow a 

significant amount of time after warming represent new nucleation events. We 

observed no effect on the distribution of the somatic Golgi stacks during cooling-

heating cycles (Fig. 6B; Movie S2), consistent with these stacks not being organised 

by microtubules from the centrosome. Thermal fluctuations of the glass coverslip 

caused movements of the sample during the rapid temperature changes, making it 

difficult to follow the first few timepoints after cooling or warming. Nevertheless, we 

managed to make movies where the appropriate focal plane was reached shortly after 

warming and could observe EB1-GFP comets emerging from the ManII-mCherry-

labelled Golgi structures (green-labelled comets, Fig. 6B; Movie S2). Some comets 

emerged from Golgi stacks relatively late after warming (e.g between 50 and 120s 

post warming), suggesting that nucleation sites are not all “primed” to nucleate at the 

same time. Moreover, some comets emerged from non-Golgi sites (purple-labelled 

comets, Fig. 6B; Movie S2), suggesting that either other sites of microtubule nucleation 

exist or that the comets initially grew from Golgi in a different focal plane. Collectively, 

our data shows that microtubule nucleation occurs at the somatic Golgi in sensory 

neurons.  

 

Asymmetric nucleation and Kinesin-2-dependent plus-end-turning and dendritic 

exclusion help maintain microtubule polarity in axons and dendrites 

After finding that the somatic Golgi nucleates microtubules, we next wanted to 

determine the fate of these microtubules. We imaged class I da neurons expressing 

EB1-GFP for up to five minutes and followed the path of every visible EB1-GFP comet 

that emerged from within the soma. We filmed and tracked comets within nine neurons 

from nine different larvae and collated the data. Overall, ~10 comets originated from 

within the soma every minute (total of 400 comets in 2405s of imaging), which is similar 

to the ~9 comets per minute originating from Golgi in RPE1 cells72, and there did not 

appear to be a preferential position of origin (Movie S4) i.e. the comets did not 
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obviously originate closer to the axon or dendrites, consistent with nucleation from 

multiple well-distributed Golgi stacks. On initial viewing, however, it was obvious that 

many comets entered the axon, while few entered the dendrites (Fig. 7A; Movie S4). 

These neurons have a single axon but at least two primary dendrites, but strikingly we 

found that only 7.1% of comets that initiated within the soma approached the entrance 

of dendrites, while 34.6% approached the entrance of the axon (Fig. 7C); the 

remaining 58.2% of comets terminated before reaching either the axon or dendrites.  

 

We reasoned that the preference for comets to approach the axon rather than the 

dendrites could be due to either a preferential direction of microtubule nucleation or 

microtubule guidance post nucleation, or both. We observed several occasions where 

microtubules initially grew at a relatively large angle from the axon but then turned 

towards it and grew into it (Fig. 7A – see for example time 04:00; Movie S4), 

suggesting that growing microtubules might be directed along pre-existing 

microtubules towards the axon. Turning events similar to this have been observed 

within dendrites, where it has been proposed that the plus-end-directed motor Kinesin-

2 associates via its tail with the plus end of a growing microtubule and that Kinesin-2’s 

motor domains simultaneously engage with the shaft of an adjacent microtubule, 

therefore guiding the plus end of the growing microtubule towards the plus end of the 

adjacent microtubule47,49. Indeed, most turning events within the soma no longer 

occurred when we knocked down the regulatory subunit of Kinesin-2, Kap3 (Movie 

S5); comets grew in straight lines unless they collided with the nuclear envelope or 

cell cortex (although they could still traverse the edge of the cell) (Fig. 7B; Movie S5). 

Kinesin-2-dependent turning appeared to be important for directing growing 

microtubules towards the axon, as only 12.9% of comets that originated within the 

soma approached the entrance of the axon in kap3 RNAi neurons (compared to 34.6% 

in controls) (Fig. 7C).  

 

Despite these turning events, we also measured the angle of initial EB1-GFP comet 

growth (i.e. before any turning occurs) by drawing an imaginary line joining the 

entrance of the axon to the origin of each EB1-GFP comet within control neurons 

(indicated in Fig. 7A) and plotted the data as a frequency distribution chart (Fig. 7D). 
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In this way, a comet that initially grows towards the axon would have a very acute 

angle (e.g. between 0° and 30°), while comets growing away from the axon would 

have an obtuse angle (between 90° and 180°). We found that there was a strong bias 

for comets to initially grow with an acute angles (Fig. 7D): 40% of comets grew with 

an angle less than 30° and 59% of comets grew with an angle less than 60°. In 

contrast, only 30% of comets grew will an angle above 90°. Thus, as well as kinesin-

2-dependent turning events, our data suggests that asymmetric microtubule 

nucleation from the somatic Golgi helps direct microtubule growth towards the axon. 

 

While directed microtubule nucleation and turning events within the soma appear to 

contribute to more microtubules entering axons than dendrites, we also noticed that 

EB1-GFP comets approaching the entrance to a dendrite frequently disappeared in 

control neurons (Movie S4). Indeed, of the 18 comets that approached the entrance 

to a dendrite only 4 (22.2%) entered (1.6% of all comets) (Fig. 7E); in contrast, of the 

45 comets that approached the entrance to the axon 26 (~57.8%) entered (17.8% of 

all comets) (Fig. 7E). Thus, growing microtubule ends within the soma appear to be 

excluded from entering dendrites but not axons. Moreover, of the four comets that 

entered a dendrite, two appeared to be growing minus ends because they originated 

from a comet splitting event, where two comets emerge from one and travel in opposite 

directions (Movie S6). Thus, exclusion of growing microtubules from dendrites may be 

specific to plus ends. Moreover, EB1-GFP splitting events, which have been observed 

previously within these neurons73, suggest that at least some of the microtubules 

nucleated from the Golgi may be released or severed to allow growth at both ends.  

 

Strikingly, we found that when Kinesin-2 was knocked down many more EB1-GFP 

comets could enter dendrites. From the four movies of Kap3 RNAi neurons that we 

made, 50 comets approached the entrance to a dendrite and of these 28 (56%) 

entered (6.7% of all comets). EB1-GFP comets could also still readily enter axons in 

Kap3 RNAi neurons: of the 54 comets that approached the entrance to the axon, 43 

(~79.6%) entered (10.3% of all comets) (Fig. 7E). The lack of exclusion of EB1-GFP 

comets from entering dendrites strongly affected microtubule polarity within the 

proximal region of primary dendrites. When including both comets that grew into 
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dendrites and comets that originated within dendrites, 80 of 126 comets (63.5%) were 

anterograde (plus-end-out) in Kap3 RNAi neurons, while only 11 of 146 comets (7.5%) 

were anterograde in control neurons (Fig. 7F). It is important to note that these comets 

were observed within the proximal regions of the primary dendrites, prior to any 

branches, meaning that any anterograde comets must represent microtubules that 

have grown into the dendrite from the soma and not microtubules that have turned the 

wrong way at dendritic branchpoints.  

