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Abstract 34 

Effective management and control of parasitic infections on farms depends on their early detection. 35 

Traditional serological diagnostic methods for Fasciola hepatica infection in livestock are specific 36 

and sensitive, but currently the earliest detection of the parasite only occurs at approximately three 37 

weeks post-infection. At this timepoint, parasites have already entered the liver and caused the tissue 38 

damage and immunopathology that results in reduced body weight and loss in productivity. Here, we 39 

investigated whether the differential abundance of micro(mi)miRNAs in sera of F. hepatica-infected 40 

sheep has potential as a tool for the early diagnosis of infection. 41 

Using miRNA sequencing analysis, we discovered specific profiles of sheep miRNAs at both 42 

the pre-hepatic and hepatic infection phases in comparison to non-infected sheep. In addition, six F. 43 

hepatica-derived miRNAs were specifically identified in sera from infected sheep. Thus, a panel of 44 

differentially expressed miRNAs comprising four sheep (miR-3231-3p; miR133-5p; 3957-5p; 1197-45 

3p) and two parasite miRNAs (miR-124-3p; miR-Novel-11-5p) were selected as potential 46 

biomarkers. The expression of these candidates in sera samples from longitudinal sheep infection 47 

studies collected between seven days and 23 weeks was quantified using RT-qPCR and compared to 48 

samples from age-matched non-infected sheep.  49 

We identified oar-miR-133-5p and oar-miR-3957-5p as promising biomarkers of fasciolosis, 50 

detecting infection as early as seven days. The differential expression of the other selected miRNAs 51 

was not sufficient to diagnose infection; however, our analysis found that the most abundant forms 52 

of fhe-miR-124-3p in sera were sequence variants (IsomiRs) of the canonical miRNA, highlighting 53 

the critical importance of primer design for accurate diagnostic RT-qPCR. Accordingly, this 54 

investigative study suggests that certain miRNAs are biomarkers of F. hepatica infection and 55 

validates miRNA-based diagnostics for the detection of fasciolosis in sheep.  56 

 57 

 58 

 59 
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Introduction 60 

The liver fluke parasite, Fasciola hepatica, is a trematode that causes fasciolosis, a major public 61 

health issue and neglected tropical disease affecting over 2.4 million people in over 70 countries 62 

(WHO, 2021; Fürst et al., 2012; Mas-Coma, 2005). Prevalence of liver fluke infection is thought to 63 

be on the rise due to the spread of drug-resistant parasites and climate change (Mas-Coma et al., 2009; 64 

Polley & Thompson, 2009).  While F. hepatica has adapted to infect every mammalian host that it 65 

has encountered (Mas-Coma, 2005; Robinson & Dalton, 2009), grazing ruminants are most 66 

susceptible to F. hepatica infection due to their ingestion of pasture and water contaminated with the 67 

infective metacercariae. As such, fasciolosis is a significant economic burden to the livestock 68 

industry, with global losses of over US $3 billion per annum (Charlier et al., 2020; Howell & 69 

Williams, 2020). 70 

 Within hours of ingestion, the F. hepatica metacercariae excyst in the gut, releasing the newly 71 

excysted juveniles (NEJ), which penetrate the intestinal wall to migrate through the peritoneal cavity 72 

to the liver. This pre-hepatic stage takes approximately two weeks, after which the pathology resulting 73 

from the parasite’s penetration into the liver becomes evident (Andrews et al., 2021; Dixon, 1966; 74 

Robinson et al., 2021). Fasciolosis results from the tissue damage and bleeding caused by the 75 

parasite’s burrowing and feeding in the liver and the associated immune-mediated pathology (Dawes 76 

& Hughes, 1964; Dow et al., 1967; Martı́nez-Moreno et al., 1999). Within the liver, the juvenile 77 

flukes grow and mature, and by 8-12 weeks, the adult parasites enter the bile ducts to establish chronic 78 

infection, during which time they produce eggs that are excreted within the faeces, consequently 79 

contaminating pasture and continuing the life cycle (Andrews et al, 2021). Once established in their 80 

ruminant hosts, the parasites can survive for months and even years if the infection is untreated 81 

(Happich & Boray, 1969; Robinson et al., 2021).    82 

Several methods are currently employed to diagnose fasciolosis in ruminants. While these 83 

techniques are effective, they have notable limitations, especially for the detection of early infection 84 

(Sabatini et al., 2023; Stuen & Ersdal, 2022). The gold standard for liver fluke detection is the faecal 85 
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egg count (FEC), which is a preferred technique as the presence of liver fluke eggs represents a 86 

definitive diagnosis (Mazeri et al., 2016; Taylor et al., 2015). It is inexpensive, and both the sample 87 

collection and protocol are uncomplicated (Sabatini et al., 2023). However, this method only detects 88 

infection at 8-12 weeks (Mazeri et al., 2017). In addition, due to the uneven distribution of eggs in 89 

the faeces when the worm burden is low this method lacks sensitivity (Braun et al., 1995). 90 

