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Abstract 21 

Optimal mitochondrial function determined by mitochondrial dynamics, morphology and 22 

activity is coupled to stem cell differentiation and organism development. However, the 23 

mechanisms of interaction of signaling pathways with mitochondrial morphology and 24 

activity are not completely understood. We assessed the role of mitochondrial fusion 25 

and fission in differentiation of neural stem cells called neuroblasts (NB) in the 26 

Drosophila brain. Depletion of mitochondrial inner membrane fusion protein Opa1 and 27 
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mitochondrial outer membrane protein Marf in the Drosophila type II neuroblast lineage 28 

led to mitochondrial fragmentation and loss of activity. Opa1 and Marf depletion did not 29 

affect the numbers and polarity of type II neuroblasts but led to a decrease in 30 

proliferation and differentiation of cells in the lineage. On the contrary, loss of 31 

mitochondrial fission protein Drp1 led to mitochondrial fusion but did not show defects in 32 

proliferation and differentiation. Depletion of Drp1 along with Opa1 or Marf also led to 33 

mitochondrial fusion and suppressed fragmentation, loss of mitochondrial activity, 34 

proliferation and differentiation in the type II NB lineage. We found that Notch signaling 35 

depletion via the canonical pathway showed mitochondrial fragmentation and loss of 36 

differentiation similar to Opa1 mutants. An increase in Notch signaling required 37 

mitochondrial fusion for NB proliferation. Further, Drp1 mutants in combination with 38 

Notch depletion showed mitochondrial fusion and drove differentiation in the lineage 39 

suggesting that fused mitochondria can influence Notch signaling driven differentiation 40 

in the type II NB lineage. Our results implicate a crosstalk between Notch signalling, 41 

mitochondrial activity and mitochondrial fusion as an essential step in type II NB 42 

differentiation.  43 

 44 

 45 

Introduction 46 

Mitochondria are sparse and fragmented in stem cells and occur as an elaborate 47 

network in differentiated cells [1–3]. Stem cells largely depend upon glycolysis as an 48 

energy source, whereas differentiated cells produce a large amount of ATP by electron 49 

transport chain (ETC) activity [1,4,5]. Fused mitochondrial morphology is associated 50 

with high membrane potential, increased ETC activity and high ATP production, while 51 

low membrane potential, reduced ETC activity and low ATP production is seen in 52 

fragmented mitochondria [1]. Mitochondrial architecture is regulated by a balance of 53 

fusion and fission events [6]. Proteins belonging to the family of large GTPases are 54 

involved in mitochondrial fusion and fission. Optic atrophy 1 (Opa1, or Opa1-like in 55 

Drosophila) and Mitofusin or Mitochondrial assembly regulatory factor (Marf in 56 

Drosophila or Mitofusin, Mfn in mammals) facilitate inner and outer mitochondrial 57 

membrane fusion respectively while Dynamin related protein 1 (Drp1) is required for 58 
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mitochondrial fragmentation [7–10]. A balance of levels and activity of these proteins 59 

regulates mitochondrial shape in the cell [6]. Further, Opa1 plays a significant role in 60 

regulating cristae organization in addition to inner membrane fusion [11]. Opa1 61 

oligomerization and inner membrane cristae organization is important for ETC activity. 62 

The presence of elaborate cristae leads to organization of ETC complexes as super 63 

complexes and enhances their activity [12]. Hyperfusion of mitochondria protects them 64 

from degradation in autophagy and also loss of ETC activity [13–16]. 65 

Recent studies show that alteration of mitochondrial dynamics affects signaling 66 

pathways such as the Notch signaling pathway during stem cell differentiation. The 67 

Notch receptor is a transmembrane protein activated by ligands such as Delta. The 68 

Delta-Notch interaction is followed by cleavage of the Notch intracellular domain (NICD) 69 

in the signal receiving cell. NICD enters the nucleus and regulates gene expression 70 

along with Suppressor of hairless (Su(H)) by the canonical pathway thereby providing a 71 

signal for proliferation or differentiation [17]. Fragmented mitochondrial morphology 72 

maintained by Drp1 in ovarian follicle cells in Drosophila is crucial for activating Notch 73 

signaling [18,19]. Similarly, loss of Opa1 and Mfn leading to mitochondrial fragmentation 74 

in mouse embryonic stem cells causes hyperactivation of Notch and reduces 75 

differentiation of ESCs into functional cardiomyocytes due to loss of calcium buffering 76 

[20]. On the other hand, activation of Notch signaling by depletion of mitochondrial 77 

fusion and increasing reactive oxygen species (ROS) enhances differentiation in 78 

mammalian neural stem cells [21]. Thus mitochondrial fragmentation along with 79 

elevated calcium and reactive oxygen species increase has been found to be involved 80 

in Notch signaling in these contexts. It is of interest to understand whether Notch 81 

signaling induces appropriate mitochondrial morphology in differentiation.   82 

The Drosophila neural stem cell or neuroblast (NB) differentiation model has 83 

been used effectively to identify regulators of steps of differentiation such as stem cell 84 

renewal, asymmetric cell division, polarity formation and lineage development. NBs rely 85 

on glycolysis and ETC activity for their energy production during differentiation and 86 

tumorigenesis [22–24]. Mitochondrial fusion has recently been found to be essential for 87 

tumorigenesis [24]. It remains to be studied whether mitochondrial morphology is also 88 
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regulated to provide appropriate activity for differentiation in NBs. The type I NB lineage 89 

in the larval brain consists of 90 NBs marked by the expression of the transcription 90 

factor Deadpan (Dpn). These NBs divide asymmetrically to give rise to a ganglion 91 

mother cells (GMCs) marked by the expression of Prospero (Pros) in the nucleus 92 

[25,26]. NBs of the type II lineage also express Dpn and are 8 in number [27]. Like the 93 

mammalian neural stem cell differentiation type II NBs undergo multiple steps of 94 

differentiation by forming transit amplifying cells called intermediate neural precursor 95 

cells (INPs). Newly formed INPs are smaller in size as compared to type II NBs and do 96 

not express Dpn. INPs undergo a defined series of transcriptional changes to form 97 

mature INPs (mINPs). mINPs express Dpn and proliferate to form GMCs that express 98 

Pros. GMCs in both the type I and type II lineages finally differentiate into neurons or 99 

glia (Figure 1A). Notch signaling regulates type II NB number and differentiation in the 100 

type II NB lineage [28,29].  101 

In this study we have assessed the role of mitochondrial morphology proteins 102 

Opa1, Marf and Drp1 in regulating type II NB differentiation. We find that Opa1 and Marf 103 

mediated mitochondrial fusion is essential for type II NB differentiation. RNAi mediated 104 

knockdown of mitochondrial fusion proteins Opa1 and Marf led to mitochondrial 105 

fragmentation, loss of mitochondrial activity and defects in differentiation in the type II 106 

NB lineage while NB number and polarity remained unaffected. On the other hand there 107 

was no defect in differentiation in NBs depleted of mitochondrial fission protein Drp1.  108 

Inhibition of mitochondrial fragmentation in Opa1 and Marf mutants by additional 109 

depletion of Drp1 suppressed the differentiation defects suggesting that fused 110 

mitochondria are essential for type II NB differentiation. Further, Notch depletion led to 111 

fragmented mitochondria and loss of differentiation. Increased Notch activity showed 112 

mitochondrial fusion and mitochondrial fusion in the type II NB lineage deficient of Notch 113 

led to differentiation. Our results show that mitochondrial fusion interacts with Notch 114 

signaling to drive differentiation in the type II NB lineage.  115 

 116 

Results 117 
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Depletion of Opa1 and Marf leads to mitochondrial fragmentation and depletion of 118 

Drp1 leads to mitochondrial fusion in type II NBs 119 

We depleted Opa1, Marf and Drp1 to investigate the effect of perturbation of 120 

mitochondrial morphology on NB numbers and differentiation. We expressed multiple 121 

RNAi lines and mutants against opa1, marf and drp1 with neuronal Gal4 drivers in 122 

different stages of NB differentiation to analyze their effect on lethality and behavior 123 

(Figure S1). inscuteable-Gal4, worniu-Gal4, scabrous-Gal4 and prospero-Gal4 were 124 

used to deplete Opa1, Marf and Drp1 using RNAi expression and Drp1 using a 125 

dominant negative mutant in all NBs. Opa1, Marf and Drp1 depletion by multiple RNAi 126 

lines and mutants showed survival of animals until the pupal stage with inscuteable-127 

Gal4 and worniu-Gal4 and were lethal or showed behavioral defects as adults. The 128 

RNAi lines for Opa1 and Marf that gave a stronger defect with inscuteable-Gal4 and 129 

worniu-Gal4 and the dominant negative mutant of Drp1, (Drp1SD) [30] were used to 130 

deplete these proteins in the type II NB lineage using pointed-Gal4 for further 131 

experiments (Figure 1A, S1). opa1 RNAi, marf RNAi and Drp1SD expression in the type 132 