 

A model for asymmetric microtubule nucleation, growth and neurite entry 

Based on our observations, we propose a model to help explain how microtubule 

polarity is maintained within axons and dendrites (Fig. 7G). In this model, γ-TuRCs 

are localised to the cis-Golgi within the soma and microtubule nucleation events are 

preferentially directed towards the trans Golgi due to the presence of as yet 

unidentified proteins at the trans Golgi that stabilise growing microtubule ends, such 

as CLASP72. Cis-medial-trans orientation of Golgi stacks towards the axon would 

ensure initial growth of microtubules to occur towards the axon. Post microtubule 

nucleation, Kinesin-2 associates via its tail with the growing plus end and the motor 

domains engage microtubules that are preferentially oriented with their plus ends 

pointing towards the axon (due to asymmetric nucleation from the Golgi). This leads 

to the plus end of the growing microtubule being guided towards along the adjacent 

microtubule towards the axon. Any microtubules that do happen to grow towards the 

dendrites are excluded from entering when plus-end-associated kinesin-2 engages 

with a dendritic microtubule with the opposite polarity. This is because Kinesin-2 would 

exert a backward force on the growing plus end, presumably leading to plus end 

stalling and microtubule depolymerisation. 
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Discussion 
Drosophila da neurons are a good in vivo model for understanding how neuronal 

microtubules are regulated, but it has remained unclear how neuronal microtubules 

are generated and organised. In this paper, we find that the major catalysts of 

microtubule nucleation, γ-TuRCs, associate with Golgi stacks within the soma of 

Drosophila sensory neurons, including da neurons. We show for the first time that the 

somatic Golgi is an active MTOC within relatively mature neurons and that this activity 

generates microtubules destined for the axon. Microtubules within the soma initially 

grow with a preference towards the axon, suggesting that microtubule nucleation from 

the somatic Golgi may be asymmetric. Moreover, growing microtubules exhibit 

Kinesin-2-dependent turning events that help lead growing microtubules towards the 

axon entry site. As such, many more growing microtubule plus ends reach the axon, 

rather than the dendrites, and they readily enter. In contrast, microtubules that attempt 

to grow into dendrites are normally excluded, again in a Kinesin-2-dependent manner. 

Our data therefore suggests that Kinesin-2 guides growing plus ends within the soma, 

similar to how it guides microtubule turning events within dendrites47,49, to help somatic 

microtubules grow into the axon and to help maintain minus-end-out microtubule 

polarity within dendrites. Our data also helps to resolve the current controversy 

regarding whether γ-TuRCs function at Golgi outposts or at dendritic branch points in 

a Golgi independent manner – we find that both situations exist, but are rarer than 

previously thought and occur in a neuronal-class-specific and spatially-restricted 

manner. 

 

While our study shows for the first time that the somatic Golgi generates microtubules 

within neurons, microtubule nucleation from the somatic Golgi is known to occur in 

other cell types, including fibroblasts and various types of cultured mammalian cells in 

interphase59–61,72,74–76. Moreover, at least some microtubules nucleated from the 

somatic Golgi of mammalian cells also grow in a directional manner72; this may be 

particularly important in motile fibroblasts, where Golgi-derived microtubules grow 

towards the leading edge and may help generate the asymmetric microtubule array 

required for cell motility72, and potentially during invasion of cancer cells that establish 

a polarised pseudopod that is dependent on Golgi-anchored microtubules59. Directed 
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microtubule nucleation likely relies on the inherent polarity of the Golgi stacks. The 

consensus emerging is that microtubule nucleation occurs at the cis-Golgi due to the 

recruitment of γ-TuRCs via direct or indirect interactions with cis-Golgi proteins such 

as GMAP210, AKAP450, Myomegalin and CDK5RAP2 (homologues of Cnn)24,59,61,75–

77. CLASPs, which localise to the trans-Golgi, are also required for Golgi-derived 

microtubulesi72, and it has been suggested that the plus ends of microtubules growing 

from the cis-Golgi are stabilised by CLASPs at the trans-Golgi and that this dictates a 

cis-to-trans directionality of microtubule growth from the Golgi60,78–80. Whether this 

occurs in Drosophila neurons remains to be explored. Drosophila CLASP is known to 

be a plus-tip protein within axons81 and is required for axon guidance82, but to our 

knowledge a role at the Golgi in any Drosophila cell type has not yet been reported. 

 

Intriguingly, the somatic Golgi can “compete” with centrosomes for the ability to 

organise microtubules59,76,83. For example, γ-tubulin can be detected at the Golgi only 

after depletion of centrosomes in RPE1 cells59. This Golgi-centrosome competition 

could also be true in neurons, as centrosomes are proposed to be inactive in 

Drosophila motor and sensory neurons39, and the centrosomes in mammalian cultured 

neurons are active only during early development30. An intriguing possibility is that γ-

TuRCs are redistributed from centrosomes to the Golgi during neuronal development, 

as asymmetric nucleation from the Golgi may be necessary for maintaining 

microtubule polarity within axons and dendrites during later development. Studies in 

mammalian cultured neurons, however, have not reported γ-TuRC localisation or 

microtubule nucleation at the somatic Golgi11,13,14, with one study showing that 

nucleation within the soma was dependent at least in part on HAUS11, which mediates 

the recruitment of γ-TuRCs to pre-formed microtubules. Thus, while γ-tubulin-

dependent microtubule nucleation occurs within the soma of cultured mammalian 

neurons, even up until 21 days in vitro14, it is possible that nucleation from the somatic 

Golgi is specific to Drosophila neurons, although one cannot rule out that microtubules 

may be nucleated from the somatic Golgi within different types of mammalian neurons 

or within mammalian neurons in vivo. 
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Our analysis was carried out in third instar larvae where the neurons are fully 

developed and functional. The axon has already extended and made connections in 

the central nervous system and the dendritic arbor is established, except for some 

terminal branches in distal dendrites of class IV neurons that remain dynamic even 

into late larval stages. It is thus somewhat surprising that microtubules continue to be 

nucleated within the soma. It is likely that somatic microtubules are necessary for 

transport of cargos to axonal and dendritic entry sites and it is possible that the somatic 

microtubule population needs constant renewal. Given that we find Golgi-derived 

microtubules grow preferentially towards the axon and that somatic Golgi stacks are 

distributed throughout the soma, it is possible that there is an overall microtubule 

polarity within the soma itself, with more plus ends pointing towards the axon. Even 

small biases in the orientation of microtubules within a network can be important for 

polarised distribution of components, such as in Drosophila oocytes84, so it is possible 

that a similar bias within neuronal soma is important for directing molecules into axons 

and dendrites. Alternatively, or in conjunction with this, the Golgi-derived microtubules 

that continually grow into axons may be necessary to support axonal function 

throughout the lifetime of the neuron, possibly because of damage caused to axonal 

microtubules during motor-driven cargo transport85. 

 

If there is an asymmetric microtubule network within the soma, it may also be important 

for guiding growing microtubules towards the axon, rather than towards the dendrites. 

