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Abstract 20 

 Schistosomes require both molluscan and mammalian hosts for development. The larval stage, 21 

cercaria, exits the intermediate snail host and must swim to identify and invade the definitive mammalian 22 

host. The cercaria has two macrostructures, the head and the tail. The tail is lost after host invasion, whereas 23 

the head develops into a sexually dimorphic adult worm. Translation in the cercaria differs in each 24 

macrostructure with higher levels of translation in cercarial tails and little to no translational activity in 25 

cercarial heads. We compared the transcriptome and proteome of the cercarial head and tail and observed 26 

stark differences between the two macrostructures. We identified unique and differentially expressed 27 

transcripts and proteins, including multiple ribosomal components expressed in higher levels in tails than in 28 

heads, which may explain the differences in translation levels between heads and tails and reflect the weak 29 

correlation between transcription and translation in infectious cercarial heads and tails. 30 

 31 

Introduction 32 

 Schistosomes have a complex life-cycle that must quickly adapt both physiologically and 33 

morphologically to distinct environments. The schistosome infectious larval stage, cercaria, exits the 34 

intermediate molluscan host in search of a definitive mammalian host. After identification and penetration of 35 

the mammalian host, the cercaria loses its tail, transforms into a schistosomulum, and enters the host 36 

circulatory system. Over several weeks, the schistosomulum develops into an adult worm in the mesentery of 37 

the liver, pairs with a mate, and produces hundreds of eggs daily. The eggs are excreted out of the host and 38 

hatch into transient miracidia. The miracidia then invade and develop into sporocysts in a freshwater snail.  39 

The sporocysts produce and release the infectious cercariae, completing the life cycle. The cercaria is 40 

transiently free-living and represents the first interaction point of the parasite life-cycle with the human host. 41 



 

 

 

However, while many studies have been performed on cercaria using several -omic approaches, including 42 

microarrays, RNA-seq, and proteomics, our understanding of the mechanisms of transcription and translation 43 

control of this stage is still limited [1-8]. Collectively, -omic approaches to date have consistently pointed to a 44 

substantial upregulation of genes related to glycolysis and metabolism [9], consistent with the functional 45 

activity of actively swimming cercaria in search of a mammalian host. Proteomic analysis of whole cercariae 46 

and cercarial secretions released from the cercarial head revealed an abundance of proteases, including 47 

elastase, and other proteins that are likely involved in host invasion [4,9-11]. The cercarial tail, however, is 48 

primarily involved in motility. Given the abundance of proteases in the translation-limited cercarial head and 49 

the relatively translation-enhanced cercarial tail, the combinational analysis of the two structures is potentially 50 

clouding our understanding of each macrostructure [12,13].   51 

 Previously, we proposed treating the free-swimming cercarial stage as two separate -omic entities due 52 

to the apparent differences in translational regulation and biological role of the cercarial macrostructures: 53 

head and tail [13]. The cercarial head had significantly less global translation levels than the cercarial tail. Here, 54 

we add to these initial observations and have analyzed and compared the transcriptome and proteome of the 55 

cercarial head and tail. Analysis of the head and tail as distinct structures has allowed us to elucidate potential 56 

mechanisms for regulating the observed translational differences and functional roles of heads and tails. We 57 

found that cercarial heads and tails:  1) store distinct populations of proteins and transcripts which correlate 58 

to their functional roles as macrostructures, 2) differentially regulate translation using ribosomal component 59 

composition, 3) have a weak correlation between transcript and protein abundance, and 4) utilize distinct 60 

translational repression regimes. Together these findings demonstrate the necessity for treating cercariae as 61 

two distinct macrostructures instead of single units for study.  62 

 63 



 

 

 

Methods and Materials 64 

Parasite collection 65 

Biomphalaria glabrata snails infected with Schistosoma mansoni (NMRI strain) were obtained from Biomedical 66 

Research Institute (BRI; Rockville, MD). Cercariae were shed as previously described [14]. 67 

Cercarial head and tail separation 68 

The separation and collection of heads and tails were performed as previously described with minor 69 

modifications [13]. Samples for mass spectrometry and RNA-seq analysis were washed with PBS and flash-70 

frozen as pellets without the addition of protease inhibitors.  71 

RNA extraction 72 

RNA was extracted from cercarial heads and cercarial tails using the Direct-zol RNA Miniprep Kit (Zymo 73 

Research, Irvine, CA) following their standard protocol, including on-column DNAseI digestion. RNA 74 

concentration was assessed using a Nanodrop 8000 spectrophotometer (Thermo Scientific, Waltham, MA). 75 

Library preparation and barcoding were performed using the Pico stranded library prep kit (Clontech, 76 

Mountainview, CA). 77 

Genomic and transcriptomic data analysis 78 

The S. mansoni genome sequence and annotation were downloaded from WormBase ParaSite [15,16]. The 79 

most recent version (release 14) was used for the analysis presented here.  80 

Six RNA-Seq datasets were used for this study: three sets of in-house cercarial head dataset composed of ~60 81 

million raw paired-end reads from cercarial heads and three sets of in-house cercarial tail dataset composed 82 

of ~80 million raw paired-end reads from cercarial tails. Data collection was performed using Illumina HiSEQ 83 

2500 for both head and tail samples. The datasets were checked for quality using FastQC [17], and the 84 



 

 

 

adapters were trimmed using Trimmomatic [18]. The transcripts were quantified using the mapping-mode of 85 

Salmon [19] with the S. mansoni genome sequence and the annotation used as the reference transcripts. 86 

