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23 Abstract

24 Fasciola spp. liver fluke have significant impacts in veterinary and human medicine.  The 

25 absence of a vaccine and increasing anthelmintic resistance threaten sustainable control and 

26 underscore the need for novel flukicides.  Functional genomic approaches underpinned by in 

27 vitro culture of juvenile Fasciola hepatica facilitate control target validation in the most 

28 pathogenic life stage.  Comparative transcriptomics of in vitro and in vivo maintained 21 day 

29 old F. hepatica finds that 86% of genes are expressed at similar levels across maintenance 

30 treatments suggesting commonality in core biological functioning within these juveniles.  

31 Phenotypic comparisons revealed higher cell proliferation and growth rates in the in vivo 

32 juveniles compared to their in vitro counterparts.  These phenotypic differences were 

33 consistent with the upregulation of neoblast-like stem cell and cell-cycle associated genes in 

34 in vivo maintained worms.  The more rapid growth/development of in vivo juveniles was further 

35 evidenced by a switch in cathepsin protease expression profiles, dominated by cathepsin B in 

36 in vitro juveniles and then by cathepsin L in in vivo juveniles.  Coincident with more rapid 

37 growth/development was the marked downregulation of both classical and peptidergic 

38 neuronal signalling components in in vivo maintained juveniles, supporting a role for the 

39 nervous system in regulating liver fluke growth and development.  Differences in the miRNA 

40 complements of in vivo and in vitro juveniles identified 31 differentially expressed miRNAs, 

41 notably fhe-let-7a-5p, fhe-mir-124-3p and, miRNAs predicted to target Wnt-signalling, 

42 supporting a key role for miRNAs in driving the growth/developmental differences in the in 

43 vitro and in vivo maintained juvenile liver fluke.  Widespread differences in the expression of 

44 neuronal genes in juvenile fluke grown in vitro and in vivo expose significant interplay between 

45 neuronal signalling and the rate of growth/development, encouraging consideration of 

46 neuronal targets in efforts to dysregulate growth/development for parasite control.
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49 Author Summary

50 Parasitic worms are notoriously difficult to study outside of a host organism.  However, recent 

51 developments in culture methods for Fasciola hepatica liver fluke juveniles support growth 

52 and development of these parasites in the laboratory (in vitro) towards adult parasites.  Having 

53 the ability to grow pathogenic juvenile stages in vitro enables functional studies to validate 

54 potential drug and vaccine targets.  However, comparison of in vitro grown juveniles to 

55 juveniles retrieved from infected hosts (in vivo) shows considerable size differences 

56 suggesting at least some differences in biology that could undermine the relevance of data 

57 generated from in vitro maintained parasites.  This study examines gene expression 

58 differences between in vitro and in vivo maintained F. hepatica juveniles via transcriptomic 

59 analysis to identify similarities and differences in their biology which may help explain 

60 differences in the rate of growth and development.  86% of genes were shown to be expressed 

61 at similar levels across treatment groups suggesting a high level of biological similarity 

62 between in vitro and in vivo juveniles.  However, the genes that are expressed differently 

63 between these juveniles will help improve current culture methods and provide a new group 

64 of potential drug targets that impact on juvenile growth and development. 
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73 Introduction 

74 Fasciola spp. liver fluke are important helminth pathogens with far reaching global impacts on 

75 veterinary and human medicine causing a disease known as fasciolosis [1].  Global 

76 agricultural losses associated with Fasciola infection are estimated at around US$3.2 billion 

77 annually [2], although this is thought to be a considerable underestimation as F. hepatica 

78 parasites in particular are known to infect a wide range of mammalian hosts across broad 

79 geographical ranges [3, 4].  Designated a neglected tropical disease by the World Health 

80 Organisation (WHO) [1] due to its impact on human populations, F. hepatica is thought to 

81 infect up to 17 million people, with a further 91 million people at risk of infection worldwide [5].

82 Treatment of the early pathogenic stages of fasciolosis relies on the drug Triclabendazole, 

83 since other flukicides cannot kill young juveniles [4, 6].  Definitive mammalian hosts are 

84 infected through the ingestion of infectious metacercariae encysted on vegetation [7, 8].  

85 Newly excysted juveniles (NEJs) emerge in the duodenum and migrate through the intestinal 

86 wall to the liver parenchyma, causing acute stages of disease associated with host blood loss 

87 and even death with high burden infections [7-9].  Although adults residing in the bile duct are 

88 reproductively active and associated with chronic infection, the major pathology associated 

89 with fasciolosis is caused by juvenile migration within the first few weeks of infection [10, 11].  

90 The absence of a liver fluke vaccine and increasing anthelmintic resistance threaten the 

91 sustainability of liver fluke control.  Triclabendazole treatment failure is widely reported for 

92 livestock and more recent cases of emerging resistance in human populations is deeply 

93 concerning and highlights the pressing need for new flukicides, particularly targeting the highly 

94 pathogenic early-stage juveniles [4, 12-14]. 

95 Despite the pathology associated with early-stage infections, there is a dearth of information 

96 on the biology of migrating juveniles due to their small size, liver parenchyma location and, 

97 historically, the absence of readily amenable in vitro culture methods [15].  At this stage of 

98 development, juveniles are growing and moving rapidly through host tissues, encountering 

99 different microenvironments and host responses [11].  Understanding the biology of these 
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100 behaviours and host-parasite interactions will support new target discovery and control option 

101 developments.  Research into helminth infections often relies on the use of animal models to 

102 inform host-parasite relationships.  However, such studies are often challenging, of variable 

103 relevance to livestock/human hosts and provide limited opportunity to interrogate parasite 

104 biology [16].  In vitro culture, where possible, supports curiosity driven research and provides 

105 many advantages to early-stage studies of parasite biology.  However, despite recent 

106 advances in propagation of the full life cycle of Schistosoma mansoni [17], in vitro parasite 

107 culture is notoriously difficult and, where it is possible, the approaches need to reasonably 

108 replicate in vivo parasite biology such that readouts have relevance to control.   

109 McCusker et al. [15] developed a chicken serum-based culture platform that promotes 

110 sustained F. hepatica juvenile survival, growth and development in vitro.  This has facilitated 

111 the development of a robust functional genomics platform that promotes discovery-based 

112 studies that seed drug target identification and validation in the most damaging life stage [18].  

113 Although extremely robust, the current culture platform is believed to support a slower rate of 

114 growth and development of F. hepatica juveniles in vitro when compared to in vivo 

115 counterparts and, whilst in vitro juveniles start to develop adult like features, they do not 

116 progress to egg laying adults [15].  In the absence of culture methods that allow full life cycle 

117 propagation, it is important to ascertain if the slower growing in vitro worms resemble their in 

118 vivo counterparts to ensure functional genomics studies on in vitro cultured juveniles have 

119 relevance to control.  

120 Taking advantage of recent developments in genomic and transcriptomic resources for F. 

121 hepatica, we present in depth comparative transcriptomic analysis of 21 day in vitro 

122 maintained F. hepatica juveniles and stage matched 21 day in vivo F. hepatica juveniles, 

123 describing key differences in gene expression in the most pathogenic life stage under differing 

124 growth conditions.  Although the expression of core biological functioning components is 

125 consistent in comparisons between the two growth conditions, the differences that are evident 

126 can mostly be explained by the disparate rates of growth and cell proliferation observed in the 
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127 two groups.  Notably, protease expression profiles differ and corroborate the hypothesis that 

128 time-matched in vitro maintained juveniles develop more slowly than in vivo juveniles, such 

129 that when time-matched, the in vitro juveniles are at an earlier stage of development.  The 

130 data indicate a key role for miRNAs in driving the developmental differences between in vitro 

131 and in vivo maintained juveniles with over one third of the identified miRNAs being differentially 

132 expressed.  Further, profound differences in the expression of genes associated with neoblast 

133 proliferation and development are consistent with the observed higher rate of neoblast-like 

134 stem cell proliferation in vivo.  The unexpected down-regulation of multiple nervous system 

135 associated signalling pathways exposes an important role for the nervous system of F. 

136 hepatica in the modulation of juvenile growth and development, encouraging efforts to identify 

137 neuronal signalling pathways that dampen cell proliferation and/or growth dynamics.
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138 Results 

139 A total of 30,892 transcripts were identified from this analysis (S1 Text) which were further 

140 refined to define a dataset of 19,343 unique genes for 21 day old juvenile F. hepatica (removal 

141 of transcript isoforms and non-zero read counts from in vitro and in vivo assembled 

142 transcriptomes) reflective of the greatest depth of sequencing achieved to date for F. hepatica 

143 (average 252 million mapped reads per replicate transcriptome, S2 Table) [19-23].  All genes 

144 were annotated using a core annotation pipeline described in Fig 1.  Annotations were 

145 assigned to 64% (12,300) of genes based on matches from at least one database interrogated 

146 (S3 Table).