Coproantigen ELISAs can detect liver flukes two to three weeks earlier than FEC (Charlier et al., 91 

2008) but this antigen-based assay lacks sensitivity due to the low and inconsistent abundance of the 92 

liver fluke antigens in the host samples (Novobilský et al., 2012; Sánchez-Andrade et al., 2000). 93 

Higher sensitivity can be obtained using serological techniques (Brockwell et al., 2013). Detection of 94 

anti-liver fluke antibodies in serum is a more sensitive alternative, and ELISAs for these have been 95 

proven to detect infection from three to four weeks post-infection. However, this method cannot 96 

distinguish between new and previous infections (Sánchez-Andrade et al., 2000). Additionally, 97 

maternal antibodies can persist in lambs for up to 12 weeks post-birth, limiting the applicability of 98 

this assay during the first two months on pasture (Novobilský et al., 2014). Another complication of 99 

antibody detection is the lack of specificity due to cross-reaction with antibodies raised in response 100 

to other infections (Cornelissen et al., 1999). Finally, although the presence of liver enzymes within 101 

sera samples, including glutamate dehydrogenase (GLDH), gamma-glutamyl transferase (GGT) and 102 

albumin, are a good indication of liver damage, these changes are transient, variable, and not specific 103 

for the liver fluke (Costa et al., 2022).  104 

 As there is currently no effective vaccine against F. hepatica (Molina-Hernández et al., 2015), 105 

liver fluke control relies heavily on the available chemical drugs, such as triclabendazole (TCBZ), 106 

closantel, and clorsulon (Boray et al., 1983). Due to the challenge of detecting pre-patent infection, 107 

farmers opt for preventative treatment measures involving blanket treatment of animals before release 108 

onto pasture and further treatment depending on factors such as housing time, local climate, 109 

fasciolosis prevalence, age of herd, and grazing period (Kelley et al., 2021; McMahon et al., 2016; 110 

Stuen & Ersdal, 2022). Apart from the financial burden of drenching an entire herd with flukicides, 111 
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this practice is driving the emergence of drug resistance against these available chemical treatments. 112 

As such, ‘test before you treat’ strategies are now being advocated for sustainable parasite control   113 

(Hanna et al., 2015; Moll et al., 2000; Novobilský & Höglund, 2015; SCOPS; COWS). If early 114 

diagnosis was possible, anthelmintics could be administered to infected animals only, which would 115 

prevent/minimise the parasites from breaching the liver capsule. This approach would reduce liver 116 

damage and avert the loss of animals. Additionally, it would decrease the number of eggs dispersed 117 

onto pasture and curtail the unwarranted use of flukicides. Thus, there is a clear industry requirement 118 

for new diagnostic tools that can reliably identify F. hepatica infections, particularly at the pre-hepatic 119 

phase of infection.  120 

Micro(mi)RNAs are small non-coding RNAs that play a central role in all biological processes 121 

(Ambros, 2004) and offer great promise as markers of disease. Importantly, changes in their 122 

expression profiles have been correlated to several pathologies, including infectious diseases 123 

(Tribolet et al., 2020). In addition, circulating miRNAs are present and highly stable in most bodily 124 

fluids, including blood, saliva, urine, and milk, making them robust candidates for non-invasive 125 

diagnostic and prognostic biomarkers (Blondal et al., 2013). 126 

Several studies have reported alterations in the abundance of both host and parasite-derived 127 

miRNAs in circulation during helminth infections, suggesting their utility as biomarkers for detecting 128 

infection (Ghalehnoei et al., 2020; Guo & Guo, 2019; Hoy et al., 2014; Mu et al., 2021). While the 129 

diagnostic potential of circulating miRNAs during fasciolosis has not yet been explored, we have 130 

previously shown that F. hepatica miRNAs are expressed in a life cycle stage-specific manner and 131 

that fluke-derived miRNAs can be detected in host cells during the pre-hepatic stage of infection 132 

(Ricafrente et al., 2022; Tran et al., 2021). Therefore, in this study, we explored whether a differential 133 

abundance of host and F. hepatica miRNAs in sera was evident in experimental infected sheep that 134 

could be used to diagnose F. hepatica infection, particularly from the early pre-hepatic stage of 135 

infection. This would enable prompt and effective intervention before the parasite causes significant 136 

liver pathology.  137 
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Materials and Methods 138 

Sheep sera samples from experimental F. hepatica infections 139 

The sheep sera samples were taken from previous experimental infection studies, which were all 140 

carried out according to standardised protocols to ensure consistency and reproducibility between 141 

studies. Male sheep were orally infected with F. hepatica metacercariae, and blood samples collected 142 

by jugular venepuncture at various time points (Table 1), using appropriate blood collection tubes for 143 

serum collection. The blood was allowed to clot at room temperature, followed by centrifugation at 144 

