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21 Abstract

22 High mortality is usually observed during the transition from larvae to juvenile in teleost which 

23 is related to the transition from endogenous to exogenous feeding. Autophagy is an evolutionary 

24 regulated cellular mechanism highly conserved in eukaryotic organisms to maintain energy 

25 homeostasis against stress including starvation. To investigate whether autophagy plays a role 

26 during the larval-juvenile transition, we generated atg7 and beclin1 zebrafish mutant lines using 

27 CRISPR/Cas9 technology. In this study, both atg7 and beclin1 null zebrafish exhibited a normal 

28 body confirmation; nevertheless, they completely died around 15 dpf and 9 dpf respectively. 

29 During larval-juvenile transition period, atg7 and beclin1 mutants were unable to cope with the 

30 metabolic stress after yolk absorption at 5 dpf and fail to activate autophagy in response to 

31 nutrient restriction, and without external feeding, all mutants died nearly at 8 dpf. Dramatic 

32 defects in the intestine architecture and metabolic functions in the liver were observed even 

33 though providing larvae with an external food supply, suggesting that autophagy isn’t only 

34 important during yolk depletion but also within food plenty. Treatment with rapamycin, an 

35 activator of autophagy, could effectively extend the survival time of both atg7 and beclin1 null 

36 zebrafish through lowering the metabolic rate while it couldn’t activate autophagy in mutants via 

37 the canonical pathway. Our findings provided a molecular evidence for the physiological, 

38 histological and metabolic changes that occur during the transition process from the larval to the 

39 juvenile stages and the chief role of autophagy on the body metabolism during these turning 

40 milestones.

41 Keywords: Zebrafish, atg7, beclin1, Metabolism, Rapamycin.

42 Author summary

43 Zebrafish Danio rerio has emergrd one of the most powerful research models for studying genes 

44 expression during early embryogenesis and postnatal development. On the basis of the cell 

45 mechanisms, Macroautphagy, a natural regulated pathway disassembles unnecessary or 

46 dysfunctional components orchestrated by more than 36 autophagy related-genes conserved from 

47 yeast to mammals. Among those genes are atg7 and beclin1 which have been proved to play an 

48 important role in regulating post natal development in some mammals however their roles during 
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49 zebrafish development still unedited. During this research, CRISPER/CAS9 were adopted to 

50 know atg7 and beclin1 knockout effects on the mutants’ metabolism during shifting from 

51 maternal yolk acquisition to exogenous feeding and the role of autophagy during the larvae to 

52 pre-juvenile development. Herein, we found out that larvae couldn’t abandon autophagy in both 

53 fasting and feeding conditions as larvae died earlier before pre-juvenile development despite 

54 feeding declaring the importance of autophagy not only to provide the cell with essential 

55 nutrients during starvation but also to get rid of cargos inside the eukaryotic cells. Briefly, if the 

56 larvae didn’t recycle those cargos due to autophagy perturbations, they will die despite providing 

57 suitable conditions including food and acclimatization.

58 Introduction

59 On the basis of the developmental events, the transition from the larval to the juvenile stage is 

60 crucial during fish ontogeny since embryos shifting from maternal yolk acquisition to extrinsic 

61 food resources depending on the cellular metabolism and energy (1). Larva to juvenile transition 

62 is often rapid and involves many morphological, physiological, molecular, and behavioral 

63 adaptations which are energetically costly to suit the new environment (2). However, the 

64 molecular signals controlling the larval-to-juvenile transition remain largely unclear (1, 3).

65  Macroautophagy here referred to as autophagy, alters both anabolic and catabolic processes with 

66 the help of two key sensors, the activated protein kinase (AMPK), a key energy sensor and the 

67 mechanistic target of rapamycin (TOR), a key nutrients sensor(4). Moreover, autophagy involves 

68 in the cytosolic rearrangements needed for differentiation and growth during embryonic 

69 development, which can mediate protein and organelles turnover within a few hours (4, 5). 

70 Under the nutrient-rich condition, mTOR is activated and stimulates anabolic processes such as 

71 gluconeogenesis, protein synthesis, and energy metabolism, whereas catabolic pathway via 

72 autophagy is prohibited (6). During starvation stressors mTOR get switched off, thereby enabling 

73 the activation of autophagy in wild type zebrafish larvae after maternal yolk depletion at 6 dpf (7, 

74 8). Moreover, reactivation of mTOR attenuates autophagy and initiates lysosome regeneration 

75 (9). 

76   Up to date, several studies reported that atg7 silencing results in neurodegeneration (10), 

77 histopathological changes in the liver of mice (11, 12), and tumorigenesis in both murine and 
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78 human (13). In addition, atg7 accelerates hepatic glucose production through the action of 

79 glucogenic amino acids in the hepatocytes of the null mouse during nutrient depletion (14).On 

80 the other side, homozygous deletion of beclin1 is lethal in mice embryo while beclin1+/- embryos 

81 suffer from a high incidence of spontaneous tumors (15). The novel role of the autophagy 

82 pathway in intestinal microbiota and innate immunity in the small intestine was revealed using 

83 mice with mutations in atg16L1, atg5, and atg7(16, 17). Autophagy is necessary to maintain the 

84 unique structure and proper functions of the exocrine pancreas and trypsinogen activation (18, 

85 19).

86 In this study, we used atg7 and beclin1mutant zebrafish as models to investigate the relationship 

87 between autophagy and metabolism during zebrafish development. There were no phenotypes in 

88 atg7-/- and beclin1-/-mutant zebrafish during embryonic development，however both atg7 and 

89 beclin1 mutant strains have darken prominent liver in vivo during the period of larval-to-juvenile 

90 transition and died within 15dpf and 9dpf respectively. Atg7 and beclin1mutants were unable to 

91 cope with the metabolic stress after yolk absorption at 5dpf and fail to activate autophagy in 

92 response to nutrient restriction resulted in perturbations in hepatic glycogen/lipid metabolism. 

93 Collectively, our results suggest that autophagy-related genes atg7 and beclin1 are required for 

94 maintaining energy homeostasis and mediates liver metabolism during this transition state.