To further filter the poorly characterized putative genes and pseudogenes in the S. mansoni reference 87 

annotation, the standalone version of riboPicker [20] was used on the reference transcript sequence to 88 

identify and remove 29 transcripts that match rRNAs. Multiple databases were used for the riboPicker 89 

process. SILVA rRNA database was used for large subunit (version 132) and small subunit (version 138) rRNA 90 

sequences [21]. Rfam was used for 5S and 5.8S subunit rRNA sequences (release 14.2) [22]. As the SILVA small 91 

subunit sequence data file was too large to index using riboPicker, it was broken into 6 similar sized files for 92 

indexing, and the large, 5S, 5.8S, and the 6 small subunit indices were used together for the analysis. 93 

Statistical analyses were performed with the R environment 4.02 [v3.4.4: 23] with DESeq2 [24], readr [25], and 94 

tximport [26] libraries loaded. The log2 fold change shrinkage was performed with the apeglm package [27]. 95 

Protein sample preparation 96 

Cercarial heads and tails were thawed on ice for 30 minutes in 300 µL 2% SDS and protease inhibitor cocktail 97 

(Sigma, St. Louis, MO). Sonication was performed on all samples at 50% amplitude with a probe sonicator then 98 

vortexed; this procedure was repeated for four cycles with an intervening ice incubation between cycles. SDS 99 

detergent removal and alkalylation were performed following the FASP protocol [28].  100 

After homogenization was complete, samples were processed using the FASP protocol and Amicon Ultra 101 

MWCO 3K filter (Millipore, Billerica, MA). Samples were reduced and akalylated on filter with 10 mM 102 

dithiothreitol (Acros, Fair Lawn, NJ) and 25 mM iodoacetamide (Acros, Fair Lawn, NJ). Samples were then 103 

concentrated to a final volume of 40 µL in 8 M urea. The sample concentration was determined using the 104 

Bradford assay kit (Bio-Rad, Hecules, CA).  105 



 

 

 

Following sample cleanup using FASP, 10 µg of total protein was aliquoted for digestion. The concentration of 106 

urea was reduced to 4 M using 50 mM Tris pH 8. Protein digestion was performed using mass spectrometry 107 

grade lysyl endopeptidase (Wako Chemicals, Richmond, VA) using a digestion enzyme to substrate ratio of 108 

1:40 and 2-hour incubation at 37oC. Following lysyl digestion, the urea concentration was further reduced to 109 

2M using 50 mM Tris pH 8, and samples were digested using sequencing grade trypsin (Promega, Madison, 110 

WI) at a digestion enzyme to substrate ratio of 1:40 overnight at 37 oC. Samples were then diluted using 0.1% 111 

formic acid (Thermo Scientific, Rockford, IL) for LC-MS/MS analysis. 112 

Reverse phase LC-MS/MS 113 

Sample injections of 11 μL containing 600 ng digested peptide was loaded with blank runs intervening 114 

between each sample. The cercarial heads and tails were run in triplicate. The Orbitrap Celos Elite mass 115 

spectrometer (Thermo Electron, San Jose, CA) equipped with the Waters nanoACQUITY LC system (Waters, 116 

Taunton, MA) was used for acquisition. Peptides were desalted in a trap column (180 μm × 20 mm, packed 117 

with C18 Symmetry, 5μm, 100Å, Waters, Taunton, MA) and subsequently resolved in a reversed-phase column 118 

(75μm x 250 mm nano column, packed with C18 BEH130, 1.7μm, 130Å (Waters, Taunton, MA).  Liquid 119 

chromatography was carried out at ambient temperature at a flow rate of 300 nL/min using a gradient mixture 120 

of 0.1% formic acid in water (solvent A) and 0.1% formic acid in acetonitrile (solvent B).  The gradient 121 

employed ranged from 4 to 44% solvent B over 210 min.  Peptides eluting from the capillary tip were 122 

introduced into the nanospray mode with a capillary voltage of 2.4 kV.  A full scan was obtained for eluted 123 

peptides in the range of 380–1800 atomic mass units followed by twenty-five data-dependent MS/MS scans.  124 

MS/MS spectra were generated by collision-induced dissociation of the peptide ions at a normalized collision 125 

energy of 35% to create a series of b- and y-ions as major fragments.  A one-hour wash was included between 126 

each sample. 127 



 

 

 

Protein identification and label-free quantitation 128 

All identification and quantitation were performed using Peaks X+ (Bioinformatics Solutions Inc., Waterloo, 129 

ON, CA) [29-31]. De Novo sequencing from spectra was performed with a parent mass error tolerance of 15.0 130 

ppm and a fragment mass error tolerance of 0.5 Da. Fixed and variable modifications accounted for in 131 

sequencing: Fixed- carbamidomethylation 57.02, and variable- deamidation (NQ) 0.98, oxidation (M) 15.99.  132 

The max variable PTM per peptide was set at 3. Following de novo sequencing PEAKS database search using 133 

Wormbase parasite protein annotation release 14 with cRAP contaminants database. Following PEAKS 134 

database search PEAKS PTM search was performed with a de novo score threshold of 15 and a peptide hit 135 

threshold of 30.0 (-10logP). Following PEAKS PTM search, the SPIDER Homology match search was performed. 136 

Following SPIDER homology search ID- directed label-free quantification was performed using the 137 

aforementioned PEAKS, PEAKS PTM, and SPIDER searches. The mass error tolerance was set to 20.0 ppm, and 138 

retention time shift tolerance was set to 20.0 mins. The false discovery rate (FDR) threshold was set to 0.05. 139 

