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ABSTRACT

The metabolic enzymes that compose glycolysis, the citric acid cycle, and other pathways within
central carbon metabolism have emerged as key regulators of animal development. These
enzymes not only generate the energy and biosynthetic precursors required to support cell
proliferation and differentiation, but also moonlight as regulators of transcription, translation,
and signal transduction. Many of the genes associated with animal metabolism, however, have
never been analyzed in a developmental context, thus highlighting how little is known about the
intersection of metabolism and development. Here we address this deficiency by using the
Drosophila TRiP RNAI collection to disrupt the expression of over 1,100 metabolism-associated
genes within cells of the eye imaginal disc. Our screen not only confirmed previous observations
that oxidative phosphorylation serves a critical role in the developing eye, but also implicated a
host of other metabolic enzymes in the growth and differentiation of this organ. Notably, our
analysis revealed a requirement for glutamine and glutamate metabolic processes in eye
development, thereby revealing a role of these amino acids in promoting Drosophila tissue
growth. Overall, our analysis highlights how the Drosophila eye can serve as a powerful tool for

dissecting the relationship between development and metabolism.
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INTRODUCTION

The fruit fly Drosophila melanogaster has emerged as a powerful model for investigating
the metabolic mechanisms that support animal growth and development. In this regard, a key
advantage of studying metabolism in the fly is that the disruption of an individual metabolic
reaction often induces a specific phenotype, thus revealing energetic and biosynthetic bottlenecks
that influence cell growth, proliferation, and differentiation. For example, mutations that disrupt
activity of the citric acid cycle (TCA cycle) enzymes Isocitrate Dehydrogenase 3b (Idh3b) and
Malate Dehydrogenase 2 (Mdh2) prevent the larval salivary glands from dying at the onset of
metamorphosis (WANG et al. 2008; WANG et al. 2010; DUNCAN et al. 2017). These observations
suggest that the salivary glands are uniquely dependent on the TCA cycle to activate the cell
death program and reveal an unexpected relationship between central carbon metabolism and
metamorphosis. Such phenotype-driven studies are essential for investigating how metabolism
and development are coordinated during the fly life cycle.

The Drosophila eye has long served as a powerful model for both metabolism and
development (for reviews, see DICKINSON AND SULLIVAN 1975; KUMAR 2018). Many of the
earliest genetic studies conducted in the fly were based upon genes such as vermillion, cinnabar,
and rosy, which control eye pigmentation and encode enzymes involved in tryptophan and purine
metabolism (LINDSLEY AND ZIMM 1992). Similarly, classic work by Beadle and Ephrusi used
transplantation experiments to demonstrate that ommochromes are synthesized in larval
peripheral tissues and transported into the eye (BEADLE AND EPHRUSSI 1936), thus revealing that
metabolism is systemically coordinated during development. Nearly a century later, the
Drosophila eye still serves as an essential tool for studying developmental metabolism — a fact
that is best illustrated by a finding from Utpal Banerjee’s lab. In a classic demonstration of how
unbiased screens can identify unexpected developmental regulators, members of the Banerjee lab
discovered that the Drosophila gene CoVa (FBgn0019624; also known as tenured and COX5A4),
a subunit of Complex I'V within the electron transport chain (ETC) is essential for normal eye
development (MANDAL et al. 2005). While such a discovery could have been easily discounted
as the disruption of a housekeeping gene, characterization of CoVa mutants demonstrated that
reduced oxidative phosphorylation (OXPHOS) induces a G1 cell-cycle arrest during the second
mitotic wave (MANDAL et al. 2005). Moreover, this phenomenon was found to be orchestrated

by the metabolic sensor AMPK, which responds to the decreased ATP levels present within
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CoVa mutant cells by activating p53 and lowering Cyclin E levels (MANDAL et al. 2005). These
studies of CoVa function, together with similar studies of other electron transport chain (ETC)
subunits and mitochondrial tRNAs (MANDAL et al. 2005; LIAO et al. 2006), demonstrate that the
eye can be used to efficiently understand how metabolism is integrated with developmental
signaling pathways.