II NB lineage gave normal adults at 25 oC. opa1 RNAi and marf RNAi expression in type 133 

II NB lineage when performed at a higher temperature of 29 oC with pointed-Gal4 gave 134 

sluggish adults. 135 

Mitochondria are tubular and uniformly distributed around the nucleus in type I 136 

NBs [31]. To characterize mitochondrial morphology in type II NBs, we performed 137 

super-resolution Stimulated Emission Depletion microscopy (STED) on mitochondria 138 

stained with antibody against ATPβ subunit of complex V in the third instar larval brain. 139 

We observed thread-like mitochondria evenly distributed around the nucleus in control 140 

type II NBs (Figure 1B, S2A). We used pointed-Gal4, mCD8-GFP to identify the type II 141 

NBs using mCD8-GFP and deplete Opa1, Marf and Drp1. RNAi against mitochondrial 142 

fusion proteins Opa1 and Marf has been previously shown to deplete the corresponding 143 

mRNA and lead to mitochondrial fragmentation in electron microscopy studies [32–35]. 144 

We observed a distinct shift in mitochondrial morphology from a tubular organization to 145 

dispersed punctae on depletion of Opa1 and Marf using two different RNAi lines as 146 

compared to mcherry-RNAi controls, confirming the requirement of these proteins for 147 

mitochondrial fusion (Figure 1B, S2A). We quantified the numbers and area of optically 148 
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resolvable mitochondria in STED images to estimate the mitochondrial size in each NB. 149 

NBs depleted of Opa1 and Marf showed a significant increase in mitochondrial numbers 150 

and decrease in mitochondrial area as compared to controls (Figure 1C-D, S2B-C). 151 

Interestingly, the extent of mitochondrial fragmentation was similar upon depletion of 152 

either Opa1 or Marf. Further, expression of Drp1SD resulted in clustering of mitochondria 153 

on one side of the NB suggesting that mitochondria were fused (Figure 1B). Drp1 154 

depletion led to a significant increase in mitochondrial area and decrease in 155 

mitochondrial numbers as compared to controls (Figure 1C-D). In summary, depletion of 156 

Opa1 and Marf led to mitochondrial fragmentation and depletion of Drp1 led 157 

mitochondrial fusion in the type II NBs.  158 

  159 

Mitochondrial fusion is required for differentiation in the type II NB lineage  160 

We checked the effect of knockdown of mitochondrial morphology proteins on 161 

NB number, polarity and differentiation. We depleted mitochondrial morphology proteins 162 

using worniu-Gal4 to estimate the numbers of type I and II NBs. The overall number of 163 

NBs was not changed upon depletion of Opa1, Marf and Drp1 (Figure S3A-B) and the 164 

type II number also remained unaffected (Figure S3C). Apico-basal distribution of 165 

polarity proteins Bazooka and Numb in metaphase is essential for fate determination in 166 

the lineage [26]. We found that the NBs did not show a defect in polarised distribution of 167 

Bazooka and Numb on depletion of Opa1, Marf or Drp1 (Figure S3D). 168 

We identified cells in each type II NB lineage based on their specific molecular 169 

profile (Figure 1A). Dpn immunostaining was used to count mINPs (Figure 2A) while 170 

nuclear Pros immunostaining was used to count GMCs (Figure 2B) in type II NB 171 

lineage. Immature INPs lacked both Dpn and Pros. Immature INPs were similar in 172 

number in Opa1, Marf and Drp1 depleted type II NB lineages (Figure 2C). On the other 173 

hand, mINPs and GMCs were lowered on expression of two different RNAi lines against 174 

opa1 as compared to controls (Figure 2A,B,D,E, S2D-G). Marf depletion by different 175 

RNAi lines did not alter mINP numbers but reduced GMCs as compared to controls 176 

(Figure 2A,B,D,E, S2D-G). There was no change in mINPs and GMCs in each lineage 177 
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in Drp1SD expressing type II NBs (Figure 2A,B,D,E). The numbers of GMCs were also 178 

reduced in the opa1 RNAi but not the marf depleted type I NB lineages (Figure S3E-F). 179 

Loss of mitochondrial fusion in Opa1 and Marf mutants may give rise to defective INPs 180 

thereby impairing differentiation in the type II NB lineage.  181 

In summary, depletion of Opa1 decreased differentiation in the type II NB lineage 182 

to a greater extent compared to Marf, despite comparable disruption of mitochondrial 183 

morphology to fragmentation. Opa1 and Marf depletion may give rise to loss of cells in 184 

the lineage due to defects in the type II NB and mINP division. Depletion of 185 

mitochondrial fission protein Drp1 did not show any defects in differentiation. The 186 

phenotype of increased mitochondrial fragmentation and delay in NB division thereby 187 

leading to loss of differentiation has been previously noted on depletion of ETC 188 

components [23].  Apart from mitochondrial fusion, Opa1 is also involved in 189 

maintenance of cristae architecture [11,36–38]. It is therefore possible that a specific 190 

defect in mitochondrial inner membrane organization caused by Opa1 depletion in 191 

addition to loss of fusion is a cause for a loss in mINPs and GMCs in the type II NB 192 

lineage.  193 

 194 

Depletion of mitochondrial fission protein Drp1 along with Opa1 or Marf shows 195 

fused mitochondria and suppresses the defects in differentiation  196 

Mitochondrial fragmentation in opa1 and marf depleted cells requires the activity 197 

of mitochondrial fission protein Drp1 [30,32,39,40]. To alleviate the mitochondrial 198 

fragmentation defect seen in opa1 and marf knockdown, we made combinations of 199 

Drp1SD;mRFP (data not shown), Drp1SD;opa1 RNAi and Drp1SD;marf RNAi and 200 

analyzed mitochondrial morphology. Unlike opa1 RNAi and marf RNAi (Figure 1), the 201 

Drp1SD;opa1 RNAi and Drp1SD;marf RNAi combinations showed clustered mitochondrial 202 

morphology. The mitochondrial cluster was more resolved as compared to Drp1SD alone 203 

and Drp1SD, mRFP (data not shown), with a few punctate mitochondria appearing and a 204 

small but significant decrease in average mitochondrial area in double mutants (Figure 205 

3A-C).  206 
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We analyzed these double mutants for differentiation of type II NB lineage by 207 

staining larval brains with Dpn and Pros. The numbers of Dpn positive mINPs increased 208 

in Drp1SD;opa1 RNAi as compared to opa1 alone and were not significantly different 209 

from controls (Figure 3D-E). mINPs were similar to controls in marf RNAi and 210 

Drp1SD;marf RNAi mutants (Figure 3D-E). The Drp1SD;opa1 RNAi combination showed 211 

an increase in Pros positive GMCs but did not completely restore their numbers (Figure 212 

3F-G). GMC numbers also increased in the Drp1SD;marfi combination as compared to 213 

marf RNAi (Figure 3F-G). In summary, the differentiation defect observed in opa1 and 214 

marf depletion was partially reversed on mitochondrial fusion by additional depletion of 215 

Drp1. 216 

 217 

Decrease in mitochondrial activity in Opa1 and Marf depleted type II NBs is 218 

suppressed by additional depletion of Drp1 219 

Change in mitochondrial morphology can adversely affect mitochondrial 220 

membrane potential and activity. Mitochondrial membrane potential (MMP) is a readout 221 

for mitochondrial quality and functionality [41]. We checked the effect of mitochondrial 222 

dynamics proteins depletion on MMP by using the potentiometric dye, Tetra-methyl-223 

rhodamine methyl ester (TMRM) in vivo in living larval brains by live imaging. We 224 

estimated the relative fluorescence obtained from uptake of TMRM in mCD8-GFP 225 

marked type II NBs as compared to neighboring unmarked controls. We found a 226 

significant decrease in TMRM fluorescence and therefore MMP on depletion of Opa1 227 

and Marf whereas in Drp1SD  expression did not affect the MMP (Figure 4A-B). Co-228 

depletion of Drp1 along with Opa1 or Marf RNAi suppressed the MMP defect showing 229 

that outer mitochondrial membrane fusion restores mitochondrial membrane potential 230 

(Figure 4A-B).  231 

Decrease in MMP observed in Opa1 and Marf may result in drop in ATP levels in 232 

the cell that could trigger a stress response. We have previously found that change in 233 

ETC activity but not mitochondrial fusion obtained by Drp1 depletion causes ATP stress 234 

in Drosophila embryos [30,42]. Depletion of ATP causes an increase in AMP levels 235 

which further triggers phosphorylation of AMP activated protein kinase (pAMPK). 236 
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pAMPK levels elevate in energy deprived conditions and act as an energy sensor inside 237 

the cell [43]. To check whether ATP stress was seen in mitochondrial fusion mutant 238 