The threshold utilized for significant differential expression of proteins was a -10logP significance of ≥ 13.0 and 140 

a Head/Tail (H/T) ratio ≥ 1.6 and ≤ 0.62 for total reporting. All proteins specifically discussed require a more 141 

stringent H/T ratio of ≥ 2.0 and ≤ 0.50.  142 

mRNA and protein abundance 143 

DESEQ2 normalized counts were used for correlation mapping and translational repression analysis. PEAKS 144 

identifications were analyzed using Scaffold PerSPECtive (version 3.1.0, Proteome Software Inc., Portland, OR) 145 

to determine normalized weighted spectral counts. Normalized weighted spectral counts were utilized for 146 

correlation mapping. 147 

Gene ontology analysis 148 



 

 

 

Gene ontology (GO) analysis was performed using gProfiler with Wormbase parasite S. mansoni GO 149 

annotations [32]. The significance threshold for over- and underrepresentation was set at 0.05 and used the 150 

g:SCS algorithm for analysis [32]. All significance is reported as –log10 P-value. The gProfiler tool was utilized 151 

for both protein and RNA GO analysis. 152 

Correlation and Euler Mapping 153 

Global mRNA and protein abundance were plotted as log10 (normalized count +1) and log10 (normalized 154 

weighted spectral count + 1). The comparison of the proteome to the transcriptome utilized linear r2 155 

correlation, as well as Spearman ranked correlation. The log10 counts were plotted against each other as a 156 

direct correlation scatter plot.   157 

Euler diagrams were generated using the Biovenn web tool to give proportional overlapping groups for the 158 

two group diagrams[33]. The identified transcripts with an average normalized count from DESEQ2 of ≥ 1.0 159 

and proteins with an FDR ≤ 0.01 are compared. All four group diagrams do not show the proportional sizing of 160 

datasets.  161 

Translational repression analysis 162 

In silico translational repression analysis was performed as reported by Lindner et al. [34] with modification. 163 

Only undetected protein products were considered for repression analysis to assure higher confidence in 164 

putative repressed genes. Consequence tryptic peptide analysis with zero missed cleavages determined the 165 

potential for the detection of digested peptides [35].   166 

 167 

 168 

Statistical Analysis 169 



 

 

 

Statistical tests used in this study were carried out using DEseq2 (RNA-seq), PEAKSX, Scaffold PerSPECtive, and 170 

CONSeQuence algorithms (proteomics) as described above. All omic analysis was performed in triplicate with 171 

three biological replicates. All p-values and adjusted p-values are included in supplementary data 1. GO 172 

analysis was performed using gProfiler and the g:SCS algorithm. The comparison of normalized transcript 173 

(DEseq2 normalized counts) and protein abundance (Scaffold PerSPECtive normalized weighted spectral 174 

counts) was performed using linear regression and spearman ranked correlation analysis.  175 

Results 176 

Cercarial heads and tails are transcriptomically and proteomically distinct 177 

The functional and developmental roles for cercarial heads and tails are distinct. The cercarial tail gives 178 

motility and assists in host penetration; however, it is discarded and does not progress through development 179 

in the definitive host. In contrast, the cercarial head develops into the adult worm and stores all the necessary 180 

transcripts and proteins necessary for initial entry and adaptation to the definitive host. Since cercariae do not 181 

undergo transcription [36], and translation in cercarial heads and tails is differentially regulated [13], we 182 

explored conservation of steady-state transcript populations between cercarial heads and tails.  183 

 We found a total of 11,663 transcripts in cercariae (Figure 1A). Cercarial heads and tails share 5,839 184 

transcripts. Among these shared genes are four of the most abundant transcripts in cercariae: calmodulin-4 185 

(Smp_032990), calcium-binding protein (Smp_033000), and two uncharacterized genes Smp_195070 and 186 

Smp_003770 (Supplementary Data 1) [37,38]. Cercarial heads have 211 unique transcripts, and cercarial tails 187 

have a large store of 5,613 unique transcripts (Figure 1A).   188 

 We next investigated whether the macrostructure specific transcripts identified in the cercaria 189 

correlate with the cercarial proteins in these substructures. Combining these RNA-seq data (Figure 1A) with 190 

mass spectrometry, we identified 3,108 cercarial proteins (Figure 1B). Cercarial heads and tails share 2,507 of 191 



 

 

 

the 3,108 identified proteins.  Four hundred (400) proteins are unique to cercarial heads, and 201 are unique 192 

to tails. However, while tails have half the number of unique proteins, they have a higher number of overall 193 

transcripts.  Correspondingly, cercarial tails store a broader diversity of transcripts while cercarial heads store 194 

a broader diversity of proteins. 195 

 Next, we used differential expression analysis to look for variation in the transcriptomes and 196 

proteomes of heads and tails. In total, 4,510 transcripts were differentially regulated (log2FoldChange ≥ 2.0 197 

and p-value ≤ 0.01) out of 11,663 transcripts identified (Figure 2A). Of the 4,510 differentially regulated 198 

transcripts, 4,345 were upregulated in cercarial tails, and 165 were upregulated in cercarial heads (Figure 2A, 199 

Supplementary Data 1).  To quantify the differential expression of proteins in cercarial heads and tails, we 200 

utilized label-free mass spectrometry, identifying a total of 530 differentially expressed proteins (Figure 2B). 201 

The distribution of differential protein expression between cercarial heads and tails is relatively even. Cercarial 202 

heads have 279 upregulated proteins, and cercarial tails contain 251 upregulated proteins (Figure 2B).   203 

Cercarial heads store ribosomal transcripts while cercarial tails store ribosomal proteins 204 