Here we use the Drosophila TRiP RNAI collection to identify additional metabolism-
associated genes that influence eye development. Our screen used the eyes absent composite
enhancer-GAL4 (eya composite-GAL4) driver to induce expression of 1575 TRiP RNAi
transgenes (representing 1129 genes) during development of the eye imaginal disc (WEASNER et
al. 2016). This analysis not only confirmed previous findings that genes involved in OXPHOS
are essential for eye development, but also uncovered a role for glutamate and glutamine
metabolism within this tissue. Moreover, we identified several poorly characterized enzymes that
are essential for normal eye formation, thus hinting at novel links between metabolism and tissue
development. Overall, our genetic screen provides a snapshot of the biosynthetic and energetic

demands that the development of a specific organ imposes upon intermediary metabolism.
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96 METHODS

97  Drosophila Strains and Husbandry

98  Fly stocks and crosses were maintained at 25° C on Bloomington Drosophila Stock Center

99  (BDSC) food. All genetic crosses described herein used eya composite-GAL4 to induce
100 transgene expression (a kind gift from Justin Kumar’s lab, WEASNER et al. 2016). The TRiP
101  RNAI lines used in this study were selected by searching the BDSC stock collection using a
102  previously described list of metabolism-associated genes (TENNESSEN et al. 2014; PERKINS et al.
103  2015). All strains used in this study are available through the BDSC.
104
105  Genetics Crosses and Phenotypic Characterization
106  Five adult male flies from each TRiP stock was crossed with five w///8; eya composite-GAL4
107  adult virgin females. For each cross, F1 progeny heterozygous for both eya composite-GAL4 and
108  the UAS-RNAi transgene were scored for eye phenotypes within three days of eclosion. Eyes
109  were scored for the following phenotypes: rough, glossy, small, no eye, misshaped, overgrowth,
110  necrosis, abnormal pigmentation, and lethality prior to eclosion. Whenever possible, at least 20
111  adults were scored from during this screen. Any TRiP stock that produced a phenotype during
112 the initial analysis was reanalyzed using the same mating scheme described above and twenty
113  flies of each sex were scored. In some instances, expression of the TRiP transgene induced a
114  lethal or semi-lethal phenotype prior to eclosion, thus limiting the number of animals that could
115  be scored in our analysis. To avoid confirmation bias, each cross was only labeled with the
116  BDSC strain number and the genotype was revealed only after phenotypic characterization.
117
118  Statistical Analysis of Pathway Enrichment
119  Genes were assigned to individual pathways based on the metabolic pathways annotated within
120 the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways (KANEHISA 2017; KANEHISA
121 et al. 2019). Enrichment analyses for individual metabolic pathways were conducted using
122 Fisher’s exact test with the P value being calculated using two tails. For the purpose of these
123  calculations, expression of 165 transgenes induced a phenotype while the expression of 1410

124  transgenes had no effect on eye development.

125
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126 DATA AVAILABILITY

127 All TRIiP lines used in this study are available from the BDSC. The eya composite-GAL4
128  strain is available upon request. Data generated in this study have been uploaded to the RNAi
129  Stock Validation and Phenotype (RSVP) database, which is publically available through the
130  DRSC/TRIiP Functional Genomics Resources website. The full list of TRiP stocks used in our
131  analysis can be found in Supplemental Table 2 and the strains analyzed in the secondary screen
132 are listed in Supplemental Table 3. To facilitate replication of our study, all supplemental tables

133  contain both the BDSC and FlyBase identification numbers (Fbgn).
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134 RESULTS

135 To identify metabolic processes involved in eye development, we used the eya

136  composite-GAL4 driver to express TRiP RNAI transgenes that target metabolism-associated

137  genes (Supplemental Table 1). Since this GAL4 driver promotes transgene expression in the eye
138  imaginal disc from the L2 stage until after the morphogenetic furrow moves across the eye field
139  (WEASNER et al. 2016), our screen of 1575 TRiP RNAI lines was designed to identify metabolic
140  processes required for the proliferation and differentiation of cells within this organ. Of the

141  RNAI transgenes examined, 198 induced an eye phenotype in the initial screen and 165

142  subsequently generated reproducible phenotypes (Supplemental Tables 2 and 3).

143 Among the TRiP lines that consistently induced an eye phenotype were a number of
144  positive controls. Notably, the RNAIi transgene that targets CoVa (BDSC 27548) induced glossy-
145  eye phenotype (Figure 1A-B; Supplemental Tables 2 and 3), thus phenocopying the eye defect
146  associated with CoVa mutant clones (MANDAL et al. 2005). Moreover, TRiP RNAI lines that
147  interfere with expression of Insulin Receptor (BDSC 35251; FBgn0283499, REF), PI3K (BDSC
148  27690; FBgn0015279), Akt (BDSC 31701 and 33615; FBgn0010379), Tor (BDSC 34639;

149  FBgn0021796), and raptor (BDSC 31528, 31529, and 34814; FBgn0029840) resulted in either
150  small or misshapen eyes (Figure 1C; Supplemental Tables 2 and 3). Similarly, RNAi-induced
151  depletion of the negative growth regulators PTEN (BDSC 25967 and 33643; FBgn0026379),
152 Tscl (BDSC 52931 and 54034; FBgn0026317) and Tsc2 (BDSC 34737; FBgn0005198) induced
153  an overgrowth phenotype (Figure 1D; Supplemental Tables 2 and 3). Our findings are consistent
154  with previous studies that described roles for these insulin and Tor signaling pathway

155  components in eye development (CHEN et al. 1996; BOHNI et al. 1999; GOBERDHAN et al. 1999;
156  HUANG et al. 1999; ITO AND RUBIN 1999; VERDU ef al. 1999; WEINKOVE et al. 1999; GAO et al.
157  2000; OLDHAM et al. 2000; POTTER et al. 2001).