95 Results
96 Generation of atg7 and beclin1 mutagenesis by CRISPR/Cas9.

97  CRISPR/Cas9 system was conducted to generate our zebrafish mutants. Briefly, the sgRNA 

98 targeting sites were chosen in the 10th and 4th exons of atg7 and beclin1, respectively. Finally, 

99 two atg7 mutant lines were established, which contained 5-bp and 2-bp deletion, respectively, 

100 named atg7Δ5 and atg7Δ2 (Fig.1A). Zebrafish atg7 protein consists of two functional domains 

101 including ATG-N superfamily and E1 enzyme superfamily. The deletions in atg7Δ5 and atg7Δ2 

102 resulted in a frameshift that caused premature stop codons (Fig.1B). On the other side of genetic 

103 mutation, one beclin1 mutant line was established, which contained 8-bp deletion, named 

104 beclin1Δ8 (Fig. 1C). Zebrafish beclin1 protein consists of two functional domains including BH3 

105 and APG6 superfamily. The deletions in beclin1Δ8 resulted in a frameshift that caused 

106 premature stop codons (Fig.1D). 
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107 Loss of zebrafish atg7 or beclin1 function results in lethality during the larval-to-juvenile 

108 transition

109 When crossing the male and female atg7+/- or beclin1+/- zebrafish, no obvious defects were 

110 observed during the early embryonic development. Interestingly, atg7 and beclin1 mutants 

111 exhibited darken prominent liver compared with the wild type and heterozygous strains of the 

112 same population during larvae development (Fig.2A). To clarify this issue, whole mount Oil red 

113 O (ORO) staining was carried out at 7 dpf that ensured the lipid accumulation in the atg7 mutant 

114 liver and in the whole gastrointestinal tract (GIT) of beclin1 littermates, while wild type and 

115 heterozygous larvae have nearly the same phenotype of null lipid accumulation (Fig.2B). In 

116 zebrafish, the maternal yolk almost depleted after 5-6 dpf without exogenous feeding WT 

117 zebrafish larvae began to die as early as 6-7 dpf and completely died as later as 13 dpf. 

118 Meanwhile, atg7 and beclin1 homozygous mutants died from 6 to 9 dpf and 6 to 8 dpf 

119 respectively, which were identified by the phenotype and genotyping (Figs. 2C, 2D). Moreover, 

120 exogenous feeding couldn’t rescue the life of atg7-/- or beclin1-/- zebrafish as they started to die 

121 from 6 to 15 dpf and 6 to 9 dpf, respectively (Figs. 2E, 2F). Since atg7Δ5 and atg7Δ2 have 

122 nearly the same knockout effect on the protein domain, and survival rate, atg7Δ5 was applied as 

123 an example of atg7 knocking out in our further study.

124 During starvation in wild-type zebrafish larvae, mRNA expression of autophagy-related genes 

125 including atg7, beclin1, atg5, atg12 was gradually increased during starvation from 5 dpf to 8 

126 dpf and began to reduce upon feeding, whereas p62 expression was gradually reduced upon 

127 starvation and recovered after feeding, indicating that autophagy was induced during the yolk 

128 transition state (Figs. 3A-3E). To further validate the loss of atg7 and beclin1 function in mutant 

129 zebrafish; qRT-PCR was conducted at 5th and 7th dpf on starved mutant larvae and at 8th dpf on 

130 the fed group to detect the mRNA expression of the previously mentioned autophagy-related 

131 genes in mutants compared with their wild type siblings (Figs. 3F-3J). Interestingly, atg7 and 

132 beclin1 null larvae exhibited a very low gene expression of atg7 and beclin1 respectively 

133 (Figs.3F, 3G). Moreover, atg5 and atg12 genes expression showed no big difference during the 

134 transition period (Figs. 3H, 3I). On the other side, in both mutants, p62 expression within the 

135 transition period exhibited a significant increase despite feeding at 8 dpf (Fig. 3J). Our results 

136 suggest that atg7 and beclin1 are essential for the larval-juvenile transition around 5-14 dpf and 
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137 indicates the up-regulation of the autophagy process upon yolk termination that was prohibited in 

138 the mutants of our study.

139 Gastrointestinal tract (GIT) developmental defects displayed during the weaning period 

140 between the endogenous and exogenous feeding in atg7- and beclin1-null embryos.

141  Since the transition from the larval to the juvenile stage is also a transition from endogenous to 

142 exogenous feeding, whole mount in situ hybridization was conducted to determine whether the 

143 early death of atg7 and beclin1 mutants was due to developmental defects or metabolic 

144 inadequacy. Fabp10a, a marker of the liver (Figs. 4A-4C) and Villin1 a marker for intestine (Figs. 

145 4G-4I) demonstrated a normal expression pattern before maternal yolk depletion at 72hpf and 

146 5dpf, respectively between WT and atg7 or beclin1 mutants, at that time embryos still depend on 

147 the maternal nutrition. Upon yolk depletion at 6 dpf, there was a remarkable decrease in the gene 

148 expression in the mutant strains compared with their WT counterparts for fabp10a (Figs. 4D-4F) 

149 as well as Villin1 expression was down-regulated (Figs.4J-4L), suggesting the beginning of the 

150 malformation during the transition state which might be responsible for the early death of mutant 

151 strains.

152 To further clarify the role of autophagy in pancreatic activity, we examined trypsin expression 

153 for exocrine activity and insulin expression for the endocrine pancreas. Loss of atg7and beclin1 

154 function didn’t directly interfere with the insulin expression at the early development as it 

155 exhibited differences neither prior nor after yolk depletion from 72 hpf till 6 dpf (Figs.4M-4R). 

156 On the other side, trypsin, a digestive enzyme gene expressed in the exocrine pancreas, displayed 

157 a lower signal in mutant atg7 and beclin1 comparing with WT at 72 hpf (Figs.4S-4U) and with 

158 more remarkable down-regulation at 6 dpf (Figs.4V-4X). In wild-type zebrafish, trypsin 

159 synthesized normally and drained into the duodenum during the weaning period. Contrarily, it 

160 was expressed in a reduced signal area in the atg7 as well as beclin1 mutants. After photos 

161 capturing, all larvae were genotyped to confirm our results which indicated that autophagy 

162 dysfunction symptoms manifested in the later developmental stages during the weaning period 

163 between endogenous and exogenous feeding suggesting a critical window during the larval-

164 juvenile transition.

