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18 Abstract

19 Schistosomes are parasitic blood flukes that survive for many years within the 

20 mammalian host vasculature. How the parasites establish a chronic infection in the hostile 

21 bloodstream environment, whilst evading the host immune response is poorly understood. The 

22 parasite develops morphologically and grows as it migrates to its preferred vascular niche, 

23 avoiding or repairing damage from the host immune system. In this study, we investigated 

24 temporal changes in gene expression during the intra-mammalian development of Schistosoma 

25 mansoni. RNA-seq data were analysed from parasites developing in the lung through to egg-

26 laying mature adult worms, providing a comprehensive picture of in vivo intra-mammalian 

27 development. Remarkably, genes involved in signalling pathways, developmental control, and 

28 adaptation to oxidative stress were up-regulated in the lung stage. The data also suggested a 

29 potential role in immune evasion for a previously uncharacterised gene. This study not only 

30 provides a large and comprehensive data resource for the research community, but also reveals 

31 new directions for further characterising host–parasite interactions that could ultimately lead 

32 to new control strategies for this neglected tropical disease pathogen.

33 Author Summary

34 The life cycle of the parasitic flatworm Schistosoma mansoni is split between snail and 

35 mammalian (often human) hosts.  An infection can last for more than 10 years, during which 

36 time the parasite physically interacts with its mammalian host as it moves through the 

37 bloodstream, travelling through the lungs and liver, to eventually establish a chronic infection in 

38 the blood vessels around the host gut.  Throughout this complex journey, the parasite develops 

39 from a relatively simple larval form into a more complex, sexually reproducing adult.   To 

40 understand the molecular basis of parasite interactions with the host during this complex 

41 journey we have produced genome-wide expression data from developing parasites. The 

42 parasites were collected from experimentally-infected mice over its developmental time-course 
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43 from the poorly studied lung stage, to the fully mature egg-laying adult worm. The data 

44 highlight many genes involved in processes known to be associated with key stages of the 

45 infection.  In addition, the gene expression data provide a unique view of interactions between 

46 the parasite and the immune system in the lung, including novel players in host-parasite 

47 interactions. A detailed understanding of these processes may provide new opportunities to 

48 design intervention strategies, particularly those focussed on the early stages of the infection 

49 that are not targeted by current chemotherapy.

50

51 Introduction

52 The blood fluke Schistosoma mansoni is a major aetiological agent of hepatic and 

53 intestinal schistosomiasis, a Neglected Tropical Disease that affects over 200 million people 

54 around the world, largely in developing regions (1). Standard treatment of schistosomiasis 

55 relies on a single drug, praziquantel, and drug resistance is an ever-present threat with 

56 emerging reports of reduced efficacy to praziquantel in the field (2). A better understanding is 

57 needed of molecular and cellular mechanisms underlying the establishment of infections, so 

58 that vulnerabilities will be revealed with potential for targeting by new control tools. 

59 Schistosomes are transmitted between mammalian hosts by susceptible aquatic snails. 

60 Each snail releases thousands of motile cercariae that seek out a host, penetrate through its skin 

61 and transform into larvae known as schistosomula. The schistosomula enter the bloodstream 

62 via the capillary beds and by day 6 post-infection are mainly present in the lung capillaries (3,4). 

63 After leaving the lung, the parasites circulate within the blood vessels throughout the body 

64 while developing organs, growing in size and eventually reaching the liver. Approximately 21 

65 days post-infection, parasite accumulation in the liver peaks (3,5). In the case of S. mansoni, 

66 male and female parasites pair up over the following weeks, migrate from the liver to the 

67 mesenteric veins via the portal system and become sexually mature (3). By day-35 the parasites 
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68 reach full maturity in the mesenteric veins (3), where they release eggs that traverse the 

69 intestinal wall and reach the gut lumen. The eggs pass with faeces to the environment where 

70 they hatch free-living larvae that infect snails to continue the life cycle. 

71 Comprehensive studies of intra-mammalian schistosomes have been compromised by 

72 difficulties in accessing all developmental stages of the parasite; consequently, studies have 

73 focused on juvenile forms just after skin penetration, or adult worms. Little is known about the 

74 intervening developmental stages; the lung stage, in particular, represents a key point of 

75 parasite attrition during primary and challenged infections of experimentally-infected animals 

76 (4,6,7). 

77 Intra-mammalian development of S. mansoni has previously been investigated using 

78 transcriptomics (8–12) but an incomplete picture has been pieced together from material 

79 obtained in vivo and in vitro. Obtaining sufficient quantities of lung stage parasites in particular 

80 has been a major obstacle (8,10,11). Here, we describe the S. mansoni transcriptome during six 

81 stages of development within experimentally-infected mice, ranging from the early lung stage to 

82 sexually mature egg-laying worms. Gene expression changes correlated well with the known 

83 biology of egg production in the adult stages, and with growth and developmental control in the 

84 liver developmental stages of the parasite. Notably, the lung-stage transcriptome provided new 

85 insights into host immune-evasion by the parasite, oxidative stress regulation, as well as 

86 potential novel players in host-parasite interactions. This study not only provides novel 

87 resources for the community to understand schistosome biology, but also reveals molecular 

88 mediators at the host-parasite interface.
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89 Materials and methods

90 Ethical statement

91 All procedures involving mice were performed by authorised personnel according to the 

92 UK Animals (Scientific Procedures) Act 1986 with project license held by MJD (number PPL 

93 40/3595). The work was approved by the Ethical Review Committee of the University of 

94 Nottingham and was carried out in strict accordance with UK Home Office regulations for 

95 animal welfare and amelioration of suffering.

96 Mouse infection

97 Mice were infected with cercariae shed from Biomphalaria glabrata snails as described 

98 (13). In brief, percutaneous infections were performed by applying suspensions of mixed-sex 

99 cercariae to the shaved abdomens of anesthetised mice and leaving for 30 minutes. Mice were 

100 infected with the following numbers of cercariae: 2000 to provide day-6 and day-13 parasites, 

101 500 for days 17 and 21, 350 for day 28, and 300 for day 35 (Fig 1). Four mice were used for 

102 adult stage parasites and up to 8 mice were used for juvenile stages (Fig 1). More mice were 

103 used for early time points due to the greater uncertainty in acquiring the samples. All mice were 

104 females of CD-1 outbred strain (Charles River, Harlow, UK) aged between 8-12 weeks by the 

105 time of infection. A pool of mixed-sex parasites from each mouse was considered a biological 

106 replicate. 