147 Differentially expressed genes within these datasets offer insight into the biological differences 

148 of juveniles under distinct maintenance conditions and have the potential to identify ways in 

149 which in vitro culture methods could be improved.  Since a primary phenotypic difference 

150 between in vitro and in vivo maintained juveniles is worm size, with age-matched in vivo 

151 juveniles being ~15-times larger (Fig 2A-C), it can be hypothesized that differentially 

152 expressed genes play roles in the growth and development of juveniles; these genes have the 

153 potential to seed the identification of targets critical to pathogen virulence and establishment 

154 within the host.  Staining proliferating cells of juveniles in both growth conditions using 5-

155 ethynyl-2-deoxyuridine (EdU) revealed increased EdU+ cells in in vivo maintained juveniles 

156 (18859±1388 Edu+ cells after 18 h; n=4; Fig 2B) when compared to in vitro counterparts 

157 (316±30 Edu+ cells after 18 h; n=26; Fig 2A), revealing a 60-fold difference in the number of 

158 proliferating cells.  The enhanced cell proliferation in in vivo juveniles was also evident when 

159 data were normalised to account for the ~15-fold size difference (Fig 2C), confirming that the 

160 larger worms were supported by a ~4-fold higher rate of cell proliferation. 

161

162 Differential expression of genes associated with selected cellular processes 
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163 DESeq2 was used to analyse differential expression of genes between in vitro and in vivo 

164 treatments.  Analysis identified 1339 genes upregulated (6.9%) and 1320 genes 

165 downregulated (6.8%) in vivo compared to in vitro counterparts, amounting to a total of 13.7% 

166 of expressed genes being differentially expressed between maintenance treatments (Fig 2D).  

167 Annotations were assigned to 72% (1923) of differentially expressed genes from at least one 

168 hit match from interrogated databases of the annotation pipeline (S3 Table).

169 Notably, Gene Ontology (GO) term analysis highlighted an increase in cellular processes 

170 associated with DNA replication in datasets of in vivo maintained worms with an increased 

171 number of the genes associated with transcription regulation, DNA replication and microtubule 

172 based processes/movement compared to in vitro maintained worms (Fig 3A&B).  Genes 

173 associated with nuclear based cellular components (nucleus, microtubules, MCM complex, 

174 chromosome, nucleosome) were also upregulated in vivo (Fig 3C).  Although KEGG pathway 

175 analysis showed similar results, it more specifically highlighted a significant upregulation of 

176 genes associated with cell cycle, meiosis and cellular senescence pathways in vivo (Fig 3D) 

177 - all processes associated with cell division.  GO term analysis of in vitro maintained juvenile 

178 datasets highlighted a more diverse range of gene functions.  Genes associated with 

179 oxidation-reduction processes were upregulated in in vitro juvenile datasets suggesting some 

180 metabolomic differences between treatment groups, whilst an increased number of genes 

181 associated with transmembrane transport, G protein signalling and ion transport suggested 

182 an enhancement of some cell signalling pathways in in vitro juveniles when compared to in 

183 vivo counterparts (Fig 3A-C). KEGG enrichment analyses showed a significant 

184 downregulation of genes associated with the synaptic vesicle cycle, axon guidance and, more 

185 specifically, cholinergic signalling in vivo (Fig 3D).  N glycan biosynthesis and protein 

186 processing in the endoplasmic reticulum were also significantly downregulated in vivo 

187 compared to in vitro maintained juveniles, interesting as glycosylation has been proposed to 

188 play a significant role in host-parasite interaction and suggests that glycosylation is an 

189 important protein modification within in vitro juveniles (Fig 3D).  An increase in lysosomal 
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190 pathway genes in in vitro maintained juveniles may be associated with the prevalence of 

191 cathepsin B proteases with greater homology to human proteases than the cathepsin L 

192 proteases that were more abundant in in vivo datasets.  Cathepsin profiles are discussed in 

193 more detail later. 

194

195 Cell cycle- and neoblast-associated genes are upregulated in in vivo maintained juveniles

196 Eighty nine percent (17,166) of total genes identified are found in all datasets (Fig 4A; 3x in 

197 vitro= 21d_ivt1-3; 3x in vivo= 21d_ivv1-3).  In addition to differentially expressed genes, those 

198 genes which are present in only one treatment group, i.e. genes considered switched ‘on’ or 

199 ‘off’ in vivo are also genes of interest for understanding mechanisms of juvenile growth and 

200 development.  Unsurprisingly, more genes (226; S3 Table) are present only in in vivo datasets, 

201 likely due to the demands of a more complex and changing host environment (S3 Table).  

202 76/226 genes returned no hits when interrogated against the databases of the annotation 

203 pipeline, suggesting these genes are novel and unique to in vivo F. hepatica juveniles. 

204 ‘Hypothetical protein’ annotations were assigned to 65 genes and 85 genes were allocated 

205 function using the annotation pipeline described.  A significant proportion of the genes only 

206 identified in vivo are associated with cell cycle processes and transcription regulation including 

207 cyclin-dependent kinase, cyclin, centromere protein, nucleosome assembly protein, 

208 transcription factors and zinc finger proteins (S3 Table).  Also present only in in vivo datasets 

209 are genes associated with cell structure such as centrin, tubulins (alpha and beta chains) and 

210 actin associated proteins (slingshot protein phosphatase and actin-interacting protein) 

211 involved in microtubule and microfilament formation.  Increased expression of these genes in 

212 the in vivo datasets is consistent with increased cell proliferation and turnover in these 

213 juveniles.  Only 64 genes were present solely in in vitro datasets; 24 of these were assigned 

214 function using the annotation pipeline (S3 Table).  Although no clear pattern of gene groups 

215 was evident, a histone 2B gene commonly associated with cell proliferation was within the in 

216 vitro-only datasets, suggesting that it could be associated with an earlier stage of growth and 
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217 development in F. hepatica juveniles or is linked to an unknown feature of in vitro juvenile 

218 biology. 

219 Closer examination of all cell cycle-associated genes shows a high proportion of these genes 

220 upregulated in vivo across all cell-cycle stages, corroborating an increased rate of cell division 

221 in these juveniles (Fig 4B).  In particular, all components of the highly conserved MCM2-7 

222 complex and cell division cycle genes (cdc-6, cdc-45, cdc-25) known to tightly regulate key 

223 components of DNA replication (Fig 4B).  Key regulators of cell cycle progression, including 

224 cyclins and cyclin-dependent kinases (CDKs), are also significantly upregulated suggesting 

225 cell cycle activities are occurring at an increased rate in vivo (Fig 4B).  The kinases polo-like 

226 kinase-1 (plk-1) and aurora-b kinase (aurkb), thought to ensure accurate chromosomal 

227 segregation, were also upregulated in vivo, which would appear to be consistent with the 

228 phenotypic observations (Fig 4B). To characterise further the relationship between 

229 growth/development and neoblast-like stem cells, differential expression analysis considered 

230 the 128 neoblast-like cell markers identified in S. mansoni [24].  Of these genes, 108 were 

231 found to have orthologues in the F. hepatica genome and 53 were shown to be differentially 

232 expressed and upregulated in in vivo maintained juveniles (S4 Table), consistent with the 

233 altered stem cell dynamics needed to drive faster growth and development in these juveniles 

234 (Fig 4C; S4 Table).  Amongst the known neoblast markers significantly upregulated in the in 

235 vivo juveniles were the key transcriptional regulators nanos (3 genes) and sox-1, previously 

236 identified as being essential for neoblast proliferation in flatworms [24, 25] (Fig 4C).  These 

237 data offer new insight into important genes regulating essential mechanisms of F. hepatica 

238 growth and development and provide a starting point for functional validation as potential 

239 control targets.

240

241 Protease profile dynamics differ within the in vitro and in vivo maintained juveniles
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242 Cathepsin (CAT) proteases represent >80% of the proteins secreted by adult liver fluke [26] 

243 and are of particular interest due to their role at the host parasite interface and potential in 

244 vaccine development [26-29].  CATs display marked temporal changes in expression during 

245 juvenile fluke development associated with altering proteolytic requirements of the parasite as 

246 it migrates within the mammalian host [26, 28].  34 potential CATs (23 CATL and 11 CATB) 

247 have been previously described within the F. hepatica genome [26].  Our datasets, suggest 

248 that F. hepatica in fact express 43 individual CAT (29 CATL and 14 CATB) proteins (S4 Table).  

249 It should be noted that two novel gene sequences (MSTRG.20621; MSTRG.9158) identified 

250 through this analysis align well with previously annotated CATs (maker-

251 scaffold10x_895_pilon-snap-gene-0.1; maker-scaffold10x_250_pilon-snap-gene-0.13), 

252 however, these novel sequences are significantly truncated at their N terminus suggesting 

253 they may have distinct functions. Annotated separately in this analysis, it is also possible these 

254 genes are isoforms of previously annotated genes which would bring the overall cohort of F. 