165 Atg7 and beclin1 mutants fail to reactivate autophagy in response to starvation
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166 In wild type during the transition period (5-7 dpf), the maternal yolk was depleted and mTOR 

167 was switched off enabling the activation of autophagy (20). Since autophagy activity is 

168 commonly detected by higher accumulation of autophagy microtubule-associated protein 1 light 

169 chain 3, LC3-II (21) and degradation of ubiquitin-conjugating protein P62/SQSTM1 (22), the 

170 two markers were used to monitor the autophagy flux. In contrast to higher LC3-II protein 

171 accumulation in the liver and intestine of WT larvae (Fig. 5A a), both atg7 and beclin1 mutants 

172 showed a great reduction in LC3-II expressions (Figs. 5A b, c). On the other side, P62/SQSTM1 

173 expression was elevated in mutants especially beclin1compared with their WT siblings (Figs. 5A 

174 d-f).The same results were obtained from the western-blot analysis of LC3A/B that usually 

175 exhibited in two bands: LC3-I and LC3-II. LC3-II is more appropriate for detecting autophagy 

176 since it ensures the complete transformation of pro-LC3-I. Herein, we detected a dysfunction in 

177 the autophagic signaling cascade in the mutant strains at 7 dpf via accumulation of P62/SQSTM1 

178 and reduction of LC3-II versus their wild type littermates (Fig. 5B). For further verification, 

179 immunofluorescence of liver sections from WT and both mutants also confirmed the latter 

180 results (Figs.5C, 5D). Accordingly, our results further suggest that atg7 and beclin1 mutants fail 

181 to activate autophagy under nutrient depletion as well as the predicted correlation between 

182 autophagy disruption and GIT metabolic disturbance.

183 Loss of zebrafish atg7 or beclin1 function leads to abnormal intestinal architecture after 

184 maternal yolk consumption.

185 In order to investigate the relationship between autophagy activity and intestinal architecture, 

186 longitudinal sections of 7 dpf and 14 dpf larvae were carried out. At 7 dpf, intestinal bulb of WT 

187 larvae was completely developed with normal folds in the intestinal epithelium and visible villi 

188 (Fig.6A). On the other side, mutant intestinal epithelium seems to be disorganized (Figs.6B, 

189 6C).The lining epithelia of atg7-/- and beclin1-/- appeared abnormal with pyknotic or loss of 

190 nuclear polarity and cellular structure that led to disturbance of the intestinal barrier and  

191 absorptive functions. By 14 dpf, WT intestinal mucosa consists of columnar enterocytes with 

192 basal arranged nuclei (Fig. 6D). On the contrary, atg7 mutants exhibited abnormal villous 

193 architecture, microvillus atrophy and impaired proliferation of intestinal epithelial cells 

194 accompanied by hyperplasia that often leads to extensive folding and formation of pseudo-crypts 
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195 (Fig.6E). As expected, beclin1-/- zebrafish exhibited rapid dramatic intestinal changes than in 

196 atg7-/- zebrafish, suggesting that beclin1-/- zebrafish at 7 dpf were in advanced idleness made 

197 them comparable to atg7-/-  zebrafish at 14 dpf. Briefly, beclin1 mutants showed more severe loss 

198 of intestinal epithelium structure and function with defective villi formation that appeared earlier 

199 than atg7-/- zebrafish.

200 Zebrafish atg7 or beclin1 knockout associates with liver metabolic disequilibrium.

201 During the process of endogenous-exogenous transition, liver plays a vital role in the regulation 

202 of systemic glucose and lipid fluxes during feeding and fasting. After yolk depletion, liver 

203 provides glucose for all tissues of the body by breaking down its own stores of glycogen via the 

204 process of glycolysis (23, 24). At the same time, liver replaces the consumed glycogen through 

205 gluconeogenesis and/or lipolysis that includes the formation of alternative glycogen from non 

206 carbohydrate sources, such as lactate, pyruvate, glycerol, and alanine (25, 26).

207 Herein, liver glycogen content was detected by periodic acid-Schiff (PAS) staining before and 

208 after yolk absorption, at 5, 7 and 14 dpf for atg7-/-and at 5, 7 dpf for beclin1-/-mutants. At 5 dpf, 

209 wild-type and both mutant strains contain an adequate amount of hepatic glycogen (Figs.7A, a-

210 c). At 7dpf, unlike WT, the hepatic glycogen was gradually depleted during the transition state in 

211 mutant strains which suggested an increase of glycolysis and decrease of gluconeogenesis 

212 (Figs.7Ad-f). Within 14 dpf, glycogen stock in atg7-null hepatocytes totally vanished compared 

213 with WT (Fig.7A g, h). Interestingly, atg7-/- intestine still contained residual glycogen suggesting 

214 indigestion as liver glycogen shed towards the intestine. However, it neither digested nor 

215 absorbed due to a disturbance in the trypsin secretion and disordered intestinal epithelia.

216  Lipids can be visualized with the Oil Red O (ORO) dye. Compared with 5,7 and 14 dpf WT 

217 larvae (Figs. 7 B i, l, o), atg7-and beclin1-null larvae displayed abnormal retention of lipids in 

218 the liver, as well as undigested fat droplets inside the intestine accumulated due to steatosis 

219 (Figs. 7B m, n, p). Beclin1 mutants exhibited accelerated morphological and cellular hallmarks 

220 of starvation at 7 dpf since hepatic lipid couldn’t be utilized in regard to autophagy deficiency in 

221 the mutant liver (Fig.7B n).

222  To further investigate the relationship between autophagy activity and glycolipid flux, mRNA 

223 expression of genes involved in hepatic glycogen and lipid metabolism were evaluated before 
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224 and after yolk transition at 5, 7 dpf during starvation and at 14 dpf in feeding condition. 

225 Starvation till 7 days will give an indication about the liver metabolic equilibrium during fasting 

226 before shifting to exogenous feeding after 7 dpf till 14 dpf. In our study, genes involved in 

227 gluconeogenesis including pck1, gys2, and g6pc3 (Figs.7C-7E) showed no significant difference 

228 between the three studied groups at 5dpf, however, they increased upon starvation at 7 dpf and 

229 decreased again after feeding at 14 dpf in wild type. Interestingly, those genes couldn’t be 

230 revived in both atg7 and beclin1 mutants during the period of starvation at 7 dpf compared with 

231 their wild type siblings. Contrarily, the mRNA expression of hk1, pfk1b, gck genes involved in 

232 glycolysis (Figs.7F-7H) were remarkably elevated in both mutants compared with their WT 

233 within the same population indicating a disturbance in glycogen synthesis and induction of 

234 glycolysis or glycogen consuming during the starvation in both mutants without renewing even 

235 though feeding atg7 mutants till 14 dpf.