158 Our ability to identify TRiP lines that interfere with the expression of known growth
159  regulators suggests that our screen efficiently identified key metabolism-associated genes

160 involved in eye development. We would note, however, that a screen of this nature will

161 inevitably produce false-positive results due to the off-target RNAIi effect and false negative

162  results due to inefficient depletion of target transcripts. Therefore, we will limit the Results and
163  Discussion sections to those pathways that are either represented by multiple positive results or

164  are notably absent in our analysis.
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165 Oxidative Phosphorylation

166 Of the 164 RNAI transgenes that consistently induced an eye phenotype when crossed to
167  the eya composite-GAL4 driver, 40 targeted genes that encode subunits of the ETC and ATP

168  synthase (F-type) as defined by KEGG pathway dme00190 (Figure 2; Supplemental Table 4).
169  These results indicate that eye development is quite sensitive to disruption of Complex I,

170  Complex IV, and Complex V (F-type ATP-synthase), as nearly half of the transgenes that

171  targeted these complexes induced an eye phenotype (Figure 2; Supplemental Tables 2 and 3). In
172  addition, expression of the siRNA that targeted Coenzyme Q biosynthesis protein 2 (Cog2;

173  FBgn0037574; BDSC 53276), which is required for Coenzyme Q production, and Cytochrome C
174  proximal (Cyt-c-p; FBgn0284248; BDSC 64898) resulted in highly penetrant glossy-eye

175  phenotypes (Figure 2; Supplemental Tables 2-4). We would also note that while expression of
176  only one siRNA associated with Complex II or III induced a phenotype, our screen included

177  relatively few strains that targeted these complexes.

178 Our findings regarding the ETC and ATP synthase are notable because, among the

179  metabolism-associated TRiP transgenes capable of inducing an eye phenotype, those that disrupt
180 OXPHOS represent one of the largest and most significantly enriched groups (p < 0.0001,

181  Fisher’s exact test, two-tailed, 94 OXPHOS transgenes tested). Moreover, ETC-related

182  transgenes were uniquely associated with the same morphological phenotype - not only did

183  disruption of OXPHOS almost invariably induce a glossy-eye (Figure 3A-C; Supplemental Table
184  4), but among the RNAI lines tested, almost all of the transgenes that resulted in a glossy-eye
185  phenotype were associated with OXPHOS (Supplemental Tables 2 and 3). Overall, the

186  phenotypic similarities displayed among the OXPHOS-associated TRiP lines support two

187  previously state hypotheses (see MANDAL et al. 2005; L1IAO et al. 2006): (1) ETC subunits

188 influence eye development in a similar manner. (2) Considering that the function of many

189  nuclear-encoded mitochondrial proteins remain unknown (PAGLIARINI et al. 2008; PAGLIARINI
190  AND RUTTER 2013; CALVO et al. 2016), targeted disruption of these uncharacterized genes within
191  the eye imaginal disc could potentially identify novel OXPHOS regulators by simply using the
192  glossy-eye phenotype as a readout.

193

194  Glycosylphosphatidylinositol (GPI)-Anchor Synthesis
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195 Many of the enzymes involved in GPI-anchor synthesis emerged as being essential for
196 normal eye development. Of the 8 genes that are associated with this metabolic pathway (KEGG
197  dme00563) and were examined during our screen, TRiP lines that targeted five of these genes
198 induced rough eye phenotypes (Figure 4A-D; Supplemental Table 5). These enzymes represent
199  multiple steps within GPI-anchor biosynthesis, which is consistent with previous observations
200 that this pathway is essential for the function of key proteins involved in eye development,

201  including rhodopsin, chaoptin, and dally (KRANTZ AND ZIPURSKY 1990; KUMAR AND READY
202 1995; NAKATO et al. 1995; SATOH et al. 2013). Considering that the GPI-anchor biosynthetic
203  enzymes would be predicted to emerge from a screen of this nature, these findings suggest that

204  our approach effectively identified genes involved in eye development.