 Given the different functional roles of cercarial heads (host invasion), and cercarial tails (motility, and 205 

metabolism), we predicted a varied representation in both unique and differentially expressed transcripts and 206 

proteins in the macrostructures. We performed a gene ontology (GO) enrichment analysis to identify over- 207 

and under-representation (over/und-rep) of transcripts and proteins in 3 categories: biological process (BP), 208 

molecular function (MF), and cellular compartment (CC). The categorized over/under-rep products are 209 

separated into two classes: those that are unique to heads or tails (Supplementary Figure 1 and Data 2) and 210 

those that are differentially expressed in heads and tails (Figures 3 and 4, Supplementary Data 3). Unique 211 

transcripts and proteins were analyzed separately from differentially expressed genes because these 212 

transcripts are removed during the filtering of low abundance transcripts and retention matching of protein 213 



 

 

 

spectra. Cercarial tails had a broad array of unique over/under-rep transcript and protein types 214 

(Supplementary Figure 1 and Data 2), including an abundance of transcripts related to methyltransferase 215 

activity (DIMT1 Smp_077020, N6AMT1 Smp_024800) and Ras guanyl-nucleotide exchange factor activity 216 

(ARHGEF17 Smp_167650, ECT2 Smp_153520) (Supplementary Figure 1 and Data 2). Unique under-rep 217 

transcripts included those the encoded for translation and mRNA interaction (Supplementary Figure 1 and 218 

Data 2). For cercarial heads, we did not identify any unique over/under-rep transcript classes or any unique 219 

under-rep protein groups as defined by gene ontology. However, unique over-rep cercarial head protein 220 

groups identified were associated with mRNA regulation such as POLR2J Smp_040710, ENY2 Smp_039640, and 221 

SF3A3 Smp_003630) (Supplementary Figure 1 and Data 2). We found multiple overrepresented GO categories 222 

of unique proteins in cercarial tails, including translational and mitochondrial processes (RPL36 Smp_035790, 223 

SARS Smp_057230, and MRPL47 Smp_102280) (Supplementary Figure 1 and Data 2). The overrepresentation 224 

of translation and ribosome related proteins is of interest, given the underrepresentation of these genes at 225 

the transcript level (Supplementary Figure 1 and Data 2).  We identified no underrepresented protein GO 226 

enrichment classes in unique tail proteins. Notably, heads and tails show little overlap in transcript or protein 227 

GO function, with the exception of transcripts related to energy metabolism supporting the observed biology 228 

that has the tail functioning as transient motility while the head progresses through development.  229 

 Using GO over-rep analysis, we compared transcripts and proteins within each macrostructure to 230 

determine if transcripts identified in each macrostructure corresponded with the protein populations in the 231 

same structure (Figure 3, Supplementary Data 3). Head transcripts were enriched for several processes, 232 

including protein production, ribosomal biogenesis, and chromatin (RPL27 Smp_063350, RPS23 Smp_074470, 233 

MRPS9 Smp_333040, and H3F3C Smp_082240) (Fig. 3A, Supplementary Data 3) and tail transcripts were 234 

enriched for non-coding RNA processing and chromatin marking genes (METTL1 Smp_130610, MARS 235 

Smp_040770, NAT10 Smp_144490, and DNMT2 Smp_334230) (Figure 3B, Supplementary Data 3). At the 236 



 

 

 

protein level, cercarial heads were enriched for structural proteins and proteases (SAT1 Smp_090120, 237 

paramyosin Smp_021920, cercarial elastases Smp_330280 and Smp_330290, and PRCP Smp_002600) (Figure 238 

3C, Supplementary Data 3), whereas cercarial tails were significantly enriched for translational, ribosomal, 239 

stress response, and mitochondrial proteins (Figure 3D, Supplementary Data 3). These include a large 240 

population of ribosomal components (RPL11/12 Smp_012750, RPL24 Smp_001830, RPL26 Smp_098960, 241 

RPL27a Smp_325920, RPS9 Smp_180000, RPS13 Smp_096750, RPS15 Smp_307550, and RPS19 Smp_174950) 242 

[39-50]. All of the previously described ribosomal component genes are involved ribosomal biogenesis or 243 

translational upregulation [39-50].  244 

 Cercarial heads have few underrepresented transcript or protein GO classes, lacking only membrane 245 

component transcripts (Figure 4A and C, Supplementary Data 3). In cercarial tails, GO analysis highlighted 246 

significant underrepresentation of transcripts involved in translational control and peptide biosynthesis. 247 

(Figure 4B, Supplementary Data 3). At the protein level, tails are underrepresented for proteins related to 248 

nucleic acid production (Figure 4D, Supplementary Data 3) but enriched for ribosomal and translational genes, 249 

although transcripts are significantly lacking in these same categories. Overall, the GO analysis data show that 250 

transcripts classes in heads or tails unexpectedly do not predict the protein populations. 251 

Transcription and translation are not strongly correlated in cercarial heads and tails 252 

We further explore the observation that transcripts in tails or heads do not predict protein classes by 253 

testing whether the available transcripts and observed proteins aligned in these populations. We compared 254 

transcripts and proteins in heads and tails using Venn diagrams. When we looked for unique transcripts and 255 

proteins, we found that 148 head proteins did not have corresponding transcripts, and 2 head transcripts did 256 

not have corresponding proteins (Figure 5A). For unique tail proteins and transcripts, we found that tails have 257 

148 unique transcripts for which we were surprisingly able to identify 0 corresponding proteins (Fig 5A). On 258 



 

 