236  In another point of view, genes involved in lipid metabolism were also quantified in the same 

237 timeline of glycogen metabolism, herein, genes involved in lipogenesis process including sterol 

238 regulatory element binding transcription factor 1(srepf1) and other lipogenic enzymes such as 

239 acetyl-CoA carboxylase 1 (ACC1) and fatty acid synthase (fasn) were highly induced in mutants 

240 versus wild type (Figs.7I-7K). Interestingly, these genes still highly expressed in mutants of atg7 

241 at 14 dpf despite feeding. On the other side, the expression of genes responsible for hepatic fatty 

242 acid β-oxidation including acox1, cpt1aa (Figs.7L, 7M) declined sharply in the same mutants 

243 confirming hepatic steatosis via lipid accumulation. For further description, Fatty acid 

244 translocase (FAT/cd36), a membrane protein participated in fatty acid uptake of hepatocytes, was 

245 significantly increased in both mutant strains at 7 dpf and at 14 dpf of atg7 mutants (Fig.7N). 

246 Briefly, autophagy perturbation was highly correlated with the induction of glycolysis and 

247 lipogenesis and inhibition of gluconeogenesis and lipolysis during the larval-juvenile transition 

248 of null atg7 and beclin1.

249 Rapamycin enhanced the survival rate of mutants via yolk retention but not through 

250 autophagy induction.

251 Pharmacological treatment via rapamycin induced a mild general developmental delay and could 

252 slow down the dramatic deterioration in mutant strains resulted in increasing the lifespan 2-3 

.CC-BY 4.0 International licensea
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 

The copyright holder for this preprint (which was notthis version posted June 11, 2019. ; https://doi.org/10.1101/666883doi: bioRxiv preprint 

https://doi.org/10.1101/666883
http://creativecommons.org/licenses/by/4.0/


10

253 days in both atg7 and beclin1 mutants (Figs.8A, 8B). At 7 dpf, we tried to focus on the effect of 

254 rapamycin on the metabolism as well as autophagy during this time point. Accordingly, mutants 

255 of control group exhibit dark liver compared with the wild type, while treated groups manifested 

256 significant delay in yolk absorption (Fig. 8C). Histological observations confirmed the growth 

257 retardation along GIT as intestine of treated larvae were barely detected and yolk sac occupied 

258 almost all the abdominal cavity. Interestingly, we found out that rapamycin could enhance the 

259 metabolism of both mutant strains by glycogen accumulation and hepatic lipid drainage similar 

260 to their WT littermates (Fig. 8D).

261 Treatment with rapamycin increased the protein levels of both LC3-II and P62/SQSTM1 in WT 

262 larvae (Fig. 9Ad, 9Bd).However, rapamycin had no obvious impact on autophagy induction in 

263 atg7- and beclin1-null larvae, since it couldn’t elevate LC3-II or restore P62/SQSTM1 (Fig. 9A 

264 e, f- 9B e, f). For further confirmation, protein expressions of LC3-I/II and P62/SQSTM1 were 

265 detected by western-blot analysis that ensures perturbation of Atg5/Atg7 dependent pathway and 

266 the disability of rapamycin for autophagy reactivation in both mutant strains (Fig. 9C). 

267 Collectively, rapamycin has no further effects on autophagy induction as it depends on mTOR 

268 and ATGs core that involved in the conventional autophagy pathway.

269 Discussion

270 Autophagy manipulated-deficient models give strong evidence on the role of autophagy in the 

271 early embryogenesis and postnatal development. Therefore, the metabolic balance between food 

272 restriction, autophagy and mTOR displays a dynamic pattern that affects the size of the 

273 organism, proper differentiation, and longevity (27, 28). As long as the food resource is 

274 available, the mammalian target of rapamycin (mTOR) allows cellular anabolism for building 

275 necessary blocks essential for growth and proliferation. During the larval-juvenile transition state 

276 when the maternal yolk depletes, larvae underwent starvation before shifting from endogenous to 

277 exogenous feeding, where they depend on catabolism and/or autophagy to compensate nutrient 

278 deprivation and maintain survival (29, 30). Surprisingly, unlike atg7-/-and beclin1-/-mice embryos 

279 that born healthy but died within one day neonatal (11, 15),  atg7 and beclin1, null zebrafish in 

280 our study exhibited a normal body confirmation, however, died around 14-15dpf and 8-9 dpf 

281 respectively suffering from reduced glycogen and hepatic steatosis. Furthermore, upon 
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282 starvation, WT larvae could survive till 13dpf however, starved atg7-/-and beclin1-/-quickly 

283 finished yolk around 6 dpf and died within 7-8 dpf due to food restriction and blocking of the 

284 autophagy pathway. Similarly, loss-of-function mutations of atg7 and beclin1 reduce the life 

285 span of Caenorhabditis elegans (31). Our results authenticate the importance of autophagy 

286 during starvation as well as food richness.

287 Among all autophagy genes, beclin1 and atg7 have been focused in our study. Vesicle nucleation 

288 requires beclin1 that forms a complex with the class-III phosphatidylinositol3-kinase (PI3K) 

289 Vps34. Moreover, the step of subsequent phagophore elongation requires atg7 that controls the 

290 conjugation between the two ubiquitin-like conjugation pathways; atg5-atg12 pathway and 

291 microtubule-associated protein1 light chain3 (LC3) lipidation to form membrane-associated  

292 LC3-II (32, 33).

293 Since liver, intestine, and exocrine pancreas are derived from the endoderm during the early 

294 embryonic development (34),WISH experiment reveals the down-regulation of gene markers 

295 related to those three digestive organs after 5 dpf. Generalized defects in the digestive derivatives 

296 indicate the importance of atg7 and beclin1 in the early endoderm differentiation. Interestingly, 

297 trypsin marker was substantially reduced that indicating its important role in the digestion 

298 process (35, 36). The down-regulation of trypsin secretion was also detected in atg5-/- mice that 

299 were found to reduce pancreatic trypsin secretion and attenuate pancreatic damage (19).

300 For mutagenesis characterization, atg7 and beclin1 mRNA expressions were severely reduced in 

301 atg7 and beclin1 mutants, respectively indicating the effective gene knockout. Moreover, 

302 starvation till 7dpf elevated the expression of p62 indicating autophagy disturbance in both 

303 mutants during the endogenous-exogenous transition, these findings put p62 at a critical situation 

304 that control both cell death and survival(37). On the other side, the expression of atg5 and atg12 

305 nearly didn’t change from their wild type siblings however atg5–atg12 conjugation that is 

306 essential for autophagosome formation is impaired due to the absence of the atg7 mediation in 

307 both mutants this also was previously explained elsewhere as atg7 silencing resulted in loss of 

308 the atg5–atg12 conjugate but doesn’t otherwise affect gene expression (38). On approach to 

309 evaluating autophagic flux, contrarily to wild type, our mutants show higher accumulation of 
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310 p62/SQSTM1 and down-regulation of microtubule-associated protein LC3-II level 

311 demonstrating the effects of knockout on phagophore de-novo formation and/or elongation. 