We have shown that Kinesin-2 mediates turning events within the soma that increase 

the proportion of growing microtubules reaching the axon entry site. The plus-end-

directed motor Kinesin-2 is thought to associate via its tail region with growing plus 

ends due to an interaction with APC, which itself binds to EB149. In vitro experiments 

have shown that Kinesin-2 can guide microtubule plus ends along adjacent 

microtubule when Kinesin-2 is artificially tethered to the plus end86,87, and this 

guidance mechanism appears to be true at dendritic branchpoints in vivo where 

Kinesin-2 is necessary for microtubules to turn towards the soma47,49. APC-2 is 

believed to recruit APC to branchpoints where it can function in plus end turning47, but 

APC-2 also accumulates with the soma of class I neurons47,49. We therefore think that 

a similar mechanism works in the soma, where plus-end-associated Kinesin-2 directs 
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growing microtubules towards the axon along an asymmetric microtubule network 

(with more plus ends pointing towards the axon) that has been established by 

asymmetric nucleation from the somatic Golgi. Moreover, the role of Kinesin-2 at plus 

ends is not specific to turning events. We find that Kinesin-2 is necessary for the 

exclusion of growing plus ends from entering dendrites. Presumably, plus-end-

associated Kinesin-2 exerts a backward force on growing microtubules when they 

grow close enough to a microtubule with opposite polarity, such is the case when 

somatic microtubules attempt to grow into dendrites (Fig. 7G). While it is already 

known that Kinesin-2 is necessary for maintaining minus-end-out polarity within 

dendrites47,49, these previous studies assessed polarity within dendrites further from 

the soma. Our analysis is different in that we have assessed microtubule polarity in 

the proximal region of the primary dendrite, before any dendritic branches. Thus, the 

large fraction of microtubules that display plus-end-out polarity after Kinesin-2 RNAi 

within the proximal dendrite cannot originate from microtubules that turn the wrong 

way at dendritic branchpoints; the reversal of polarity within this region is produced 

purely from microtubules growing into the dendrites from the soma.    

 

Until this present study, it had remained unclear where γ-TuRCs were localised within 

Drosophila da neurons. Golgi outposts within the dendrites have been proposed as 

sites of γ-TuRC recruitment and microtubule nucleation12,41,42, but these studies did 

not examine the in vivo localisation of γ-TuRCs. Another study questioned the role of 

Golgi outposts in microtubule nucleation by showing that ectopically expressed γ-

tubulin-GFP is concentrated within dendritic branchpoints independent of Golgi 

outposts39. In this study, we used endogenously tagged γ-tubulin-GFP, and we only 

analysed cells expressing two genetic copies (which is necessary due to the lower 

expression levels of endogenously regulated proteins compared to genes driven from 

ectopic promotors). From our analysis, we conclude that only Golgi outposts located 

within the proximal branchpoints of class IV neurons readily associate with γ-TuRCs. 

The γ-tubulin-GFP signal at these Golgi outposts was relatively bright and easy to 

detect, proving that accumulations of γ-tubulin-GFP can be detected away from 

centrosomes. We did not detect any bright γ-tubulin-GFP puncta within any other 

regions of the class IV arbor, and any weak puncta were far less numerous than HRP 
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puncta and ManII-mCherry puncta. Collectively, this suggests that the vast majority of 

Golgi outposts within class IV neurons lack γ-TuRCs.  

 

The situation within class I da neurons dendrites is both similar and different. We only 

observed one occasion from 9 neurons where a Golgi outpost had detectable γ-

tubulin-GFP signal. Instead, we found that γ-tubulin-GFP accumulated within a 

fraction of dendritic branchpoints and dendritic bubbles in a Golgi-independent 

manner. The accumulation in branchpoints resembles that observed when γ-tubulin-

GFP is over-expressed, but we stress that endogenous γ-tubulin-GFP accumulations 

within branchpoints are less numerous, weaker, and occur in class I but not class IV 

da neurons.    

 

While our data suggests that most Golgi outposts do not recruit γ-TuRCs, we cannot 

rule out that Golgi outposts recruit undetectable numbers of γ-TuRCs that are 

sufficient for microtubule nucleation. We also cannot rule out that Golgi outposts 

regulate microtubule formation or growth in a γ-TuRC-independent manner. Recent 

studies have highlighted the role of TOG and TPX2 protein families in microtubule 

nucleation88 and these proteins can promote microtubule nucleation in vitro in the 

absence of γ-TuRCs89,90. Indeed, depletion of the Drosophila TOG domain protein, 

Msps, strongly reduces EB1-comets within da neuron dendrites91. Structures such as 

Golgi outposts may also sequester and stabilise severed microtubules and then help 

control their subsequent polymerisation. We can rule out, however, a role for Plp and 

Cnn in recruiting γ-TuRCs to Golgi, including both somatic Golgi and Golgi outposts. 

While Plp associates with both the somatic Golgi and Golgi outposts, Plp localises 

primarily to a different Golgi compartment than γ-tubulin-GFP and γ-tubulin-GFP 

remains associated with the somatic Golgi and proximal Golgi outposts within plp 

mutant class IV neurons. γ-tubulin-GFP also remains associated with the somatic 

Golgi in cnn mutants and endogenous Cnn localises to dendritic bubbles rather than 

to Golgi outposts. It will therefore be interesting to investigate whether the dendritic 

arborisation defects observed in cnn mutant class I da neurons41 and plp mutant class 

IV da neurons12 are at least partly due to non-cell-autonomous defects. With this in 
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mind, it is interesting that we have found that the previously uncharacterised Cnn-P2 

isoform is expressed strongly within the Glial cells that ensheath the da neurons.  

 

In summary, our data shows that that microtubules are nucleated from the somatic 

Golgi within Drosophila sensory neurons and that Kinesin-2 mediates directional 

microtubule growth towards the axon and exclusion of growing microtubules from 

entering dendrites. These processes help supply microtubules into axons and 

maintain minus-end-out microtubule polarity within dendrites, respectively. Our data 

regarding class I – specific dendritic bubbles enriched with potential microtubule 

regulators also suggests that microtubule formation is controlled differently in different 

classes of neurons, which could in theory lead to different dendritic branching patterns.   
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Figure legends 

 
Figure 1 

Endogenously-tagged γ-tubulin-GFP localises to a fraction of branchpoints and 
dendritic bubbles within class I da neurons. (A) Fluorescent confocal images of 

the proximal region of a class I da neurons expressing 221-gal4>UAS-mCD8-RFP 

(greyscale) within a living 3rd instar larvae expressing two copies of endogenously-

tagged γ-tubulin-GFP (green). Left panel (A) shows an overlay of the GFP and RFP 

signals, right panel (A’) shows only the GFP signal with the outline of the neuron drawn 

for convenience; white, blue and orange arrowheads indicate γ-tubulin-GFP puncta or 

accumulations within dendritic stretches, branchpoints and dendritic bubbles, 

respectively. (B,C) Selected images of γ-tubulin-GFP-positive branchpoints (B) or 

dendritic bubbles (C) from different class I da neurons within living 3rd instar larvae 

expressing 221-gal4>UAS-mCD8-RFP and γ-tubulin-GFP, as in (A), highlighting the 

variability in γ-tubulin-GFP signal within branchpoints and dendritic bubbles. (D-F) 

Confocal images show branchpoints (D,E) or dendritic bubbles (F) from 3rd instar 

larvae expressing endogenous γ-tubulin-GFP fixed and immunostained with 

antibodies against GFP (green), GM130 (magenta) and HRP (greyscale). γ-tubulin-

GFP signal within dendrites was only once observed co-localising with GM130 and 

HRP signal (D), with all other occasions indicating Golgi-independent localisation at 

both branchpoints (E) and dendritic bubbles (F). See also Figure S1. 