107 Fig 1. The numbers of mice and cercariae used for infections. Mice were infected with 

108 indicated numbers of cercariae for parasite collection at six time points post-infection. The 

109 number of mice used for each time point is shown on the left. The method for parasite collection 

110 at day 6 involves mincing and incubation of the lung. Collections at other time points were done 

111 by portal perfusion. 
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112 Parasite material collection and imaging

113 On the indicated day post-infection, mice were culled using an overdose of 

114 pentobarbitone containing 10 U/ml heparin. Day-6 lung-stage parasites were collected as 

115 described (13). Briefly, lungs collected from infected mice were minced using a sterile scalpel 

116 cut into approximately 1 mm3 pieces and incubated in 50 ml heparinised modified Basch media 

117 (10 U/ml heparin) (see supplementary information) for approximately 1 hour at room 

118 temperature, followed by 3 hours at 37 °C, 5% CO2 to allow the parasites to exit the tissue. The 

119 tube contents were mixed by turning the tube 2-3 times before being passed through a 600 µm 

120 mesh into new 50 ml tubes to separate large pieces of tissue from worms. The filtrate was 

121 centrifuged at 150 x g for 3 minutes at room temperature and approximately half of the 

122 supernatant was discarded by gently decanting. Lung-stage worms were recovered using a 

123 Pasteur pipette to collect approximately 1-1.5 ml from the bottom of the tube. Given that 

124 parasites from day-6 post-infection were collected only from the lung and not by perfusion, 

125 circulating parasites that had left the lung were therefore excluded. For this reason, day-6 

126 worms in the present study are hereafter referred to as ‘lung stage’.

127 For all other time points, parasites were collected by portal perfusion with 

128 approximately 30 ml of perfusion media (Dulbecco's Modified Eagle's Medium (DMEM) high 

129 glucose, with 10 U/ml heparin). Parasites were left to settle for 30 minutes at room temperature 

130 and washed twice with DMEM before being recovered with a Pasteur pipette from the bottom of 

131 the tube.

132 Parasites were transferred to a Petri dish for imaging using an Olympus SZ61dissecting 

133 microscope with a Euromex Cmex10 camera and Image Focus 4.0 software. A subset of the 

134 parasites from each mouse was imaged for morphology scoring. After imaging, parasites were 

135 transferred into a 2 ml Eppendorf tube and centrifuged at 150 x g for 3 minutes before replacing 

136 the supernatant with 1 ml TRIzol (Thermo Fisher), left at room temperature for up to 1 hour, 

137 transferred to dry ice for transport, and later stored at -80 ºC until RNA extraction. An average 
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138 of 31 worms were imaged per mouse (range 18-75 worms); this did not represent a total 

139 number of parasites collected. 

140 Parasite morphology scoring

141 Parasite morphology was classified using numerical scores based on published 

142 categories (14). Parasite features used for categorisation were the presence of a haemozoin-

143 filled gut, the shape and length of the gut (fork end, closed end, proportion of the posterior end 

144 of the gut to the anterior section), and whether the worms were paired or unpaired. The scoring 

145 was performed blindly, i.e. all images were renamed to randomised numbers. Different numbers 

146 of worms ranging from 18-75 were morphologically scored among replicates; hence, the 

147 number of parasites that fell into each morphology category was shown as a percentage of the 

148 total worms morphologically scored in that replicate. 

149 RNA extraction

150 RNA was extracted from parasite material using a modified phenol-chloroform method 

151 and column purification. Briefly, frozen samples in TRIzol reagent were thawed on ice, 

152 resuspended by gently pipetting and transferred to 2 ml tubes containing ceramic beads 

153 (MagNA Lyser Green Beads, Roche). The parasites were homogenised in a MagNA Lyser 

154 Instrument (FastPrep-24) at maximum speed twice for 20 seconds, with a 1-minute rest on ice 

155 in between. Next, 200 µl of chloroform-isoamyl alcohol 24:1 was added to each tube, followed 

156 by vigorous shaking for 5 seconds. The tubes were centrifuged at 13,000 x g for 15 minutes at 

157 4°C to separate the aqueous and organic solvent layers. The aqueous layer was transferred into 

158 a RNase-free 1.5 ml tube and one volume of 100% ethanol added and mixed by pipetting. The 

159 mixture was transferred to Zymo RNA Clean & Concentrator-5 column (Zymo Research) and 

160 processed according to the manufacturer's protocol. To elute the RNA, 15 µl of RNase-free water 

161 was added to the column and centrifuged for 30 seconds at 13,000 x g. The RNA concentration 
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162 and integrity were measured by Agilent RNA 6000 Nano kit (5067-1511, Agilent Technologies), 

163 and its purity assessed using a NanoDrop spectrophotometer. 

164 Library preparation and sequencing

165 One to 2.8 µg of RNA was used to prepare each sequencing library. The libraries were 

166 produced using TruSeq Stranded RNA Sample Preparation v2 Kits (Illumina). Libraries were 

167 amplified using 10-14 cycles of PCR and cleaned using Agencourt AMPure XP Beads (Beckman 

168 Coulter). The libraries were quantified by qPCR before sequencing using the Illumina HiSeq 

169 2500 platform. All sequencing data was produced as 75 bp paired-end reads and is available 

170 through ENA study accession number ERP113121.

171 Read mapping and quantifying read counts

172 Sequencing reads were mapped to the S. mansoni reference genome v5 (15) from 

173 WormBase ParaSite (16) using TopHat version 2.0.8 (17) with default parameters except the 

174 following: -g 1 (only report 1 alignment for each read); --library-type fr-firststrand (for dUTP 

175 Illumina library); -a 6 (minimum anchor length); -i 10 and --min-segment-intron 10 (minimum 

176 intron length); -I 40000 and --max-segment-intron 40000 (maximum intron length); --

177 microexon-search (find alignment to micro-exons). The resulting BAM files of accepted hits 

178 were sorted by read name (-n option) and indexed using SAMtools (18). A GFF file of gene 

179 annotations from GeneDB.org was filtered to keep only the longest transcript for each gene. The 

180 GFF file and sorted BAM files were used as inputs for HTSeq-count version 0.7.1 (19) to obtain 

181 read counts per transcript and used for read count analysis. HTSeq-count was run with default 