312 Accordingly, atg7 and beclin1 mutants couldn’t form mature autophagosomes resulted in 

313 inhibition of cargo sequestration which accounts for increasing of the p62/SQSTM1 level (39).

314 Hyperplasia of multilayered columnar epithelium, dysplasia with nuclear atypia and cellular 

315 pleomorphic malformations are all phenotypes for aged alimentary of zebrafish (40) which 

316 probably be detected in our atg7 and beclin1 mutants zebrafish, suggesting that autophagy 

317 blocking has a reverse effect on the longevity and accelerates GIT senescence. Furthermore, it 

318 has been showed that the embryonic phenotype of beclin1 null mice is more severe than that 

319 atg5−/− and atg7−/− mice (11) suggesting that beclin1 regulated early embryogenesis processes 

320 more than atg7. Consistent with these findings, beclin1 knock-out zebrafish died earlier than 

321 atg7 null larvae.

322 Regarding the molecular mechanism, the dynamic cross-talk between autophagy, glycogen and 

323 lipid metabolism has been previously studied in atg7-/- furrier models that exhibited lipoatrophy 

324 with hyperlipidemia and hyperglycemia (41). During starvation, hepatocytes mobilize glycogen 

325 stores promptly to increase the availability of glucose and maintain blood glucose and amino 

326 acid balance (42). At the same time, it induces lipolysis or in other meaning; it accelerates free 

327 fatty acids from peripheral adipose to the liver in order to start the process of ketogenesis then 

328 gluconeogenesis (43). Briefly, there is a high flux through fatty acid β-oxidation including the 

329 conversion of pyruvate and other anaplerotic substrates into glucose via gluconeogenesis and this 

330 has been confirmed in both fasted humans and animal models (44-46).

331  It has been reported that targeted deletion of essential autophagy genes in mice has various 

332 important functions of autophagy including lipid droplet and triglycerides formation (47-49). 

333 Together with our observations, indigested lipid droplets accumulated during nutrient 

334 deprivation and inhibition of autophagy reflects the essential role of atg7 and beclin1 in lipid 

335 metabolism (50). Alongside, our results had shown up-regulation of transcription factor srebf1, 

336 ACC1, and  fasn that are the key enzymes in the lipid de novo formation (51). Besides that, genes 

337 involved in lipid β-oxidation including acox1, cpt1aa were highly declined in mutant strains, as 
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338 well as, cd36 has been reported to be increased in non-alcoholic fatty liver disease (52). All data 

339 together suggest that lipid accumulation in our autophagy knocked out models is a result of 

340 blocked lipolysis.

341 On the other side, genes involve in glycolysis including hk1, pfk1b, gck were up-regulated in 

342 mutants after 5dpf as larvae struggle for surviving in another catabolic pathway (glycolysis) to 

343 compensate autophagy impairment. Moreover,(g6pc3) enzyme which catalyzes the conversion of 

344 glucose 6-phosphate (G6P) to glycogen within the hepatocyte (53) was highly reduced in both 

345 mutant strains, unlike wild type that maintains the balance between gluconeogenesis and 

346 glycolysis during fasting and feeding transition. All parameters and results indicated the 

347 correlation between autophagy and the glycogen boundary equilibrium during the transition from 

348 fasting to feeding (14, 54).

349 Rapamycin might be effective in age-related pathologies via activation of autophagy by 

350 enhancing the clearance of aggregate-prone proteins in vitro (55-57) However, Stimulation of 

351 autophagy by rapamycin in knocked-out models is still poorly understood. Previously, 

352 morphometric analysis of rapamycin-treated zebrafish has been established that revealed a great 

353 reduction in the epithelial cells number, size and proliferation hence lower yolk consumption till 

354 9dpf (26, 58). In our study, rapamycin increasing the longevity of atg7- and beclin1-mutated 

355 through slowing metabolism and dietary restriction which reduced cellular food demand without 

356 malnutrition resulted in metabolic equilibrium. Nevertheless, rapamycin couldn’t stimulate 

357 autophagy in mutants throughout the time of treatment as atg7 and beclin1 unable to convert 

358 LC3-I intoLC3-II or restore the cargo receptor P62/SQSTM1 which expected to be accountable 

359 for the sever deliration of the intestine and strongly correlated with the early death despite 

360 treatment (59-61). Those results indicating that beclin1 and atg7 are crucial for rapamycin-

361 induced and that rapamycin depends on the atg5-atg7 dependent autophagy pathway 

362 (conventional autophagy) that needs the presence of all ATGs parts including atg7as well as 

363 beclin1.

364 Briefly, however, the processes that govern success during the transition process from larval to 

365 juvenile are complex and not fully understood; autophagy-related genes in our study provided 
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366 molecular evidence that indicated the role of autophagy during the turning point in the timeline 

367 of zebrafish development (Fig.10A). During larval-juvenile transition, perturbations of our 

368 studied genes ceased the whole autophagy pathway made the larvae shifted to an easier catabolic 

369 pathway and depend on the stored hepatic glycogen, at the same time they unable to utilize lipid 

370 and/or start gluconeogenesis. Accordingly, the entire metabolic disturbance affects the structure 

371 and function of the gastrointestinal tract and accessory organs and leading to death during larval-

372 to-juvenile transition even though supporting larvae with external food supply (Fig.10B).

373 Materials and methods

374 Fish husbandry and mutagenesis screen.

375 Zebrafish (Danio rerio) AB strain was raised according to the established protocols (62). All 

376 experiments involving zebrafish were approved and in compliance with the requirement of the 

377 animal care institution and use committee of Huazhong Agricultural University. Adult zebrafish 

378 were kept in the recirculating system at 28.5℃ with 14 h light/10 h dark cycle and larvae were 

379 staged by morphology and age (hours post fertilization, hpf; days post fertilization, dpf). 