1000 x g for 10 minutes in a refrigerated centrifuge. The serum was collected and aliquoted into 1ml 145 

aliquots that were frozen at -80 °C. Four sets of sheep sera samples were used in this study, with each 146 

set representing an independent infection cohort (Table 1). The samples from sets A, B and D, were 147 

processed in the Molecular Parasitology Laboratory, Ireland. The samples collected in Spain (Set C) 148 

were transported to the Molecular Parasitology Laboratory in Ireland frozen on dry ice. Upon 149 

delivery, they were placed at -80 °C. Samples used for this study were defrosted in the fridge the 150 

evening before RNA extraction; this process was the first time they had been thawed since collection. 151 

Samples from Set A and Set B were used to prepare the small RNA sequencing library. Set C (pre-152 

hepatic time points) and Set D (hepatic time points) were used for RT-qPCR validation of the 153 

diagnostic potential of selected miRNAs. Sets C and D were obtained from longitudinal sheep F. 154 

hepatica infection studies that included non-infected age-matched animals as field controls.  155 

 156 

Ethics statement 157 

Experimental procedures at Agri-Food and Biosciences Institute (AFBI; UK) were carried out under 158 

license from the Department of Health, Social Services and Public by the Animal (Scientific 159 

Procedures) Act 1986 (License No. PPL 2771; PPL 2801), after ethical review by the AFBI Animal 160 

Ethics Committee. Experimental procedures at the University of Cordoba, Spain were carried out 161 

under license from 22-12-2015-381 in accordance with EU Directive 2012/707/UE and RD 53/2013 162 
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following ethical approval from the University of Cordoba Bioethics Committee (code no, 2015-PI-163 

038). 164 

 165 

RNA isolation from sheep sera, lamb tissue, and newly excysted juveniles 166 

Small RNA extraction was performed on sheep sera using Tri-Reagent as described previously (El-167 

Khoury et al., 2016). Frozen serum samples were thawed and 400µl aliquots were treated with 168 

proteinase K (1 mg/mL) for 20 minutes at 37 °C to degrade proteins. Then, 750 μL Tri-Reagent RT 169 

LS (Molecular Research, US) and 100 μL 4-bromoanisole was added to each 400 μL of serum 170 

samples to solubilise the nucleic acids. The homogenate was gently mixed and centrifuged at 12,000 171 

x g for 20 minutes. The nucleic acids were precipitated with 5 μL of glycogen (5 mg/μL) and 500 μL 172 

of 100 % isopropanol at - 20 °C overnight. The RNA precipitate was pelleted by centrifugation at 173 

12,000 x g, for 15 minutes, washed twice with 70% ethanol and reprecipitated by centrifugation at 174 

12000 xg for 10 minutes, and finally re-suspended in RNase free H2O. For each serum sample, the 175 

RNA extracted from a total of 800 μL starting volume of sera was combined for subsequent analysis. 176 

All samples were processed at the same time, and each 400 µl aliquot was processed in the same 177 

manner. This process on average yielded 50 ng/µl of RNA per individual serum sample. The quality 178 

and quantity of RNA was assessed by POLARstar® Omega Multimode Microplate Reader (for small 179 

RNA sequencing library preparation) or NanoDrop reader (for RT-qPCR).  180 

 RNA was extracted from a sample of lamb rump using RNAzol RT (Molecular Research 181 

Centre Inc, USA). Approximately 100 mg of tissue was snap-frozen with liquid nitrogen and 182 

homogenised in 1mL of RNAzol RT with a mortar and pestle for RNA extraction, which was 183 

performed as described previously (Tran et al., 2021) and yielded 2 µg of RNA. 184 

The NEJ RNA had been previously isolated, as described by Ricafrente et al., (2022). NEJs 185 

were excysted using our standardised protocols. The Fasciola hepatica metacercariae (Italian isolate), 186 

sourced from Ridgeway Research Ltd (UK) were used for excystment and 24 hours culture of NEJ. 187 

Specifically, metacercariae were removed from the visking tubing and incubated for a maximum of 188 
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10 minutes in 2 % sodium hypochlorite with agitation at room temperature to remove the outer cyst 189 

wall.  The parasites were then washed in distilled water by sedimentation to remove all traces of 190 

sodium hypochlorite. The washed parasites were re-suspended in excystment medium (1.2 % sodium 191 

bicarbonate, 0.9 % sodium chloride, 0.2 % sodium tauroglycocholate, 0.07 % concentrated 192 

hydrochloric acid, 0.006 % L-cysteine) and incubated for up to 3 hours at 37 °C in 5 % CO2. NEJ 193 

were recovered using a pipette and washed several times in PBS by sedimentation to remove all traces 194 

of the excystment media. The NEJ were then transferred to pre-warmed (37 °C) culture medium 195 

(RPMI 1640 medium (ThermoFisher Scientific) containing 2 mM L-glutamine, 30 mM HEPES, 0.1 196 