205
206  Glycolysis and the TCA cycle
207 Expression of RNAi constructs targeting either glycolysis (KEGG dme00010) or the

208 TCA cycle (KEGG dme00020) rarely affected eye development. Only two of the 40 TRiP lines
209 that disrupt expression of glycolytic enzymes and none of the transgenes that targeted genes

210  associated with the TCA cycle (n=27) induced an eye phenotype (Supplemental Tables 6 and 7).
211  These results, while surprising, require confirmation using null alleles of these genes, as we can’t
212  eliminate the possibility that enzymes in glycolysis and the TCA cycle are so abundant that

213  RNAI is incapable of reducing their expression below a threshold level. However, we would note
214  that the eyes of Mitochondrial Pyruvate Carrier 1 (Mpcl; FBgn0038662) mutants appear

215  morphologically normal (Supplemental Figure 1B, BRICKER ef al. 2012). Considering that Mpc1
216  mutants are unable to transport pyruvate into their mitochondria, eye development must be able
217  proceed normally when glycolysis is uncoupled from the TCA cycle (BRICKER et al. 2012).

218  Secondly, we previously demonstrated that the TRiP line targeting Phosphofructokinase (Pfk;
219  FBgn0003071; BDSC 34366) reduces Pfk mRNA levels by ~80%, significantly decreases

220  pyruvate levels, and restricts larval growth (LI et al. 2018), however, Pfk-RNAi does not interfere
221  with eye development (Supplemental Figure 1C). Although we have not yet confirmed the

222  effectiveness of this Pfk-RNAi transgene in the eye imaginal disc, the absence of a phenotype in
223  our screen is notable and warrants future analysis using Pfk loss-of-function mutations.

224 While additional studies are required to understand how glycolysis and the TCA cycle

225 influence eye development, and we doubt that either pathway is completely dispensable in this
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226  context, our results raise several intriguing hypotheses. Metabolomic studies of the Mpcl

227  mutants reveal that fly larvae raised on standard media readily adapt to this severe disruption of
228  central carbon metabolism (BRICKER et al. 2012). The same compensatory mechanisms that are
229  activated in Mpcl mutants could also support eye development under conditions of reduced
230  glycolytic flux. In addition, considering the apparent dependence of developing eye cells on
231  catabolism of the amino acid glutamine (see below), glucose might not be the primary energy
232  source used by these cells. Finally, we would note that when compared with other larval organs,
233  such as the muscle and brain, imaginal discs express low levels of Lactate Dehydrogenase

234  (dLdh, RECHSTEINER 1970; WANG et al. 2016). Therefore, glycolytic flux appears to be

235  regulated differently in the eye when compared with other larval tissues (RECHSTEINER 1970).
236

237  Pentose Phosphate Pathway

238 Two enzymes within the oxidative shunt of the pentose phosphate pathway (KEGG

239  dme0030), glucose-6-phosphate dehydrogenase (G6PDH; known as Zwischenferment;

240  FBgn0004057; BDSC 50667) and phosphogluconate dehydrogenase (Pgd; FBgn0004654; BDSC
241  65078) produced a small eye phenotype (Supplemental Tables 2 and 3). These results were

242  unexpected because both enzymes are thought to be dispensable for growth and viability - Zw
243  mutants display no discernable phenotype, and while Pgd mutants are lethal, Zw Pgd double
244  mutant are viable with no obvious morphological defects (HUGHES AND LUCCHESI 1977). While
245  such results require confirmation using clonal analysis, our observations hint at the possibility
246  that tissue-specific disruption of the pentose phosphate pathway can induce developmental

247  phenotypes — a phenomenon that has been previously observed in studies of Drosophila

248  metabolism (CACERES ef al. 2011). Considering that the oxidative branch of the pentose

249  phosphate pathway serves a key role in maintaining NAPDH levels (YING 2008), future studies
250  should examine the possibility that eye development relies on G6PDH and PGD to maintain this
251 pool of reducing equivalents.

252

253  Glutamine metabolism

254 Our screen revealed an unexpected role for glutamine (Gln) and glutamate (Glu) in eye
255  development. Of the 24 TRIiP lines that targeted genes directly involved in Gln/Glu metabolism
256  (see enzymes that interact with GIn/Glu in KEGG pathway dme00250), five induced either a

10
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257  small or no eye phenotype (Supplemental Table 8). These five RNAI lines targeted five genes
258  that directly regulate GIn/Glu-dependent metabolic processes (Figure 5A):
259

260 (1) bb8 (FBgn0039071; BDSC 57484) encodes the enzyme glutamate dehydrogenase

261 (GLUD), which is responsible for converting glutamate into a-ketoglutarate and

262 ammonia (see KEGG dme00250). Because GLUD can funnel glutamate into the TCA
263 cycle, this enzyme allows cells to generate both fatty acids and ATP in a glucose-