 

the other hand, we found that differentially expressed genes have a somewhat higher correlation between 259 

transcript and protein levels than observed for unique genes (Figure 5).  Cercarial tails have the most robust 260 

relationship between differentially expressed transcripts and proteins (Figure 5B). We identified 91 transcripts 261 

that were both overexpressed at the transcript and protein levels in tails. We only identified 12 transcripts in 262 

cercarial heads that were overexpressed at the transcript and protein level. Together these findings suggest a 263 

weak correlation between protein and transcript levels in cercariae.  264 

To assess the relationship between these two processes more quantitatively, we performed a 265 

correlation analysis on the transcriptome and proteome of the cercarial head and tail. We were able to 266 

quantify and match 2,884 proteins with respective transcripts from our RNA-seq datasets. We then compared 267 

2,884 matched and quantified transcripts and proteins by their respective normalized abundance measures 268 

(Supplementary Data 1). Our analysis shows a limited correlation in cercarial head transcripts and proteins 269 

with an R2= 0.0768 and a Spearman correlation of 0.2813 (Figure 5C). Cercarial tail transcripts and proteins are 270 

more highly correlated with an R2=0.1783 and a Spearman correlation of 0.3912 (Figure 5D). We have 271 

previously shown that there are global differences in translational control, and expect more specific regulation 272 

that represses genes in heads and tails [13]. Given our previous findings, the relationship between unique 273 

proteins and transcripts (Fig. 5A), and the lack of correlation between transcript and protein levels (Fig. 5C-D), 274 

it is likely that the mismatch is in part due to the repression of large subsets of transcripts within heads and 275 

tails. To further explore these observations, we then analyzed the proteome and transcriptome for putatively 276 

repressed genes.   277 

Cercarial heads and tails utilize two different translational repression mechanisms 278 

We next analyzed high abundance transcripts for putative translational repression and found two 279 

unique populations of repressed genes in heads and tails as well as a large shared population of transcripts. 280 



 

 

 

Using the top decile of transcripts, we identified 575 translationally repressed transcripts (Figure 6, 281 

Supplementary Data 4) between heads and tails. Cercarial heads contain 116 unique repressed transcripts, 282 

and cercarial tails contain 291 unique repressed transcripts. Cercarial heads and tails share 84 putatively 283 

repressed transcripts (Figure 6, Supplementary Data 4). The shared population of putatively repressed 284 

transcripts contained genes related to protein stability and translation, including RANBP9 (Smp_161080), 285 

ATG2A (Smp_148650), NSA1 (Smp_054120), SYAP1 (Smp_085530), CCNG1 (Smp_129360) (Supplementary 286 

Data 4). We also identified antiviral and innate immunity-related genes TRIM56 (Smp_098550) and AKIRIN2 287 

(Smp_076040) (Supplementary Data 4) [51,52]. HSP40 (Smp_136540), a known regulator of HSP70 288 

(Smp_302170),  is putatively repressed in both cercarial heads and tails (Supplementary Data 4) [53]. 289 

Interestingly TRPA (Smp_342190) is putatively repressed though capsaicin, a TRPA antagonist, is effective in 290 

the cercarial stage (Supplementary Data 4) [13,54].   291 

Cercarial heads and tails have large distinct populations of repressed genes as well. Cercarial heads are 292 

repressed in multiple ribosomal genes (RPL10 Smp_013200, RPL17 Smp_024850, RPS24 Smp_091640, and 293 

NIP7 Smp_021760) (Supplementary Data 4). Cercarial tails have multiple genes related to protein degradation 294 

repressed (UBE2D1 Smp_315750, CUL4B Smp_082850, WWP1 Smp_123180) (Supplementary Data 4). The 295 

findings in heads and tails align with the low levels of translation in heads and the need to maintain proteins 296 

during the transient lifespan of the cercarial tail.  297 

Discussion 298 

Previous -omic analysis of whole infectious cercariae showed upregulation of metabolic genes involved 299 

in glycolysis, including NADH dehydrogenases, and proteases involved in host invasion, including cercarial 300 

elastases and serine proteases. [1-8]. This work supports these previous findings while also elucidating 301 

differences in translational control, the correlation of transcription and translation, and identifying specific 302 



 

 

 

repressed targets in heads and tails [13]. Cercarial heads and tails vary significantly in overall translation rates, 303 

with heads having limited translation when compared to tails. [13].  This work expands on these previous 304 

observations.  First, we show using multiple -omics approaches that transcripts and proteins found in the two 305 

macrostructures are meaningfully different. Second, we offer insight into the regulation of protein production 306 

by comparison of the cercarial head and cercarial tails transcript and protein groups, respectively. Third, we 307 

show that transcript levels and protein levels do not have a meaningful correlation in the cercarial life stage. 308 

Finally, we identify putatively repressed genes in cercarial heads and tails, thus clearly defining two distinct 309 

repressive patterns in heads and tails.  310 

Cercarial heads and tails differ in structure and in function. The cercarial tail is responsible for motility, 311 

assists with host invasion mechanically, and is lost upon infection of the host. The cercarial head attaches to 312 

the host, produces enzymes to facilitate host invasion, and progresses through development to an adult worm 313 

after host infection. We used RNA-seq and label-free mass spectrometry analysis to explore the molecular and 314 

regulatory differences in these structures. We identified populations of proteins and transcripts that are 315 

unique to the cercarial heads and tails (Figure 1). The cercarial tail contains 5,613 unique transcripts, and the 316 

cercarial head has 211 (Figure 1A). The unique proteins show an inverse pattern of storage compared to 317 

unique transcripts with the cercarial head containing 400 unique proteins, while the cercarial tail has 201 318 

unique proteins (Figure 1B). We see a clear difference in the storage of unique protein and transcripts, which 319 

is somewhat unexpected given the increased rate of translation in cercarial tails compared to cercarial heads. 320 