255 hepatica CAT genes down to 41 (27 CATL and 14 CATB). Of the 43 CATs identified from this 

256 analysis, 32 genes were differentially expressed suggesting that CAT profiles of in vitro and 

257 in vivo maintained juveniles are considerably different (Fig 5A).  22 CATLs were differentially 

258 expressed, of which 14 were upregulated in vivo (Fig 5A; left; S4 Table).  One novel gene, 

259 MSTRG.9158 was identified as the most upregulated in vivo (Log2FC=17.46) and found to be 

260 a truncated CATL1 protein with high similarity to maker-scaffold10x_250_pilon-snap-gene-

261 0.13.  There was a general trend of CATL1 genes (including MSTRG.9158) being upregulated 

262 in vivo.  SignalP (v.5.0) analysis of upregulated cathepsins showed 80% contained a signal 

263 peptide, suggesting they may be secreted at the host-parasite interface (S4 Table).  CATL 

264 encoding genes downregulated in vivo are thought to belong to clade 5, suggesting these 

265 cathepsins in particular are more important in biology associated with in vitro maintenance (S4 

266 Table).  Ten CATB proteins were differentially expressed, 9 of these were downregulated in 

267 vivo 21 day-old worms (Fig 5A; left; S4 Table); 2 novel CATB proteins not previously annotated 

268 were identified (MSTRG.21893 and MSTRG.6836).  The downregulation of CATB genes in 

269 vivo was also correlated with a downregulation of legumain regulatory peptidases, likely 
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270 relating to the trans-activation of CATB proteases by legumains (Fig 5B).  These data suggest 

271 CATB proteases are more important to the biology of in vitro maintained juveniles, whilst CATL 

272 proteases are more significant in the biology of in vivo maintained juveniles, likely due to host 

273 interactions.  It is possible that the differences in cathepsin expression relate to developmental 

274 differences between the two treatment groups – indeed, a switch from CATB protease 

275 expression to CATL expression has been linked with the development of F. hepatica juveniles 

276 in vivo [26, 28].  To investigate this hypothesis the expression of CAT genes annotated in the 

277 genome (PRJEB25283, WBPS14; 21 CATL and 8 CATB genes) was correlated with 

278 expression in the previously published life stage transcriptomes, with a specific focus on newly 

279 excysted juvenile (NEJ), 24 hour juvenile and adult datasets (Fig 5A).  These data show a 

280 general trend of CATs upregulated in vivo showing greater expression in the juvenile and adult 

281 stages of development, whilst the CAT genes downregulated in vivo show greater expression 

282 in the 24 hour NEJ stage of development (Fig 5A).  These observations are consistent with a 

283 developmental delay in the in vitro maintained juveniles compared to their age matched in vivo 

284 juveniles.  Anomalies in the pattern show some genes downregulated in vivo have higher 

285 expression in juvenile/adult datasets (CAT-B; maker-scaffold10x_1382_pilon-snap-gene-0.52 

286 and maker-scaffold10x_889_pilon-snap-gene-0.31, CAT-L; maker-scaffold10x_231_pilon-

287 augustus-gene-0.4) and some genes upregulated in vivo have greater expression in NEJ 

288 datasets (CATL; maker-scaffold10x_1853_pilon-snap-gene-0.17).  This is likely due to the in 

289 vitro juveniles being significantly more developed than 24 hour NEJs and the in vivo juveniles 

290 expressing a mix of cathepsin B and cathepsin L proteins as they transition towards the adult 

291 life-stage.  Other protease expression dynamics included an increased proportion of 

292 metalloproteinases in the in vivo juveniles, likely to aid in host tissue degradation (Fig 5B).  

293 There was an increased proportion of calpain proteases in the in vitro juveniles, consistent 

294 with observations in Schistosoma spp. where they are important for early juvenile migration 

295 and host evasion due to their role in immune defence [30]. 

296
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297 Metabolomic differences between in vitro and in vivo maintained F. hepatica juveniles

298 Parasitic flatworms rely heavily on carbohydrate substrates for energy metabolism [31].  F. 

299 hepatica have been shown to switch from aerobic energy metabolism via aerobic acetate 

300 production using the Tricarboxylic Acid Cycle (TCA) pathway, to anaerobic dismutation [20, 

301 31] as they transition from free living to parasitic life stages.  In vitro cultured juveniles are 

302 maintained under anaerobic conditions long term (5% CO2), but given the opportunity can also 

303 undergo aerobic metabolism, whilst 21 day F. hepatica juveniles burrowing through the liver 

304 parenchyma are undergoing a switch to predominantly anaerobic metabolism.  Surprisingly, 

305 the key enzymes (pyruvate kinase, Fh-PK; succinate dehydrogenase, Fh-SD; malic enzyme, 

306 Fh-ME; phosphoenolpyruvate carboxykinase, Fh-PEPCK) associated with all pathways of 

307 carbohydrate metabolism (aerobic and anaerobic) are downregulated in vivo, suggesting 

308 enhanced metabolic activities, both aerobic and anaerobic, in the in vitro maintained juveniles 

309 (Fig 5C).  The upregulation of lactate dehydrogenases in in vitro datasets suggests these 

310 juveniles are generating greater levels of lactate metabolic waste than in vivo juveniles, whilst 

311 the upregulation of acetate:succinate CoA-transferase in in vivo juveniles suggests that they 

312 are producing higher levels of acetate (S4 Table).  To investigate this further, in vitro 

313 maintained juveniles were maintained in an anaerobic chamber, removing the ability to 

314 undergo aerobic respiration.  These juveniles were unable to grow and showed declining 

315 health across a two week period when compared to juveniles maintained under 5% CO2 

316 conditions (S5 Fig).  After 3 weeks, significant death (87.4%) resulted in termination of the 

317 experiment. 

318

319 N-glycan biosynthesis and processing enzymes downregulated in vivo

320 KEGG pathway analysis highlighted the downregulation of genes associated with N-glycan 

321 biosynthesis and processing in vivo (Fig 3D).  On closer examination of protein glycosylating 

322 genes described by McVeigh et al. [32], downregulation in vivo is particularly associated with 
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323 components of the oligosaccharyl transferase (OST) complex involved in the en-bloc transfer 

324 of glycans to proteins [33], including catalytic core domain proteins STT3A/STT3B and RPN-

325 1/-2 proteins (S5 Fig).  Glycans are commonly linked to roles in host parasite interactions [34, 

326 35] and the high expression of glycosylating enzymes associated with glycan biosynthesis in 

327 in vitro maintained worms suggests that aspects of host-parasite interactions are sustained in 

328 vitro even in the absence of a host.  It is important to note that there was no differential 

329 expression of O-linked glycosylation genes, again thought to correlate with host-parasite 

330 interactions [34, 35]. 

331

332 Components of the F. hepatica nervous system are downregulated in vivo

333 KEGG pathway analysis highlighted a significant downregulation of nervous system 

334 components in vivo.  Flatworms employ both classical and neuropeptidergic neurotransmitters 

335 for neurotransmission [36-38] and both displayed markedly reduced expression in the in vivo 

336 juveniles (Fig 6). 

337 The synaptic vesicle cycle is responsible for packaging and releasing neurotransmitters from 

338 the synapse to modulate neurotransmission [39].  All major components of this pathway were 

339 significantly downregulated in vivo suggesting an increased rate of neurotransmitter release, 

340 and as a result, classical neurotransmission communication in in vitro maintained juveniles 

341 (Fig 6A; top).  Further examination revealed downregulation of the cholinergic signalling 

342 pathway and a noteworthy partial downregulation of the glutamate-signalling pathway, 

343 emphasising the importance of these two pathways to the biology of in vitro maintained 

344 juveniles (Fig 6A; bottom).  Although classical neurotransmission is most commonly 

345 associated with modulating neuromuscular control in parasitic flatworms [40], these data 

346 suggest a novel role in growth and development.  The majority of genes associated with 

347 serotonin and dopamine classical neurotransmitter signalling pathways were not differentially 

348 expressed.  Serotonin has been highlighted as an essential component of the F. hepatica 
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349 nervous system with a core role in neuromuscular control [41, 42] - its stable expression 

350 across treatments suggests some core functioning of the liver fluke nervous system were not 

351 changed by maintenance treatment.

352 Interestingly, major components of neuropeptide signalling were also downregulated in vivo 

353 with the entire neuropeptide processing pathway displaying reduced expression [37].  Genes 

354 encoding two signal peptidases, prohormone convertase-2 (PC-2), carboxypeptidase E 

355 (CPE), peptidylglycine α-hydroxylating monooxygenase (PHM) and peptidyl-alpha-

356 hydroxyglycine alpha-amidating lyase (PAL) were all downregulated in vivo (Fig 6B).  The 

357 downregulation of neuropeptide processing suggests neuropeptides are being produced at a 

358 decreased rate in vivo compared with in vitro maintained juveniles, suggesting neuropeptide 

359 signalling displays changing expression dynamics during development.  We identified 35 

360 neuropeptide (npp)-encoding genes in the F. hepatica genome (PRJEB25283, WBPS14) and 

361 17 npp-encoding genes were differentially expressed between maintenance treatments; all 17 

362 were significantly downregulated in the in vivo juveniles compared to in vitro juveniles (S4 

363 Table), corroborating the hypothesis that neuropeptide signalling is increased in the in vitro 

364 maintained juveniles and may play a previously undescribed role in modulating liver fluke 

365 growth and development.  6 npp-encoding genes were downregulated in vivo with a log2FC 

366 <-2 and are of particular interest as potential modulators of growth and development in F. 