264 independent manner — as is evident by the fact that many cancer cells adapt to inhibition
265 of glycolysis by up-regulating GLUD activity (ALTMAN ef al. 2016). A recent study in
266 Drosophila has implicated bb8 in promoting spermatogenesis (VEDELEK et al. 2016).
267

268 (2) CG8132 (FBgn0037687; BDSC 57794) encodes an omega-amidase that is homologous to
269 the human nitrilase family member 2 (NIT2) enzyme, which converts a-ketoglutaramate
270 into a-ketoglutarate and ammonia (JAISSON et al. 2009; KRASNIKOV et al. 2009). The

271 endogenous function of this enzyme remains poorly understood in animal systems,

272 however, there are some indications that NIT2 functions as a tumor suppressor in humans
273 (ZHENG et al. 2015).

274

275 (3) Glutamine synthetase 1 (Gs1; FBgn0001142; BDSC 40836) generates Gln from ammonia
276 and Glu (CA1zz1 AND R1TOSSA 1983). Since Gln is required for several biosynthetic

277 processes, including the production of nucleotides, glutathione, and glucosamine-6-

278 phosphate (see below, ALTMAN et al. 2016), Gs1 ensures that growing and proliferating
279 cells have adequate levels of this amino acid. In Drosophila, this enzyme is also required
280 for early mitotic cycles within syncytial embryos (FRENZ AND GLOVER 1996).

281

282 (4) Glutamine:fructose-6-phosphate aminotransferase 2 (Gfat2; FBgn0039580; BDSC

283 34740) converts Gln and fructose-6-phosphate into Glu and glucosamine-6-phosphate
284 (GRAACK et al. 2001). In turn, glucosamine-6-phosphate is used to generate N-acetyl-
285 glucosamine (GlcNAc), which is required for several cellular processes, including
286 chitin formation and protein modifications. Moreover, the multifaceted roles for
287 glucosamine-6-phosphate and GIcNAc in development are essential for cell

11
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proliferation and tissue growth, as demonstrated by the recent observation that
Drosophila Gfat2 is required for proliferation of adult intestinal stem cells (MATTILA et
al. 2018).

(5) phosphoribosylamidotransferase (Prat; FBgn00049011; BDSC 43296) links Gln with
purine biosynthesis (CLARK 1994). RNAI targeting of this gene in the eye imaginal disc
resulted in a lethal phenotype during our initial screen (Supplemental Table 2),
suggesting that disruption of nucleotide production in the developing eye induces non-
autonomous effects. Our observation is consistent with previous results, which indicate
that Prat is expressed in L3 imaginal discs and that Prat-RNAi results in a pupal lethality
(JT AND CLARK 2006; BROWN et al. 2014).

In addition to the enzymes that are directly involved in Glu/GlIn catabolism, RNAi of two

additional genes associated with these amino acids elicited eye phenotypes:

(1) y-glutamyl transpeptidase (Ggz-1; FBgn0030932; BDSC 64529) transfers a y-glutamyl
residue from a donor molecule, such as glutathione, to an acceptor molecule (IKEDA AND
TANIGUCHI 2005; HEISTERKAMP et al. 2008). Moreover, this enzyme can generate Glu by
using water as an acceptor molecule for y-glutamyl (IKEDA AND TANIGUCHI 2005;
HEISTERKAMP et al. 2008). Drosophila Ggt-1 was previously reported to function in the
larval Malpighian tubules, where it facilitates green-light avoidance by generating

glutamate (LIU ef al. 2014).

(2) Selenide water dikinase (SelD; FBgn0261270; BDSC 29553) encodes a member of the
selenophosphate synthetase 1 (SPS1) enzyme family that does not synthesize
selenophosphate but rather functions in redox homeostasis and glutathione metabolism
(Xu et al. 2007a; XU et al. 2007b; TOBE et al. 2016). Consistent with the proposed
functions of SPS1 proteins, SelD serves a critical role in Drosophila eye development by
restricting reactive oxygen species (ROS) accumulation (MOREY et al. 2003). In the
absence of SelD function, elevated ROS levels within the eye interfere with a variety of

developmental signaling events (ALSINA ef al. 1999; MOREY et al. 2001), as evident by

12
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319 the fact that the SelD null mutation patufet (SelD"*) dominantly suppresses the eye and
320 wing phenotypes induced by ectopic activation of sevenless and Raf (MOREY et al.

321 2001). While the exact metabolic function of SelD remains unknown, Se/D knockdown in
322 SL2 cells induces excessive Gln accumulation (SHIM et al. 2009).