% (w/v) glucose, and 2.5 µg/ml gentamycin) and incubated for 24 hours at 37°C in 5 % CO2. 197 

Following the incubation, the NEJ were centrifuged at 400 x g for 5 minutes to pellet the NEJ and the 198 

media was removed. The NEJ pellet was washed three times with PBS and stored at -80 °C prior to 199 

RNA extraction. This process was carried out in triplicate using 1000 NEJ per replicate. No serum 200 

was used in the culture media as these samples were also used for proteomic analyses as described 201 

by Cwiklinski et al., (2018). RNA was extracted using the miRNeasy mini kit (Qiagen) according to 202 

the manufacturer’s instructions. The QIAzol Lysis Reagent was added directly to the frozen NEJ 203 

pellet for lysis and homogenization, and the RNA eluted into a final volume of 50 µl RNase-free 204 

water. RNA integrity and concentration were verified using the 260/280 LVis plate functionality of 205 

the PolarStar Omega Spectrophotometer (BMG LabTech) and the Quant-iT RiboGreen RNA Assay 206 

Kit (TermoFisher Scientifc). The RNA was transported to University of Technology, Sydney frozen 207 

on dry ice and stored at -80 °C upon delivery. 208 

 209 

Sequencing and bioinformatics 210 

RNA extracted from each time point (representing six animals) was pooled into a single 211 

representative sample to provide sufficient yield of RNA for sequencing. RNA library preparation 212 

was performed by Macrogen Oceania (NSW, Australia) using 1 μg of total RNA with the TruSeq 213 

Small RNA library Prep Kit according to manufacturer’s instruction (Part#15004197 Rev. G) and 214 
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sequenced using Illumina NextSeq 500. The quality of the raw FASTq files was assessed using 215 

FastQC (Andrews, 2010), and consequently the adaptor sequences were excised, and low-quality 216 

sequences were removed (<20 phred score, and short read length <18 nt) using the bioinformatic tool 217 

CutAdapt (v3.4)(Martin, 2011) . The cleaned sheep sera sequence reads were then aligned against 218 

known sheep mature miRNAs from miRBase: Ovis aries (Oar_V4.0) using Bowtie (v1) (Langmead, 219 

2010), allowing zero mismatches. The miRNA sequence reads that did not align against the sheep 220 

miRNAs were then aligned against F. hepatica mature miRNA sequences from miRBase 221 

(Fhepatica_v1) and other published sources (Fontenla et al., 2022; Herron et al., 2022; Ricafrente et 222 

al., 2022; Ricafrente et al., 2021) (Supplemental Table 1) allowing zero mismatches. The counts for 223 

the sheep and F. hepatica miRNAs were extracted from the resultant Sam files using SamTools (Li 224 

et al., 2009).  225 

 226 

Characterisation of the Differential Expression of miRNAs in sheep sera 227 

DESeq2 (Love et al., 2014) was performed on the sheep miRNA read counts to assess the differential 228 

expression of circulating host-miRNAs during infection in comparison to non-infected sheep. The 229 

sequencing data from Set A, infection cohort (2, 9, 14, and 18 days post infection; dpi) were grouped 230 

as “pre-hepatic infection”, and samples in the Set B cohort (3, 7, 10, 14 weeks post infection; wpi) 231 

were grouped as “hepatic infection”, while the sequencing data from 0 dpi (pre-infection) and 14 days 232 

non-infected animals were grouped to provide a duplicate set of “non-infected” samples. Only 233 

miRNAs with a sum of >10 counts across all samples and with an adjusted p-value <0.05 were 234 

included in the subsequent analyses. Log2Fold change of 2 (Log2FC2) or 4-fold cut-off was applied 235 

to identify the most differentially expressed miRNAs.  236 

 237 

RT-qPCR 238 

Custom Taqman small RNA primers were designed for sheep and F. hepatica miRNAs, as listed in 239 

Table 2. The custom Taqman RT primers and TaqMan™ MicroRNA Reverse Transcription Kit 240 
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(Applied Biosystems, US) were used for the synthesis of cDNA from 150 ng of RNA extracted from 241 

each sample (Set A and B were pooled RNA samples; Set C and D were individual samples), as per 242 

manufacturer’s instructions. Then 4.5 µl of cDNA was used for qPCR, with undiluted cDNA used 243 

for F. hepatica miRNAs, while for the sheep miRNAs the cDNA was diluted 1:2 in dH2O. The qPCR 244 

was performed using the custom TaqMan primer and TaqManTM Fast Advanced Master Mix. Samples 245 

were prepared on a MicroAmp optical 96-well reaction plate as technical triplicates (Life 246 

Technologies, USA) and analysed using the QuantStudio 6 Flex real-time PCR system (Life 247 