NBs, we stained brains with antibodies against pAMPK. NB differentiation relies at least 239 

in part on glycolytic metabolism for ATP and loss of ATP in ETC mutants is seen when 240 

depleted of both glycolysis and ETC activity [22,23]. Therefore as a positive control for 241 

reduction in glycolysis and induction of pAMPK we added 2-deoxy-glucose (2-DG), a 242 

non-hydrolysable analogue of glucose to larval brains after dissection and observed a 243 

significant increase in pAMPK levels throughout the brain. However, we did not observe 244 

a change in pAMPK levels in opa1 and marf mutant type II NBs as compared to 245 

neighboring NBs indicating that ATP stress similar to 2-DG treatment was not seen in 246 

these mutants (Figure S4A-B). This shows that depletion of ATP as read out by 247 

decrease in mitochondrial membrane potential in NBs was much lower as compared to 248 

that seen when glycolysis was inhibited with 2-DG. 249 

Another consequence of change in mitochondrial morphology is alteration in the 250 

levels of reactive oxygen species (ROS) [44,45]. We estimated ROS levels using 251 

Dihydroxy ethidium (DHE) fluorescence in NBs as compared to neighboring cells. 252 

Consistent with previous studies [34,46], we observed increased DHE fluorescence 253 

indicating increased ROS on opa1 knockdown and Drp1SD expression (Figure S4C-D). 254 

marf depletion however did not change the DHE fluorescence significantly (Figure S4C-255 

D). Since increased ROS was found in both opa1 and drp1 mutant NBs, and there was 256 

no effect on differentiation on Drp1SD expression (Figure 2), we conclude that ROS is 257 

unlikely to play a significant role in differentiation in type II NBs. We further checked if a 258 

general increase in ROS can affect development. We found that in type I and II NBs 259 

expressing a mutant of human Superoxide dismutase (hSOD) [30,47], ROS was 260 

increased significantly (Figure S4C-D). However, hSOD expression in all NBs did not 261 

affect viability of flies and adults emerged similar to controls leading us to conclude that 262 

it did not impact differentiation and functionality of neurons (data not shown). 263 

Even though both Opa1 and Marf depletion led to an equivalent fragmentation 264 

and loss of MMP of mitochondria in NBs, Opa1 depletion showed a specific decrease in 265 

mINPs as compared to Marf knockdown. Opa1 oligomerization leads to stabilization of 266 
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cristae and localization of cytochrome c in a packed manner in cristae. Increase in 267 

cytochrome c occurs when Opa1 oligomerization is decreased and this correlates with 268 

loose cristae organization [36]. We visualized the distribution of cytochrome c in opa1 269 

and marf mutant NBs. Increase in cytochrome c was seen in opa1 RNAi as compared to 270 

marf RNAi and controls (Figure 4C-D). This suggests that loosening of cristae 271 

architecture potentially causes specific spread of the cytochrome c signal on Opa1 272 

depletion. Altogether, loss of MMP and increased cytochrome c in type II NBs deficient 273 

of opa1 is suggestive of disruption of inner mitochondrial membrane architecture and 274 

activity in addition to fusion leading to loss of differentiation. 275 

 276 

Proliferation defects in Opa1 depleted type II NBs are suppressed by 277 

mitochondrial fusion on additional depletion of Drp1 278 

 The decreased lineage size observed in opa1 and marf mutant type II NBs may 279 

result from apoptosis or lowered proliferation rates of each NB thereby reducing the 280 

numbers of INPs and GMCs in each lineage. Increased cytochrome C and ROS in opa1 281 

depletion suggests that type II NB differentiation could be decreased by apoptosis in the 282 

lineage [45,48–50]. For probing apoptosis, we assessed the levels of cleaved caspase 283 

in opa1 mutants. Cleaved caspase staining was not elevated in opa1 mutant lineages 284 

and was similar to controls (Figure S4E). Selectively marking apoptotic nuclei with the 285 

Terminal deoxynucleotidyl transferase (TdT) dUTP Nick-End Labeling (TUNEL) assay 286 

did not show any significant difference between Opa1 mutant NBs and control. We 287 

validated this assay by using UAS-hid expression as a positive control for apoptosis 288 

induction (Figure S4F-G). Therefore, cell death is not responsible for the differentiation 289 

defect in opa1 mutant type II NBs. 290 

mINPs divide asymmetrically to produce GMCs in the type II NB lineage. We 291 

analyzed the numbers of cells in mitosis in each type II NB lineage by staining for 292 

phospho-histone 3 (pH3) antibody. We found a significant reduction of pH3 positive 293 

cells in the type II lineage in opa1 mutants while marf and drp1 depletion did not show 294 

any significant change as compared to controls (Figure 5A-B). The numbers of pH3 295 
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positive cells were increased in the Drp1SD;opa1 RNAi combination as compared to 296 

opa1 RNAi and controls. The Drp1SD;marf RNAi combination also showed significant 297 

increase in pH3 positive cells per lineage as compared to controls indicating an 298 

increase in proliferation of mINPs in this combination (Figure 5A-B). The loss of pH3 299 

positive cells showed that Opa1 depletion decreased the rate of mINP proliferation in 300 

the type II NB. This defect of loss of proliferation in Opa1 mutants was suppressed on 301 

outer mitochondrial fusion in Drp1 mutants. 302 

 303 

Notch signaling drives differentiation and fused mitochondrial morphology in the 304 

type II NB lineage 305 

Notch signaling regulates numbers of NBs and their differentiation in the type II 306 

lineage in the Drosophila third instar larval brain [28,29,51]. Notch signaling is activated 307 

in type II NBs and suppressed in INPs. Notch signaling is again activated in the mINPs 308 

and GMCs in the lineage. Loss of Notch signaling leads to transformation of the type II 309 

NB to the type I NB with absence of Dpn positive mINPs. We overexpressed full length 310 

Notch (NotchFL) to increase Notch signaling and notch RNAi to decrease Notch 311 

signaling in the type II NB lineage. As documented previously [52], we observed an 312 

increased number of Dpn positive NBs on NotchFL expression and a decreased number 313 

of type II NBs in notch RNAi expressing type II NBs. However, depletion of 314 

mitochondrial morphology proteins did not change the numbers of NBs (Figure S3A-C). 315 

Therefore, we conclude that the Notch signaling needed for maintenance of type II NB 316 

numbers was not defective in these mutants. We further analyzed the numbers of Dpn 317 

positive mINPs in lineages of remaining type II NBs that were present on notch RNAi 318 

expression. As expected, we observed decreased Dpn positive mINPs in notch RNAi 319 

while they remained unaffected in NotchFL expressing type II NB lineage (Figure 6A-B).  320 

Since Notch signaling regulated differentiation within each type II NB lineage and 321 

loss of mitochondrial fusion proteins led to loss of differentiation in the type II NB 322 

lineage, we assessed if Notch signaling regulated mitochondrial morphology in type II 323 

NBs. STED microscopy revealed thread like mitochondria evenly distributed around the 324 
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nucleus in type II NBs (Figure 6C). Interestingly, overexpression of the NotchFL and 325 

Nintra in type II NBs led to clustering of mitochondria on one side of the nucleus (Figure 326 

6C). Overexpression of NotchFL led to an increase in the average area of mitochondria 327 

and decrease in mitochondrial numbers per cell as compared to control NBs (Figure 6D-328 

E). Contrarily, Notch downregulation by expression of notch RNAi led to an increase in 329 

fragmented mitochondria as marked by a decrease in average size of optically 330 

resolvable puncta and increase in numbers per cell. Likewise, depletion of Su(H) in type 331 

II NBs also resulted in fragmented mitochondria (Figure 6C-E). These data show that 332 

Notch activation via the canonical pathway through Su(H) leads to mitochondrial 333 

clustering and fusion whereas Notch depletion results in fragmented mitochondria.  334 

 335 

Mitochondrial fusion induces differentiation on Notch depletion in the type II NB 336 

lineage 337 

Our data together shows that mitochondrial morphology is tubular in type II NBs 338 

and fusion of mitochondria alone did not give a differentiation defect but was able to 339 

suppress the differentiation defect in opa1 mutant NBs. We further tested whether 340 

mitochondrial fusion would drive differentiation in type II NBs depleted of Notch. We 341 

combined drp1 mutants to generate fused mitochondria along with notch RNAi and 342 

expressed this combination in the type II NB lineage (Figure 7A). The numbers of type II 343 

NBs remained less than controls in the notch RNAi, Drp1SD combination and were 344 

similar to notch RNAi (Figure 7B). This observation further confirms that mitochondrial 345 

fusion does not affect Notch signaling in the type II NB. The loss of mINPs (Figure 346 