 

Figure 2 
Endogenously-tagged γ-tubulin-GFP localises to a small fraction of proximal 
Golgi outposts within class IV da neurons. (A) Fluorescent confocal images of the 

proximal region of a class IV da neurons expressing ppk-gal4>UAS-mCD8-RFP 

(greyscale) within a living 3rd instar larvae expressing two copies of endogenously-

tagged γ-tubulin-GFP (green). Left panel (A) shows an overlay of the GFP and RFP 

signals, right panel (A’) shows only the GFP signal with the outline of the neuron drawn 

for convenience; insets show examples of distal dendrites located far from the soma; 

white and yellow arrowheads indicate bright or weak γ-tubulin-GFP puncta within 

proximal or distal dendrites, respectively. (B) Images show a γ-tubulin-GFP-positive 
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proximal branchpoint from a 3rd instar larva expressing endogenous γ-tubulin-GFP 

fixed and immunostained with antibodies against GFP (green), GM130 (magenta) and 

HRP (greyscale). Stars indicate GM130 foci from overlapping epidermal cells. 

Arrowhead indicates a γ-tubulin-GFP-positive Golgi outpost that contains both GM130 

and HRP signal; these types of Golgi outposts were frequently observed within 

proximal class IV branchpoints. Other HRP puncta do not co-localise with GM130 or 

γ-tubulin-GFP, suggesting that only GM130-positive Golgi outposts recruit γ-TuRCs. 

(C) Confocal images show the proximal region of a class IV dendritic arbor within a 3rd 

instar larva expressing ppk-gal4>UAS-ManII-GFP (to mark medial Golgi) fixed and 

immunostained with antibodies against GFP (fire) and HRP (greyscale within insets). 

HRP staining is shown within insets for regions of the arbor that contain ManII-GFP 

puncta – note how each ManII-GFP puncta colocalises with an HRP puncta, indicating 

that ectopically expressed ManII-GFP can be used as a reliable Golgi outpost marker 

within class IV neurons (this is not true of class I neurons – see Figure S1B).  

 

Figure 3 

Endogenously-tagged γ-tubulin-GFP localises to the somatic Golgi of sensory 
neurons. (A) Confocal images show the somas and some proximal dendrites of 

sensory neurons within the dorsal cluster, including class I (yellow), class IV (blue), 

external sensory (pink) and other unidentified neurons (orange) from a 3rd instar larva 

expressing two copies of endogenously-tagged γ-tubulin-GFP and immunostained 

with antibodies against GFP (green) and HRP (greyscale). Upper panel (A) shows an 

overlay of the GFP and HRP signals, lower panel (A’) shows only the GFP signal with 

coloured outlines of the different neurons drawn for convenience. HRP staining marks 

the multiple well-distributed Golgi stacks within the soma of each neuron and co-

localises with γ-tubulin-GFP signal. (B, C) Confocal images show the soma of class I 

(B) or class IV (C) da neurons from a 3rd instar larva expressing two copies of 

endogenous γ-tubulin-GFP fixed and immunostained with antibodies against GFP 

(green), GM130 (magenta) and HRP (greyscale). γ-tubulin-GFP and GM130 signals 

associate at presumptive side-on stacks (enlarged boxes in (B)) and end-on stacks 

(enlarged boxes in (C)) in a way that suggests γ-TuRCs are recruited to the rims of 

the cis-Golgi. See also Figure S2. 
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Figure 4 

Cnn-P1 localises to dendritic bubbles within class I da neurons and is 
dispensable for γ-tubulin-GFP recruitment to the somatic Golgi. (A,B) 

Fluorescent confocal images of proximal (A) and distal (B) regions of class I da 

neurons expressing 221-gal4>UAS-mCD8-RFP (greyscale) within a living 3rd instar 

larvae expressing two copies of endogenously-tagged GFP-Cnn-P1 (green). Upper 

panels show an overlay of the GFP and RFP channels, lower panels show only the 

GFP channel with the outline of the neurons drawn for convenience. Arrowhead in (A) 

indicates a rare dendritic GFP-Cnn-P1 puncta within a proximal dendritic bubble, while 

arrowheads in (B) indicate more frequent GFP-Cnn-P1 accumulations within distal 

dendritic bubbles. (C) Confocal images show the somas and some proximal dendrites 

of sensory neurons within the dorsal cluster from a 3rd instar cnn mutant larva 

expressing two copies of endogenously-tagged γ-tubulin-GFP and immunostained 

with antibodies against GFP (green), HRP (greyscale) and Cnn (magenta). HRP 

staining marks the multiple well-distributed Golgi stacks within the neuronal soma of 

each neuron and co-localises with γ-tubulin-GFP within the class I da neuron soma of 

these cnn mutant larvae, as indicated in (C’). HRP staining also appears to mark the 

presumptive basal bodies of external sensory neurons (see also Figure 3), which 

within these cnn mutants lacks both Cnn and γ-tubulin-GFP signal, as indicated in 

(C’’). See also Figure S3. 

 
Figure 5 
Endogenous Plp localises to Golgi but is dispensable for γ-tubulin-GFP 
recruitment to both somatic Golgi and Golgi outposts. (A-C) Confocal images 

show the soma of class I (A) or class IV (B) da neurons and a proximal branchpoint of 

a class IV neuron (C) from 3rd instar larvae expressing two copies of endogenous γ-

tubulin-GFP fixed and immunostained with antibodies against GFP (green), Plp 

(magenta) and HRP (greyscale). γ-tubulin-GFP and Plp signals associate with Golgi 

stacks within the soma of both class I (B) and class IV (C) neurons but are slightly 

offset, indicating that γ-TuRCs and Plp localise to different Golgi compartments. This 

can be best seen in the enlarged images of Golgi stacks on the right of (A) and (B). 
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Arrowhead in (C) indicates a γ-tubulin-GFP-positive Golgi outpost that contains both 

Plp and HRP signal; these types of Golgi outposts were frequently observed within 

proximal class IV branchpoints. (D) Confocal images show the somas and some 

proximal dendrites of sensory neurons within the dorsal cluster, including class I 

(yellow), class IV (blue), external sensory (pink) and other neurons within the dorsal 

cluster (orange) from a plp mutant 3rd instar larva expressing two copies of 

endogenously-tagged γ-tubulin-GFP and immunostained with antibodies against GFP 

(green), HRP (greyscale) and GM130 (magenta). Left panel (D) shows an overlay of 

the GFP and HRP signal, with insets showing overlays of γ-tubulin-GFP and GM130 

for the class I soma (yellow box) and class IV soma (blue box); right panel (D’) shows 

the GFP channel with coloured outlines of the different neurons drawn for 

convenience, with insets showing the γ-tubulin-GFP, HRP and GM130 signals from a 

class IV proximal branchpoint. Note how γ-tubulin-GFP is still strongly associated with 

the somatic Golgi and proximal Golgi outpost, but not the basal bodies of external 

sensory neurons, in these plp mutants. See also Figure S4. 