Technologies, USA). Default settings on the instrument software for Taqman® reagent Fast was used 248 

for qPCR reaction, initial denaturation at 95 °C for 20 seconds, followed by 40 cycles of 1 second 249 

denaturation at 95 °C and a 20 second annealing/extension at 60 °C. The starting concentration of the 250 

samples, presented as N0 value, was calculated from the qPCR amplification raw data using 251 

LinRegPCR software v11 (Ruijter et al., 2009). 252 

 253 

Statistical Analysis 254 

Statistical analysis of RT-qPCR data was performed with GraphPad Prism (v 10). Non-parametric 255 

Welch’s two tailed t-test was performed to compare infected versus non-infected samples at each 256 

timepoint. P value <0.05 was considered as statistically significant. 257 

 258 

  259 
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Results 260 

Differential abundance of host circulating miRNAs during F. hepatica infection 261 

To identify the presence of circulating miRNAs that are associated with developing fasciolosis, that 262 

may be considered as candidate diagnostic biomarkers, small RNA sequencing was performed on 263 

RNA extracted from sera of experimentally infected sheep. Sera collected from two distinct F. 264 

hepatica infection studies (Set A and B; Table 1) was used for this analysis; Sera in the Set A samples 265 

were collected at 2, 9, 14, 18 dpi, and Set B comprised of sera taken at 3, 7, 10, 14 wpi (Corrales et 266 

al. 2021). Sera was also collected from uninfected animals in each study, harvested at time points 267 

coincident with a pre-infection (0 dpi; Set A) and 14 weeks (Set B) timepoint.   268 

As the initial RNA sequencing analysis of these individual samples was unsuccessful due to 269 

low RNA yield, RNA from six sera samples at each time point was pooled for preparation of the 270 

small RNASeq library. The resulting sequencing data was screened against the 153 mature miRNA 271 

sheep sequences registered in miRBase (Oar_V4.0). On average, 104 and 108 out of 153 sheep 272 

miRNAs were detected in the uninfected and infected sheep samples, respectively (Supplemental 273 

Table 2). Hierarchal clustering of the sequencing data from the different time points revealed a distinct 274 

separation in the miRNA expression between early and late infection (Fig. 1A). To measure 275 

differential expression (DE) during disease progression, the sequencing reads were grouped as pre-276 

hepatic (2, 9, 14 and 18 dpi; thus n=4) and hepatic (3, 7, 10 and 14 wpi; n=4) samples. Comparative 277 

analysis was then conducted using the expression profile from the sera from non-infected sheep (pre-278 

infection 0 dpi and 14 wpi; n=2). Principal component analysis (PCA) verified that samples produced 279 

distinct clusters, correctly grouping the pre-hepatic and hepatic samples (Fig. 1B).  280 

Comparing the sheep miRNAs between the non-infected, pre-hepatic, and hepatic stages of 281 

infection revealed several distinct miRNAs that were significantly increased or decreased in their 282 

abundance during the progression of infection. A four-fold cut-off (Log2FC2) was applied to these 283 

miRNA profiles to distinguish the subset of miRNAs that were most highly altered in expression and, 284 
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therefore, most likely to be above a threshold of differential abundance to support the diagnosis of 285 

infection and potentially differentiate between the pre-hepatic and hepatic stages of disease. 286 

This revealed the presence of six miRNAs that significantly increased during the pre-hepatic 287 

stage of the infection phase when compared to non-infected animals (Fig. 2A; Supplemental Table 288 

3A). Of these, the change in expression ranged from 2 to 6-fold, but the differential expression of 289 

oar-miR-323a-3p, oar-miR-133-5p, and oar-miR-3957-5p were the most significantly increased in 290 

the infected animals. The increased expression of oar-miR-3957-5p and oar-miR-541-3p, seen in the 291 

pre-hepatic samples, was also evident during the hepatic stage in infected sheep as compared to non-292 

infected sheep, albeit at a reduced level (Fig. 2B; Supplemental Table 3B). In contrast, the presence 293 

of oar-miR-133-5p, and oar-miR-323a-3p were significantly downregulated during the hepatic stage 294 

of infection, as compared to the pre-hepatic timepoints (Fig. 2C; Supplemental Table 3C). 295 

Additionally, oar-miR-1197-3p was identified as the only miRNA significantly reduced during the 296 

hepatic stage of infection compared to uninfected animals and pre-hepatic infection (Fig. 2B, C; 297 

Supplemental Table 3B, 3C).  298 

 299 

Small RNA sequencing revealed the presence of F. hepatica derived miRNAs in the serum of 300 

infected sheep 301 

To determine if miRNAs derived from F. hepatica were present in the sera from infected sheep, 302 

sequencing reads that did not align to sheep mature miRNAs were screened against known F. 303 

hepatica miRNAs (Supplemental Table 1). Critically, no parasite-derived miRNA sequences were 304 

identified within the sera samples collected from non-infected sheep and, thus, validated this 305 

approach. In contrast, six liver fluke miRNAs were found within the sera from infected sheep (Table 306 