7A,C) and GMCs (Figure 7D,E) was suppressed in each type II NB lineage and the 347 

numbers of mINPs and GMCs was closer to controls (Figure 7A,C,D,E). These results 348 

show that fused mitochondrial morphology can alleviate Notch signalling defects to drive 349 

differentiation in the type II NB lineage.  350 

To check whether fused mitochondrial morphology is essential for Notch 351 

signaling mediated NB proliferation, we depleted Opa1 and Marf along with NotchFL 352 

overexpression and found that the numbers of the NBs were significantly reduced as 353 
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compared to NotchFL alone (Figure 7F-G). Overexpression of the intracellular domain of 354 

Notch gave rise to an increase in size of brain lobes. The brain lobe size was reduced 355 

on depletion of Opa1 and Marf on overexpression of Notch intra (Figure S5A). The NB 356 

numbers were reduced in the Nintra; opa1 RNAi and Nintra; marf RNAi combination 357 

(Figure S5B-C). As expected, the clustered mitochondrial morphology seen on 358 

overexpression of Nintra (Figure 6C) was also not seen on depletion of Opa1 and Marf 359 

in the Nintra background (Figure S5D). We therefore conclude that increased Notch 360 

signaling along with fused mitochondrial architecture leads to NB proliferation.  361 

In summary, our results show that Notch signaling increased mitochondrial fusion 362 

and mitochondrial fusion was important for differentiation in the type II NB lineage. This 363 

is also consistent with the requirement of mitochondrial fusion in NB tumors induced in 364 

brat and numb mutants, since depletion of mitochondrial fusion and not mitochondrial 365 

fission abrogates the tumor phenotype in brat and numb mutant NBs [24]. In summary 366 

our results show that mitochondrial fusion controlled by Opa1 and Marf regulates Notch 367 

signaling driven differentiation in the Drosophila type II NB lineage. 368 

 369 

Discussion 370 

Recent evidence shows that maintenance of mitochondrial architecture is critical 371 

for cell fate determination [53–55]. Depletion of ETC components in Drosophila NBs 372 

leads to mitochondrial fragmentation and loss of differentiation and cancer progression 373 

[22–24]. Here we show that mitochondrial fusion proteins, Opa1 and Marf affect 374 

differentiation in the type II NB lineage (Figure 8A-B). Opa1 and Marf gave equivalent 375 

fragmentation and loss of mitochondrial activity in the type II NB. However, decreased 376 

Opa1 led to loss of both mINP and GMCs whereas decreased Marf led to loss of only 377 

GMCs in the type II lineage. Interestingly, mitochondrial outer membrane fusion 378 

ameliorated the defects in mitochondrial activity and differentiation caused by Opa1 and 379 

Marf depletion. Notch signaling regulated fused mitochondrial morphology in the type II 380 

NB and mitochondrial fusion in Notch depleted type II NB lineages led to suppression of 381 

differentiation defects. Here, we discuss our results in the following contexts: 1] the 382 
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mechanisms by which Notch signaling gives rise to fused mitochondrial morphology, 2] 383 

the role of the mitochondrial morphology in mediating Notch signaling and 3] the role of 384 

mitochondrial fusion in differentiation in NBs. 385 

 386 

Regulation of mitochondrial fusion by Notch signaling 387 

At the heart of the discussion on interaction between Notch signaling and 388 

mitochondrial morphology, lies an analysis of how Notch signaling regulates 389 

mitochondrial fusion and activity. Loss of su(H) also showed fragmented mitochondria 390 

similar to downregulation of Notch. In addition, mitochondrial fusion alleviated the 391 

differentiation defects seen in type II NBs depleted of Notch. Since the action of both 392 

NICD and Su(H) is needed in the nucleus to activate targets downstream of Notch 393 

signaling, it is possible that Notch regulates fused mitochondrial morphology through the 394 

canonical pathway by enhancing expression of fusion genes opa1 and marf or 395 

regulating activity of Opa1 and Marf by post translational modification and reducing 396 

expression or activity of Drp1. Notch signaling may also regulate mitochondrial activity 397 

by elevating components of the ETC. Recent studies show that NB tumors arising in 398 

brat and numb RNAi, which also have elevated Notch signaling, show increased 399 

transcription of Opa1 and Marf thereby causing mitochondrial fusion and increased 400 

oxidative metabolism resulting from an increase in expression of oxidative 401 

phosphorylation enzymes [24,29]. This is likely to occur due to increased Notch activity 402 

or due to the change of fate of cells in the type II NB lineage. 403 

 404 

Impact of mitochondrial morphology on Notch signaling 405 

Loss of Notch signaling leads to decrease in numbers of type II NBs. Even 406 

though increased Notch signaling by pointed-Gal4 favored mitochondrial fusion in the 407 

Dpn positive NBs, loss of Opa1 and Marf did not affect the numbers of type I and type II 408 

NBs. This evidence suggests that mitochondrial fusion is not needed during Notch 409 

mediated formation of NBs during the embryonic stages. We found that proliferation of 410 
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mINPs depended upon Notch signaling driven mitochondrial fusion. Even though the 411 

immature INP numbers in mitochondrial mutants did not change in mitochondrial fusion 412 

mutants, it is possible that mitochondrial fusion is needed to produce healthy INPs that 413 

will mature, proliferate and differentiate to form GMCs. Further, a decrease in GMCs on 414 

Opa1 and Marf depletion is possible because of defects in division of the mINPs. Loss 415 

of mitochondrial fusion led to abrogation of mitochondrial activity. How might loss of 416 

mitochondrial fusion and activity affect differentiation in the type II NB lineage? 417 

Mitochondrial morphology changes may have an effect on the fate of the cell by 418 

regulating key metabolites (Choi et al. 2020; Galloway and Yoon 2013). Mitochondrial 419 

pyruvate carrier (MPC) in the inner mitochondrial membrane is involved in transport of 420 

pyruvate from cytoplasm to the mitochondrial matrix where pyruvate undergoes 421 

oxidation via tricarboxylic acid (TCA) cycle (McCommis and Finck 2015). MPC depletion 422 

in the intestinal stem cells (ISC) results in increased ISC proliferation and loss of 423 

differentiation (Schell et al. 2017). We observed severe differentiation defects upon loss 424 

of Opa1 in NB lineage. It is possible that the defects in the inner mitochondrial 425 

membrane due to Opa1 loss affect pyruvate transport into the mitochondrial which 426 

further affect NB differentiation. It will be interesting to check whether pyruvate 427 

metabolism is affected in the mitochondrial morphology mutants.  428 

Our preliminary analysis shows that Opa1 mutant type II NBs show a loss of 429 

Notch receptors on the plasma membrane and increase in endosomes in the type II NB 430 

and the lineage (data not shown). Numb regulates inhibition of Notch signaling in INPs 431 

[29]. It is possible that sustained activity of Numb in INPs and mINPs generated from 432 

NB proliferation leads to a decrease in Notch signaling in the mINPs. Future 433 

experiments on the defects on Notch receptor trafficking and Numb distribution in type II 434 

NBs will reveal a mechanistic link between mitochondrial morphology, activity and Notch 435 

signaling.  436 

Notch signaling may also be affected by interaction between mitochondrial 437 

morphology and other upstream signaling pathways. Interestingly, our finding that Notch 438 

signaling maintains fused mitochondria in NBs is in striking contrast to recent literature 439 

in other systems where fused mitochondrial morphology has been correlated with loss 440 
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of notch activity. In triple negative breast cancer (TNBC) Notch signaling enhances 441 

mitochondrial fission via drp1 [56]. In Drosophila ovarian posterior follicle cells, 442 

mitochondrial fusion induces an increase in mitochondrial membrane potential and loss 443 

of Notch signaling [18,19]. Loss of opa1 in cardiomyocytes leads to decrease in 444 

differentiation due in enhanced Notch processivity [20]. It is interesting to speculate the 445 

reasons for observing tissue specific differences in the requirement of mitochondrial 446 

fusion for Notch signaling in differentiation. We had previously found that EGFR 447 

signaling regulates fragmented morphology for appropriate Notch signaling in 448 

Drosophila follicle cells [18,19]. It is likely that fragmented mitochondrial morphology 449 

leads to an interaction between EGFR and Notch signaling pathways in follicle cells and 450 

possibly other cell types such as cardiomyocytes and TNBCs where Notch signaling 451 

increase occurs only on loss of mitochondrial membrane potential or fragmentation.  452 

 453 

Role of mitochondrial fusion in Notch driven differentiation in NBs 454 

Mitochondrial fusion is coincident with elaborate cristae organization, increased 455 

activity and increased oxidative phosphorylation [38,57,58]. Clustered mitochondria on 456 

one side of the nucleus produced on the depletion of Drp1, did not show any defect on 457 

NB differentiation suggesting that Drp1 is dispensable for NB formation and 458 

differentiation. Interestingly, Drp1 loss driven mitochondrial hyperfusion could suppress 459 

the mitochondrial activity and differentiation defects in Opa1 and Marf mutant type II 460 

NBs. Mitochondrial fragmentation and loss of mitochondrial membrane potential is likely 461 

to cause a reduction in ATP [59]. However, ATP depletion has been reported only on 462 

combined loss of oxidative phosphorylation and glycolysis and brat RNAi driven tumors 463 

rely on NAD+ metabolism rather than ATP synthesis [22–24]. Since we did not see any 464 