323

324 We find these results notable because these seven enzymes are involved in a diversity of

325  metabolic processes, including biosynthesis, energy production, and cell signaling. Moreover,
326  not only are many of these enzymes implicated in cancer cell proliferation and tumor growth
327 (LN et al 2007; ALTMAN et al. 2016), but one of the metabolites associated with these enzymes,
328  a-ketoglutarate, is an essential regulator of histone methylation and gene expression (CHISOLM
329  AND WEINMANN 2018). Overall, our findings indicate that Drosophila eye development could
330 serve as a powerful in vivo model for investigating how Glu/GIn metabolism influences cell

331  proliferation and tissue growth.

332

333 DISCUSSION

334 Here we use the Drosophila TRiP RNAI collection to identify metabolic processes that
335 are required for the growth and development of the eye. Our screen not only verified that RNAi
336  could effectively disrupt metabolic processes with known roles in eye development (e.g., CoVa,
337  ETC subunits, enzymes involved in GPI-anchor biosynthesis), but also proved effective at

338 identifying additional pathways that are essential for the growth of this tissue. Here we highlight
339  two key findings that we believe warrant further examination.

340

341  Metabolic pathways are associated with specific developmental events

342 The RNAi phenotypes uncovered in our screen demonstrate how different stages in eye
343  development impart unique demands on intermediary metabolism. For example (and as

344  previously described by the Banerjee lab), the OXPHOS-associated glossy eye phenotype results
345  from a cell cycle arrest during the second mitotic wave (MANDAL et al. 2005), resulting in the
346 loss of pigment cells and lens secreting cone cells (for a review of cone and pigment cell

347  development, see KUMAR 2012). A key feature of this phenotype is that the overall eye size

348  remains normal, indicating that OXPHOS disruption does not interfere with cell proliferation

349  ahead of the morphogenetic furrow. The unique nature of this phenotype suggests that any TRiP
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350 line inducing a glossy, normal sized eye should be investigated for a potential role in OXPHOS.
351  Similarly, the rough eye phenotype induced by RNAi of GPI-anchor biosynthesis likely reflects
352  the disruption of proteins required for the formation of ommatidium, including those associated
353  with morphogen signaling, cell polarity, and cell specification (KUMAR 2012). Therefore, those
354  genes associated with a rough eye phenotype in our screen should be examined for potential
355  roles in ommatidial assembly.

356 While our screen indicates that dozens of metabolic enzymes are required for eye

357  development, perhaps our most intriguing results are the small/no eye phenotypes induced by the
358  disruption of Glu/Gln metabolism. These developmental defects likely stem from either

359  decreased cell proliferation ahead of the morphogenetic furrow or defects in cell fate

360  specification (for review, see KUMAR 2011) and are consistent with the role of Glu/GlIn-

361 associated enzymes in mammalian cell proliferation and differentiation (ALTMAN et al. 2016).
362  The developing eye disc, therefore, provides an ideal model to understand how signal

363 transduction cascades regulates Glu/GIn metabolism and investigate how the metabolism of
364  these amino acids influence cell proliferation and tissue growth. Moreover, considering that
365 relatively few TRiP lines induced either a small eye or no eye, any gene associated with this
366  phenotype should be examined for links with Glu/Gln metabolism. For example, RNA1 targeting
367  the Drosophila gene jet fuel (FBgn0033958; BDSC 43284) induces a small eye phenotype. This
368  gene, which encodes a major facilitator superfamily transporter protein involved in nociception
369 (HONJO et al. 2016), is uncharacterized during eye development. Based on the phenotypes

370  observed in our screen, future studies should examine potential links between jet fuel function
371 and Glu/Gln metabolism.

372

373 The Drosophila eye as a model for studying metabolic plasticity and robustness

374 Our screen further supports previous observations that Drosophila development is

375  surprisingly resistant to metabolic insults. Our observation that eye development was largely
376  unaffected by the RNAI transgenes that target glycolysis and the TCA cycle was unexpected.
377  While we doubt that either pathway is completely dispensable for eye formation, our results are
378  consistent with the ability of Drosophila development to withstand severe metabolic insults (e.g.,
379  Mpcl mutants, BRICKER et al. 2012). This metabolic robustness makes sense because animal

380  development must readily adapt to a variant of nutrient sources and environmental stresses.
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381  Based upon the results of this screen, we propose that the fly eye could serve as a model to

382  identify the compensatory pathways that that allow cell growth and proliferation to proceed in
383  the face of major metabolic disruptions.