 

Figure 6 
Somatic Golgi stacks nucleate microtubules. (A,B) Widefield fluorescent images 

from movies showing the somas of class I da neurons expressing 221-gal4>UAS-EB1-

GFP (greyscale) and 221-gal4>UAS-ManII-mCherry (magenta). Each EB1-GFP 

comet was manually tracked in image J and the tracks were drawn over each image, 

with the last location of the EB1-GFP comet indicated by a filled circle. The arrow in 

(A) indicates a Golgi stack where sequential EB1-GFP comets emerge during the 

movie. The sample in (B) was subjected to a warm-cool-warm temperature cycle to 

induce depolymerisation of dynamic microtubules (5˚C) for 3 minutes and then 

microtubule polymerisation (20˚C), revealing sites of microtubule nucleation. Tracks in 

(A) are drawn in default multi-colour, while tracks in (B) are manually colour coded to 

indicate comets that emerged from Golgi stacks (green) and those that emerged from 

elsewhere (purple). Time in min:s from either the start of the movie (A) or from the 5˚C 

to 20˚C transition (B) is shown in the top right of each image. EB1-GFP comets emerge 

from multiple Golgi stacks both during normal imaging (A) and during microtubule 

polymerisation after warming (B). Note how some microtubules emerge from Golgi 
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stacks over a minute after warming, showing that these are newly nucleated 

microtubules. See also Movie S2 and Movie S3. 

 

Figure 7 
Microtubules within the soma grow preferentially towards the axon and are 

excluded from entering dendrites in a Kinesin-2-dependent manner. (A,B) 

Widefield fluorescent images from movies showing the somas of class I da neurons 

expressing either 221-gal4>UAS-EB1-GFP alone (control) or 221-gal4>UAS-EB1-

GFP and 221-gal4>UAS-Kap3 RNAi (Kinesin-2 RNAi). Each EB1-GFP comet 

(greyscale) was manually tracked in image J and the tracks are drawn in default multi-

colour over each image, with the last location of the EB1-GFP comet indicated by a 

filled circle. Time in min:s from the start of the movie is shown in the bottom right of 

each image. In control neurons (A), EB1-GFP comets can turn within the soma and 

readily grow into axons but not dendrites. In Kinesin-2 RNAi neurons (B), comets fail 

to turn within the soma unless they encounter the nuclear envelope or cell cortex, and 

comets can readily grow into both axons and dendrites. (C) Graph shows the % of 

comets that approach either the axon (green) or the dendrites (magenta) in either 

control (left) or Kinesin-2 RNAi (right) class I da neuron soma. (D) Graph shows a 

frequency distribution of the initial angle of EB1-GFP comet growth (before turning) 

from an imaginary line joining the comet’s origin to the entrance of the axon (as 

indicated in (A)) within the soma of control neurons. A smaller angle represents growth 

towards the axon. (E) Graph shows the % of comets that enter the axon (green) or the 

dendrites (magenta) (including only those comets that grew towards the axon and 

dendritic entry sites) in either control (left) or Kinesin-2 RNAi (right) class I da neuron 

soma. (F) Graph shows the % of comets that are either anterograde (plus-end-out; 

blue) or retrograde (minus-end-out; red) in the proximal primary dendrite (before any 

branches) in either control (left) or Kinesin-2 RNAi (right) class I da neurons. (G) A 

model depicting microtubule nucleation and growth within soma of control (upper 

section) and Kinesin-2 depleted (lower section) da neurons. γ-TuRCs localise to the 

somatic Golgi and nucleate microtubules preferentially towards the axon (i). In control 

neurons, Kinesin-2 at the plus ends of growing microtubules can guide growing 

microtubules towards the axon along a polarised microtubule network (ii). Growing 
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microtubules readily enter axons (iii) but are excluded from entering dendrites (iv). 

This is because plus-end-associated Kinesin-2 engages with microtubules of opposite 

polarity and exerts a backward force that leads to stalling and depolymerisation of the 

growing microtubule. In Kinesin-2 depleted neurons, microtubules are still nucleated 

from the somatic Golgi but they grow in straight lines, because their plus ends are no 

longer guided (v), until contact with the nuclear envelope (vi) or the cell cortex (not 

depicted). Microtubules that approach dendrites can now readily enter (vii) due to the 

lack of engagement with dendritic microtubules.   
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STAR methods 
Contact for Reagent and Resource Sharing 

Further information and requests for resources and reagents should be directed to and will be 
fulfilled by the Lead Contact, Paul Conduit (ptc29@cam.ac.uk).  

 
Experimental Model and Subject Details 

All fly strains were maintained at 18 or 25°C on Iberian fly food made from dry active yeast, 
agar, and organic pasta flour, supplemented with nipagin, propionic acid, pen/strep and food 

colouring. 

 
Drosophila melanogaster stocks 

The following fluorescent alleles were used in this study: γ-tubulin23c-sfGFP (Tovey et al., 
2018), γ-tubulin23c-eGFP (this study), sfGFP-Cnn-P1 (this study), sfGFP-Cnn-P2 (this study), 

UAS-mCD8-mRFP (BL 27392), UAS-EB1-GFP (BL 35512), UAS-ManII-mCherry (Susan 
Younger), and UAS-ManII-GFP (BL 65248).  The following fluorescent gal4 lines were used 

in this study: ppk-Gal4 Chr II (B32078) and Chr III (BL 32079) and 221-Gal4 (BL 26259). The 
following mutant alleles were used in this study: plp5 (BL 9567), plps2172 (BL 12089), cnnf04547 

(Exelixis at HMS), ppkCD4 td GFP (BL 35842), KAP RNAi (VDRC 45400 GD). 