367 hepatica juveniles.  Two of the most significantly downregulated npp-encoding genes are 

368 NPF/NPY neuropeptides, homologous to vertebrate NPY neuropeptides (S4 Table) [38, 43].  

369 McVeigh et al. [44] identified 35 F. hepatica G-protein coupled receptors (GPCRs).  Combining 

370 available genomic and transcriptomic datasets suggests F. hepatica expresses 44 peptide 

371 GPCRs, of which 15 are differentially expressed (S4 Table).  Ten peptide GPCRs were 

372 downregulated in vivo and one of these was previously hypothesized to be an NPY receptor.  

373 Further, 5 peptide GPCRs were downregulated in the in vitro juveniles, corroborating KEGG 

374 pathway analysis which suggests GPCR signalling is relatively higher in the in vitro maintained 

375 juveniles.  These observations support the hypothesis that selected classical 
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376 neurotransmitters and neuropeptides act to modulate growth and development of F. hepatica 

377 juveniles, warranting further experimental exploration. 

378

379 MicroRNAs (miRNA) are differentially expressed in in vitro and in vivo maintained juveniles

380 This study identified 103 miRNAs in liver fluke, including 14 novel miRNAs (S6 Table) and 89 

381 miRNAs reported in previous studies on F. hepatica [45-49].  Recently, Herron et al [49] 

382 highlighted considerable redundancy across published miRNAs and moved to refine the 

383 current cohort of F. hepatica miRNAs by removing duplicate sequences of high similarity and 

384 retaining the longer sequence as individual miRNAs.  Applying this approach to our dataset 

385 refines our final miRNA dataset to 89 miRNAs (75 previously published [45-49]; 14 novel).  Of 

386 the 89 total miRNAs described for F. hepatica, 31 were differentially expressed between in 

387 vivo and in vitro maintained juveniles; 18 miRNAs were significantly upregulated in in vivo 

388 juveniles and 13 were significantly downregulated in in vivo juveniles, suggesting a role for 

389 these miRNAs in transcriptional regulation across maintenance conditions (Fig 7A).  Gene 

390 ontology (GO) term analysis of predicted gene targets for differentially expressed miRNAs 

391 shows the increased expression of mRNA targets associated with transcriptional regulation, 

392 microtubule-based processes and DNA replication, whereas predicted mRNA targets 

393 associated with transmembrane transport, ion transport and signal transduction were 

394 downregulated in in vivo juveniles (Fig 7B).  These data correlate with mRNA analysis and 

395 suggest these processes are at least partially regulated by miRNAs in liver fluke.  Notably, 

396 Wnt signalling was identified as a process likely to be impacted by differentially expressed 

397 miRNAs with upregulated miRNAs (fhe-mir-10-5p, fhe-mir-190-5p, fhe-mir-2b-3p, fhe-

398 pubnovelmiR-23-3p, fhe-novelmir-50-5p, fhe-novelmir-28-3p) predicted to target Wnt-

399 associated genes that displayed reduced expression in in vivo maintained juveniles (Fig 7, S6 

400 Table).  Five Wnt genes downregulated in in vivo juveniles were predicted as regulated by 

401 miRNAs (2 Wnt proteins, maker-scaffold10x_735_pilon-snap-gene-0.38 & maker-

402 scaffold10x_254_pilon-augustus-gene-0.12; 1 secreted frizzled-related protein, maker-
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403 scaffold10x_405_pilon-snap-gene-0.20; 2 frizzled GPCRs, maker-scaffold10x_541_pilon-

404 snap-gene-0.38 & maker-scaffold10x_944_pilon-snap-gene-0.48).  Three downregulated 

405 miRNAs (fhe-novelmir-48-3p, fhe-mir-184-5p & fhe-pubnovelmir-22-3p) were also predicted 

406 to target low-density lipoprotein receptor-related protein (LRP) 5/6 (maker-

407 scaffold10x_442_pilon-snap-gene-0.18), a Wnt-associated gene upregulated in in vivo 

408 maintained juveniles (Fig. 7, S6 Table).

409

410 Two downregulated miRNAs were more significantly differentially expressed than others, fhe-

411 mir-124-3p identified by Fontenla et al. [47] and fhe-pubnovelmir-22-3p identified by Fromm 

412 et al. [46] (Fig 7A).  In contrast fhe-let-7a-5p, first identified by Fromm et al. [46] and considered 

413 a highly conserved miRNA, was the most significantly upregulated miRNA in in vivo 

414 maintained juveniles, whilst fhe-novelmir-55-3p identified from this study was the most 

415 upregulated miRNA (Log2FC= 2.33) in the in vivo maintained juveniles (Fig 7A).  Analysis 

416 suggested that these four miRNAs play a significant role in regulating the expression of genes 

417 associated with in vitro and in vitro survival.  Differentially expressed predicted targets for 

418 these miRNAs include transcription factors, cell cycle proteins, apoptosis inhibitors, growth 

419 factors, metabolomic and glycosylating enzymes (S4 Table).  

420

421
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422 Discussion 

423 To date, this is the most in depth transcriptomic study of F. hepatica juveniles, providing crucial 

424 datasets for understanding the biology of this pathogenic stage, improving understanding and 

425 informing drug target identification and validation efforts.

426 13.7% of genes were considered differentially expressed in this study, with >86% of genes 

427 expressed at similar levels in in vitro and in vivo maintained juveniles.  This suggests that core 

428 biological functioning is consistent in juveniles under the two growth conditions and despite 

429 the size differences observed between juveniles, the current in vitro maintenance platform 

430 supports relevant biological processes [15].  This corroborates previous observations that in 

431 vitro maintained juveniles develop phenotypic attributes consistent with in vivo developing 

432 juveniles [15], supporting the value of the in vitro functional genomics platform for initial drug 

433 target validation studies prior to the use of animal models of infection.  Although in vitro and 

434 in vivo juvenile biology appear largely consistent, it is clear that parasites are highly adaptive 

435 and respond rapidly to changing external conditions [50].  It is likely that in vitro maintained 

436 juveniles are not exposed to host-related triggers that enhance growth/development dynamics 

437 as observed in the in vivo juveniles.  Studies of nematode parasites suggests that parasites 

438 undergoing tissue migration are likely to be larger than closely related species that do not 

439 migrate and showcase greater levels of growth and development, suggesting the action of 

440 migration itself can stimulate this biology [51]. 

441 Transcriptome differences between the in vitro and in vivo juveniles were consistent with the 

442 observed differences in the rate of cell proliferation.  Genes associated with cell proliferation 

443 and known neoblast markers were significantly upregulated in vivo, correlating with larger 

444 juvenile size.  Neoblasts have previously been associated with growth and development of 

445 many flatworm species, including F. hepatica and related Schistosoma mansoni [15, 24, 52-

446 55].  In the cestode Echinococcus multilocularis, stem cells were shown to be the only cells 

447 driving metacestode growth and regeneration [55].  Again, this suggests proliferation at a 
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448 higher rate in vivo leading to more rapid development of these juveniles.  The identification of 

449 cues that further stimulate cell proliferation is key to improving the current in vitro culture 

450 methods.  In addition to the role in growth and development, neoblast proliferation has also 

451 been associated with rapid tegumental renewal and tissue repair of parasites in vivo, 

452 suggesting the importance of these cells to host-parasite interactions [56].  The tegument is 

453 the barrier between host and parasite such that its rapid renewal allows parasites to counter 

454 host immune responses through active evasion and/or repair of immune response-associated 

455 damage [56].  Clearly, the upregulation of neoblast-associated genes in vivo may partly relate 

456 to the demands of immune challenge and in vivo survival, challenges not faced during in vitro 

457 culture.  It is noteworthy that a higher rate of neoblast proliferation was associated with the 

458 mitigation of tissue damage and crucial to S. mansoni survival in vivo [57]. 

459 Metabolomic differences in in vitro and in vivo juveniles may also help explain the observed 

460 differences in juvenile growth and development.  Surprisingly, highly expressed genes 

461 associated with carbohydrate metabolism (aerobic and anaerobic) were upregulated in in vitro 

462 maintained juveniles.  It is possible that this observation relates to the fact that chicken serum 

463 has a glucose content twice the level of that seen in mammals [58]; the increased expression 

464 of genes associated with carbohydrate metabolism may reflect the juveniles taking advantage 

465 of the higher substrate availability.  During their development from NEJs to adult fluke, juvenile 

466 F. hepatica are reported to display a shift from aerobic to anaerobic carbohydrate metabolism.  

467 Early studies by Tielans et al. showed under aerobic conditions that juveniles transitioned from 

468 metabolism dominated by the Krebs cycle in early parenchymal stages, to aerobic acetate 

469 production dominating during later parenchymal stages, with malate dismutation being 

470 dominant in the bile duct stages [59].  Although specific to aerobic conditions and likely not a 

471 true representation of in vivo scenarios, our data appear consistent with a similar pattern of 

472 development such that in vitro juveniles are undergoing metabolism more akin to earlier 

473 parenchymal stages utilising glycolysis to produce high levels of lactate, whilst the in vivo 

474 juveniles are generating acetate, akin to later parenchymal stages.  Note that culturing 
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475 juveniles under anaerobic conditions led to the death of juveniles suggesting that even in vivo, 

476 migrating juveniles continue aerobic metabolism.  These observations were supported by the 

477 fact there were no distinct differences in the expression of aerobic and anaerobic metabolism 

478 genes between treatment groups. 