ATP stress in Opa1 and Marf depleted type II NBs, it is interesting to speculate that 465 

other mitochondrial functions dependent upon mitochondrial activity from oxidative 466 

phosphorylation are important for type II NB differentiation. Indeed mitochondrial activity 467 

may give rise to changes in calcium buffering and key metabolites [60] thereby affecting 468 

Notch signaling in NBs and lineage cells depleted of Opa1 and Marf.  469 
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Since depletion of inner mitochondrial membrane protein Opa1 affected 470 

differentiation to a greater extent as compared to Marf, it is possible that organization of 471 

the mitochondrial ETC complexes and cristae architecture in addition to fusion are 472 

crucial for type II NB proliferation and differentiation. Organization of the cristae 473 

architecture independent of oxidative phosphorylation has been previously shown to be 474 

important for Drosophila germ line stem cell differentiation [61]. Fusion of the outer 475 

mitochondrial membrane may restore the inner membrane organisation and increase 476 

mitochondrial activity needed in type II NB proliferation and differentiation. Recent 477 

evidence suggests that neurodegeneration defects caused by depletion of oxidative 478 

phosphorylation in Purkinje neurons can be completely rescued by mitochondrial fusion 479 

produced by overexpression of Mfn [62]. NBs deficient of the mitochondrial ETC lead to 480 

fragmentation [23] and it will be interesting to probe if fusion of mitochondria in ETC 481 

mutants will also mitigate the differentiation defect.  482 

In summary, we find a distinct role for mitochondrial fusion in regulation of Notch 483 

signaling in type II NB differentiation. Future studies on the mechanistic link between 484 

mitochondrial activity, change in metabolite status and Notch signaling in diverse 485 

contexts will give further insight into the interaction between Notch signaling and 486 

mitochondrial morphology in a tissue specific manner. Our studies motivate an analysis 487 

of mechanisms that regulate the interaction between mitochondrial fusion or inner 488 

membrane architecture and signaling during development and differentiation at large.  489 
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Fly genetics 498 

Fly crosses were performed in standard cornmeal agar medium and raised 29 oC. The 499 

following fly lines were used in this study: pnt>Gal4,UAS-mCD8-GFP (Jurgen Knoblich, 500 

IMP, Vienna, Austria), elav>Gal4, prospero>Gal4, inscuteable>Gal4, scabrous>Gal4, 501 

worniu>Gal4, opa1 RNAi (Bloomington stock number BL32358), opa1 RNAi (Ming Guo, 502 

UCLA), marf  RNAi  (Ming Guo, UCLA, [33]), marf  RNAi (BL31157 ), opa1 RNAi2 503 

(BL67159), marf RNAi2 (BL67158, [63]), drp1 RNAi  (BL51483), drp1 RNAi  504 

(VDRC44155),  Drp1S193D (Drp1SD, GTPase domain mutant, acts as a dominant 505 

negative, made in the Richa Rikhy lab), notch RNAi (BL31383), su(H) RNAi  (BL67928), 506 

UAS-NotchFL (BL52309) and UAS-Nintra (LS Shashidhara, IISER, Pune, India), hSOD1 507 

mutant (BL33607), mCherry RNAi (BL35785). Drp1SD; opa1 RNAi , Drp1SD; marf RNAi, 508 

notch RNAi /CyOGFP; opa1 RNAi /TM3SerGFP, notch RNAi /CyOGFP; marf RNAi 509 

/TM3SerGFP lines were generated using standard genetic crosses. worniu>Gal4,UAS-510 

mCD8-GFP (wor-Gal4) was used to express transgenes in all the larval NBs in the third 511 

instar larval brain and pointed-Gal4 (pnt-Gal4) was used to express transgenes in the 512 

type II NBs in the larval brain.   513 

Immunostaining of larval brain 514 

Wandering third instar larvae were dissected in Schneider's medium and immediately 515 

fixed in 4% PFA solution for 25 minutes at room temperature (RT). The brains were 516 

washed subsequently with 1X PBS with 0.1% Triton X-100 (PBST) for 30 minutes at 517 

RT. They were blocked with 1% BSA  for 1hr at RT. The brains were stained with the 518 

appropriate primary antibody overnight at 4°C. They were then washed 3 times with 519 

0.1% PBST (first wash for 20 minutes and remaining for 10 minutes each). An 520 

appropriate fluorescently coupled secondary antibody was added for 1hr at RT followed 521 

by three washes with 0.1% PBST (first wash for 20 min and remaining for 10 min each) 522 

and mounted in Slow-Fade Gold (Molecular Probes).  523 

The following dilutions were used for the primary antibodies: chicken anti-GFP (1:1000, 524 

Invitrogen), anti- ATPβ (1:200, Abcam), anti- Deadpan (1:150, Abcam), anti- Prospero 525 

(1:25, DSHB), anti- Miranda (1:600, Abcam), anti-Cytochrome C (1:200, Cell Signaling), 526 
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anti-Elav (1:100, DSHB), anti-cleaved Caspase3 (1:100, Cell Signaling), anti-527 

phosphohistone 3 (1:100, Invitrogen), anti-phosphoAMPK (1:200, Invitrogen). Hoechst 528 

(1:1000, Molecular Probes) was used to label DNA. Fluorescently coupled secondary 529 

antibodies (Molecular Probes): anti-Chicken 488, anti-Rat 568/633/647, anti-Rabbit 568, 530 

anti-Mouse 568/633 were used in 1:1000 dilution.  531 

DHE uptake for live imaging of ROS 532 

Dissected third instar larval brains were treated with Dihydroethidium (DHE) (1:1000, 533 

Molecular Probes) in Schneider's medium for 15 minutes at RT and then washed with 534 

Schneider's medium for 10 min. Brains were mounted in LabTek chambers containing  535 

Schneider's medium and imaged immediately using Zeiss LSM 710 with a 63x/1.4NA oil 536 

objective using a DPSS (561 nm) laser and dihydroethidium-1 filter settings in the 537 

Zeiss2010 software. The laser power, acquisition speed, frame size and gain were kept 538 

the same for both control and mutant. The laser power and gain were adjusted to keep 539 

the range of acquisition between 0-255 on an 8-BIT scale.  540 

2-Deoxy glucose treatment 541 

Third instar larval brains were treated with 500μM 2-DG in Schneider’s medium for 1hr. 542 

Control and treated brains were processed for pAMPK immunostaining as mentioned 543 

above.  544 

Mitochondrial membrane potential estimation with TMRM in live brains 545 

Third instar larval brains were dissected in Schneider’s medium. Then they were treated 546 

with Tetramethylrhodamine, methyl ester (TMRM) (100nM, Thermo fisher Scientific) for 547 

30 mins at room temperature. Treated brains were mounted in a LabTek chamber 548 

containing  Schneider's medium and imaged immediately using Zeiss LSM710 with a 549 

63x/1.4NA oil objective. A DPSS (561 nm) laser and RFP/TRITC filter was used for the 550 

detection of TMRM signal. 551 

TUNEL assay for detection of apoptotic cells 552 
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Third instar wandering larvae were dissected in Schneider's medium and fixed in 4% 553 

PFA for 25 mins followed by washing with 0.1% PBST for 20 mins at RT. Brains are 554 

then washed twice with 1XPBS for 2 min. The terminal transferase (TdT) reaction was 555 

performed as follows: First brains were treated with TdT reaction buffer and incubated 556 

for 10min followed by treatment of freshly made TdT reaction buffer cocktail (TdT 557 

reaction buffer, 5-Ethynyl-dUTP, TdT) for 60 min at 37oC and at 500rpm. After the TdT 558 

reaction, brains were washed twice with 3% BSA at RT for 5 min. Then Click-iT reaction 559 

was performed by adding click iT reaction cocktail (Click-iT reaction buffer, Click-iT 560 

reaction buffer additive) for 30min at RT. At this step samples were protected from light.  561 

Brains were washed with 3% BSA twice for 5 min after removing Click-iT reaction buffer 562 

cocktail and then incubated with Hoescht (1:1000) for DNA staining followed by washing 563 

with 1XPBS for 10 min. Samples mounted in Slow-Fade Gold (Molecular probes) and 564 

subsequently imaged using Zeiss LSM710 with a 40x/1.4NA oil objective and DPSS 565 

laser (561nm). Induction of apoptosis by UAS-Hid line driven by pointed Gal4 was used 566 

as positive control. TUNEL positive nuclei were counted and plotted using GraphPad 567 

Prism 5 software.  568 

 569 

Microscopy and Image acquisition 570 

Imaging of fixed samples using a confocal microscope 571 

Confocal microscopy of fixed samples was done at room temperature using LSM710 or 572 