 
For examining the endogenous localisation of γ-tubulin23C we used flies expressing γ-

tubulin23C-sfGFP and γ-tubulin23C-eGFP i.e. 2 copies of γ-tubulin23C-GFP, either alone or 
in combination with one copy of UAS-mCD8-RFP expressed under the control of one copy of 

either 221-Gal4 or the ppk-Gal4. For examining the localisation of Cnn, we used flies 
expressing two copies of either sfGFP-Cnn-P1 or sfGFP-Cnn-P2 either alone or in 

combination with one copy of UAS-mCD8-RFP expressed under the control of one copy of 
either 221-Gal4 or the ppk-Gal4. For examining the localisation of Plp in relation to medial 

Golgi, we used flies with one copy of UAS-ManII-GFP expressed under the control of one 
copy of either 221-Gal4 or the ppk-Gal4. For examining the localisation of γ-tubulin23C in the 

absence of Cnn or Plp, we used flies expressing two copies of γ-tubulin23C-(sf/e)GFP (as 

above) in a cnnf04547/cnn f04547 or plp5/plps2172 mutant background. For examining microtubule 
dynamics we used flies with one copy of UAS-EB1-GFP expressed under the control of one 

copy of either 221-Gal4 or the ppk-Gal4. For examining microtubule dynamics in relation to 
the Golgi we used flies with one copy of UAS-EB1-GFP and one copy of UAS-ManII-mCherry, 

both expressed under the control of one copy of either 221-Gal4 or the ppk-Gal4.  
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Method Details 

DNA cloning 
5-alpha Competent E. coli (High Efficiency) (NEB) cells were used for bacterial 

transformations, DNA fragments were purified using QIAquick Gel Extraction Kits (Qiagen), 
plasmid purification was performed using QIAprep Spin Miniprep Kits (Quiagen).  Phusion 

High-Fidelity PCR Master Mix with HF Buffer (ThermoFisher Scientific) was used for PCRs. 
 

Generating endogenously-tagged fly lines  
All endogenously-tagged lines were made using CRISPR combined with homologues 

recombination, by combining the presence of a homology-repair vector containing the desired 
insert with the appropriate guide RNAs and Cas9. The γ-tubulin23C-eGFP allele was 

generated by inDroso by initially inserting an SSSS-eGFP-3’UTR-LoxP-3xP3-dsRED-Lox P 

cassette before the selection markers were excised. The multi-serine insert acts as a flexible 
linker between γ-tubulin23C and eGFP. The following guide RNA sequences were used to cut 

either side of the 3’UTR: AGTCGATC|TGTGACCAGCGC and 
TTATGGTT|AATGTCGACTTG. The sfGFP-Cnn-P1 (insertion of sfGFP at the start of exon 

1a) and sfGFP-Cnn-P2 (insertion of sfGFP at the start of exon 1b) alleles were generated 
within the lab following the approach used previously58. Briefly, flies expressing a single guide 

RNA (either GTCGTGTTTAGACTGGTCCATGGG for Cnn-P1 or 
GTCGTTAAATGAAACATAGAATA for Cnn-P2) were crossed to nos-Cas9 expressing 

females and the resulting embryos were injected with a pBluescript plasmid containing sfGFP 
and linker sequence (4X GlyGlySer) flanked on either side by 1.5kb of DNA homologous to 

the cnn genomic locus surrounding the 5’ end of the appropriate coding region. The homology 

vectors were made by HiFi assembly (NEB) of PCR fragments generated from genomic DNA 
prepared from nos-Cas-9 flies (using MicroLYSIS, Microzone) and a vector containing the 

sfGFP tag (DGRC, 1314). Homology vectors were injected into embryos by the Department 
of Genetics Fly Facility, Cambridge, UK. F1 and F2 males were screened by PCR using the 

following primers: for sfGFP-Cnn-P1: forward primer: 
AAAGTTAACTATTTGAGGACCTCCCATGGTGTCCAAGGGCGAGGAG; reverse primer: 

CCCGCAAAACCTGTTTAGACTGGTCGGATCCGCCGCTACCTCCGCTTCCACCGGAACC
TCCCTTGTACAGCTCATCCATGCC; for sfGFP-Cnn-P2: forward primer: 

GCAAATGTTAAATGAAAGATACAATATGGTGTCCAAGGGCGAGGAG; reverse primer: 

GTGAGGTAGATCGAAAGATACCCGCGGATCCGCCGCTACCTCCGCTTCCACCGGAAC
CTCCCTTGTACAGCTCATCCATGCC. 
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Antibodies 

The following primary antibodies were used: anti-GFP mouse monoclonal at 1:250 (Roche, 
11814460001), anti-Cnn Rabbit polyclonal raised against first 660aa of Cnn-P1 (which 

includes amino acids 35-632 of Cnn-P2) at 1:100064, anti-Plp rabbit polyclonal at 1:50092, 
Alexa647 conjugated HRP polyclonal at 1:500 (Jackson), and anti-GM130 rabbit polyclonal at 

1:300 (Abcam). The following secondary antibodies were used: ATTO-488 GFP-booster at 
1:200 (Chromotek), Alexa-488 anti Mouse at 1:500 (ThermoFisher), Alexa-547 anti Rabbit at 

1:500 (ThermoFisher).  
 

Immunostaining 
Larvae were dissected as described previously93. The fillet preps were fixed in freshly 

prepared 4% formaldehyde for 20 minutes at room temperature and were then washed four 

times for 10 minutes in PBST (PBS + 0.1% TritonX-100). The preps were then blocked in 
PBST + 5% BSA for 1h at room temperature and incubated with the appropriate primary 

antibodies diluted in PBST overnight at 4°C. After washing in PBST for the whole day, 
changing washes every 30-45 minutes, samples were incubated in secondary antibodies 

diluted in PBST overnight at 4°C. The fillet preps were then washed for the whole day, 

changing washes every 30-45 minutes in PBST before mounting in Moviol. They were stored 

at -20°C and imaged within a week. 

 
Fixed and live cell imaging 

Imaging of all samples except for those expressing EB1-GFP or GFP-Cnn-P1 was carried out 
on an Olympus FV3000 scanning inverted confocal system run by FV-OSR software using a 

60X 1.4NA silicon immersion lens (UPLSAPO60xSiicon). For live samples, wandering L3 

larvae were placed in a drop of glycerol and flattened between a slide and a 22X22mm 
coverslip, held in place by double-sided sticky tape, and imaged immediately. Imaging of EB1-

GFP within da neurons and GFP-Cnn-P1 within embryos was performed on a Leica DM IL 

LED inverted microscope controlled by µManager software and coupled to a RetigaR1 

monochrome camera (QImaging) and a CoolLED pE-300 Ultra light source using a 63X 1.3NA 
oil objective (Leica 11506384). For EB1-GFP imaging, larvae were dissected in live imaging 

solution (ThermoFisher) to remove the majority of their insides and mounted in Schneider’s 

media supplemented with FBS and Pen/strep between a slide and 22X22mm coverslip held 
in place with tape and imaged immediately. When using the CherryTemp, the larvae were held 

between the CherryTemp chip and a 22X22mm coverslip. The CherryTemp software was 

used to rapidly change the temperature of the liquid within the flow chamber from 20°C to 5°C 
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after an initial 45s of imaging. The temperature was then rapidly changed back to 20°C  after 

a further 180s and the neurons were imaged for a further 135s. For all EB1-GFP imaging, 
single Z-plane Images were acquired every 3 seconds.  All images were processed using Fiji 

(ImageJ). EB1 comets were tracked using the Manual tracking plugin in Fiji.  
 