479 The slower development of in vitro juveniles is also reflected in the expression patterns of 

480 CATL and CATB proteases.  It is well documented that juvenile fluke undergo a developmental 

481 shift from CATB expression to CATL expression as they develop from NEJs in the duodenum 

482 to adult liver fluke in the bile duct [26-28].  This is thought to reflect the changing protease 

483 requirements associated with feeding and tissue degradation [26].  Our transcriptomic 

484 datasets show greater expression of CATB proteases in the in vitro juveniles, reflective of 

485 early stage F. hepatica juveniles, whilst CATLs are more prominent in the in vivo juveniles, 

486 characteristic of later stages of development.  The cathepsin profile developmental shift was 

487 previously described as occurring in the absence of host signalling [20], suggesting that the 

488 developmental delay of in vitro maintained F. hepatica juveniles is responsible for this 

489 difference.  It is also possible that host-derived triggers during migration drive the changing 

490 cathepsin expression profiles seen in the in vivo juveniles.  These data encourage further 

491 studies comparing earlier in vivo juveniles and later in vitro juveniles to see if matching 

492 cathepsin expression profiles could be a proxy for the alignment of in vivo and in vitro 

493 developmental stage.  In addition to cathepsins, other proteases thought to play roles in host-

494 parasite interactions, such as calpains, were also evident in the in vitro datasets [30].  

495 Somewhat surprisingly, the proposed immunomodulatory protein helminth defence molecule 

496 (HDM-1), was not differentially expressed between the in vitro and in vivo maintained juveniles  

497 [60-62].  Indeed, the gene encoding HDM-1 had a raw gene count of >1 million in both 

498 treatment groups.  

499 Glycan biology is also considered key for host-parasite interactions [34].  Our analysis 

500 revealed the consistent expression of proteins associated with O-linked glycosylation and the 

501 higher expression of N-linked processing enzymes in in vitro maintained juveniles.  The 
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502 specific relationship between N-glycans and in vitro maintained juveniles is unknown, but it is 

503 perhaps due to the availability of glucose in chicken serum, an important precursor of the N-

504 linked glycan biosynthetic pathway [63].  It is also possible that these specific glycans are 

505 more important for some aspects of biology associated with in vitro culture of juveniles or are 

506 associated with host-parasite interactions at earlier stages of parasite development.  These 

507 observations suggest that in vitro cultured F. hepatica juveniles have utility in informing 

508 aspects of the biology of genes involved in host-parasite interplay. 

509 Major components of both classical and neuropeptidergic signalling pathways in the liver fluke 

510 nervous system were downregulated in vivo, including synaptic vesicle cycle components and 

511 all elements of the neuropeptide processing pathway, indicating that these pathways are more 

512 prominent in the biology of in vitro maintained worms.  Acetylcholine signalling in particular 

513 was a significantly upregulated classical neurotransmitter pathway in in vitro maintained 

514 juveniles.  Notably, both acetylcholine and NPF/NPY neuropeptides have been identified as 

515 functioning in behaviours associated with nutrient acquisition and feeding in invertebrate 

516 species [64-66].  Acetylcholine signalling has been shown to function in the modulation of 

517 glucose transport in S. mansoni [65], whilst Drosophila NPF functions downstream of insulin 

518 signalling to regulate larval feeding [67].  The upregulation of these pathways may reflect the 

519 contrasting nutrient availabilities, resulting in changing behaviours of nutrient acquisition that 

520 could impact the growth and development of juveniles.  

521 Of particular interest is the hypothesis that these neuronal signalling systems play important 

522 roles in the modulation of growth and development of juvenile F. hepatica via mechanisms 

523 that influence stem cell dynamics and/or nutrient acquisition.  Recent advances in cancer 

524 biology identifies acetylcholine receptors as key players in cancer development due to their 

525 modulatory role in cell proliferation and expression in non-neuronal cell types [68].  Receptors 

526 for acetylcholine have been identified in all human stem cell populations and in differentiated 

527 and undifferentiated cells types, supporting an important function beyond basic nervous 

528 system functioning towards determination of cell fate and proliferation [69, 70].  The role of 
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529 acetylcholine signalling in the growth and development of invertebrate species is unclear, 

530 although as early as 1985, the exogenous application of acetylcholine was reported to improve 

531 the growth and proliferation of Drosophila cell lines in vitro [71].  The activation of nicotinic 

532 acetylcholine receptors by the nicotinic agonist dimethylphenylpiperazinium (DMPP) resulted 

533 in delayed cell division and differentiation, stunting the development of Caenorhabditis 

534 elegans L2s via interaction with the insulin/IGF and Ras-MAPK growth signalling pathways 

535 [72].  Further, in situ hybridisation experiments showed the extensive expression of nicotinic 

536 acetylcholine receptors in developing Brugia malayi, suggesting a specific role in 

537 embryogenesis and spermatogenesis [73].  NPF/NPY neuropeptides have also been linked 

538 to the modulation of regeneration and germline cell proliferation in invertebrates [74-76].  Non-

539 neuronal NPF neuropeptides were shown to regulate bone morphogenetic protein (BMP) 

540 signalling and act as a key regulator of mating-induced germline cell proliferation in Drosophila 

541 females [76].  In free living flatworms, NPF was found to accelerate pharyngeal regeneration 

542 in Girardia tigrina [77], whilst RNAi of prohormone convertase 2 (PC2) and non-neuronal NPY-

543 8 had significant impacts on the reproductive maturation of Schmidtea mediterranea, 

544 suggesting neuropeptides are essential for germ cell differentiation [78].  It is therefore 

545 possible that differential expression of these neuronal signalling pathways relates to a 

546 fundamental role of the nervous system in regulating the growth and development of F. 

547 hepatica juveniles; the data would support the hypothesis that cell proliferation and/or related 

548 growth mechanisms are inhibited by a cadre of neuronal signalling molecules.  It is also 

549 possible that an upregulation of neuronal signalling in in vitro juveniles may result from their 

550 maintenance in an unfamiliar environment lacking directional cues, heightening the expression 

551 of systems involved in host/niche finding behaviours.  

552 miRNAs are an abundant class of regulatory genes that control many cellular and 

553 developmental processes [79].  Analysis of the miRNA complements of in vitro and in vivo 

554 maintained juvenile F. hepatica supports a significant role for these small RNAs in the 

555 modulation of developmental processes, including transcription and translation.  The most 

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted January 14, 2022. ; https://doi.org/10.1101/2022.01.13.476286doi: bioRxiv preprint 

https://doi.org/10.1101/2022.01.13.476286
http://creativecommons.org/licenses/by/4.0/


556 significantly upregulated miRNA in in vivo juveniles was fhe-let-7a-5p; this miRNA is highly 

557 conserved across diverse organisms and has a significant role in the modulation of stem cells 

558 and the promotion of cell differentiation [80,81], consistent with its upregulation in the more 

559 highly developed in vivo maintained F. hepatica juveniles.  Fhe-mir-124-3p plays a key role in 

560 neuronal cell differentiation [82] and is also thought to be a growth suppressor [83], potentially 

561 correlating with its higher expression in the smaller in vitro F. hepatica juveniles.  The 

562 downregulation of fhe-mir-124-3p in in vivo juveniles may reflect the developmental stage of 

563 these juveniles with well-formed neuronal systems supported by comparatively lower levels of 

564 neuronal development.  It was notable that GO term analysis of predicted miRNA targets 

565 largely correlated with the most significantly differentially expressed mechanisms identified 

566 through mRNA transcriptome analysis.  In addition, Wnt signaling was identified as a process 

567 regulated by differentially expressed miRNAs leading to an overall downregulation of Wnt 

568 mRNAs in vivo.  miRNAs are well established regulators of Wnt signaling, a process essential 

569 for early organism development [84].  Downregulation of specific Wnt proteins, secreted 

570 frizzled-related proteins and frizzled GPCRs in vivo, suggest these proteins in particular have 

571 key roles in early stage developmental processes, consistent with later stage juveniles 

572 maintaining higher levels of tissue differentiation.  Upregulation of low-density lipoprotein 

573 receptor-related protein (LRP) 5/6, a Wnt-associated gene, in in vivo juveniles suggests this 

574 protein is involved in later stage developmental processes. 