LSM780 inverted microscope (Carl Zeiss, Inc. and IISER Pune microscopy facility) with 573 

a Plan apochromat 40x 1.4NA and 63x 1.4NA oil objective. Images were acquired using 574 

the Zen2010 software at 1024x1024 pixels with an averaging of 4 and acquisition speed 575 

7. Fluorescence intensity was kept within 255 on an 8-bit scale. Following lasers were 576 

used for the excitation of different fluorophores during fixed sample imaging: Diode laser 577 

for Hoescht, Argon laser line at 488nm for Alexa Fluor 488, DPSS laser for Alexa Fluor 578 

568, HeNe (633nm) for Alexa Fluor 633 and Alexa Fluor 647. The representative image 579 

for each type II lineage in the figures is shown from the center of the lineage and 580 

comprises the maximum number of cells in the lineage.  581 

 582 
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Stimulated Emission-Depletion (STED) microscopy for imaging mitochondrial 583 

morphology 584 

Super-resolution microscopy was done for visualizing mitochondrial morphology within 585 

type II NBs using the Leica TCS SP8 STED 3X Nanoscope with a 100x/1.4NA oil 586 

objective. Images were acquired using the LasX software at 1024x1024 pixels to keep 587 

pixel size  20-25nm, an averaging of 4, an acquisition speed of 200 and a zoom of 4.5. 588 

The Alexa Fluor 488 and 568 were excited with Argon 488 nm and Diode 561 nm lasers 589 

respectively and emission were collected with hybrid detectors for GFP and 590 

mitochondria labeled with ATPβ antibody respectively. The 561 nm excitation laser with 591 

the 775nm depletion laser was used for stimulated emission-depletion for visualizing 592 

mitochondria by super resolution. Fluorescence intensity was kept within 255 on an 8-bit 593 

scale using the LUT mode to avoid over-saturated pixels. 594 

 595 

Image analysis and statistics 596 

 597 

Neuroblasts number analysis 598 

NBs in a single hemisphere were counted by using Miranda as a NB marker across 599 

different mitochondrial dynamics mutants and compared with controls. Type II NBs were 600 

counted by using mCD8-GFP positive lineages expressed under pointed Gal4. Non-601 

parametric student t-test was performed for statistical analysis. 602 

 603 

ROS intensity analysis 604 

Fluorescence intensity of DHE uptake in control and mutant type II NB (mCD8-GFP 605 

positive) along with their neighboring NB (mCD8-GFP positive) were quantified by 606 

drawing a region of interest using a free hand tool in ImageJ. Ratios of DHE 607 

fluorescence intensity of GFP positive NB to a neighboring GFP negative NB present in 608 

the same optical plane were plotted using GraphPad Prism software. Non-parametric 609 

student t-test was performed for statistical analysis 610 

pH3 Analysis 611 
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pH3 positive cells were counted in each type II NB lineage for control and mutant brains 612 

and plotted using GraphPad Prism software. Non-parametric student t-test was 613 

performed for statistical analysis. 614 

Deadpan and Prospero quantification for mINPs and GMCs 615 

Immature INPs were identified and quantified as Dpn- and Pros- cells in each type II NB 616 

lineage labelled with mCD8-GFP and Dpn and Pros.  Dpn positive mINPs were counted 617 

in all sections in each type II NB lineage in control and mutant brains. Numbers of 618 

mINPs were plotted using GraphPad Prism software and non- parametric student-t-test 619 

was performed for statistical analysis. Nuclear Pros containing GMCs were counted in 620 

the type II NB lineage. For Pros analysis in each brain hemisphere for larval NBs of the 621 

type I and type II lineage, the maximum intensity optical plane was selected from 622 

anterior and posterior regions. We obtained the average area for each Pros positive 623 

nucleus from 5 GMCs in each sample. The total Pros positive area was determined by 624 

using the threshold tool in ImageJ. To extract the number of Pros positive GMCs, we 625 

divided the total area by average area of a single GMC. 626 

TMRM analysis 627 

TMRM intensities were computed in the entire type II NB in control, opa1 RNAi and marf 628 

RNAi expressing brains and in the clustered mitochondria in Drp1SD, Drp1SD;opa1 RNAi 629 

and Drp1SD;marf RNAi expressing brains using ImageJ. Average intensity was 630 

computed from the GFP positive type II NB and expressed as a ratio to the intensity 631 

seen in the neighboring control GFP negative NB. Relative intensities were then plotted 632 

using GraphPad Prism software.  633 

pAMPK analysis 634 

Average pAMPK intensities in control and mutant GFP positive type II NB and 635 

neighboring GFP negative NBs were measured using ImageJ software. pAMPK 636 

fluorescence was plotted as a ratio to the neighboring control cells by using GraphPad 637 

Prism software. Larval brain treatment of 2-DG showed an overall increase in antibody 638 
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fluorescence and the intensity in the GFP positive type II NB was used as positive 639 

control to induction of pAMPK.  640 

Mitochondrial number and area analysis 641 

Control and mutant brains were immunostained with ATPβ antibody. A qualitative 642 

observation of mitochondrial distribution as tubular, clustered and dispersed was made 643 

by visually observing NBs in various genotypes. Quantitative measurements for size 644 

and number of mitochondria were also done by using thresholding tool in imageJ 645 

software. A single optical plane was selected approximately in the middle of the type II 646 

NB (section with the highest diameter) where the nucleus was prominently visible and 647 

the density of the mitochondria was high. All mitochondrial particles which were above 648 

size cut off of 0.12 μm2 were analyzed for size. To clearly resolve mitochondrial 649 

particles in different genotypes we used a watershading tool from ImageJ.  650 

TUNEL analysis 651 

TUNEL positive nuclei per central brain region or type II NB lineage were counted in 652 

lobes of control and opa1 RNAi and plotted using GraphPad Prism software. We 653 

induced apoptosis by expressing UAS-Hid with pnt Gal4 as a positive control for TUNEL 654 

assay.  655 

 656 

Figure legends 657 

 658 

Figure 1: Mitochondrial morphology protein depletion leads to altered 659 

mitochondrial distribution in neuroblasts  660 

A: Schematic of larval CNS (left) containing the central brain (CB) lobes and ventral 661 

nerve cord (VNC) and type I (blue) and type II NB (purple) distribution and lineages of 662 

type I (blue, right) and type II NB (purple, right). The type I NB lineage has Dpn 663 

(magenta nuclei) positive NBs and Pros (green nuclei) positive GMCs. The type II NB 664 

lineage has Dpn positive NBs (magenta nuclei), Dpn negative and Pros negative 665 

immature INPs (black and white), Dpn positive mINPs (magenta nuclei) and Pros 666 
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positive GMCs (green nuclei). Dpn positive NBs are clearly distinguishable as larger 667 

cells as compared to Dpn positive mINPs in each type II NB lineage. 668 

B-D: Mitochondrial morphology and distribution in type II NBs (white dotted line, 669 

magnified area shown in the panel on the right) stained with ATPβ (red) antibody using 670 

STED super resolution microscopy is shown in representative images with zoomed 671 

inset in the right panel (B). mCherry RNAi (100% tubular, 32 NBs, 8 brains), opa1 RNAi 672 

(100% fragmented, 46,8), marf RNAi (100% fragmented, 45,8), Drp1SD (85% clustered, 673 

80,10). Average mitochondrial area quantification from type II NBs (C) in mCherry RNAi 674 

(7 type II NBs, 3 brains), opa1 RNAi (9,3), marf RNAi (11,3), Drp1SD(10,3). 675 

Mitochondrial number quantification in mCherry RNAi (7,3), opa1 RNAi (9,3), marf RNAi 676 

(11,3), Drp1SD (10,3) (D). Scale bar- 5μm  677 

C-D: Graphs show mean + sd. Statistical analysis is done using an unpaired t-test. **- 678 

p<0.01, ***- p<0.001. 679 

 680 

Figure 2: Depletion of Opa1 causes loss of differentiated mINPs and GMCs in type 681 

II NB lineage 682 

A-B: Representative confocal images of the type II NB lineage showing that Dpn 683 

positive mINPs (red, yellow arrows) are reduced in pnt-Gal4, UAS-mCD8-GFP driven 684 

opa1 RNAi (A) and Pros (red, yellow arrows) positive GMCs (B) are lowered in opa1 685 

RNAi and marf RNAi expressing type II NBs  686 

C: Quantification of immature INPs (Dpn and Pros negative) per type II NB lineage. 687 

mCherry RNAi (8 type II NB lineages, 4 Brains), opa1 RNAi (14,5), marf RNAi (11,3), 688 

Drp1SD (6,3).  689 

D: Quantification of Dpn positive mINPs (yellow arrows) per type II NB lineage in 690 

mCherry RNAi (n=22 type II NB lineages, 4 brains), opa1 RNAi (21,6), marf RNAi 691 

(13,8), Drp1SD (28,10).  692 
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E: Quantification of Pros positive GMCs (yellow arrows point to nuclear Pros) per type II 693 