182 parameters except with strand option set to suit dUTP libraries (-s reverse), and alignment 

183 score cut-off increased (-a 30).
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184 Differential expression analysis

185 Analyses were performed using RStudio version 0.99.489 (20), with R version 3.3.1 

186 (21). DESeq2 (version 1.12.3) (22) was used to import read counts, to investigate overall 

187 transcriptomic differences among samples using principal component analysis (PCA), to 

188 normalise read counts, and to identify genes differentially expressed in the time-course or in 

189 pairwise comparisons. PCA used regularized log–transformed (rlog-transformed) read count 

190 data as input. Differential expression analyses were performed with either likelihood-ratio tests 

191 (when the whole time-course was considered) or with the Wald test (when used with pairwise 

192 comparisons) and statistical significance was determined by adjusting p-values according to the 

193 Benjamini–Hochberg procedure to control false discovery rate (23). Differentially expressed 

194 genes were defined as those with adjusted p-value < 0.01 and log2 fold change in expression > 1 

195 or < -1. 

196 Gene clustering

197 Genes were clustered using self-organising maps constructed in the R package Kohonen 

198 (version 2.0.19) (24) based on their mean-normalised, rlog-transformed counts over the time-

199 course. The mean-normalised counts were used to calculate means of replicates at each time 

200 point for each gene and used as input for clustering. Genes were grouped based on their 

201 expression pattern into 96 clusters. To reduce background signal, only genes that were 

202 differentially expressed in at least one time point (likelihood ratio test, adjusted p-value < 0.01, 

203 7987 genes, S1 Table) were used as inputs for clustering.

204 Gene Ontology enrichment

205 Gene Ontology (GO) annotations for the S. mansoni genes were downloaded from 

206 GeneDB.org. Identification of enriched GO terms (biological process terms) was performed 

207 using topGO (version 2.24.0) (25) with a weight algorithm and Fisher’s exact test. All S. mansoni 

208 genes were used as a reference background for the enrichment analysis. 
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209 Protein structure prediction

210 Amino acid sequences for proteins of interest were obtained from GeneDB.org. Protein 

211 3D structures were predicted from amino acid sequences using I-TASSER online server (v5.0) 

212 (26–28) with default parameters. TM-scores indicate similarity between two structures. The 

213 value ranges between 0-1 with a higher value inferring better match. Images of the predicted 

214 structures and their alignment were from .pdb files obtained from I-TASSER predictions or from 

215 Protein Data Bank (PDB) (29) and reproduced using Chimera software (30).

216 Protein domain searching

217 Protein domains were identified from amino acid sequences using InterProScan online 

218 server (v60 and v61) (31). CathDB (32) was used to explore protein structural domains and to 

219 search by structural match. 

220 Results 

221 Parasite morphologies correlate with marked transcriptional 

222 signatures in developing parasites

223 Changes in the morphology and transcriptome during intra-mammalian development of 

224 S. mansoni were investigated in parasites collected from experimentally-infected mice at time 

225 points between 6-35 days post-infection (Fig 1). 

226 Lung schistosomula were morphologically homogeneous, whereas circulating larvae 

227 that had left the lungs (days 13 to 28) were heterogeneous in size and developmental 

228 progression (Fig 2), consistent with previous reports (3,14). At 28 days post infection, most of 

229 the parasites had developed into adults and worm pairs started to become evident. All day-35 

230 parasites were fully mature paired male and female adults (Fig 2). 
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231 Fig 2. Morphology of in vivo S. mansoni. A) Morphological scoring of S. mansoni parasites 

232 collected at the indicated time points post-infection (D06 to D35). Heatmap columns represent 

233 the twenty-one distinct morphological groups following published scores (14), and heatmap 

234 rows indicate biological replicates of the infections, i.e. parasites collected from individual mice. 

235 Colours on the heatmap show the number of worms that fell into each morphological group, 

236 normalised as a percentage of the total number of worms that were scored within the replicate. 

237 B) Representative images of worms from each time point. Scale bars: 1 mm.

238 Parasites from individual mice were pooled and each of these pools was considered a 

239 biological replicate. At least 3 biological replicates were obtained for each time point and 

240 changes in their transcriptomes were measured using RNA-seq. A principle components 

241 analysis showed tight clustering of biological replicates and a large variation among the time 

242 points (Fig 3). All replicates from lung schistosomula clustered separately from day-13 to day-

243 21 groups, and the adult stages (days 28 and 35) clustered away from the other time points, 

244 indicating a good correlation between the morphological progress and marked transcriptional 

245 signatures of the developing parasite. The transcriptional differences observed between day-28 

246 and day-35 parasites may be related to sexual maturation and egg laying, which is onset at day 

247 35 (14). In contrast, the transcriptional similarity of parasites at days 13, 17, and 21 may reflect 

248 genuinely similar gene expression profiles or the heterogeneity in the overlapping 

249 morphologies of parasites at those three time points. 

250 Fig 3. Principal component analysis of the transcriptomic data from all time points. PCA 

251 plot of all transcriptomic data based on rlog-transformed normalised read counts. Each dot 

252 represents the transcriptome from a pool of parasites collected from individual mice, i.e. one 

253 biological replicate.
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254 Gene expression changes associated to developmental milestones 

255 of S. mansoni

256 Comparing the transcriptomes of parasites collected 6 and 13 days post-infection 

257 provided information on the transition between lung schistosomula and circulating juveniles, 

258 i.e. parasites that have already left the lungs and have entered the systemic circulation via the 

259 pulmonary veins. In the lung schistosomula, 864 genes were up-regulated compared with day 

260 13 juveniles (S2 Table). The up-regulated genes related to multiple signalling processes 

261 including signal transduction and neuronal signalling pathways (S3 Table). This suggests that 

262 neuronal activities were increased in the lung stage, compared with day-13 stage, perhaps for 

263 sensing and locomotion to allow parasite migration through the lung capillary bed, to reach the 

264 pulmonary veins and continue through the rest of bloodstream circulation (33). In contrast, 686 

265 genes were up-regulated in the day-13 schistosomula (S2 Table), including genes involved in 

266 mitosis and its associated processes, such as translation, post-translational modification, and 

267 transcriptional regulation (S3 Table). This is consistent with the growth phase described in day-

268 13 worms and corroborates reports that mitosis was not detected in the lung stage (3,34). 