575 Overall, this study has provided unique insight into the biology of a helminth parasite 

576 maintained in vitro and encourages the exploitation of in vitro cultured parasites in functional 

577 genomics studies to inform aspects of in vivo biology and control target validation.  Where 

578 biology differs in relation to growth and development, new insights into metabolomic 

579 differences offer a basis for improving in vitro culture methods towards identifying key triggers 

580 for adult fluke development.  Most of the transcriptomic differences between in vitro and in 

581 vivo maintained juvenile fluke relate to their divergent growth rate/stem cell proliferation and 

582 the developmental differences seen in the two groups of parasites.  The data expose a key 
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583 role for miRNAs in coordinating the developmental differences seen in in vivo (fast growing) 

584 and in vitro (slow growing) juveniles.  Further, the data highlight dramatic changes in the 

585 expression of neuronal signalling systems, consistent with a role for the nervous system in 

586 suppressing the growth and development of F. hepatica juveniles.  The observations 

587 encourage the search for new potential control targets associated with signalling systems that 

588 regulate juvenile growth/development in liver fluke.  

589

590 Materials and Methods 

591 Ethical statement 

592 This work was carried out in accordance with the Animals (Scientific Procedures) Act 1986 

593 adopting the principles of the 3Rs (Replacement, Reduction and Refinement). The Animal 

594 Project Licence was: PPL 2764.  The methods proposed under the licence were approved by 

595 the QUB Animal Welfare Ethical Review Body and animals were euthanised using carbon 

596 dioxide gas.

597

598 Fasciola hepatica material 

599 Italian strain F. hepatica metacercariae were purchased from Ridgeway Research for 

600 generation of transcriptomes.  For in vivo maintained F. hepatica, 16 Sprague-Dawley rats 

601 were infected with 25 metacercariae each and maintained for 21 days before fluke were 

602 recovered from liver tissue.  Livers were cubed and incubated at 37°C, 5% CO2 to allow 

603 juvenile fluke to emerge for collection.  All juveniles were collected within 2 hours of initial liver 

604 processing, washed five times in RPMI to remove liver material and snap frozen for storage 

605 at -80°C prior to further processing.  One biological replicate contained 9 juveniles from at 

606 least 3 rats.  In vitro maintained juvenile replicates were manually excysted as described by 

607 McVeigh et al. with a prior preparation step of removing the outer casing of metacercariae and 
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608 bleaching for 2-3 minutes [85].  Excystments of replicates were carried out on consecutive 

609 days to generate a total of 1000 juveniles per replicate.  Juveniles were maintained in 50% 

610 chicken serum and RPMI as described by McCusker et al. for 21 days prior to being snap 

611 frozen for storage at -80°C prior to further processing [15].  Juveniles maintained under 

612 anaerobic conditions were placed in an anaerobic chamber (Don Whitley Scientific, Shipley, 

613 UK) set to 37°C and supplied with anaerobic mixed gas (10% CO2, 10% H2 in N2, BOC).  To 

614 facilitate the maintenance of anaerobic conditions, media were incubated under anaerobic 

615 conditions for at least 4 h prior to media changes which were carried out daily.  A time-matched 

616 control group was maintained as standard with 5% CO2.  The pH of anaerobic media was 

617 checked to ensure that increased CO2 levels did not render it significantly more acidic than 

618 media incubated at 5% CO2.  Trials ran for a duration of 3 weeks, with worm survival being 

619 monitored on a weekly basis.  Worm death was defined by a total lack of movement and 

620 darkened appearance.

621

622 Labelling proliferative nuclei with 5-ethynyl-2-deoxyuridine (EdU)

623 Visualisation of Fasciola proliferative cells from 21 day old juveniles maintained in vitro and in 

624 vivo was achieved by labelling nuclei undergoing DNA-synthesis with 5-ethynyl-2-

625 deoxyuridine (EdU; ThermoFisher Scientific) as described by [15].  Incubations were carried 

626 out at a final concentration of 500 µM in 50% chicken serum for 24 hours.  Juveniles were 

627 then flat fixed in 4% paraformaldehyde under coverslips for 10 minutes (in vitro) and 40 

628 minutes (in vivo) followed by 4-hours free-fixing at room temperature.  EdU incubated, fixed 

629 juveniles were processed for detection using the Click-iT EdU Alexa Fluor 488 imaging kit, as 

630 per kit instructions (ThermoFisher Scientific).  Background labelling of all nuclear DNA was 

631 achieved using 4′,6-diamidino-2-phenylindole (DAPI).  Samples for analysis were mounted in 

632 Vectasheild (Vector Laboratories) and viewed on Leica TCS SP5 or SP8 confocal 

633 microscopes as maximally projected z-stacks generated from 12-15 optical sections from 

634 ventral to dorsal surface.
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635

636 RNA extraction, library preparation and sequencing

637 3 biological replicates of in vitro maintained and in vivo retrieved juveniles were prepared.  

638 RNA was extracted using TRIzol reagent (Life Technologies) with an isopropanol precipitation, 

639 using glycogen as a carrier.  Precipitation was performed overnight at -20°C to maximise small 

640 RNA recovery.  RNA was DNase treated using the Turbo DNase kit (Ambion) following 

641 manufacturer’s instructions and quality control was performed using bioanalyzers to assess 

642 for degradation; Qubit for accurate quantification and NanoDrop to indicate sample purity.  All 

643 accepted samples displayed a 260/280 >2, i.e. pure RNA with no protein contamination, and 

644 a 260/230 >1.8.  Sample library preparation and sequencing were carried out by the Centre 

645 for Genomic Research at the University of Liverpool as follows.  For RNAseq, libraries were 

646 prepared using a PolyA selection and the NEBNext Ultra Directional RNA library kit for Illumina 

647 to prepare dual indexed, strand specific libraries.  Paired end sequencing (2x150bp) was 

648 performed on the 6 libraries (3 in vivo, 3 in vitro) using the Illumina HiSeq 4000 platform and 

649 generated in excess of 280M mappable reads (~47M reads per sample).  For small-RNAseq, 

650 libraries were prepared using the NEBNext Small RNA library preparation kit for Illumina and 

651 single-end sequencing (1x50bp) performed on the HiSeq2500 platform.

652

653 Assembly, annotation and sequence data analyses

654 Raw sequences were trimmed for the presence of Illumina adapter sequences using Cutadapt 

655 (v.1.2.1) [86] and low quality reads using Sickle (v.1.200) [87] with a minimum window quality 

656 score of 20.  Remaining reads under 10bp were removed.  Final quality control was performed 

657 using FastQC (v.0.11.8) [88] with default parameters.  The F. hepatica genome contigs 

658 (PRJEB25283) and associated GFF file (PRJEB25283) were downloaded from WormBase 

659 ParaSite (WBPS14; https://parasite.wormbase.org/index.html) [89] and annotations were 

660 converted to GTF format using Cufflink (v.2.2.2.20150701) [90].  Trimmed FastQT files were 
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661 aligned to the F hepatica genome (PRJEB25283) using HISAT2 (v.2.1.0) [91] with default 

662 parameters and transcripts compiled and counted using StringTie (v.1.3.6) [92, 93].  

663 Annotated transcripts were combined to generate a gene count file, removing transcript 

664 isoforms.  Gene count datasets were filtered to remove non-coding genes and reads with zero 

665 gene counts.  Data were normalised for sequencing depth and RNA composition using 

666 DESeq2 (v.1.26.0) [94] package in R (v.3.6.2) [95] with default parameters. 

667

668 Annotation and analysis of genes of interest

669 Raw gene count datasets generated as previously described were mined for genes absent in 

670 one treatment group (across 3 replicates of in vitro or in vivo transcriptomes) and present in 

671 at least 2 replicates of the opposite treatment group with a total gene count 10.  These genes 

672 were designated as switched ‘on’ or ‘off’ in vivo.  Differential expression analysis of protein 

673 coding genes was quantified using the DESeq2 (v.1.14.1) [84, 96] package in R (v.3.6.2) [95].  

674 A p-value threshold was set for a false discovery rate (FDR) of <0.001 and no threshold was 

675 applied for fold change differences.  Genes identified using these parameters were described 

676 as upregulated or downregulated in vivo.  Differentially expressed genes were annotated as 

677 described in Fig 1.  BLASTx analysis of gene sequences was carried out against the NCBI 

678 non-redundant protein (nr) database.  Transdecoder (v.5.5.0) was used to identify candidate 

679 open reading frames and translate genes to proteins for BLASTp analysis against Uniprot 

680 reviewed sequence database.  Top hit annotations were collated from both BLAST databases 

681 with a p-value 0.05.  Domain analysis was carried out on predicted proteins using 

682 Interproscan (v.5.36-75.0) and PFAM domain analysis using hmmscan functions of HMMER 

683 (v.3.1) (p-value 0.05).  Differentially expressed genes also underwent KEGG pathway 

684 analysis to identify important biological pathway differences within datasets.  BlastKOALA was 

685 used to assign KEGG gene K numbers based on matches with known human pathway genes.  

686 R (v.3.6.2) packages DESeq2 (v.1.26.0), gage (v.2.36.0) and pathview (v.1.26.0) were used 
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687 to analyse results using custom R scripts and determine significant differences (p-value 

688 0.05).  GO term analysis was also carried out on genes annotated in the F. hepatica genome 

689 using data retrieved from WormBase ParaSite (WBPS14; 

690 https://parasite.wormbase.org/index.html) [89].  Data were visualised using GraphPad Prism 

691 (v.8) and R (v.3.6.2) packages DESeq2 (v.1.26.0), ggplot2 (v.3.3.1) and upsetR. (v.1.4.0) with 

692 custom R scripts. 