Using differential expression analysis, we identified 165 upregulated transcripts in cercarial heads and 4,345 321 

upregulated transcripts in cercarial tails (Figure 2A, Supplementary Data 1). The role of this large population of 322 

stored transcripts in cercarial tails is unclear. Increasing evidence indicates functional roles for mRNA products 323 

outside of their coding potential and UTR regulatory regions. For example, P53 mRNA has been shown to have 324 

an auto-regulatory function on its own translation, and HIST1C mRNA has been shown to negatively regulate 325 



 

 

 

telomere length [55, 56]. The proteomic differential expression analysis reveals upregulation 279 and 251 326 

proteins for cercarial heads and tails, respectively (Figure 2B, Supplementary Data 1). The abundance of 327 

unique and differentially expressed genes across cercarial heads and tails support our previous assertion that 328 

the head and tail need to be treated as two distinct functional macrostructures. We were also able to affirm 329 

this with GO enrichment that identified previously unreported gene groups at both the transcriptome and 330 

proteome levels. 331 

Cercarial heads have an abundance of ribosomal components and translation-related genes (Figure 3A, 332 

Supplementary Data 3) while being globally translationally repressed. These transcripts are likely stored for 333 

later translation after host invasion. Cercarial head proteins are enriched for mRNA processing, proteolysis, 334 

and cytoskeleton related genes (Figure 3C, Supplementary Figure 1, Data 2, and Data 3). The mRNA related 335 

genes in cercarial heads include POLR2J, ENY2, and SF3A3. The storage of these proteins mRNA related genes 336 

is interesting, given the stalled state of RNA production in cercariae [36,55-57]. The mRNA processing genes 337 

may be stored for the early burst of transcription, which begins shortly after invading the definitive host [36]. 338 

Moreover, unique cercarial tail transcripts are underrepresented for genes related to DNA synthesis. The two 339 

results together support the findings of Roquis et al. 2015, showing that cercariae does not produce new 340 

nucleic acids but is primed for a massive burst of transcription after host invasion [36]. The detection of 341 

proteolytic proteins in cercarial heads (Fig. 3C, Supplementary Data 3) matches with previous analysis showing 342 

high levels of these enzymes stored in the cercarial glands [12]. Cercarial tails are enriched for 343 

methyltransferase and Ras-GEF genes at the transcript level (Figure 3A, Supplementary Figure 1, Data 2, and 344 

Data 3). ARHGEF17 is unique to tails and plays a role in stabilizing actin during oxidative stress [56]. Cercarial 345 

tails exhibit higher levels of respiration and likely need stabilization of proteins to support motility. 346 

Furthermore, cercarial tails have an overrepresentation of expressed proteins related to translation and 347 

mitochondrial maintenance (Figure 3D, Supplementary Figure 1, Data 2, and Data 3). Together we see that the 348 



 

 

 

identification of metabolic genes from tails and proteolytic genes from heads using whole cercarial analysis 349 

only gives a shallow look at the functions of either structure [9]. The separation and individual analysis of 350 

heads and tails give insight into mechanisms of translational control and development.  351 

Previously, we demonstrated that cercariae have significantly different translational regulation for the 352 

heads and tails [13]. Our analysis of the transcriptome and proteome suggests likely mechanisms of 353 

translational regulation in heads and tails. Unique cercarial tail transcripts include two notable 354 

methyltransferases, DIMT1 and N6AMT1, both of which have been shown to play a role in translational 355 

control. DIMT1 is involved in ribosomal biogenesis, and N6AMT1 can produce 5’UTR modifications that act as 356 

cap-independent ribosomal binding sites for genes like HSP70 [56, 57]. DIMT1 and N6AMT1 can thus 357 

selectively increase cap-independent translation of important genes in cercarial tails. We also observed a large 358 

population of proteins related to ribosomal biogenesis, translational initiation, and ribosomal maintenance in 359 

cercarial tails (Figure 3D, Supplementary Data 3). These include RPL11/12, RPL24, RPL26, RPL27a, RPS9, RPS13, 360 

RPS15, and RPS19  [39-50].  The enrichment of ribosomal proteins is striking when compared to 361 

underrepresented transcripts in cercarial tails, and they show underrepresentation of ribosomal transcripts 362 

and transcripts related to translation (Figure 4B, Supplementary Data 3). Cercarial heads, on the other hand, 363 

show enrichment for ribosomal transcripts (Figure 3A, Supplementary Data 3). Together these results suggest 364 

that cercariae have been primed with ribosomal proteins in the tails and have stored dormant transcripts for 365 

ribosomal components in the heads. This lack of multiple important ribosomal components could lead to 366 

global levels of translational repression [42,45,49]. The analysis of stored transcripts is of note, but given the 367 

lack of correlation between our enriched transcripts and proteins, it was becoming clear we needed to 368 

understand how predictive RNA abundance is in determining protein abundance.   369 

We then explored the predictive quality of transcript on protein levels using a matched and normalized 370 

correlation plot, as well as Venn diagrams showing overlapping areas of unique and overexpressed genes 371 



 

 

 

(Figure 5). We found an apparent lack of overlap between proteins and transcripts via the Venn diagram 372 

mapping of both unique and differentially expressed transcripts in heads (2.2%) total and tails (41.5%) total 373 

(Figure 5 A-B). We next analyzed the overall correlation of transcript and protein abundance using normalized 374 

counts and normalized weighted spectral counts, respectively. We found a weak positive correlation 375 