269 As the parasites develop from circulating juveniles to adult forms, up-regulated genes 

270 identified in the liver stage (day 21) compared to pre-egg-laying adult stage (day 28) were 

271 involved in cell division, differentiation, and developmental regulation (S4 and S5 Tables). In 

272 contrast, gene expression in the day-28 worms showed a massive up-regulation of genes 

273 involved in egg production such as tyrosinase (Smp_050270, Smp_013540), eggshell protein 

274 (Smp_000430), and Trematode Eggshell Synthesis domain containing protein (Smp_077890) (S4 

275 Table). The Gene Ontology (GO) terms metabolic processes and biosynthesis processes were 

276 enriched in up-regulated genes at day 28 (S5 Table), possibly also reflecting synthesis of 

277 compounds necessary for egg production (tyrosinase genes are annotated with the terms 

278 organic hydroxy compound biosynthetic process). However, the increased biosynthesis also likely 

279 reflected increased nutrient and energy requirements, and scavenging of host-derived 
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280 substrates by the parasites because GO terms for lipid metabolic process, glycerol metabolic 

281 process, purine ribonucleoside salvage, and carbohydrate transport were also enriched (S5 

282 Table). The genes contributing to the enriched GO term carbohydrate transport encode two 

283 confirmed glucose transporters (Smp_012440, Smp_105410) (35) and a third, non-confirmed, 

284 putative glucose transporter (Smp_139150).

285 Between days 28 and 35, the parasites become fully established in the portal system 

286 within the mesentery veins and lay large numbers of eggs. Expectedly, amongst the 72 genes 

287 that were up-regulated during the progression from day 28 to day 35, many were related to egg 

288 production (S6 Table). Proteases involved in blood feeding (36), cathepsin B, D, and L were also 

289 up-regulated (approximately 2.5-fold; S6 Table), consistent with the high nutrient requirement 

290 of egg-producing females. In addition, down regulation of genes involved in signalling and 

291 developmental control was evident (S6 and S7 Tables).

292 To further explore transcriptomic changes across all developmental stages analysed, 

293 genes were clustered into 96 groups based on their expression profile over the whole time-

294 course (Fig 4 and S1 Fig). Specific expression patterns became evident for multiple clusters; for 

295 instance, clusters 1, 2, 9, 10, 17, 25, 26, 27, 33, and 34 showed increased expression in the 

296 developing parasites, from day 13 to day 28 post-infection (Fig 4 orange boxes and S1 Fig). 

297 These clusters comprised a total of 737 genes with the top five enriched GO terms related to cell 

298 replication and regulation (S8 and S9 Tables). Striking up-regulation in adult stages (day 28 and 

299 day 35) was seen in six clusters, particularly cluster 96 and to a lesser extent, clusters 79, 80, 87, 

300 88 and 95 (Fig 4 pink boxes, S1 Fig and S8 Table). These clusters comprised genes involved in 

301 egg production, such as two tyrosinase genes (Smp_013540 and Smp_050270) involved in 

302 protein cross-linking during egg-shell synthesis (37). Two of the egg-shell precursors 

303 (Smp_131110 and Smp_014610) (38) were also present in cluster 96 (S8 Table). In addition, 

304 multiple genes of unknown function shared expression patterns with these genes related to egg-
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305 production, suggesting that they may have a related function or share the same pathway(s) (S8 

306 Table). 

307 Fig 4. Clusters of genes based on time-course expression pattern. Expression profiles of 

308 genes showing differential expression in at least one time point, clustered into 96 groups. The 

309 clustering was based on mean-normalised regularized log (rlog-transformed) of raw read 

310 counts over six time points. The y-axes are scaled independently to emphasise the differences 

311 between clusters. Plots with a single y-axis scale are shown in S1 Fig. The coloured boxes mark 

312 clusters that were part of the GO term enrichment analyses or were discussed in detail; orange, 

313 clusters of genes with increased expression during the liver stage; blue, high expression in the 

314 lung stage and steadily declined toward adult stages; yellow, high expression in the lung stage; 

315 green, high expression in the lung and adult stages with low expression during liver stages; 

316 pink, high expression in adult stages. 

317 Genes involved in signalling pathways, iron homeostasis and micro-

318 exon genes (MEGs) up-regulated in lung schistosomula

319 Given the scarcity of information about lung schistosomula, we further investigated the 

320 expression data using pairwise comparisons between the lung stage and day-13 parasites, and 

321 clustering across multiple time points. Lung stage-specific expression was seen mainly in three 

322 clusters (8, 24 and 32), where high expression on day 6 precipitously dropped to a low baseline 

323 for the rest of the time-course (Fig 4 yellow boxes, S1 Fig and S8 Table). The three clusters 

324 contained a total of 72 genes, and a GO term enrichment analysis suggested that many of these 

325 were involved in signalling, metabolism, transport and iron homeostasis (S10 Table).

326 Genes related to developmental control were also over-represented in 11 clusters that 

327 showed high expression in lung stage followed by a steady decline towards adult (cluster 5, 6, 7, 

328 13, 14, 15, 16, 21, 22, 23, 31; Fig 4 blue boxes, S1 Fig and S11 Table), including several 

329 transcription factors and cell adhesion proteins involved in embryogenesis and neuronal 
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330 development, such as SOX (Smp_148110, Smp_161600) and procadherin family (such as 

331 Smp_011430, Smp_141740, and Smp_155600) (39,40). In addition, Wnt, nanos, and frizzled 

332 receptors, important for cell-fate determination and control of development (41–43), showed a 

333 similar expression pattern. 