693

694 Identification and differential expression analysis of miRNAs in in vivo and in vitro maintained 

695 F. hepatica

696 Small RNA fastq files were aligned to a Bowtie index of F. hepatica genome PRJEB25283 

697 using miRDeep2 (v 2.0.1.2) [97].  miRNAs were defined using the following criteria; present in 

698 at least 2 out of 3 replicates for either in vitro or in vivo transcriptomes, a minimum of 10 reads 

699 mapped to the mature sequence, at least 1 read mapped to the star sequence, a significant 

700 randfold value and a minimum miRDeep2 score of 5.  miRNA naming was consistent with that 

701 presented in Herron et al. [49].  Differential expression of identified miRNAs was carried out 

702 using DESeq2 (version 1.28.1), with an adjusted p-value of 0.001 for significance.  miRNA 

703 target prediction was then carried out using miRanda (version 3.3) [98], with thresholds of 

704 minimum pairing score of 150 and maximum free energy score of -20.  Predicted targets were 

705 refined to those differentially expressed in in vitro and in vivo mRNA transcriptomes and 

706 correlating with miRNA expression, i.e. upregulated in in vivo miRNA datasets and 

707 downregulated in in vivo mRNA datasets, for further interpretation.  GO terms associated with 

708 predicted miRNA targets were retrieved from WormBase ParaSite (WBPS15) and manually 

709 interpreted for frequency (number of times GO term was present in datasets) plotted against 

710 Log2 fold change from previous transcriptome analysis.

711
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1026 Fig 1: Flow chart of bioinformatics pipeline.  Outline of methods used to assemble and 

1027 analyse transcriptomes.  Low quality reads and adapters were removed using Cutadapt 

1028 (v.1.2.1) and Sickle (v.1.200) and remaining reads quality assessed using FastQC (v. 0.11.8) 

1029 analysis.  High quality reads were aligned to the Fasciola hepatica transcriptome 

1030 (PRJEB25283) using HISAT2 (v.2.1.0) and transcripts generated from genome annotation 

1031 (PRJEB25283) and counted using StringTie (v.1.3.6).  Raw gene counts were reviewed for 

1032 genes of interest (GOI) and analysed for differential expression using R version 3.6.2 and 

1033 DESeq2 (v.1.26.0) package (FDR <0.001).  A core annotation pipeline was developed to 

1034 annotate GOI’s using BLASTx against NCBI non redundant protein (nr) database; predicted 

1035 proteins generated using Transdecoder; BLASTp predicted proteins against uniprot reviewed 

1036 sequence database; functional domain analysis interrogating PFAM and interproscan 

1037 databases.  Graphs were visualised using ggplot2, gate, pathview and upsetR R packages 

1038 using custom scripts.  Chart generated online at: https://app.lucidchart.com.  Abbreviations; 

1039 ivt=in vitro, ivv=in vivo. 

1040

1041 Fig 2: In vitro and in vivo maintained juvenile liver fluke display differences in growth 

1042 and cell proliferation rate.  (A) Cell proliferation represented by EdU+ cells (green) of 21 

1043 day old (+1 day staining) in vitro maintained juvenile Fasciola hepatica.  (B) Cell 

1044 proliferation represented by EdU+ cells (green) of 21 day old (+1 day staining) in vivo 

1045 maintained juvenile F. hepatica.  Confocal Z stack images; green= EdU+; magenta= DAPI; 

1046 in vitro scale bar= 50 µm; in vivo scale bar= 100 µm.  (C) Proliferative cell count (EdU+) per 

1047 mm2 between in vitro and in vivo maintained juveniles.  A ~4-fold higher cell proliferation 

1048 rate was seen in in vivo maintained juveniles.  (D) Volcano plot of differentially expressed 

1049 transcripts between in vitro and in vivo maintained juveniles.  Differential expression 

1050 analysis and plot generated using R version 3.6.2 and DESeq2 (v.1.26.0) package.  Analysis 

1051 identified 1339 transcripts upregulated and 1320 transcripts downregulated in vivo compared 

1052 to in vitro maintained juveniles with a false discovery rate (FDR) of P0.001.  Red = 
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1053 significantly differentially expressed transcripts.  Grey = not differentially expressed 

1054 transcripts. 

1055

1056 Fig 3: In vivo juvenile fluke display enhanced expression of genes associated with the 

1057 cell cycle.  (A-C) Gene ontology (GO) term analysis of differentially expressed genes.  

1058 Gene counts associated with GO terms of (A) biological processes, (B) molecular function and 

1059 (C) cellular components from differentially expressed and annotated genes on WormBase 

1060 ParaSite (v.14).  Upregulated datasets contain more genes associated with GO terms of cell 

1061 cycle processes and DNA replication whilst downregulated datasets contain a greater number 

1062 of genes associated with cell signalling and transport GO terms.  Red represents the number 

1063 of differentially expressed genes upregulated in vivo.  Blue represents the number of 

1064 differentially expressed genes downregulated in vivo.  (D) KEGG pathway analysis of 

1065 differentially expressed genes.  KEGG pathways considered significantly differentially 

1066 expressed as determined by statistical analysis using R (v.3.6.2), gage (v.2.36.0) and 

1067 pathview (v.1.26.0) packages (P0.05).  Dotted line = 0 log2FC; dots to the right of dotted line 

1068 represent pathways upregulated in vivo and dots to the left of the dotted line represent 

1069 pathways downregulated in vivo.  Colour = p value; size = gene count.

1070

1071 Fig 4: In vivo juvenile liver fluke displayed upregulation in cell cycle associated genes 

1072 and neoblast-like stem cell markers.  (A) Upset plot showing spread of all transcripts 

1073 across transcriptome replicates.  19,343 protein coding genes were generated from 

1074 transcriptome analysis.  17,166 genes were found in all generated transcriptomes.  Genes of 

1075 interest (GOI) include 65 genes present only in in vitro transcriptomes and 235 genes present 

1076 only in in vivo datasets.  Limit of analysis restricted to those genes present in at least 2 

1077 replicates of either transcriptome (i.e. in vitro or in vivo).  (B) Cell cycle associated genes 

1078 upregulated in vivo.  Schematic showing phases and progression of the cell cycle 
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1079 (intermediate (G1), synthesis (S), growth (G2) and mitotic (M) phases).  Important genes 

1080 required for each cell phase to function in the human cell cycle and which have homologues 

1081 in Fasciola hepatica that are upregulated in vivo are highlighted in red within the cycle.  Those 

1082 genes only present in in vivo datasets are marked with an asterisk (*).  Key cyclins (in blue 

1083 circles) and kinases (in purple squares) required for each phase of the cell cycle to progress 

1084 in the human cell cycle are highlighted.  F. hepatica homologues which are upregulated in vivo 

1085 are marked with a red arrow.  Important genes required for the cell cycle to function and 

1086 progress are upregulated in vivo.  Abbreviations: CDC(-6, -25, -45), cell division cycle; ORC-

1087 3, origin recognition complex subunit 3; CDT-1, chromatin licensing and DNA replication factor 

1088 1; MCM2-7, mini-chromosome maintenance complex; TOP-2, DNA topoisomerase 2; Pol-, 

1089 DNA polymerase alpha; CTF-4, chromosome transmission fidelity 4; CDK(-1, -2, -4, -6), cyclin-

1090 dependent kinase; PLK-1, polo-kinase 1.  (C) Neoblast markers upregulated in vivo.  

1091 Heatmap showing differentially expressed (log2FC) neoblast markers in F. hepatica.  Neoblast 

1092 markers identified as homologues to markers described by Collins et al. [24] in Schistosoma 

1093 mansoni.  53/108 neoblast markers identified in F. hepatica were upregulated in in vivo 

1094 datasets.

1095

1096 Fig 5: In vivo and in vitro juvenile liver fluke show divergent expression of proteases 

1097 and metabolic enzymes.  (A) Cathepsin expression profile across newly excysted 

1098 juvenile (NEJ), 21 day old juvenile (JUV) and adult Fasciola hepatica life stages 

1099 compared to expression in in vitro and in vivo maintained F. hepatica juveniles.  

1100 Heatmap showing differential expression of cathepsin B (CATB) and cathepsin L (CATL) 

1101 encoding transcripts in in vivo and in vitro maintained F. hepatica juveniles (log2FC) and 

1102 across F. hepatica life stage transcriptomes generated by Cwiklinski et al. [20] (NEJ, JUV, 

1103 ADULT; Z score of fragments per kilobase of transcript per million mapped reads, FPKM).  

1104 Abbreviated gene IDs in brackets refer to genes in S5.  Data show clear pattern of upregulation 

1105 in vivo and greater expression in juvenile and adult transcriptomes, whilst downregulated 
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1106 genes in vivo show greater expression in NEJ transcriptome datasets.  (B) 

1107 Protease/peptidase profiles of in vitro and in vivo maintained F. hepatica juveniles.  

1108 Proportion diagram shows greater expression of cathepsin L and metalloproteases in in vivo 

1109 maintained F. hepatica juveniles whilst cathepsin B, legumain and calpain proteases show 

1110 greater expression in in vitro maintained F. hepatica juveniles.  (C) Downregulation of key 

1111 enzymes of aerobic and anaerobic carbohydrate metabolism in in vivo maintained F. 