380 To generate atg7- and beclin1-mutated zebrafish, CRISPR/Cas9 vectors were constructed for 

381 editing selected specific sites and regions (24). All sgRNAs were designed using CRISPR RGEN 

382 Tools (http://www.rgenome.net). The linearized Cas9 plasmids were transcribed into mRNA using 

383 the T7 m MESSAGE Kit (Ambition, USA) and gRNA was synthesized using transcript Aid T7 

384 High Yield Transcription Kit (Thermo Scientific, USA). Zebrafish embryos at the one-cell stage 

385 were co-injected with 20pg target gRNA and 300pg Cas9 mRNA. For genotyping of the mutant 

386 zebrafish, PCR was performed with primers atg7-F: 5'-AAATGCCACAGTCCTCCTC-3’, atg7-

387 R: 5’-TGAGCCCAGCCTTTATTCT-3’, beclin1-F: 5'-GTATGCCATCAACCTCCTA-3' and 

388 beclin1-R: 5'-AAAGTGAAGCACTGCGAAT-3'.

389 Survival rates, histological assessments, and Whole-mount ORO.

390 For survival rate, after hatching, mutants of both atg7 and beclin1 strains separated via in vivo 

391 darken liver (100 mutants of both strains required to start the experiment). On the other hand, 

392 100 eggs were collected from wild type mating. We also depended on genotyping of dead 
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393 embryos every day to make sure of the mutagenesis especially for those treated with rapamycin. 

394 The survival probability at any particular time is calculated by the formula given below and 

395 curves given by The Kaplan-Meier plot (63).

396                         St=          Number of fries living at the start-Number of fries died till that moment

397                                                             Number of fries living at the start

398 For histological observations, atg7-mutated and WT larvae were collected at 5, 7 and 14 dpf, 

399 while beclin1-mutated were collected before death at 5 and 7 dpf. We opted this time window 

400 when the GIT became totally differentiated to follow the digestive architecture during autophagy 

401 impairment milestones after yolk transition. Genomic DNA of the tail regions n=48 (+/+: +/−: 

402 −/− = 15: 22: 11) was extracted using sodium hydroxide and Tris-HCl buffer at PH 8 (64)  and 

403 the whole larvae bodies were fixed in 4% paraformaldehyde in phosphate buffered saline (PFA) 

404 at 4°C overnight. 

405 Histological sections preparation method achieved as described elsewhere (65). Briefly, the 

406 specimens were dehydrated with ethanol series and embedded in paraffin. Tissue sections of 5 

407 μm were prepared using a microtome (Leica Model RM2155). For light microscope analysis, 

408 histological sections were stained with hematoxylin and eosin (H&E), periodic acid-Schiff (PAS) 

409 and Oil Red O (ORO) as previously described (66).

410 Whole-mount ORO staining was carried out on 4% PFA fixed larvae. After dehydration in 

411 ascending series of 1, 2-propanediol, larvae dyed with 0.5 % Oil Red O solution for 12 h at room 

412 temperature then washed in PBS for 20 min and stored at 80 % 1, 2-propanediol till imaging.

413 Quantitative real-time PCR (qRT-PCR) and whole-mount RNA in situ hybridization (WISH).

414 Total RNA was extracted from 35 wild-type larvae using TRIzol (Invitrogen, USA) in successive 

415 days from 5dpf to 8dpf. For atg7 and beclin1 after genotyping of tail regions, whole body 

416 homogenates of 36-38 mutant larvae from both strains were collected stored at -80οC degree till 

417 RNA extraction. RNA quality and concentration were evaluated by gel electrophoresis and 

418 NanoDrop 2000, respectively. Isolated RNA was reverse transcribed into cDNA was by Prime 

419 Script TM RT reagent Kit with gDNA Eraser (Stratagene, Takara). Real-time PCR was 

420 performed on ABI-7500 real-time PCR machine (Applied Biosystems, USA) and β-actin was 
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421 used to normalize the expression values(67).The primer sequences used in qRT-PCR are listed in 

422 tables 1, 2, and 3.

423 For the whole mount in situ hybridization analysis, the partial cDNAs of markers for 

424 differentiated hepatocytes liver fatty acid binding protein 10a  fabp10a (68), intestinal epithelium 

425 enterocyte differentiation marker villin1(69), pancreatic insulin and trypsin (70, 71) were 

426 amplified using primers listed in table4. Probes were synthesized by in-vitro transcription using 

427 DIG labeling mix and T7 polymerase (Roche, USA). Hybridization was conducted as previously 

428 described (72). The photograph was taken using Leica MZ16FA Microscope by ACImage 

429 software and genotyping was performed after imaging to confirm our results.

430 Western blotting and immunohistochemistry assay.

431  In western blot, trunk regions of sequenced larvae tail of beclin1 n=132 (+/+: +/−: −/− = 32: 63: 

432 37) and atg7 n=126 (+/+: +/−: −/− = 31: 60: 35) were collected and stored at -80οC. 

433 Homogenates from homozygous larvae of each strain were digested using lysis buffer containing 

434 a protease inhibitor. Samples were boiled for 10 min at 100°C in a ×5 loading buffer, after that, 

435 15μl of total proteins were subjected to SDS-PAGE (Bio-Rad) and carry out electrophoresis then 

436 the fixed  gel was electro-transferred it to a nylon membrane. After blocking with 5% skimmed 

437 milk in TBST, nylon membranes were incubated with Primary antibodies include rabbit anti 

438 SQSTM1/P62 (MBL, PM045), rabbit anti-LC3A/B (Cell Signaling Technology, 4108), and anti-

439 β-actin (Cell signaling, 4967S) respectively. Blots were probed with HRP-conjugated secondary 

440 antibody visualized using ECL western blotting detection reagents.NIH software Image J was 

441 applied for blot scanning and protein area quantifications.

442 For immunohistochemistry, fixed embryos at 7dpf were dehydrated in ascending ethanol, 

443 embedded in paraffin and sectioned at 5 μm intervals using a Reichert-Jung 2050 microtome 

444 (Leica). Sections were deparaffinized and hydrated following by 20 min of antigen retrieval in 

445 sodium citrate buffer (pH 6.0) at 100°C. Slides were treated with 0.3% H2O2 for 10 min to 

446 remove endogenous peroxidase then blocked with 5% BSA in PBST for 1 h at room temperature. 

447 Sections were incubated with first antibodies, rabbit anti-LC3B (Abcam, ab483940) (1:200) and 

448 anti-SQSTM1/P62 (MBL, PM045), (1:500) at 4°C overnight. After 3x PBST washing, 50-100µl 
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449 HRP secondary antibody was added following staining 3,3′-diaminobenzidine (DAB) substrate 

450 and counterstained with hematoxylin for nuclear differentiation.