334 Compared to day-13 stage, multiple signalling processes appeared to be up-regulated in 

335 the lung stage; amongst the 864 genes up-regulated genes, the top-four enriched GO terms were 

336 signal transduction, male sex determination, potassium ion transport, and neurotransmitter 

337 transport (S2 and S3 Tables). The enrichment of several other GO terms, albeit with weaker 

338 statistical support (p-values between 0.036-0.045), provided further evidence for the 

339 prominent role of signalling processes in the lung stage (S2 and S3 Tables). Several 

340 developmental terms were also enriched (e.g. cell differentiation, homophilic cell adhesion, brain 

341 development, male sex determination). The pronounced expression of genes involved in 

342 neuronal signalling – inferred from the GO terms neuropeptide signalling pathway, sodium ion 

343 transport, chloride transport and neurotransmitter transport (S2 and S3 Tables) – may reflect the 

344 parasite’s responsiveness to environmental cues. Consistent with the broad picture provided by 

345 GO term enrichment, the top up-regulated genes in the lung stage compared to the day-13 stage 

346 included a rhodopsin orphan GPCR (Smp_203400), and two Ras related proteins (Smp_132500, 

347 Smp_125060), all of which were up-regulated more than 32-fold (Table 1).

348 Table 1. Top 20 genes up-regulated in day-6 compared to day-13 schistosomula

Gene identifier Log2FC (D6/D13) Adjusted p-value Product name

Smp_138080 12.62 1.48E-19 MEG-3 (Grail) family

Smp_138070 11.99 3.58E-30 MEG-3 (Grail) family

Smp_159810 11.22 1.02E-48 MEG-2 (ESP15) family

Smp_159800 9.66 5.10E-28 MEG-2 (ESP15) family

Smp_181510 9.58 1.15E-13 hypothetical protein

Smp_032990 8.98 7.14E-13 Calmodulin 4 (Calcium binding protein Dd112)
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Smp_159830 8.69 1.00E-05 MEG-2 (ESP15) family

Smp_138060 8.06 3.76E-09 MEG-3 (Grail) family

Smp_203400 7.34 1.88E-07 rhodopsin orphan GPCR

Smp_005470 7.31 3.34E-08 dynein light chain

Smp_077610 6.61 6.19E-07 hypothetical protein

Smp_166350 6.59 1.31E-06 hypothetical protein

Smp_180330 5.97 2.91E-32 MEG 2 (ESP15) family

Smp_205660 5.84 4.52E-15 hypothetical protein

Smp_033250 5.80 4.43E-05 hypothetical protein

Smp_132500 5.73 4.50E-04 ras and EF hand domain containing protein

Smp_152730 5.68 3.41E-11 histone lysine N methyltransferase MLL3

Smp_241430 5.61 3.89E-23 Aquaporin 12A

Smp_125060 5.55 6.70E-04 kinase suppressor of Ras (KSR)

Smp_198060 5.51 4.73E-13 hypothetical protein

349 Log2FC (D6/D13), log2 fold change of expression level between day-6 and day-13 schistosomula

350

351 The GO term cellular iron ion homeostasis was enriched amongst genes up-regulated in 

352 lung stage compared to day-13 schistosomula (S3 Table). For example, the ferritin-related genes 

353 (Smp_047650, Smp_047660, Smp_047680) displayed fold changes in the range 2.1–7.2 (S2 and 

354 S3 Tables). These three ferritin genes, although down-regulated in day-13 compared to lung 

355 stage schistosomula, were still expressed at a low level during day 13 when iron is required for 

356 growth and development (S2 Fig). In contrast, other genes related to iron-sequestration were 

357 expressed at a similar level in the lung stage and day-13 stage, such as putative ferric reductase 

358 (Smp_136400) and Divalent Metal Transporter (DMT 1) (Smp_099850) (S3 Fig). Both genes are 

359 hypothesised to be involved in the same pathway, with the putative ferric reductase cleaving 

360 iron from host transferrin (glycoprotein iron carrier) before transporting into the parasite via a 

361 DMT (44,45).
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362 Micro-exon genes (MEGs), whose structures mainly comprise short exons with lengths 

363 being multiples of three bases, are an abundant feature in parasitic helminths (46,47). Despite 

364 expression across all developmental stages, and at least 41 MEGs being annotated and assigned 

365 into sequence-similarity families (46,48), little is known about their function. MEG-14 has been 

366 shown to interact with an inflammatory-related human protein (49), and MEG-3, MEG-14, MEG-

367 15, MEG-17 and MEG-32, were previously identified in the oesophagus of schistosomula or 

368 adults (50). Multiple MEGs were up-regulated in the lung stage, e.g. 6 of the 72 genes in the 

369 major lung stage expression clusters (cluster 8, 24 and 32) were MEGs (S8 Table). Most 

370 strikingly, cluster 8 contains eight genes, of which four are micro-exon genes (MEGs); two from 

371 the MEG-2 family and two from MEG-3 family (S8 Table). Three of these MEGs were previously 

372 shown to be up-regulated in schistosomula 3 days after in vitro transformation (Smp_159810, 

373 Smp_138070, Smp_138080) and detected in schistosomula or egg secretions (48). Furthermore, 

374 a pairwise comparison revealed a total of 17 MEGs, from seven families, that were up-regulated 

375 in lung stage compared to day-13 schistosomula (S2 Table), with seven MEGs amongst the top 

376 20 lung-stage up-regulated genes (Table 1). In contrast, only one MEG, a member of MEG-32, 

377 was up-regulated in day-13 schistosomula compared to the lung stage (S2 Table). 

378 Lung stage expressed genes with anti-inflammatory roles

379 Genes involved in defence against oxidative stress appeared to be up-regulated in lung 

380 schistosomula, presumably neutralising reactive oxygen species (ROS) produced during 

381 inflammation. For instance, extracellular superoxide dismutase was up-regulated by 17-fold 

382 compared to day-13 parasites (Smp_174810) (S2 Table and S4 Fig). Superoxide dismutase 

383 catalyses the detoxification of superoxide by converting it into hydrogen peroxide and 

384 molecular oxygen (45,51). The antioxidant thioredoxin peroxidase (Smp_059480) that 

385 neutralises peroxide (52) was similarly up-regulated (more than 16-fold) in the lung stage (S2 

386 Table) and thioredoxin glutathione reductase (TGR; Smp_048430), another important enzyme 

387 in the redox pathway (53), showed marginally higher expression in the lung stage (S5 Fig). The 
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388 gene encoding single Kunitz protease inhibitor (Smp_147730, S6 Fig), putatively involved in host 

389 immune defence (54), was also highly up-regulated in the lung stage (16-fold , adjusted p-value 

390 < 1E-100) (S2 Table). 

391 These three genes with particularly striking up-regulation in the lung stage belong to 

392 the same cluster (cluster 72). Given the possible roles of cluster 72 genes in counteracting 

393 oxidative stress and in host immune system evasion, other genes from this cluster were 

394 explored in more detail. Cluster 72 contained seven additional genes (Table 2). Three encoded 

395 hypothetical proteins of unknown function, while the other four were predicted, based on 

396 sequence similarity, to encode proteins with recognisable products. The first, arginase 

397 (Smp_059980), is hypothesised to counteract the host immune response by depleting l-arginine 

398 from blood, thereby preventing it from being used by macrophage in the production of nitric 

399 oxide (55,56). The second, a schistosome homologue of early growth response protein (EGR, 

400 Smp_134870) displayed zinc finger and DNA-binding domains suggesting a role as transcription 

401 factor although its target(s), to our knowledge, remain(s) unidentified. The third and fourth 

402 proteins contained PDZ and LIM domains (Smp_156510, Smp_166920) but these also have no 

403 obvious link with host immune evasion. 