R2=0.0768 in cercarial heads as well as cercarial tails R2= 0.1783 (Fig. 5C-D) between transcript and protein 376 

abundance. These values represent a weak correlation compared to multiple studies performed on human 377 

tissues [58-60]. An analysis of 29 tissues in humans showed most proteome and transcriptomes have a ~0.50 378 

R2 correlation [60]. The Spearman ranked correlation, 0.2813 in cercarial heads and 0.3912 in cercarial tails, 379 

reveals some predictive power though the relationships are well below even the direct correlation values in 380 

human tissues [60]. Therefore, the predictive power of transcripts is low in cercariae. Given the pattern of low 381 

correlation in other systems and tissues, it likely that this correlation is low in other developmental stages as 382 

well. The unique relationship between undetected transcripts and detectable proteins directed us to analyze 383 

the transcriptome and proteome for putatively repressed genes that are defined as high abundance mRNAs 384 

with no detected protein. 385 

Using a similar approach to that performed by Lindner et al. 2019 in Plasmodium [34], we were able to 386 

detect a large population of repressed transcripts in both cercarial heads and tails. A total of 575 likely 387 

repressed transcripts with detectable tryptic peptide products were found cercarial heads have 116, cercarial 388 

tails have 291, and 84 are shared (Figure 6, Supplementary Data 4). The unique populations our analysis found 389 

in cercarial heads and tails suggest two independent repression mechanisms in heads and tails. Repression 390 

shared across both heads and tails includes multiple genes known to facilitate protein degradation and also 391 

translation, including RANBP9, ATG2A, NSA1, SYAP1, and CCNG1 (Supplementary Data 4). This mixture of 392 

repressed production and enhanced stabilization provides an environment that allows protein storage while 393 

limiting energy expenditure. Genes related to stress response and innate immunity were also repressed. 394 



 

 

 

TRIM56 and AKIRIN2 are both putatively repressed. In other systems, TRIM56 and AKIRIN2 [51,52] are 395 

involved in innate immunity and stress response. Both TRIM56 and AKIRIN2 have been shown to accelerate 396 

cell migration and wound healing [61,62]. Repression of these two factors in cercarial heads could be 397 

stabilizing the gland structures while maintaining a high abundance of the transcript to allow healing after tail 398 

loss and gland secretion. HSP40, a co-factor and modulator of HSP70, is also putatively repressed in both 399 

heads and tails. HSP40 can function as a chaperone and also interact with HSP70 to activate ATPase activity 400 

and transition HSP70 from the ATP to ADP state [63]. The complex of HSP70-HSP40 can also interact with the 401 

ribosomal-associated complex and assist translation and link protein folding to translation directly. We have 402 

shown a role for HSP70 in signaling homing behavior in cercariae, but the role of HSP40 is less clear [53]. Two 403 

potential roles for HSP40 repression would be the reduction of the HSP70-HSP40 complexing to allow HSP70 404 

to perform its role in host detection and homing or HSP70 ATPase activity needs to remain inhibited to 405 

maintain its pre-homing state. TRPA1 is also putatively repressed throughout the cercariae, which is surprising 406 

given the effects on viability and motility to cercariae of both capsicum and non-capsicum pepper extracts 407 

[54,64].  408 

We have shown that cercarial heads and tails are unique macrostructures. They serve different 409 

functions and thus prepare in different ways for those roles. Our finding suggests that the level of ribosomal 410 

proteins and ribosomal component mRNAs may be the mechanism for how translation is regulated differently 411 

between heads and tails. The storage of essential proteins allows cercarial heads to preserve energy prior to 412 

infection of the host while remaining primed to initiate the developmental changes needed after host invasion 413 

[65-67]. The transcriptome and proteome are not strongly correlated in cercariae. The lack of correlation 414 

could stem from posttranscriptional regulation that leads to massively different translational rates that vary by 415 

five orders of magnitude [68]. Finally, we identify a large population of putatively translationally repressed 416 



 

 

 

genes that allow us to distinguish two separate and overlapping mechanisms of translational control being 417 

utilized in cercarial heads and tails.  418 

Our findings have led to new emerging questions. What is the role of the large populations of stored 419 

transcripts in tails that show no evidence of being translated in this transient structure that doesn’t progress 420 

through development? What unique patterns and regulatory elements can be utilized for tools in 421 

schistosomes? Are these patterns of unique expression different across cell populations not only the 422 

macrostructures? We hope to further explore the regulatory mechanisms of translation in cercariae and 423 

follow that control throughout the life-cycle next exploring the translational rates and nascent proteins in 424 

early schistosomula. The targets of nascent translation in schistosomula can give insight into early founder 425 

proteins and minimally required translation for maintenance of the organism. We also intend to explore the 426 

repressed targets for meaningful patterns that underpin the specific repression across heads and tails and 427 

potentially . Finally we could potentially explore structural differences at the cell type and tissue levels.    428 
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Figure 1. Total identified proteins and transcripts in cercarial heads and tails. Euler diagram shows the proportional 593 

overlap of shared proteins and transcripts as well as uniquely identified genes. (A) all transcripts identified above the ≥ 594 

1.0 normalized count threshold in one or both macrostructures. (B) the same for proteomic identification of proteins 595 

with a PEAKS significance threshold ≥ 20. (unless it’s the journal format) 596 

Figure 2. Both RNA and protein are significantly differentially expressed in cercarial heads and tails. Panel A shows the 597 

MA plot of heads compared to tails with tails being the reference. All (●) are significantly upregulated transcripts with ≥ 598 