3). These miRNAs displayed a distinct pattern of expression correlating to the division of samples 307 

into pre-hepatic and hepatic phases of infection. Specifically, two miRNAs were detected only at the 308 

pre-hepatic stage of infection: fhe-miR-124-3p and fhe-miR-71a-5p; however, fhe-miR-124-3p had 309 

higher read counts and was observed at all the timepoints, suggesting it may be a more robust infection 310 
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marker than fhe-miR-71a-5p. While three microRNAs (fhe-Novel-102-3p, fhe-miR-277a-3p, and 311 

fhe-miR-750-3p) were linked to the hepatic phase of the infection, their counts per million (CPM) 312 

were all below 13, suggesting a low abundance. Only fhe-Novel-11-5p, was found throughout the 313 

entire infection, detected in all serum samples from both the pre-hepatic and hepatic stages. 314 

 315 

Selection of sheep and F. hepatica derived miRNAs as potential biomarkers of fasciolosis 316 

Based on our sequence analysis, a panel of sheep and parasite-derived miRNAs were curated as 317 

potential biomarkers of F. hepatica infection due to their differential abundance in infected compared 318 

to non-infected sheep and their presence across the different stages of infection (Fig. 3). This panel 319 

comprised four sheep miRNAs and two F. hepatica miRNAs. The sheep miRNAs included oar-miR-320 

133-5p and oar-miR-323a-3p, which were the most significantly upregulated miRNAs in pre-hepatic 321 

infection vs non-infected animals; oar-miR-3957-5p which was consistently elevated (log2FC4) in 322 

pre-hepatic and hepatic infection; and oar-miR-1197-3p which was downregulated in hepatic 323 

infection compared to both non-infected and pre-hepatic infection. The parasite miRNAs for the 324 

selected biomarker panel included fhe-miR-124-3p and fhe-novel-11-5p, which had the highest read 325 

numbers in sheep sera.  326 

While sequencing analysis provided high-throughput screening of RNA sequences, it is not 327 

practical for large-scale diagnosis of fasciolosis. RT-qPCR represents a more suitable method for 328 

determining the differential expression of miRNAs in simultaneous samples of sheep sera. On this 329 

basis, a series of qPCR primers specific to each of the selected miRNA sequences was designed. To 330 

first test the ability of these primers to specifically detect the candidate diagnostic miRNAs, lamb 331 

tissue was employed as a positive test sample for evaluating the performance of sheep miRNA 332 

specific primers, while RNA isolated from F. hepatica NEJ was used as the positive control to assess 333 

the efficacy of primers designed to detect the liver fluke miRNAs. This life cycle stage (NEJ) of the 334 

parasite was selected because fhe-Novel-11-5p is reportedly only expressed in NEJ and not in the 335 

juvenile or adult worms (both liver stages), while fhe-miR-124-3p is present throughout all intra-336 
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mammalian life cycle stages with the highest expression in the NEJ (Ricafrente et al., 2022). Based 337 

on the results from these RT-qPCR tests, oar-miR-1197-3p was excluded from further analysis due 338 

to its low copy number and late Cq (~33) in lamb tissue, with undetectable levels in non-infected 339 

sheep sera (Supplemental Table 4). According to the sequencing data, the expression level of this 340 

miRNA was expected to decrease during the hepatic phase of infection (Fig. 3). However, as it was 341 

not amplified in the test sera sample from non-infected sheep, a further decrease following the 342 

progression of F. hepatica infection would be impossible to detect by qPCR, thus negating its 343 

potential as a biomarker for hepatic infection. 344 

In contrast, the Cq value of oar-miR-133-5p, oar-miR-323a-3p, and oar-miR-3957-5p were 345 

within an acceptable diagnostic range (Supplemental Table 4), making them suitable for further 346 

analysis. In addition, the amplification of products from the Set A and B sera samples using these 347 

primers validated the sequencing data, as the pattern of expression was consistent with the distribution 348 

of read counts within the sequencing data. This RT-qPCR analysis verified that both oar-miR-133-5p 349 

and oar-miR-323a-3p were only present in the pre-hepatic set of samples whereas oar-miR-3957-5p 350 

was detected in samples from both the pre-hepatic and hepatic stages of infection (Supplemental 351 

Figure 1). 352 

 Of the F. hepatica miRNAs, fhe-miR-124-3p and fhe-Novel-11-5p primers unexpectedly 353 

amplified products in both NEJ and lamb tissue (Supplemental Fig. 2A, 3A). Also, the primers 354 

designed to detect fhe-miR-124-3p produced extremely late, or no Cq, when tested further on the 355 

RNA samples from the sera from infected sheep that had been sequenced (Sets A and B; Supplemental 356 