404 Table 2. Genes in cluster 72.

Gene identifier Product name

Smp_059480 thioredoxin peroxidase

Smp_059980 arginase

Smp_074570 hypothetical protein

Smp_114660 hypothetical protein

Smp_134870 early growth response protein

Smp_147730 single Kunitz protease inhibitor; serine type protease inhibitor

Smp_156510 PDZ and LIM domain protein 7

Smp_166920 PDZ and LIM domain protein Zasp
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Smp_174810 Extracellular superoxide dismutase (Cu Zn)

Smp_182770 hypothetical protein

405

406 Cluster 64 contained genes with similar expression profiles and, together with cluster 

407 72, was annotated with GO terms enriched for redox processes (S12 Table). Clusters 64 and 72 

408 also contained genes involved in cellular metabolism and transport. However, enrichment for 

409 these specific GO terms became more pronounced when two additional clusters (71 and 80), 

410 with reduced lung stage expression (Fig 4 green boxes), were included in the analysis (S13 and 

411 S14 Tables). Amongst the top enriched GO terms for all four clusters was carbohydrate transport 

412 with two glucose transporters (Smp_012440 and Smp_105410) that have been previously 

413 characterised in S. mansoni (35). 

414 Hypothetical protein with predicted structure matching a 

415 complement cascade regulator 

416 With four genes out of ten in the cluster 72 potentially involved host immune 

417 interactions, the three that encoded hypothetical proteins (Smp_074570, Smp_114660, 

418 Smp_182770) were investigated further. Peptides encoded by Smp_074570 are abundant (top 

419 10) in secreted extracellular vesicles produced by S. mansoni schistosomula (57), suggesting a 

420 role in host-parasite interactions. No further published information was found for products of 

421 the other two genes, and both contained no known signature domains. I-TASSER protein-

422 structure prediction software (26) was therefore used to align predicted structures against 

423 known structures in the Protein Data Bank (29). No match was found for Smp_074570 and 

424 Smp_114660, but remarkably, Smp_182770 produced a single high confidence match (TM-score 

425 > 0.9) to human complement factor H (CFH; Protein Data Bank ID: 3GAW) (58) (Fig 5). 

426 Fig 5. Predicted structure of Smp_182770 aligned with structure of human CFH. A) 

427 Predicted 3D structure of Smp_182770 by I-TASSER server from the input amino acid sequence. 
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428 B) Alignment between the predicted structure (blue) and 3D structure of human CFH, in 250 

429 mM NaCl buffer, obtained from PDB (PDB identifier: 3GAW) (red). C) Domain components of 

430 human CHF identified by multiple databases through InterProScan web server (31). SCR, short 

431 consensus repeat; CCP, complement control protein. Both SCR and CCP are alternative names of 

432 the sushi domain.

433 CFH is a well-characterised regulator of the complement cascade that is normally found 

434 on the surface of human cells and prevents complement attack on self (59,60). The human CFH 

435 (amino acid sequence from 3GAW entry, PDB) contains sushi/ccp domain repeats (Fig 5C) 

436 involved in regulating complement cascade (ccp = component control protein). Smp_182770 

437 does not contain the sushi/ccp domain repeats but it does encode tandem repeats similar to 

438 those expected from mammalian CFH genes (61). 

439 Homologues of the Smp_182770 are present in other Schistosoma species as well as 

440 other helminths, such as the liver flukes Fasciola, Opisthorchis, and Clonorchis, and the intestinal 

441 fluke Echinostoma (Fig 6A), suggesting an evolutionarily-conserved role (62,63). The 

442 Smp_182770 locus on S. mansoni genome is immediately adjacent to Smp_038730, another 

443 hypothetical protein. RNA-seq mapping suggested that the two were parts of the same gene (Fig 

444 6B). From gene clustering, Smp_038730 is in cluster 24 which has similar expression pattern to 

445 cluster 72, but with noticeably lower expression in the adult stage (Fig 4 yellow box and S1 Fig). 

446 In a subsequent version of the S. mansoni genome (unpublished), the two genes have been 

447 merged to become Smp_334090 (data available on WormbaseParasite.org). The predicted 

448 structure of Smp_334090 also resembles that of human CFH (TM-score = 0.830) (S7 Fig). 

449 Fig 6. Homologous relationship of Smp_182770 and alignment of RNA-seq reads to 

450 genomic locations. A) Homologues of Smp_182770. The information was obtained from 

451 WormBase ParaSite release 8 (16). Gene identifiers from the WormBase ParaSite are shown in 

452 the parentheses after the species names. B) Artemis screenshot showing the genomic region 

453 that contains Smp_182770 and RNA-seq reads mapped from multiple RNA-seq libraries (two 
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454 top rows). Information on homologues of genes was obtained from WormBase ParaSite release 

455 8 and 9 (16) based on genetree generated by Compara pipeline (64).

456 Discussion

457 We have described a complete transcriptome time-course of S. mansoni covering key 

458 developmental stages during the intra-mammalian infection, including the first RNA-seq 

459 transcriptome of in vivo lung schistosomula. The data recapitulated known major biological 

460 changes for well-characterised parts of the life cycle in the mammalian host, as well as provided 

461 novel insights on molecular processes underlying parasite development and interaction with 

462 the host. In particular, analysis of the lung developmental stage highlighted striking signalling 

463 pathways, including those related to developmental control, cell differentiation and 

464 neuropeptide signalling. In addition, tentative strategies for immune evasion such as up-

465 regulation of iron homeostasis, oxidative stress-related genes, and anti-inflammatory genes 

466 were revealed. 