2.0 log2 fold change and have an adjusted p-value of ≤ 0.01. All (●) are outside these thresholds. Panel B shows a 599 

volcano plot of differentially expressed proteins heads and tails by the ratio (Head/Tail). All (●) are proteins that have a 600 

ratio of ≥ 1.6 and a significance ≥ than 13.0 -10 log p-value. All (●) fall outside of these thresholds. 601 

Figure 3. GO analysis of over-expressed transcripts and proteins from cercarial heads and tails. Cercarial tails have a 602 

significant overrepresentation of ribosomal and mitochondrial proteins. All data shown represent overrepresented 603 

categories of differentially expressed genes via GO analysis. Panels A and B show overrepresented transcripts in cercarial 604 

heads and tails. Panels C and D show overrepresented proteins from cercarial heads and tails. 605 

Figure 4. GO analysis of under-represented transcripts and proteins from cercarial heads and tails. Cercarial Tails have a 606 

significant underrepresentation of transcripts related to ribosomal genes and translational maintenance, while cercarial 607 

heads show underrepresentation of both transcript and protein for membrane component genes. All data shown 608 

represent underrepresented categories of differentially expressed genes via GO analysis. Panels A and B show 609 

underrepresentation of transcripts for cercarial heads and tails, respectively. Panels C and D show underrepresentation 610 

of proteins from cercarial heads and tails, respectively. 611 

Figure 5. Translation and transcription are not highly correlated in cercarial heads and tails. Panels A and B show the 612 

intersection of unique transcripts and proteins (A), and differentially expressed transcripts and proteins in (B) from 613 

cercarial heads and tails. Panel C and D show a scatter plot of normalized abundance from transcript along the X-axis 614 

and normalized abundance from protein along the Y-axis for heads and tails individually. The R2= 0.0768 and R2= 0.1783 615 



 

 

 

show little positive correlation between the transcript and protein abundance in cercarial heads (C) and cercarial tails 616 

(D), respectively. 617 

Figure 6. Translational repression applies in an asymmetrical and overlapping manner in cercarial heads and tails. An 618 

Euler diagram proportionally represents the distribution of translationally repressed transcripts in cercarial heads alone 619 

in olive (116), cercarial tails alone in blue (291), and shared transcripts in the intersection (84).  620 
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Supplementary Figure 1. GO analysis of unique transcripts and proteins from cercarial heads and tails. Panel A 639 

shows overrepresented transcripts in cercarial Tails. Panel B highlights underrepresented transcripts for cercarial 640 

tails across the categories above. Panel C and D are overrepresented unique proteins from cercarial heads and 641 

tails, respectively. No underrepresented protein groups were found for cercarial heads or tails. No over or 642 

underrepresented transcripts were found via GO analysis for cercarial heads. GO terms are shown across 643 

biological process (BP), molecular function (MF), and cell compartment (CC).  644 
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Figures

Figure 1

Total identi�ed proteins and transcripts in cercarial heads and tails. Euler diagram shows the proportional
overlap of shared proteins and transcripts as well as uniquely identi�ed genes. (A) all transcripts
identi�ed above the ≥ 1.0 normalized count threshold in one or both macrostructures. (B) the same for
proteomic identi�cation of proteins with a PEAKS signi�cance threshold ≥ 20. (unless it’s the journal
format)



Figure 2

Both RNA and protein are signi�cantly differentially expressed in cercarial heads and tails. Panel A shows
the MA plot of heads compared to tails with tails being the reference. All (฀) are signi�cantly upregulated
transcripts with ≥ 2.0 log2 fold change and have an adjusted p-value of ≤ 0.01. All (฀) are outside these
thresholds. Panel B shows a volcano plot of differentially expressed proteins heads and tails by the ratio



(Head/Tail). All (฀) are proteins that have a ratio of ≥ 1.6 and a signi�cance ≥ than 13.0 -10 log p-value.
All (฀) fall outside of these thresholds.

Figure 3

GO analysis of over-expressed transcripts and proteins from cercarial heads and tails. Cercarial tails have
a signi�cant overrepresentation of ribosomal and mitochondrial proteins. All data shown represent
overrepresented categories of differentially expressed genes via GO analysis. Panels A and B show
overrepresented transcripts in cercarial heads and tails. Panels C and D show overrepresented proteins
from cercarial heads and tails.



Figure 4

GO analysis of under-represented transcripts and proteins from cercarial heads and tails. Cercarial Tails
have a signi�cant underrepresentation of transcripts related to ribosomal genes and translational
maintenance, while cercarial heads show underrepresentation of both transcript and protein for
membrane component genes. All data shown represent underrepresented categories of differentially
expressed genes via GO analysis. Panels A and B show underrepresentation of transcripts for cercarial
heads and tails, respectively. Panels C and D show underrepresentation of proteins from cercarial heads
and tails, respectively.



Figure 5

Translation and transcription are not highly correlated in cercarial heads and tails. Panels A and B show
the intersection of unique transcripts and proteins (A), and differentially expressed transcripts and
proteins in (B) from cercarial heads and tails. Panel C and D show a scatter plot of normalized
abundance from transcript along the X-axis and normalized abundance from protein along the Y-axis for
heads and tails individually. The R2= 0.0768 and R2= 0.1783 show little positive correlation between the
transcript and protein abundance in cercarial heads (C) and cercarial tails (D), respectively.



Figure 6

Translational repression applies in an asymmetrical and overlapping manner in cercarial heads and tails.
An Euler diagram proportionally represents the distribution of translationally repressed transcripts in
cercarial heads alone in olive (116), cercarial tails alone in blue (291), and shared transcripts in the
intersection (84).
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