Quantification and Statistical Analysis  
Statistical analysis and graph production were performed using GraphPad Prism. For EB1-

comet analysis, we excluded comets that were present within the first timepoint (and thus may 

not represent newly growing microtubules). The angle of initial comet growth was measured 
using the angle tool within imageJ, by drawing lines from the axon entry site to the comet 

origin and then along the intial linear path of the comet. To assess whether comets 
approached axons or dendrites, we defined a region of the soma adjacent to the axon or 

dendrites and counted comets that entered this region as comets that had approached with 
the axon or dendrites. We scored comets as entering the axon or dendrites if they passed this 

region and grew even a short distance into the axon or dendrite. N numbers were as follows: 
9 larvae, imaged for an average of 267s. An average of 44.4 comets per neuron were 

observed with an average of 28 per neuron originating within the soma. An average of 21 
comets per neuron stopped before reaching the axon or soma, with an average of 5 comets 

per neuron reaching the axon and 2 comets per neuron reaching the dendrites. 
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Supplementary Figure legends 

 
Figure S1 – related to Figure 1 

Ectopically expressed γ-tubulin-GFP is strongly enriched in branchpoints and 
dendritic bubbles and ectopically expressed ManII is not a reliable marker of 

Golgi outposts in class I da neurons. (A) Fluorescent confocal images of the 

proximal region of a class I da neuron expressing 221-gal4>UAS-γ-tubulin-GFP 

(green) and 221-gal4>UAS-ManII-mCherry (magenta) within a living 3rd instar larvae. 

Left panel shows an overlay of the GFP and mCherry channels, middle and right 

panels show the GFP and mCherry channels, respectively. Blue and orange 

arrowheads indicate enrichments of ectopically expressed γ-tubulin-GFP within 

branchpoints and dendritic bubbles, respectively. (B) Fluorescent confocal images of 

distal dendrites from different class I da neurons expressing 221-gal4>UAS-ManII-

GFP fixed and immunostained with antibodies against HRP (greyscale). Arrowheads 

indicate HRP puncta that represent internal membrane, at least some of which could 

be Golgi outposts. Note how UAS-ManII-GFP spreads into regions of the class I 

dendrites, including dendritic bubbles, that do not contain HRP puncta, suggesting that 

over-expressing ManII in class I neurons leads to ‘leaking’ of the protein outside of 

Golgi outposts.    

 

Figure S2 – related to Figure 3 

Endogenously-tagged γ-tubulin-GFP localises to the somatic Golgi of sensory 

neurons. (A,B) Confocal images show the soma of an external sensory neuron (A) or 

another sensory neuron within the dorsal cluster (B) from 3rd instar larvae expressing 

two copies of endogenous γ-tubulin-GFP fixed and immunostained with antibodies 

against GFP (green), GM130 (magenta) and HRP (greyscale). γ-tubulin-GFP and 

GM130 signals associate at presumptive side-on stacks (extended GM130 signal) and 

end-on stacks (round GM130 signal) in a way that suggests γ-TuRCs are recruited to 

the outer face of the cis-Golgi. 

 

Figure S3 – related to Figure 4 
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Cnn-P1 is not strongly associated with the somatic Golgi or Golgi outposts of 
sensory neurons, while Cnn-P2 is expressed in ensheathing Glia . (A) A gene 

diagram of cnn to indicate the different Cnn isoforms. Boxed regions are exons, lines 

are introns. CRISPR combined with homologous recombination was used to insert 

GFP just after the start codon of either the promoter 1 (P1) or promoter 2 (P2) isoform. 

Promotor three isoforms are expressed only in testis and so were not analysed in this 

study. (B) Confocal images show the somas and some proximal dendrites of sensory 

neurons within the dorsal cluster from a 3rd instar larva expressing endogenously-

tagged GFP-Cnn-P1 and immunostained with nanobodies against GFP covalently 

coupled to atto-488 (green) and antibodies against HRP (greyscale) and GM130 

(magenta). Left panel (B) shows an overlay of the GFP and anti-HRP signals, while 

the right panel (B’) shows the GFP signal with coloured outlines of the different 

neurons drawn for convenience, with insets showing all channels, including an 

overlay, for the class I neuron soma, regions of the class IV neuron soma and a class 

IV proximal branchpoint that contains Golgi outposts. The GFP-Cnn-P1 signal appears 

very weakly, if at all, at the somatic Golgi and Golgi outposts marked by HRP and 

GM130 staining. (C) Confocal images show class I da neurons from a 3rd instar larva 

expressing 221-Gal4>UAS-mCD8-RFP (magenta) and two copies of endogenously 

tagged GFP-Cnn-P2. Left panel (C) shows an overlay of the GFP and RFP channels, 

while the right panel (C’) shows just the GFP channel. Note how the GFP-Cnn-P2 

surrounds the axons and somas of the neurons, suggestive of localisation within 

ensheathing glia. The * star indicates a region of very bright RFP signal that has bled 

through into the GFP channel.  

 

Figure S4 – related to Figure 5 
Plp localises to the somatic Golgi, Golgi outposts, basal bodies and class I -
specific dendritic bubbles. 

(A) Confocal images show the somas and some proximal dendrites of sensory 

neurons within the dorsal cluster from a 3rd instar larva expressing ppk-mCD4-tdGFP 

and immunostained with antibodies against GFP (green), HRP (greyscale) and Plp 

(magenta). Left panel (A) shows the GFP and anti-HRP channels, while the right panel 

(A’) shows the anti-Plp channel; insets show an overlay of the anti-Plp and anti-HRP 
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channels. Plp signal colocalises with the HRP staining that marks the multiple well-

distributed Golgi stacks within the neuronal soma of each neuron. Plp also localises 

to some HRP puncta (presumably Golgi outposts) within the proximal branchpoints of 

class IV neurons. Note that Plp antibodies also strongly stain other nearby epidermal 

and muscle cells. (B) Confocal images show parts of the external sensory neurons 

containing the basal bodies from a 3rd instar larva expressing two copies of 

endogenously tagged γ-tubulin-GFP and immunostained with antibodies against GFP 

(green), HRP (greyscale) and Plp (magenta). (C) Confocal images show dendritic 

bubbles of a class I da neuron from a 3rd instar larva expressing immunostained with 

antibodies against HRP (greyscale) and Plp (magenta). 
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Supplementary Movie Legends 
Movie S1 – related to Figure 4. 
Endogenously-tagged GFP-Cnn-P1 localises as expected to centrosomes within 
Drosophila syncytial embryos. The Movie was taken using multi-Z-stack time-lapse 

epifluorescence microscopy and shows Z-projected images through time of a syncytial 

embryo expressing endogenously-tagged GFP-Cnn-P1. The cycle starts in M-phase 

and the centrosomes separate when the cycle transitions to the following S-phase. 

GFP-Cnn-P1 localises to centrosomes during both M-phase, where the signal is 

rounded, and S-phase, where the signal displays the typical Cnn flares previously 

observed with both immunostaining and ectopic GFP-Cnn-P1 expression. Images 

were collected every 20s and the Movie plays at 20 frames/second.  