467 In early stages of S. mansoni infection, schistosomula elongate and migrate within lung 

468 capillaries (65). Although the cues involved in these changes are unknown (66), it is believed 

469 that schistosomula differentiate or remodel their existing cells, rather than trigger cell division 

470 (3,34). The up-regulation of signalling-related genes in this developmental stage emphasises 

471 processes required for a successful migration through lung capillaries. Furthermore, changes in 

472 development-related genes may play roles in the remodelling or trigger developmental onset 

473 observed in later stages. Neuronal signalling could involve both the sensing of stimuli and motor 

474 responses, and it is one of the biological processes disturbed in irradiated schistosomes (67) 

475 that exit lung capillaries into the alveoli and eventually die during the lung migration (7,65,68). 

476 The migration through the lung capillaries represents another challenge for the schistosomula. 

477 Moving within narrow lung capillaries, the schistosomula are in direct contact with the capillary 

478 endothelium (65) and they may interrupt blood flow, increasing the risk of microthrombosis or 
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479 leading to an accumulation of circulating immune cells (69). However, it has been shown that 

480 lung schistosomula can resist direct cytotoxic immune killing (6,68,70,71). Inflammation can be 

481 observed in the lung during the infection, but it appears not to be associated with the location of 

482 migrating parasites, but instead triggered by damaged host tissue (72). The accumulation of 

483 immune cells, instead of killing the parasites, is thought to either disrupt blood vessels, inducing 

484 microhemorrhage and causing the parasites to migrate into alveoli, or it may act as a plug that 

485 blocks migration (5,7). 

486 Our data revealed that multiple genes with potential immune evasion or protective roles 

487 are up-regulated. One example was the Kunitz protease inhibitor that has an anti-coagulation 

488 and anti-inflammation role (54) and has been proposed as a vaccine candidate against S. 

489 mansoni (73). Neutralisation of oxidative stress by up-regulating dismutase and peroxidase 

490 systems may mitigate the effects of inflammation caused by migrating schistosomula. Both ROS 

491 and iron metabolism are involved in the host immune response; therefore, iron homeostasis 

492 and ROS neutralisation have likely evolved as an immune evasion strategy in these parasites 

493 (45). Schistosomula also clearly face the risk of oxidative damage from the uniquely high oxygen 

494 tension in the lung (74,75) and therefore have a further requirement for maintaining redox 

495 balance. In rodents, expression of thioredoxin is induced by oxidative stress (75). The up-

496 regulation of schistosome ROS metabolism likely also depends on changes in the environment 

497 rather than a hard-wired gene expression programme. In contrast to our in vivo results from 

498 lung schistosomula, genes related to stress and immune evasion are expressed at a lower level 

499 when the parasites are cultivated in vitro (8), highlighting the need to study parasites obtained 

500 from their most natural environment to understand relevant biological processes. 

501 Multiple genes with tentative roles in immune evasion displayed particularly high 

502 expression in the lung stage, moderately high expression in adult stages and lower expression in 

503 the liver stages. In particular, a previously uncharacterised gene annotated as a hypothetical 

504 protein, with this expression pattern was predicted to be structurally similar to the human 
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505 complement factor H (CFH), a regulator of the complement cascade. In the mammals, CFH 

506 cleaves C3b, a central protein in the complement cascade (76). The regulatory function of CFH 

507 involves two other molecules - its co-factor complement factor I (CFI) (60) and decay-

508 accelerating factor (DAF) (59). To date, a S. mansoni gene with sequence or structural similarity 

509 to CFI has not been described, but the parasites do possess a serine protease, m28, that cleaves 

510 C3bi (a function normally carried out by CFI (59,77)). For DAF, a native S. mansoni form has not 

511 been reported but schistosomes can acquire DAF from host blood cells (78,79). Given the nature 

512 of other genes sharing its expression pattern, the structural match to human CFH, and its 

513 phylogenetic relationship, it is tempting to speculate that the CFH-like gene in schistosome may 

514 have a role in immunomodulation. Nevertheless, host immune system proteins have been 

515 shown to interact with schistosomes in their developmental signalling pathways (80). CFH in 

516 mammals not only cleaves C3b, but also has been implicated in lymphocyte extracellular 

517 secretion and DNA synthesis (80). In addition, schistosomes have a 130 kDa surface protein that 

518 can bind to C3, inactivating the C3 complement-activation, and the binding stimulates renewal 

519 of the parasite surface membrane (76,81). To have another, CFH-like protein identified here, 

520 inhibiting the downstream product of C3 activation, may seem redundant. However, its 

521 potential roles in immunomodulation should not be ruled out. It is common for pathways to 

522 have regulators at various steps, particularly for C3 which is focal for complement cascade 

523 activation and is involved in clearing S. mansoni after praziquantel administration (76,82). 

524 The data produced from this study will serve as a unique resource for the research 

525 community to explore changes across intra-mammalian stages of schistosome development. 

526 Our particular focus on the lung stage demonstrated consistency with previous observations 

527 and introduced potential new players in host-parasite interactions and parasite development. 

528 Further investigation and functional validation of genes identified here will help decipher 

529 mechanisms for parasite long-term survival within the mammalian host, exposing 

530 vulnerabilities that can be exploited to develop new control strategies for this neglected tropical 

531 pathogen. 
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764 Supporting information

765 S1 Fig. Clusters of genes based on timecourse expression pattern, with fixed y-axes. 

766 Expression profile of genes differentially expressed in at least one time point clustered into 96 

767 groups. The clustering was done on mean-normalised regularized log transformation (rlog- 

768 transformed) of raw read counts. X-axes represent six time points from this dataset; y-axes 

769 represent the mean-normalised rlog-transformed. Unlike Fig 4, this supplementary figure show 

770 clusters with the fixed range for y-axis across all clusters in order to visualise clusters with the 

771 largest changes over time.

772 S2 Fig. Expression of genes encoding ferritin-heavy chain over the timecourse. Each dot 

773 represents one replicate from each of the time points. Y-axis represent normalised counts from 

774 DESeq2. 

775 S3 Fig. Expression of genes encoding putative ferric reductase (cytochrome b 561; 

776 Smp_136400) and Divalent Metal Transporter (DMT1) (Smp_099850) over the 

777 timecourse. Each dot represents one replicate from each of the time points. Y-axis represent 

778 normalised counts from DESeq2.

779 S4 Fig. Expression of genes encoding two extracellular superoxide dismutases 

780 (Smp_174810 and Smp_095980) over the timecourse. Expression of Smp_174810 and 

781 Smp_095980 with y axes on log scale. Each dot represents one replicate from each of the time 

782 points. Y-axis represent normalised counts from DESeq2. Smp_095980 was identified as 

783 differentially expressed (S2 Table and S4 Fig), but this figure shows that its expression in the 

784 lung stage was high in only one out of seven replicates.