Fig. 2B). Given these inconsistencies with the results from the test RT-qPCR in comparison to the 357 

sequencing data, a more in-depth analysis of the sequencing data for these two miRNA sequences 358 

was conducted.  359 

This analysis revealed that the full-length canonical sequence of fhe-Novel-11-5p was not 360 

present within the sequencing reads, but a shorter variant (isomiR) missing four nucleotides at the 3’ 361 

end was identified instead (Supplemental Table 5). Furthermore, by aligning this shorter sequence to 362 
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the known sheep sequences using BLASTN (filtering for Ovis aries, txid:9940) revealed that the fhe-363 

Novel-11-5p sequence fully aligned with sheep ribosomal RNA (Supplemental Fig. 3B), which 364 

provides an explanation for the detection of fhe-Novel-11-5p in lamb tissue. In addition, as ribosomal 365 

RNAs are part (10 %) of the extracellular RNA population found in sera due to cellular turnover or 366 

secretion of microvesicles as a consequence of tissue injury (Max et al., 2018), it is likely that the 367 

detection of this sequence in the sera of infected sheep, but not uninfected sheep, reflects the host 368 

response to infection with Fasciola, or the tissue damage caused by the migrating parasite.  369 

However, due to the uncertainty of whether this result is unique to F. hepatica and thus indicative of 370 

infection, fhe-Novel-11-5p was omitted from subsequent analyses. 371 

 While the canonical sequence for fhe-miR-124-3p was not present in the sequencing reads 372 

from the sheep sera samples, this miRNA was found to be present as several sequence variants 373 

(isomiRs), missing nucleotides primarily at the 3’ end and to a lesser extent at the 5’ end (Fig. 4A). 374 

Furthermore, the sequence of the canonical fhe-miR-124-3p was similar to cattle bta-miR-124-3p 375 

(Supplemental Fig. 4A), with only three nucleotides mismatched at the 3’ end, suggesting that the 376 

corresponding sheep oar-miR-124-3p was likely missing from miRbase, and was thus not filtered 377 

from the sequencing reads during our initial analysis. 378 

Consequently, a 100 % sequence identity of the bta-miR-124-3p precursor sequence to the 379 

non-coding region of sheep RNA confirmed the presence of oar-miR-124-3p and that oar-miR-124-380 

3p is identical to bta-miR-124-3p (Supplemental Fig. 4B). Accordingly, the shorter two most 381 

dominant sequence variants of fhe-miR-124-3p found in infected sheep sera matched 100 % with 382 

both sheep and F. hepatica miR-124-3p (Fig. 4A). Therefore, it is impossible to determine whether 383 

the sequencing reads for the miR-124-3p variant that are increased during F. hepatica infection 384 

originated from sheep, parasite, or both. Nonetheless, the differential abundance of this miRNA 385 

classified it as a suitable candidate as a potential biomarker of infection and, thus, a primer was 386 

designed for the most dominant 3’ trimmed variant of miR-124-3p. This primer effectively 387 

distinguished the pre-hepatic stage of infection (Cq<26) from both the hepatic stage and non-infected 388 
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(Cq>33) sheep using the Set A and B sequenced sera samples, an outcome that was consistent with 389 

the read counts from the sequencing data (Fig. 4B, C; Table 3). 390 

 Based on these analyses, the miRNA biomarker panel for qPCR validation was refined to 391 

include four miRNAs: oar-miR-133-5p, oar-miR-323a-3p, oar-miR-3957-5p, and fhe/oar-miR-124-392 

3p. 393 

 394 

Circulating oar-miR-133-5p and oar-miR-3957-5p can diagnose fasciolosis from as early as seven days 395 

post-infection.  396 

To confirm the diagnostic potential of the selected miRNAs, RT-qPCR validation was performed on 397 

an independent archived set of sera samples harvested from individual sheep during two longitudinal 398 

infection studies; a pre-hepatic infection cohort comprised of sera collected at 0 (pre-infection), 7, 399 

and 14 days post-infection (Set C), a hepatic infection cohort with samples collected at week 3, 15, 400 

20 and 23 post-infection (Set D), and age-matched non-infected animals for each of the timepoints.  401 

From this analysis, the expression levels of both oar-miR-323a-3p and fhe/oar-miR-124-3p 402 

was almost identical in the sera from non-infected and infected sheep over the course of infection 403 

(Fig. 5A, B), suggesting that these miRNAs cannot be used as indicators of fasciolosis. It is possible 404 

that this discrepancy between this RT-qPCR analysis and the sequencing data reflects the difference 405 

in sample preparation, with the sequencing performed on a pooled sample of sera from a cohort of 406 

six sheep. The variability in the expression of miRNAs across sheep samples is evident when sera 407 

from individual sheep was assessed by RT-qPCR, which in a pooled sample would create an incorrect 408 

representation of expression levels within individual samples. Furthermore, through the inclusion of 409 

age-matched non-infected sheep, it is apparent that the expression of miRNAs can change over time, 410 

irrespective of whether the animal is infected (Fig. 5). As the sample collection that was originally 411 

sequenced lacked a full panel of age-matched controls, this alteration in expression was not fully 412 

captured, and the apparent differential abundance of miRNAs associated with infection within the 413 

sequencing data, may have simply been a variation due to age.   414 
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Consistent with the sequencing data, the RT-qPCR analysis revealed that the expression of 415 

both oar-miR-133-5p and oar-miR-3957-5p was elevated in the sera of infected animals compared to 416 

age-matched non-infected animals (Fig. 6A, C). Furthermore, as these were longitudinal studies, the 417 

miRNA expression level in individual sheep in the pre-hepatic infection cohort could be tracked over 418 

time. As such, the fold change at 7 and 14 days compared to day 0 for each animal was examined. 419 