NB lineage (E) of mCherry RNAi (18 type II NB lineages,5 brains), opa1 RNAi (18,5), 694 

marf RNAi (19,5), Drp1SD (26,9). Scale bar- 10μm  695 

C, D, E: Graphs show mean + sd. Statistical analysis is done using an unpaired t-test. 696 

ns=non-significant, **- p<0.01, ***- p<0.001. 697 

  698 

Figure 3: Drp1 depletion in opa1 RNAi and marf RNAi expressing type II NB 699 

lineages leads to a suppression of the differentiation defect. 700 

A-C: Representative images with zoomed inset in the right panel of type II NBs (white 701 

dotted line) containing pnt-Gal4, mCD8-GFP (green) stained for mitochondrial 702 

morphology with ATPβ (red) and imaged using STED (A).  pnt-Gal4, UAS-mCD8-GFP 703 

with Drp1SD (85% clustered, 80 NBs,10 Brains), Drp1SD;opa1 RNAi (85% clustered, 704 

96,12), Drp1SD;marf RNAi (86% clustered, 96,12). Quantification of average 705 

mitochondrial area (B) in type II NB of Drp1SD (6,3), Drp1SD;opa1 RNAi (7,4), 706 

Drp1SD;marf RNAi (7,4). Quantification of mitochondrial numbers (C) in type II NB of 707 

Drp1SD (6,3), Drp1SD;opa1 RNAi (7,4), Drp1SD;marf RNAi (7,4). Scale bar- 10μm. 708 

D-E: Type II NB lineages (yellow dotted line) showing expression of mCD8-GFP (green) 709 

and Dpn (red, yellow arrows) (D). Quantification of Dpn positive mINPs (E) in control (23 710 

NB lineages,16 brains), Drp1SD (28,10), opa1 RNAi (20,8), Drp1SD;opa1 RNAi (8,6), 711 

marf RNAi (13,8), Drp1SD;marf RNAi (35,8). Scale bar- 10μm.  712 

F-G: Type II NBs lineages (yellow dotted line) showing expression of mCD8-GFP 713 

(green) and Pros (red, yellow arrows point to nuclear Pros) (F). Quantification of Dpn 714 

positive mINPs (G) in control (29 NB lineages,18 brains), Drp1SD (26,8), opa1 RNAi 715 

(20,8), Drp1SD;opa1 RNAi (26,8), marf RNAi (14,8), Drp1SD;marf RNAi (33,8). Scale bar- 716 

10μm 717 

B,C,E & G: Graphs show mean + sd. Comparative analysis was done by using unpaired 718 

t-test. ns- non significant, **- p<0.01, ***- p<0.001 719 
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 720 

Figure 4: Co-depletion of Drp1 in Opa1 or Marf depleted type II NBs rescues the 721 

reduced mitochondrial membrane potential. 722 

A-B: Representative images showing decreased TMRM intensity in opa1 RNAi and marf 723 

RNAi expressing type II NBs. pnt-Gal4, UAS-mCD8-GFP control (17 type II NBs, 8 724 

brains), Drp1SD (9,5), opa1 RNAi (16,5), Drp1SD;opa1 RNAi (11,4), marf RNAi (11,5), 725 

Drp1SD;marf RNAi (7,4). Scale bar- 10μm (A). Graph showing normalized TMRM 726 

intensities in control (17 type II NBs, 8 brains), Drp1SD (9,5), opa1 RNAi (16,5), 727 

Drp1SD;opa1 RNAi 7,4), marf RNAi (11,5), Drp1SD;marf RNAi (6,4) (B).  728 

C-D: Representative confocal images of larval NBs (C) showing increased cytochrome 729 

C staining in opa1 RNAi using worniu-Gal4.  Analysis of cytochrome C intensity 730 

normalised with control (D). Control (8 brains), opa1 RNAi (7 brains), marf RNAi (7 731 

brains). 732 

B,D: Graphs show mean + sd. Comparative analysis was done by using unpaired t-test. 733 

ns- non significant, **- p<0.01, ***- p<0.001 734 

Figure 5: Proliferation defects in Opa1 depleted type II NBs are suppressed by 735 

inhibition of Drp1 736 

A-B: Representative confocal images of type II NB lineages show loss of pH3 positive 737 

cells on opa1 RNAi expressed with pnt-Gal4, UAS-mCD8-GFP in the type II NB lineage 738 

(A). Quantification of pH3 positive cells (B) in control (28 NB lineages,6 brains), Drp1SD 739 

(13,3), opa1 (17,3), Drp1SD;opa1 RNAi (29,4), marf RNAi (17,3), Drp1SD;marf RNAi 740 

(30,7). Scale bar- 10μm.  741 

B: Graph shows mean + sd. Statistical analysis was done by using unpaired t-test. ns- 742 

non significant, *- p<0.1,  **- p<0.01, ***- p<0.001  743 

 744 

Figure 6: Notch regulates differentiation and fused mitochondrial morphology 745 

and in type II NBs 746 
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A-B: Type II NB lineages stained for mCD8-GFP (green) and Dpn (red, yellow arrows) 747 

show reduced mINPs in Notch downregulation (D). Analysis of mINP numbers in type II 748 

NB lineages (E) of pnt-Gal4, UAS-mCD8-GFP control (16 NB lineages, 4 brains), or 749 

with NotchFL (Notch full length) (16,8), notch RNAi (5,5). Scale bar- 10μm.  750 

C-E: Type II NBs (mCD8-GFP, green, yellow dotted line) showing Notch signaling 751 

mediated regulation of mitochondrial morphology (red) by ATPβ antibody using STED 752 

microscopy (A). Control (100% tubular, 75 NBs, 22 Brains), NotchFL (68% clustered, 753 

103,16), Nintra (76% clustered, 58,6), notch RNAi (50% fragmented, 30,14), su(H) RNAi 754 

(80% fragmented, 23,12). Average mitochondrial area quantification (B) in Control (6 755 

NBs,3 brains), NotchFL (10,5), Nintra (6,4), notch RNAi (6,4), su(h) RNAi (7,4). 756 

Mitochondrial number quantification (C) in control (6,3), NotchFL (10,5), Nintra (6,4), 757 

notch RNAi (6,4), su(H) RNAi (7,4). Scale bar- 5μm. 758 

B, D & E: Graphs show mean + sd. Statistical analysis was done by using unpaired t-759 

test. ns- non significant, *- p<0.1,  **- p<0.01, ***- p<0.001  760 

 761 

Figure 7:  Drp1 depletion alleviates the differentiation defect seen in notch RNAi 762 

expressing type II NB lineages. 763 

A-C: Type II lineages (pnt-Gal4, mCD8-GFP, green) showing Dpn positive INPs (red, 764 

yellow arrows) (A). Quantification of number of type II NBs (B) in control (16 Brains), 765 

Drp1SD (10), notch RNAi (9), Drp1SD;notch RNAi (5). Quantification of Dpn positive 766 

mINPs (C, yellow arrows)) in control (23 NB lineages,16 brains), Drp1SD (28,10), notch 767 

RNAi (54,9), Drp1SD;notch RNAi (25,5). Scale bar- 10μm 768 

D-E: Type II lineages (pnt-Gal4, mCD8-GFP, green) showing Pros positive INPs (red, 769 

yellow arrows) (D, yellow arrows). Quantification of Pros positive GMCs (E) in control 770 

(29 NB lineages,18 brains), Drp1SD (26,8), notch RNAi (45,5), Drp1 SD;notch RNAi 771 

(33,5). Scale bar- 10μm 772 
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F-G: Larval brain lobes show suppression of Notch mediated NB hyper proliferation on 773 

depletion of opa1 and marf (F). Quantification of NB number (G) in pnt-Gal4, UAS-774 

mCD8-GFP control (14 lobes), NotchFL (11), NotchFL;opa1 RNAi (9), NotchFL;marf RNAi 775 

(9). NotchFL quantification is repeated from Figure 1C. Scale bar- 50μm 776 

B, C, E & G: Graphs show mean + sd. Statistical analysis was done by using unpaired t-777 

test. ns- non significant, ***- p<0.001.    778 

 779 

Figure 8: Schematic summary for regulation of type II NB differentiation by fused 780 

mitochondrial morphology 781 

Mitochondria are maintained in a relatively tubular morphology in type II NBs in the 782 

presence of canonical Notch signaling. Mitochondrial fusion protein Opa1 is essential 783 

for NB differentiation (A). Mitochondrial fusion protein Marf is also essential for 784 

formation of GMCs. Depletion of mitochondrial fusion protein Opa1 in type II NBs leads 785 

to formation of fragmented mitochondria with lowered mitochondrial membrane potential 786 

which can potentially result in the production of defective immature INPs which further 787 

fails to differentiate into mINP and GMCs (B).  788 

 789 

Supplementary figure legends: 790 

Figure S1: Table showing analysis of mitochondrial morphology protein 791 

knockdown with different neuronal Gal4s.  792 

Various Gal4 drivers were crossed with mutants of mitochondrial morphology genes at 793 