785 S5 Fig. Expression of genes encoding thioredoxin glutathione reductase over the 

786 timecourse. Each dot represents one replicate from each of the time points. Y-axis represent 

787 normalised counts from DESeq2. Log2FC between D13/D06 is -0.52, adjusted p-value for 

788 differential expression between D13/D06 is 4.09675e-21.
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789 S6 Fig. Expression of genes encoding single Kunitz serine protease inhibitor over the 

790 timecourse. Each dot represents one replicate from each of the time points. Y-axis represent 

791 normalised counts from DESeq2.

792 S7 Fig. Predicted structure of Smp_334090 aligned with structure of human CFH. A) 

793 Predicted 3D structure of Smp_334090 (a resulting merge of Smp_182770 and Smp_038730 in 

794 the most recent version of S. mansoni genome; unpublished) by I-TASSER server from the input 

795 amino acid sequence. B) Alignment between the predicted structure (blue) and 3D structure of 

796 human CFH (in 137 mM NaCl buffer) obtained from PDB (PDB identifier: 3GAV) (red).

797 S1 Table. Genes that were differentially expressed in at least one time point (likelihood ratio 

798 test, adjusted p-value < 0.01)

799 S2 Table. Differentially expressed genes between day-13 and lung stage S. mansoni

800 S3 Table. Enriched GO terms of genes differentially expressed between day-13 and lung stage S. 

801 mansoni

802 S4 Table. Differentially expressed genes between day-28 and day-21 S. mansoni

803 S5 Table. Enriched GO terms of genes differentially expressed between day-28 and day-21 S. 

804 mansoni

805 S6 Table. Differentially expressed genes between day-35 and day-28 S. mansoni

806 S7 Table. Enriched GO terms of genes differentially expressed between day-35 and day-28 S. 

807 mansoni

808 S8 Table. Genes differentially expressed in at least one time point identified by their clustered 

809 expression profiles

810 S9 Table. GO term enrichment of genes with high expression during liver stages (genes in 

811 cluster 1, 2, 9, 10, 17, 25, 26, 27, 33, 34)

812 S10 Table. GO enrichment of genes up-regulated in lung stage (genes in cluster 8, 24, 32)

813 S11 Table. Enriched GO terms of genes with high expression in lung stage followed by a steady 

814 decline toward adult (genes in cluster 5, 6, 7, 13, 14, 15, 16, 21, 22, 23, 31)
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815 S12 Table. Enriched GO terms of genes with high expression in lung stage, low expression in 

816 liver stages, and increased expression in adult stages (genes in cluster 64, 72)

817 S13 Table. Enriched GO terms of genes with high expression in lung stage, low expression in 

818 liver stages, and increased expression in adult stages (genes in cluster 71, 80)

819 S14 Table. Enriched GO terms of genes with high expression in lung stage, low expression in 

820 liver stages, and increased expression in adult stages (genes in cluster 64, 71, 72, 80) 

821 S1 File. Modified Basch media components.

822 S2 File. Smansoni_longest_transcript_htseq_friendly.gff. Genome annotation file used for 

823 generating read counts.

824 S3 File. Final_counts. A zipped folder containing the following files:

825 D06_SM_1_17675_4_1.htseq-count.txt

826 D06_SM_2_17675_4_2.htseq-count.txt

827 D06_SM_3_17675_4_3.htseq-count.txt

828 D06_SM_4_17675_4_4.htseq-count.txt

829 D06_SM_5_17675_4_5.htseq-count.txt

830 D06_SM_6_17675_4_6.htseq-count.txt

831 D06_SM_7_17675_4_7.htseq-count.txt

832 D13_SM_1_17675_4_8.htseq-count.txt

833 D13_SM_2_17675_4_9.htseq-count.txt

834 D13_SM_3_17675_4_10.htseq-count.txt

835 D17_SM_1_17675_4_11.htseq-count.txt
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836 D17_SM_2_17675_4_12.htseq-count.txt

837 D17_SM_3_17675_4_13.htseq-count.txt

838 D21_SM_1_17675_4_14.htseq-count.txt

839 D21_SM_2_17675_4_15.htseq-count.txt

840 D21_SM_3_17675_4_16.htseq-count.txt

841 D28_SM_1_17675_4_17.htseq-count.txt

842 D28_SM_2_17675_4_18.htseq-count.txt

843 D28_SM_3_17675_4_19.htseq-count.txt

844 D35_SM_1_17675_4_20.htseq-count.txt

845 D35_SM_2_17675_4_21.htseq-count.txt

846 D35_SM_3_17675_4_22.htseq-count.txt

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

The copyright holder for this preprint (whichthis version posted September 4, 2019. ; https://doi.org/10.1101/757633doi: bioRxiv preprint 

https://doi.org/10.1101/757633
http://creativecommons.org/licenses/by/4.0/


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

The copyright holder for this preprint (whichthis version posted September 4, 2019. ; https://doi.org/10.1101/757633doi: bioRxiv preprint 

https://doi.org/10.1101/757633
http://creativecommons.org/licenses/by/4.0/


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

The copyright holder for this preprint (whichthis version posted September 4, 2019. ; https://doi.org/10.1101/757633doi: bioRxiv preprint 

https://doi.org/10.1101/757633
http://creativecommons.org/licenses/by/4.0/


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

The copyright holder for this preprint (whichthis version posted September 4, 2019. ; https://doi.org/10.1101/757633doi: bioRxiv preprint 

https://doi.org/10.1101/757633
http://creativecommons.org/licenses/by/4.0/


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

The copyright holder for this preprint (whichthis version posted September 4, 2019. ; https://doi.org/10.1101/757633doi: bioRxiv preprint 

https://doi.org/10.1101/757633
http://creativecommons.org/licenses/by/4.0/


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

The copyright holder for this preprint (whichthis version posted September 4, 2019. ; https://doi.org/10.1101/757633doi: bioRxiv preprint 

https://doi.org/10.1101/757633
http://creativecommons.org/licenses/by/4.0/


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

The copyright holder for this preprint (whichthis version posted September 4, 2019. ; https://doi.org/10.1101/757633doi: bioRxiv preprint 

https://doi.org/10.1101/757633
http://creativecommons.org/licenses/by/4.0/