451 Immunofluorescence was performed as following steps; after Antigen retrieval by sodium citrate 

452 buffer, slides were blocked with PBS with TritonX-100(PBT) containing 5 % BSA and for 1 

453 hour, then incubated with primary antibodies mentioned previously diluted in PBT overnight 

454 40c. Washing three times again in PBST and incubated with fluoresce in-conjugated secondary 

455 antibodies for 1 hour at room temperature. Nuclei were stained with 4′ , 6-diamidino-2-

456 phenylindole (DAPI) and mounted. Sections were analyzed by fluorescence microscopy using an 

457 Axio Vision image capture system.

458 Drug treatment

459 WT, atg7 and beclin1-mutated embryos were treated from 1st till 7th dpf in embryo-medium at 

460 28.5 °C with 400nM rapamycin (CAS53123-88-9 MedChem, Express) prepared in dimethyl 

461 sulfoxide (DMSO). 0.1% DMSO solution (the treatment vehicle) was used for the control 

462 treatment. Drug-containing media were replaced every 24 h. Larvae were collected at 7dpf where 

463 tails genotyped and trunk regions were fixed in a mixture of 40% ethanol, 5% acetic acid and 

464 10% formalin all night at 4°C for immunohistochemistry, and 4% PFA for histological 

465 observations. Nearly 35-40 genotyped larvae from control and each treated group were used for 

466 protein extraction and blotting assay in the western blot experiment.

467 Statistical analysis 

468 Data are presented as mean ± SD (n=3). Statistical analyses were performed using SPSS and the 

469 data were analyzed by student t-test and one-way ANOVA (*P < 0.05;**P < 0.01; ***P < 

470 0.001). Plots were designed using graphpad prism 8 software.

471

472

473
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679 Figure legends

680 Figure1. Generation of atg7 and beclin1mutated zebrafish: (A): Schematic representation of 

681 zebrafish atg7 and its two mutated types (atg7Δ5 and atg7Δ2). The thin lines and grey boxes 

682 represent the introns and exons, respectively. The sgRNA target sequence is shown in red, 

683 followed by a PAM sequence “TGG” shown in blue. (B): Illustration of deduced protein 

684 structures of wild-type atg7 (top) and two mutageneses (middle and bottom).(C): Schematic 

685 representation of zebrafish beclin 1 and mutant line (beclin1Δ8). The sgRNA target sequence is 

686 shown in red, followed by a PAM sequence “TGG”.(D): The structure of the deduced protein 

687 domain of wild type beclin1 (top) and the represented mutant line (bottom). 

688 Figure2. Mutations of atg7 and beclin1 caused lethality during the larval-to-juvenile 

689 transition. (A): 7dpf larvae of the indicated genotypes shown live.(B): Whole-mount Oil Red O 

690 staining indicates lipid droplets stained in-situ of 7dpf genotyped larvae. Arrows indicate 

691 zebrafish liver with no detected defrence between wild type and heterozygous of both strains .(C-

692 D): Meire Kaplan graphs depicting the surviving rate upon fasting,WT started to die at 6 dpf 

693 along with the two mutants lines of atg7-/-(Fig.C) and beclin1Δ8 (Fig.D). WT could survive till 

694 13 dpf whereas atg7-/- and beclin1-/- completely died at 9 and 8 dpf respectively.(E-F): Meire 

695 Kaplan graphs depicting the surviving rate upon feeding of two mutant lines of atg7 (atg7Δ5 and 

696 atg7Δ2) and beclin1Δ8 compared with WT.

697 Figure3. Wild type but not mutants exhibited autophagy induction during larval-juvenile 

698 transitionm: (A-E) mRNA expression of atg7, beclin1, atg5, atg12, and p62  repectively were 

699 evaluated by qRT-PCR in wild-type indicated actual autophagy induction upon starvation (5-

700 8dpf). (F-J): Characterization of zebrafish atg7 and beclin1 mutations through mRNA expression 

701 using previous autophagy-related genes compared with their wild type siblings at 5,7 and 8 dpf 

702 with a significant lower expression of knockedout genes and p62 elevating. Data were 

703 representative of three independent experiments and expressed as mean ± SD.* P <0.05, * 

704 *P<0.01, and * * *P < 0.001. 

705 Figure4. Atg7 and beclin1 affect the gastrointestinal tract and accessory organs after yolk 

706 depletion. RNA in situ hybridization was performed with fabp10a (A-F), villin. (G-L), showing 

707 lower signals for liver and enterocyte differentiation respectively at 6 dpf. ( M-R) pancreatic 
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708 insulin, a marker of the endocrine pancreas at 72 hpf and 6 dpf. (S-X): larvae stained with probes 

709 against trypsin, a marker for terminal differentiation of the exocrine pancreas that exibited at 

710 lower expressionin mutrant atg7 and beclin1. Number of larvae shown within the whole 

711 poulation number (n=20) L.V: laterl view, D.V: dorsal view.

712 Figure5. Mutant strains were unable to activate autophagy during metabolic stress. (A): 

713 Immunohistochemistry assay of longitudinal sections (5 μm) of starved 7 dpf larvae blocked 

714 against LC3-II (a-c) and P62/SQSTM1 (d-f) showed impairment autophagy flux in both mutants 

715 unlike wild type. (B): Representative western blots of the three genotyped strains showed relative 

716 protein expression of P62/SQSTM1 and LC3-II, β-actin was used as the control. The ratio of 

717 p62/β-actin and LC3-II/β-actin quantified by NIH software Image J. Progressive P62/SQSTM1 

718 accumulation in mutant larvae reveals the impaired autophagy and liver toxicity. (C-D): 

719 Immunofluorescence of the hepatic transverse regions of both atg7 and beclin1 mutants and wild 

720 type confirming the autophagy blocking in the mutants. L: liver; in: intestine. *P < 0.05, **P < 

721 0.01, and ***P < 0.001.

722 Figure6. Loss of atg7 and beclin1 led to defects in the gastrointestinal architecture: (A-E): 

723 Representative photomicrographs of H&E stained sections of 7dpf and 14 dpf larvae 

724 demonstrating the disproportionate intestinal architecture of atg7Δ5 and beclin1Δ8 compared 

725 with WT which exhibited nicely organized villi with linearized enterocytes and arranged nuclei 

726 (A and D) unlike the improper pseudo villi and nuclear atypia in mutants (B, C and E ).The 

727 lower pictures are magnified part of the intestinal villi inside the blue squares. 