384 Overall, our genetic screen demonstrates how Drosophila melanogaster can serve as a
385  powerful model to identify tissue-specific metabolic factors required for tissue growth and

386  organogenesis. Moreover, we believe this work represents a necessary step toward systematically
387 analyzing the metabolic pathways that support cell proliferation and tissue growth within the fly.
388
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402 FIGURE LEGENDS

403

404  Figure 1. Eye phenotypes caused by RNAIi disruption of OXPHOS and growth control. (A)
405  An eya composite-GAL4/+ control eye (eya comp-GAL4). (B) RNAIi depletion of CoVa, targeted
406  using BDSC 27548, resulted in a glossy-eyed phenotype. (C-D) TRiP RNAI transgenes targeting
407  the growth control regulators (C) Tor, targeted using BDSC 33951, and (D) PTEN, targeted

408 using BDSC 25967, induced small and large eyes, respectively. For all images, eya composite-
409  GALA4 is abbreviated eye comp.

410

411  Figure 2. The ETC and ATP synthase are required for normal eye development. (Top) A
412  diagram illustrating the ETC and ATP synthase within the inner mitochondrial membrane.

413  (Below) Individual subunits are listed in boxes and organized by complex. Yellow-shaded boxes
414  indicate that at least one RNAI transgene targeting the subunit induced a phenotype. Grey-shaded
415  boxes indicate that none of the RNAI transgenes targeting this subunit induced a phenotype.

416  Corresponding data can be found in Supplemental Table 4. Diagram is a modified from the

417  illustration presented on the KEGG website for pathway dme00190.

418

419  Figure 3. Disruption of the ETC and ATP synthase induces a glossy-eye phenotype.

420  Representative images illustrating how RNA1 depletion of OXPHOS components induce a

421  glossy-eyed phenotype. (A) ND-SGDH, targeted using BDSC 67311. (B) cype, targeted using
422  BDSC 33878. (C) ATPsynp, targeted using BDSC 27712. For all images, eya composite-GAL4 is
423  abbreviated eye comp.

424

425  Figure 4. Disruption of GPI-anchor biosynthesis induces a rough eye phenotype. (A) A
426  diagram illustrating GPI-anchor biosynthesis. Diagram is based upon KEGG pathway

427  dme00563. Abbreviations: Phosphatidyl-1D-myo-inositol (PtdIns); Dolichyl phosphate D-

428 mannose (DPM). (B-D) Representative images showing the rough eye phenotype caused by

429  RNAi-induced disruption of (B) PIG-H, targeted using BDSC 67330, (C) PIG-M, targeted using
430 BDSC 38321, and (D) PIG-O, targeted using BDSC 67247. For all images, eya composite-GAL4
431 is abbreviated eye comp.

432

17


https://doi.org/10.1101/582940
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/582940; this version posted March 19, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

433  Figure 5. Enzymes associated with glutamate (Glu) and glutamine (GIln) metabolism are
434  essential for normal eye development. (A) A diagram illustrating the metabolic reactions

435  associated with Glu and GIn metabolism as defined by KEGG pathway dme00250. (B-E)

436  Representative images illustrating how disruption of Glu/GIn metabolism affects eye

437  development. Abbreviations: D-glucosamine-6-phosphate (GLCN-6-P) and 5-

438  phosphoribosylamine (PRA). (B) BbS, targeted using BDSC 57484. (C) CG8132, targeted using
439 BDSC 38321. (D) Gs1, targeted using BDSC 40836. (E) Gfat2, targeted using BDSC 34740. For
440  all images, eya composite-GAL4 is abbreviated eye comp.

441
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610  Supplemental Figure 1. Most TRiP RNAI lines that target glycolysis do not disrupt eye
611 development. (A) All enzymatic steps in glycolysis were targeted during the course of the

612  screen. Yellow-shaded boxes indicate that at least one RNAI transgene targeting the enzyme
613  induced a phenotype. Grey-shaded boxes indicate that none of the RNAI transgenes targeting this
614  subunit induced a phenotype. Corresponding data can be found in Supplemental Table 6.

615  Diagram is modified from the pathway illustrating KEGG pathway dme00010. (B) w//’8; Mpc1’
616 mutant eyes are morphologically normal, indicating that glucose oxidations is not required

617  during eye development. (C) RNAI targeting Pfk using BDSC 34366 failed to induce an eye
618  phenotype. eya composite-GAL4 is abbreviated eye comp.

619

620  Supplemental Figure 2. TRiP RNAI lines targeting the TCA cycle do not disrupt eye

621 development. Grey-shaded boxes indicate that none of the RNAI transgenes targeting this

622  enzyme induced a phenotype. Corresponding data can be found in Supplemental Table 7.