 

Movie S2 – related to Figure 6. 

EB1-comets emerge from somatic Golgi stacks. The Movie was taken using single-

Z time-lapse epifluorescence microscopy and shows a class I da neuron expressing 

221-Gal4>UAS-EB1-GFP and 221-Gal4>UAS-ManII-mCherry. The left panel shows 

an overlay of the GFP and mCherry channels, while the right panel shows the same 

overlay with the imageJ-generated EB1-GFP comet tracks drawn onto the images. 

The tracks are multi-coloured, as is default for imageJ, and the colours have no 

reference to comet type. Comets can be seen emerging from Golgi stacks and and 

this can occur repeatedly from the same stack (see bottom right stack). Images were 

collected every 3s and the Movie plays at 10 frames/second. 

 

Movie S3 – related to Figure 6. 
The somatic Golgi stacks nucleate microtubules. The Movie was taken using 

single-Z time-lapse epifluorescence microscopy and shows a class I da neuron 

expressing 221-Gal4>UAS-EB1-GFP and 221-Gal4>UAS-ManII-mCherry. The 

sample was subjected to a warming-cooling-warming (20˚C-5˚C-20˚C) cycle, as 

indicated by the red (20˚C) and blue (5˚C) borders. The left panel shows an overlay of 

the GFP and mCherry channels, while the right panel shows the same overlay with 

the imageJ-generated EB1-GFP comet tracks drawn onto the images. The tracks have 

been manually post-coloured such that green comets represent comets emerging from 
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Golgi stacks and purple comets represent comets emerging from elsewhere within the 

soma. Comets can be seen emerging from Golgi stacks before cooling, and then all 

comets stop during the 3 minute cooling period. After warming, comets can be seen 

emerging from the Golgi stacks, including comets that emerge >1min after warming. 

Images were collected every 3s and the Movie plays at 10 frames/second. 

 

Movie S4 – related to Figure 7. 

Microtubules grow preferentially towards the axon and are excluded from 
entering dendrites. The Movie was taken using single-Z time-lapse epifluorescence 

microscopy and shows a control class I da neuron expressing 221-Gal4>UAS-EB1-

GFP. The left panel shows the GFP channel, while the right panel shows the GFP 

channel with the imageJ-generated EB1-GFP comet tracks drawn onto the images. 

The tracks are multi-coloured, as is default for imageJ, and the colours have no 

reference to comet type. Comets can be seen emerging from multiple locations within 

the soma but have a preference to initially grow towards the axon (quantified in Figure 

7). Comets also display turning events, indicating that the growing plus ends of 

microtubules can be guided along pre-existing microtubules. Comets that approach 

the axon frequently enter and grow down the axon; In contrast, comets that approach 

a dendrite entry site do not enter (quantified in Figure 7). Images were collected every 

5s and the Movie plays at 10 frames/second. 

 

Movie S5 – related to Figure 7. 
Kinesin-2 is required for growing microtubules to turn within the soma and to 

be excluded from entering dendrites. The Movie was taken using single-Z time-

lapse epifluorescence microscopy and shows a Kinesin-2 RNAi class I da neuron 

expressing 221-Gal4>UAS-EB1-GFP and 221-Gal4>UAS-Kap3-RNAi. The left panel 

shows the GFP channel, while the right panel shows the GFP channel with the imageJ-

generated EB1-GFP comet tracks drawn onto the images. The tracks are multi-

coloured, as is default for imageJ, and the colours have no reference to comet type. 

Comets can be seen emerging from multiple locations within the soma but unlike in 

control neurons they do not turn unless they encounter the nuclear envelope or cell 

cortex, suggesting that Kinesin-2 is required to guide growing microtubules towards 
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the axon. Comets that approach the axon still frequently enter and grow down the 

axon, and, in contrast to control neurons, comets that approach dendrites also readily 

enter (quantified in Figure 7). This shows that Kinesin-2 is also required for excluding 

growing microtubules from entering dendrites. Images were collected every 5s and 

the Movie plays at 10 frames/second. 

 

Movie S6 – related to Figure 7. 

Growing microtubule minus ends appear to enter dendrites. The Movie was taken 

using single-Z time-lapse epifluorescence microscopy and shows a class I da neuron 

expressing 221-Gal4>UAS-EB1-GFP. The left panel shows the GFP channel, while 

the right panel shows the GFP channel with the imageJ-generated EB1-GFP comet 

tracks drawn onto the images. The tracks are multi-coloured, as is default for imageJ, 

and the colours have no reference to comet type. Arrowheads in the left panel indicate 

what appears to be a comet splitting event, suggestive of a microtubule simultaneously 

growing at both its plus and minus end. The green arrowhead marks the comet that 

grows into a dendrite. This comet moves slightly slower than the comet marked by the 

blue arrowhead, indicating that it is the minus end. Another comet, which does not 

appear from a splitting event, also grows into a dendrite (pink comet – from 01:18 to 

02:30); this may therefore be one of the rare plus ends that enters a dendrite. Images 

were collected every 5s and the Movie plays at 10 frames/second. 
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class IV soma

presumptive basal bodies

class I soma

HRP GFP-CnnP1 GM130

HRP GFP-CnnP1 GM130 merge

merge

HRP
GFP-CnnP1 GFP-CnnP1

B B’

10μm

other
sensory
neuron
soma

class IV
proximal

branchpoint

HRP CnnP1

GM130 merge

1 kbp

promoter 1

PH

PG
testes-specific isoforms (Cnn-T)

γ-tub bindingdomain
N

N

N

N

C

C

C

C

CM2domain

promoter 2

promoter 3

GFP

GFP

A centrosomin (cnn) gene region

mCD8-RFP (class I)
GFP-Cnn-P2 10μm GFP-Cnn-P2

C C’
ddaE

class I soma
ddaD

class I soma

axon bundle

class IV soma?

axons

ddaE
class I soma

ddaD
class I soma **

* *

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted November 20, 2019. ; https://doi.org/10.1101/846832doi: bioRxiv preprint 

https://doi.org/10.1101/846832


HRP
anti-Plp HRP

anti-Plp

HRP
anti-Plp

HRP
anti-Plp

anti-Plp

mCD4-tdGFP (class IV)
HRP

class I soma

class IV
proximal

branchpoint

class IV soma

10μm

class IV soma

class I somaclass IV branchpoint

other sensory neuronA

Figure S4

merge + HRP γ-tub-GFP anti-Plp

B
3μm

anti-Plp

HRP

5μm

C
class I bubbles

external sensory neuron basal bodies

A’

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted November 20, 2019. ; https://doi.org/10.1101/846832doi: bioRxiv preprint 

https://doi.org/10.1101/846832

	Mukherjee_et_al_2019_final_final_final
	All figures_final
	Figure1
	Figure2
	Figure3
	Figure4
	Figure5
	Figure6
	Figure7
	FigureS1
	FigureS2
	FigureS3
	FigureS4