728 Figure7. Atg7 and beclin1mutant exhibit disturbed hepatic hallmarks and affect glycogen-

729 lipid flux in response to starvation. (A): Longitudinal sections stained with PAS of WT, atg7 

730 and beclin1 mutant livers at 5, 7 and 14 dpf. WT liver still contains an adequate amount of 

731 glycogen from the 5 dpf till 14 dpf (a, d, g), whereas glycogen depleted gradually in atg7Δ5 and 

732 beclin1Δ8. At 7dpf, atg7Δ5 showed disturbance of hepatic glycogen absorption represented by 

733 black arrows (7A e). Beclin1 mutants exhausted earlier where hepatic glycogen vanished by 7dpf 

734 suggesting earlier metabolic disturbance (7A f). (B): Oil Red O staining of longitudinal frozen 

735 sections passed through the liver with remarkable undigested intestinal lipid and triglycerides 

736 aggregation at 5 and 7dpf in mutant livers, suggesting steatohepatitis that appeared earlier in 
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737 beclin1 mutants (7B n) than  atg7 mutants (7B m). (C-E): mRNA expression of genes involved 

738 in hepatic gluconeogenesis. (F-H): mRNA expression of selected genes involved in glycolysis 

739 process depicting the relation between autophagy knockout and glycogen depletion during 

740 feeding-fasting transition. (I-K): mRNA expression of genes involved in lipogenesis. (L-N): 

741 mRNA expression of genes involved in lipolysis indicating hepatic steatosis in atg7 and beclin1 

742 null larvae via inhibition of fatty acids β oxidation. Data were representative of three 

743 independent experiments and expressed as mean ± SD.* P <0.05, * *P<0.01, and * * *P < 0.001. 

744 L: liver. in: intestine. 

745 Figure8. Rapamycin affects the survival rate and induced morphological developmental 

746 delay. (A-B): Meire Kaplan graphs depicting the survival rate after rapamycin treatment in atg7 

747 and beclin1 mutants. (C): Control and treated embryos are shown live. Embryos treated with 

748 rapamycin have a generalized developmental delay with yolk retention and deceleration of 

749 digestive system growth. (D): Longitudinal sections of rapamycin-treated embryos stained with 

750 H&E (a-c), PAS (d-f) and ORO (g-i) indicating metabolic refreshment after rapamycin and 

751 intestinal development delay. in: intestine; L: liver; Y: yolk.

752 Figure9. Effects of rapamycin on autophagy flux. (A): Immunohistochemistry assay of 

753 transverse sections from control and rapamycin treated larvae with no impact on LC3-II in 

754 mutants contrary WT. (B): Rapamycin couldn’t restore P62/SQSTM1 in both mutants as well as 

755 in WT. (C): Representative immunoblots showed LC3 I/II and P62/SQSTM1 proteins of control 

756 and rapamycin-treated embryos at 7 dpf starved. β-actin was used for normalization and relative 

757 protein levels were quantified using NIH software Image J. * P <0.05, * *P<0.01, and * * *P < 

758 0.001. L: liver; Y: yolk.

759 Figure10. A proposed model of atg7 and beclin1 functions during the larvae-juvenile 

760 transition. (A): Schematic diagram represents the embryonic development timeline and the 

761 observed death altitudes of studied mutants as result of autophagy perturbation. (B): Schematic 

762 diagram shows the possible death pathways that affect mutant during early development after 

763 yolk depletion indicating the role of autophagy during the shifting from endogenous to 

764 exogenous feeding.
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765 Supporting information legends

766 1- Supporting figures legends

767 S1 Fig: HSP distribution on query sequence of atg7 and beclin1 CRISPR/Cas9 knock-out 

768 target sites. (A): Sequences information of atg7 target site blast against zebrafish genome. (B): The 

769 location information of target sites atg7 in chromosome 11 in zebrafish genome. (C): Sequences 

770 information of beclin1target site blast against zebrafish genome. (D): The location information of 

771 beclin1 target sites in chromosome 12 of zebrafish genome. The red box represents the location of 

772 the target gene while the red arrow represents the location of target site. According to the 

773 information of zebrafish atg7 and beclin1 in Ensembl (atg7 ENSDARG00000102893, becn1 

774 ENSDARG00000079128).

775 S2 Fig: Agarose gel electrophoresis of Cas9 mRNA and gRNA mRNA. (A): Agarose gel 

776 electrophoresis of Cas9mRNA, marker used is DL2000 DNA marker, L1, L2, L3 indicates Cas9 

777 mRNA in triplicate running. (B): Agarose gel electrophoresis of  atg7 gRNA using DL2000 

778 DNA marker, lines  L1,L2,L3 indicates gRNA in triplicate running with 150bp. (C): Agarose gel 

779 electrophoresis of  beclin1 gRNA using DL2000 DNA marker, lines  L1,L2,L3 indicates gRNA 

780 in triplicate running with 200bp. 

781 S3 Fig: Schematic diagram depicting the functionality of the CRISPR/Cas9 system. (1): Humanized 

782 Cas9 and gmRNA were co-injected in one cell wild type eggs.(2): Confirmation of target mutation by 

783 PCR and PMD cloning from the tail region of the grown injected eggs.(3): Generation of F1 from paired 

784 mating of heterozygous and wild type strains. (4): Generation of F2 from heterozygous of the same 

785 population mating to produce 25%. of mutant embryos with the effective gene knockout .

786 S4 Fig: Agarose gel electrophoresis of PCR amplification results. Genomic DNA was 

787 extracted from the larvae tail and PCR was conducted at 58οc annealing temperature. The 

788 product length was 399bp in atg7 and 310 for beclin1 and most of our results were effective 

789 appeared as bright band at right amplification using DL 2000 DNA marker.

790 S5Fig: Genotyping results of the PCR amplifications of all predicted larvae WT, Heterozygous 

791 and mutant strains within the same population. (A): Result of atg7 gene mutation detection. The 
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792 red box represents the target sit of atg7gene and the blue arrow represents the actual mutations in 

793 heterozygous by reverse primer. (B): Result of beclin1 gene mutation detection. The red box 

794 represents the target site and the blue arrow represents the actual mutations in heterozygous by the 

795 forward primer

796 2- Supporting tables legends

797 S1Table: Primers used in qRT-PCR (Expression of autophagy-related genes).

798 S2 Table: Primers used in qRT-PCR (Expression of genes involved in glycogen 

799 metabolism).

800 S3 Table: Primers used in qRT-PCR (Expression of genes involved in lipid metabolism).

801 S4Table: Primers used in cDNA amplification for probe synthesize (WISH).

802 S5Table: Primer sequences of atg7 and beclin1 gRNA template used in our zebrafish 
803 model.

804

805

806

807

808

809
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