623  Diagram is a modified from the pathway illustrating KEGG pathway dme00020.

624

625  Supplemental Table 1. A list of Drosophila genes involved in metabolism and nutrient sensing
626  Supplemental Table 2. Results of TRiP RNAi metabolism screen_Trial 1

627  Supplemental Table 3. Results of TRiP RNAi metabolism screen Trial 2

628  Supplemental Table 4. A list of the BDSC TRiP RNAI strains that were used to disrupt

629  oxidative phosphorylation

630  Supplemental Table 5. A list of the BDSC TRiP strains that were used to disrupt GPI-anchor
631  Dbiosynthesis.

632  Supplemental Table 6. A list of the BDSC TRiP strains that were used to disrupt glycolysis.
633  Supplemental Table 7. A list of the BDSC TRiP strains that were used to disrupt the TCA

634 cycle.

635  Supplemental Table 8. A list of the BDSC TRiP strains that were used to disrupt glutamate and
636  glutamine metabolism.

637
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Figure 1. Eye phenotypes caused by RNAi disruption of OXPHOS and growth
control. When compared with (A) an eya composite-GAL4/+ control eye (eya comp-
GAL4), RNAI depletion of (B) CoVa, targeted using BDSC 27548, resulted in a glossy-
eyed phenotype. TRiP RNAI transgenes targeting the growth control regulators (C) Tor,
targeted using BDSC 33951, and (D) PTEN, targeted using BDSC 25967, induced small
and large eyes, respectively. For all images, eya composite-GAL4 is abbreviated eye
comp.
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Figure 2. The ETC and ATP synthase are required for normal eye development.
(Top) A diagram illustrating the ETC and ATP synthase within the inner mitochondrial
membrane. (Below) Individual subunits are listed in boxes and organized by complex.
Yellow-shaded boxes indicate that at least one RNAI transgene targeting the subunit
induced a phenotype. Grey-shaded boxes indicate that none of the RNAI transgenes
targeting this subunit induced a phenotype. Corresponding data can be found in
Supplemental Table 4. Diagram is a modified from the illustration presented on the KEGG
website for pathway dme00190.
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VAL cype-RNAi

Figure 3. Disruption of the ETC and ATP synthase induces a glossy-eye phenotype.
Representative images illustrating how RNAi depletion of OXPHOS components induce
a glossy-eyed phenotype. (A) ND-SGDH, targeted using BDSC 67311. (B) cype, targeted
using BDSC 33878. (C) ATPsynp, targeted using BDSC 27712. For all images, eya
composite-GAL4 is abbreviated eye comp.
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Figure 4. Disruption of GPl-anchor biosynthesis induces a rough eye phenotype.
(A) A diagram illustrating GPIl-anchor biosynthesis. Diagram is based upon KEGG
pathway dme00563. Abbreviations: Phosphatidyl-1D-myo-inositol (Ptdins); Dolichyl
phosphate D-mannose (DPM). (B-D) Representative images showing the rough eye
phenotype caused by RNAi-induced disruption of (B) PIG-H, targeted using BDSC 67330,
(C) PIG-M, targeted using BDSC 38321, and (D) PIG-O, targeted using BDSC 67247.
For all images, eya composite-GAL4 is abbreviated eye comp.
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Figure 5. Enzymes associated with glutamate (Glu) and glutamine (Gln) metabolism
are essential for normal eye development. (A) A diagram illustrating the metabolic
reactions associated with Glu and GIn metabolism as defined by KEGG pathway
dme00250. (B-E) Representative images illustrating how disruption of Glu/GIn
metabolism affects eye development. Abbreviations: D-glucosamine-6-phosphate
(GLCN-6-P) and 5-phosphoribosylamine (PRA). (B) Bb8, targeted using BDSC 57484.
(C) CG8132, targeted using BDSC 38321. (D) Gs1, targeted using BDSC 40836. (E)
Gfat2, targeted using BDSC 34740. For all images, eya composite-GAL4 is abbreviated
eye comp.
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Supplemental Figure 1. Most TRiP RNA.I lines that target glycolysis do not disrupt
eye development. (A) All enzymatic steps in glycolysis were targeted during the course
of the screen. Yellow-shaded boxes indicate that at least one RNAI transgene targeting
the enzyme induced a phenotype. Grey-shaded boxes indicate that none of the RNAI
transgenes targeting this subunit induced a phenotype. Corresponding data can be found
in Supplemental Table 6. Diagram is modified from the pathway illustrating KEGG
pathway dme00010. (B) w''"8; Mpc1’ mutant eyes are morphologically normal, indicating
that glucose oxidations is not required during eye development. (C) RNAI targeting Pfk
using BDSC 34366 failed to induce an eye phenotype. eya composite-GAL4 is
abbreviated eye comp.
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Supplemental Figure 2. TRiP RNAI lines targeting the TCA cycle do not disrupt eye
development. Grey-shaded boxes indicate that none of the RNAI transgenes targeting
this enzyme induced a phenotype. Corresponding data can be found in Supplemental
Table 7. Diagram is a modified from the pathway illustrating KEGG pathway dme00020.
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