1112 hepatica juveniles.  Expression (log2FC) of key enzymes associated with metabolism in in 

1113 vivo maintained F. hepatica juveniles.  Fh-PK=pyruvate kinase and Fh-SD=succinate 

1114 dehydrogenase are key enzymes of aerobic metabolism via Kreb’s cycle; Fh-ME-malic 

1115 enzyme is a key enzyme of aerobic acetate production; Fh-

1116 PEPCK=phosphoenolpyruvatecarboxykinase, key enzyme of malate dismutation pathway.  

1117

1118 Fig 6: Key neuronal signalling pathways are downregulated in fast growing in vivo 

1119 juvenile liver fluke.  Components of classical neurotransmission are downregulated in 

1120 in vivo maintained juvenile liver fluke (A).  Analysis and diagrams generated using R 

1121 (v.3.6.2), gage (v.2.36.0) and pathview (v.1.26.0) packages showing differential expression of 

1122 nervous system components of the synaptic vesicle cycle, cholinergic signalling and 

1123 glutamatergic signalling.  Fasciola hepatica homologues of human components enclosed in 

1124 rectangular boxes.  Green=downregulated in vivo, red=upregulated in vivo, grey=not 

1125 differentially expressed, X=not present in F. hepatica genome (PRJEB25283).  Components 

1126 are well conserved between human and F. hepatica species. KEGG pathway analysis 

1127 identified a significant downregulation of the synaptic vesicle cycle and cholinergic signalling 

1128 in in vivo maintained F. hepatica juveniles.  Abbreviations: SYT, synaptotagmin; VAMP, 

1129 vesicle associated membrane protein; Rab3a, ras-related protein; RIM, regulating synaptic 

1130 membrane exocytosis protein; MUNC(-13, -18), syntaxin binding protein; SNAP25, 

1131 synaptosome associated protein; VGCC, voltage-gated calcium channel; NSF, N-

1132 ethylmaleimide sensitive factor; SNAP, NSF associated protein; AP2, adaptor related protein 
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1133 complex 2; ChAT, choline O-acetyltransferase; AChE, acetylcholinesterase; vAChT, vesicular 

1134 acetylcholine transporter; CHT, high affinity choline transporter; Gi/o, guanine nucleotide-

1135 binding protein; mAChR, muscarinic acetylcholine receptor; nAChR, micotinic acetylcholine 

1136 receptor; GLNT, amino acid transporter; GLS, glutaminase; vGLUT, vesicular glutamate 

1137 transporter; GRK, G protein-coupled receptor kinase; AC, adenylate cyclase 1; PKA, protein 

1138 kinase A; EAAT, glial high affinity glutamate transporter; mGluR, muscarinic glutamate 

1139 receptor; GluCl, glutamate-gated chloride channel; KA, kainate type ionotropic glutamate 

1140 receptor; NMDA,  NMDA type ionotropic glutamate receptor; DELTA, delta type ionotropic 

1141 glutamate receptor.  Components of neuropeptidergic signalling pathway are 

1142 downregulated in vivo juvenile liver fluke (B).  Heatmap showing differentially expressed 

1143 genes associated with neuropeptidergic signalling in Fasciola hepatica.  All components of the 

1144 neuropeptide processing pathway are downregulated in vivo.  Our analysis identified 34 

1145 neuropeptide-encoding genes in the Fasciola hepatica genome (PRJEB25283) of which 17 

1146 are downregulated in vivo compared to in vitro counterparts.  Our analysis further identified 

1147 44 peptide GPCRs, an additional 9 compared to the analysis carried out by McVeigh el al [44].  

1148 nine peptide GPCRs were downregulated in vivo, one of which is hypothesized to be an NPY 

1149 receptor, whilst 4 were upregulated in vivo. 

1150

1151 Fig 7: Differences in miRNA profiles of in vitro and in vivo juveniles support their role 

1152 in liver fluke developmental processes.  (A) Differential expression of micro (mi)RNA 

1153 sequences in in vitro and in vivo maintained 21-day old Fasciola hepatica juveniles.  

1154 Analysis identified 31 differentially expressed miRNAs between treatment groups (false 

1155 discovery rate; P≤0.001).  Red points highlight significantly upregulated miRNAs in vivo, 

1156 whereas blue points highlight significantly downregulated miRNAs in vivo.  The two most 

1157 significantly upregulated miRNAs (fhe-let-7a-5p, first identified by Fromm et al. [46] and fhe-

1158 novelmir-55-3p), downregulated miRNAs (fhe-mir-124-3p, first identified by Fontenla et al. [47] 

1159 and fhe-pubnovelmir-22-3p first identified by Fromm et al. [46]) and miRNAs identified as 
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1160 associated with Wnt signaling (fhe-mir-10-5p, fhe-mir-184-5p, fhe-mir-190-5p, fhe-mir-2b-3p, 

1161 fhe-pubnovelmir-22-3p, fhe-pubnovelmiR-23-3p, fhe-novelmir-48-3p, fhe-novelmir-50-5p & 

1162 fhe-novelmir-28-3p) are labelled.  Analysis carried out using DESeq2 (v.1.26.0).  (B) Gene 

1163 ontology (GO) terms associated with biological processes of differentially expressed 

1164 miRNA predicted gene targets.  GO terms retrieved from WormBase ParaSite (WBPS15) 

1165 for predicted miRNA targets upregulated or downregulated in vivo.  Number of individual GO 

1166 terms associated with biological processes (percentage frequency of total GO terms) plotted 

1167 alongside average Log2 fold change of predicted transcripts from differential expression 

1168 analysis of in vitro and in vivo maintained F. hepatica juveniles.  Bubble colour = transcript 

1169 expression (Log2FC); bubble size= GO term frequency (percentage gene counts).

1170

1171 Supporting information

1172 S1. File. Transcripts for 21 day old juvenile Fasciola hepatica (in vivo & in vitro)

1173 S2. Table. Transcriptome statistics

1174 S3. Table. Annotations for (A) all genes, (B) differentially expressed genes and (C) 

1175 on/off genes 

1176 S4. Table. (A) Neoblast, (B) cathepsin, (C) metabolomic and (D) neuropeptide markers

1177 S5. Fig. (A) Survival of juvenile liver fluke in aerobic and anaerobic conditions. 

1178 Percentage survival of juvenile liver fluke across 21 day period post excystment incubated 

1179 under standard 5% CO2 conditions (red line) and in an anaerobic chamber (purple line). 

1180 Juveniles showed significant and continuing higher rates of death when maintained in 

1181 anaerobic chamber after 14 days (2-way ANOVA with Šídák's multiple comparisons test; **** 

1182 P<0.001). (B) Components of N-glycan biosynthesis and processing pathways 

1183 downregulated in in vivo maintained F. hepatica juveniles. Differential expression 

1184 (log2FC) of protein glycosylating genes associated with N-glycan biosynthesis and processing. 

1185 Genes identified in F. hepatica by McVeigh et al. [32] KEGG pathway analysis using R 

1186 (v.3.6.2), gage (v.2.36.0) and pathview (v.1.26.0) packages identified a significant 
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1187 downregulation of N glycan biosynthesis in in vivo maintained juveniles (P0.05). 

1188 Abbreviations; ALG N-glycan precursor synthesis- Fh-ALG(-3, -9)=dolichyl-P-

1189 Man:Man(5)GlcNAc(2)-PP-dolichol alpha-1,3-mannosyltransferase, Fh-ALG5=dolichyl-

1190 phosphate beta-glucosyltransferase, Fh-ALG7= UDP-N-acetylglucosamine--dolichyl-

1191 phosphate N-acetylglucosaminephosphotransferase; Oligosaccharyltransferase complex 

1192 components- OST48= dolichyl-diphosphooligosaccharide--protein glycosyltransferase 

1193 subunit, Fh-RPN(-1, -2)&Fh-STT3(-A, -B)= dolichyl-diphosphooligosaccharide--protein 

1194 glycosyltransferase subunit; N-glycan processing- Fh-GCNT2=N-acetyllactosaminide beta-

1195 1,6-N-acetylglucosaminyl-transferase, Fh-FUT8=alpha-(1,6)-fucosyltransferase, 

1196 B4GALT=beta-1,4-galactosyltransferase, B4GALTNT=Beta--n-

1197 acetylgalactosaminyltransferase, EDEM1=ER degradation-enhancing alpha-mannosidase-

1198 like protein, UGGT= UDP-glucose:glycoprotein glucosyltransferase, MAN2B1=alpha-

1199 mannosidase. 

1200 S6. Table. (A) identified miRNAs (B) novel miRNAs (C) differentially expressed 

1201 miRNAs (D) miRNA regulated Wnt genes

1202
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