25 or 29 oC and lethality or behavioral phenotype was recorded in the adult. worniu-794 

Gal4 (wor-Gal4), inscuteable-Gal4, prospero-Gal4 and scabrous-Gal4 expresses the 795 

Gal4 in all NBs, pointed-Gal4 (pnt-Gal4) expresses in type II NBs and elav-Gal4 796 

expresses in neurons. Adult flies from crosses with wor-Gal4 (25 oC) and pnt-Gal4 (29 797 
oC) with opa1 RNAi and marf RNAi were sluggish and the numbers obtained were at the 798 

expected frequency, no lethality was seen at the pupal stage. elav-Gal4 crosses gave 799 
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lethality and few adults emerged. The opa1 RNAi BL32358 and opa1 RNAi2 BL67158 800 

BL gave stronger phenotypes as compared to opa1 RNAi Ming Guo lab with 801 

inscuteable-Gal4, prospero-Gal4, elav-Gal4 and scabrous-Gal4. The marf RNAi Ming 802 

Guo lab and marf RNAi2 BL67159 gave stronger phenotypes as compared to marf 803 

RNAi BL31157 with inscuteable-gal4, prospero-Gal4 and elav-Gal4. We chose opa1 804 

RNAi BL32358, opa1 RNAi2 BL67158, marf RNAi Ming Guo lab and marf RNAi 805 

BL67159 for further analysis. The Drp1 RNAi from VDRC did not show phenotypes and 806 

the Drp1 (BL51483) gave inconsistent results, hence we used a lab generated GTPase 807 

domain mutant Drp1SD for further analysis. 808 

Figure S2: Depletion of mitochondrial fusion proteins Opa1 and Marf result in 809 

mitochondrial fragmentation and loss of type II NB differentiation 810 

A-C:Mitochondrial morphology and distribution in type II NBs (white dotted line, 811 

magnified area shown in the panel on the right) stained with ATPβ (red) antibody using 812 

STED super resolution microscopy is shown in representative images with zoomed 813 

inset in the right panel (A). Control (100% tubular, 75 NBs, 22 brains), opa1 RNAi2 814 

(100% fragmented, 14,4), marf RNAi2 (100% fragmented, 14,4). Average mitochondrial 815 

area quantification from type II NBs (B) in control (10 type II NBs, 4 brains), opa1 RNAi2 816 

(8,4), marf RNAi2 (5,3). Mitochondrial number quantification in control (10,4), opa1 817 

RNAi2 (8,4), marf RNAi2 (5,3) (C). Scale bar- 5μm  818 

D-E:Type II NB lineages (yellow dotted line) showing expression of mCD8-GFP (green) 819 

and Dpn (red, yellow arrows) (D). Quantification of Dpn positive mINPs (E) in control (20 820 

NB lineages, 5 brains), opa1 RNAi2 (19,4), marf RNAi2 (15,4). Scale bar- 10μm.  821 

F-G:Type II lineages (pnt-Gal4, mCD8-GFP, green) showing Pros positive INPs (red, 822 

yellow arrows) (D, yellow arrows). Quantification of Pros positive GMCs (E) in control 823 

(28 NB lineages,8 brains), opa1 RNAi2 (19,4), marf RNAi2 (18,4). Scale bar- 10μm.  824 

B-C, E, G: Graphs show mean + sd. Statistical analysis is done using an unpaired t-test. 825 

ns- non significant, **- p<0.01, ***- p<0.001. 826 
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Figure S3: NB polarity and number are unaffected by knockdown of mitochondrial 827 

morphology proteins 828 

A-B: Representative confocal images of larval brain lobes stained for Miranda (red) 829 

show no change in NB number (A). Expression of opa1 RNAi, marf RNAi and Drp1SD 830 

mutant were done by wor-Gal4. Quantification of NB number in larval brain lobes (B) of 831 

control (13 lobes,13 brains), opa1 RNAi (10,10), marf RNAi (10,10), Drp1SD (10,10). 832 

Scale bar- 50μm  833 

C: Number of type II NBs and their progenies per lineage in control, opa1 RNAi, marf 834 

RNAi, Drp1SD (n= 30 type II NB lineages,15 brains each) . 835 

D: Representative images showing apical and basal localization of Bazooka and Numb 836 

respectively in control and mitochondrial dynamics mutants . Scale bar- 10μm 837 

E-F: Representative images of brain lobes showing reduced Pros positive GMC 838 

population in wor-Gal4 opa1 RNAi (E). Analysis of  Pros positive GMCs (F) in control 839 

(10 lobes,10 brains), opa1 RNAi (11,11), marf RNAi (7,7), Drp1SD (11,11).Scale bar- 840 

50μm 841 

B, C & F: Graphs show mean + sd. Statistical analysis was done by using unpaired t-842 

test. ns- non significant, ***- p<0.001 843 

 844 

Figure S4: Depletion of Opa1 does not cause ATP stress and apoptosis in type II 845 

NB lineages 846 

A-B:  Representative images of type II NBs expressing mitochondrial fusion mutants 847 

along with pnt-Gal4, UAS-mCD8-GFP did not show change in levels of pAMPK (pAMPK 848 

fluorescence is shown as rainbow scale) (A). Controls, mutants and 2-DG treated brains 849 

were imaged for pAMPK fluorescence at the same time under the same imaging 850 

conditions. Type II NBs are marked by white dotted lines while lineages are marked by 851 

expression of mCD8-GFP (green). Analysis of pAMPK intensity normalised with 852 
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neighboring control cells (B). Control (41 NBs,14 brains), opa1 RNAi (33,8), marf RNAi 853 

(23,8), DMSO (76,8), 2-DG (91,9). 854 

C-D: Representative images showing increased levels of ROS (rainbow scale) in type II 855 

NB (position marked by white dotted line) using pnt-Gal4, UAS-mCD8-GFP with 856 

mitochondrial dynamics mutants (C). Analysis of relative DHE fluorescence as a ratio to 857 

neighboring cells (D) in type II NBs, control (22 NBs,6 Brains), opa1 RNAi (17,8), marf 858 

RNAi (17,8), Drp1SD (9,5), hSOD1 mutant (13,3).  859 

E-G: Representative images of type II NB lineages (pnt-Gal4, UAS-mCD8-GFP, green) 860 

stained for cleaved caspase and shown in heatmap in opa1 RNAi (E) control (10 NB 861 

lineages,6 Brains), opa1 RNAi (9,6). Fluorescence confocal images of brain 862 

hemispheres showing no significant change in TUNEL positive nuclei (red) (F) in opa1 863 

RNAi expressed in all NBs with wor-Gal4. Expression of UAS-hid shows a significant 864 

increase in TUNEL positive cells when expressed with pnt-Gal4, mCD8-GFP in the type 865 

II NB lineage. Quantification of TUNEL positive nuclei (G) in wor>WT(3 brains), wor> 866 

opa1 RNAi (4), pnt> UAS-hid reaper (5). Statistical analysis was performed using 867 

unpaired t-test. ns- non significant, ***- p<0.0001 868 

B, D & G: Graphs show mean + sd. Statistical analysis was done by using unpaired t-869 

test. ns- non significant,**- p<0.01 ***- p<0.001 870 

 871 

Figure S5:  Nintra overexpression driven NB proliferation is partially reversed by 872 

additional depletion of Opa1 or Marf. 873 

A-C: Larval brain lobes (CD8-GFP, green) (A) increase in size on Nintra overexpression 874 

which is rescued by opa1 RNAi and marf RNAi expression. Representative images of 875 

larval brain hemisphere containing mCD8-GFP (green, A, B) DNA (blue, B) and Dpn 876 

(red, B) showing partial rescue of NB hyperproliferation in Nintra expression by opa1 877 

RNAi and marf RNAi (B). Nintra (8 lobes, 8 brains), Nintra;opa1 RNAi (10,10), Nintra; 878 

marf RNAi (10,10). Scale bar- 50μm. Quantification of lobe size (C) in control (8 brains), 879 

Nintra (12), Nintra;opa1 RNAi (10), Nintra; marf RNAi (12). C: Graph shows mean + sd. 880 
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Statistical analysis was performed using unpaired t-test. *-p<0.05, ***- p<0.001. Scale 881 

bar- 200μm.  882 

D: Representative superresolution STED images of mitochondria showing clustered 883 

morphology in Nintra mutant expressed with pnt-Gal4, UAS-mCD8-GFP and punctate 884 

appearance in opa1 and marf RNAi expressing type II NBs in the Nintra background. 885 

Nintra (76% tubular, 58 Neuroblasts, 6 Brains), Nintra;opa1 RNAi (100%, 95, 20), 886 

Nintra;marf RNAi (100%, 98, 14). Scale bar- 10μm 887 

 888 
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