This approach revealed that the expression levels of both oar-miR-133-5p and oar-miR-3957-5p were 420 

significantly elevated in the infected animals at day 7 and 14 from day 0, but not in the non-infected 421 

animals (Fig. 6B, D). Early elevation in the levels of these two miRNAs was consistent with the 422 

sequencing data, whereby an upregulation in miRNA expression was seen from 2 dpi (Fig. 3). The 423 

sera samples representing the hepatic stage of infection were harvested from a separate infection 424 

cohort to the earlier time points, so could not be tracked in individual sheep from day 0. 425 

Nonetheless, corroborating the sequencing data, the level of expression of oar-miR-133-5p in 426 

the sera of infected animals, other than a single peak at 20 wpi, was reduced as infection progressed, 427 

as compared to the earlier time points (Fig 6A). In addition, validating the sequencing data, the 428 

increase in oar-miR-3957-5p in sera from infected sheep was generally sustained throughout the 429 

entire observation period, with a lower expression level compared to the pre-hepatic phase of 430 

infection (Fig 6C). 431 

In conclusion, these data indicate that both oar-miR-133-5p and oar-miR-3957-5p are 432 

biomarkers of early, pre-hepatic infection. In addition, the difference in expression of oar-miR-3957-433 

5p between infected and non-infected sheep over the entire observation period suggests that this may 434 

represent an unchanging marker of infection, which, in the absence of an increase in oar-miR-133-435 

5p, would indicate late stage/hepatic phase of infection. 436 

 437 

  438 
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Discussion 439 

The severe impact of fasciolosis on animal welfare and the significant economic cost it imposes on 440 

the livestock industry highlights the need for a reliable and robust biomarker that can effectively guide 441 

anthelmintic treatment and facilitate the management and control of liver fluke on farms (Stuen & 442 

Ersdal, 2022). The development of an accurate diagnostic method for acute infection is of paramount 443 

importance since such a tool would enable timely intervention to prevent liver flukes from inflicting 444 

liver pathology, which would mitigate the risk of sudden fatalities associated with a high liver fluke 445 

burden (in approximately 10 % of infected sheep) and disrupt the liver fluke lifecycle by preventing 446 

the parasite from reaching the bile duct to lay eggs, which in turn, would curb the spread of the 447 

infection within grazing pastures 448 

Given this need, exploiting the differential abundance of circulating miRNAs as a biomarker 449 

of infection represents an attractive diagnostic tool. Circulating miRNAs exhibit exceptional stability, 450 

rendering them a highly suitable choice for diagnostic purposes, particularly in the setting of a farm 451 

where controlling sample collection and storage can be challenging. For this reason, miRNAs have 452 

gained significant attention for their diagnostic potential in a range of pathogenic infections, and due 453 

to their immediate alteration in expression in response to infection they are appropriate markers for 454 

the detection of early infections  (Tribolet et al., 2020).  455 

In this study, we assessed the utility of miRNAs in detecting both pre-hepatic and hepatic 456 

fasciolosis using sera samples collected from sheep with experimental subclinical disease. The results 457 

provide the first evidence that unique miRNA expression signatures in ruminant sera are associated 458 

with the distinct pathological stages of fasciolosis. The data supports the hypothesis that differentially 459 

expressed miRNAs can serve as prognostic markers for fasciolosis and, moreover, demonstrates that 460 

unique miRNA expression patterns emerged as early as 2 days post-infection. Therefore, miRNAs 461 

could offer superior sensitivity in fasciolosis diagnosis compared to conventional, commercial 462 

methods, such as FEC and serological ELISAs.  463 
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The analysis of sera samples from age-matched infected and non-infected sheep in the RT-464 

qPCR validation demonstrated the paramount importance of incorporating age-matched samples in 465 

any screening protocol aimed at characterising miRNAs as diagnostic biomarkers. As demonstrated 466 

in this study, the differential expression of miRNAs quantified using RT-qPCR exhibited significant 467 

age-related variability. Specifically, the expression of oar-miR-323a-3p, which we initially described 468 

as a potential biomarker from sequencing data (without appropriate age-matched samples), was 469 

subsequently discovered using RT-qPCR to vary significantly over time in non-infected sheep, with 470 

relatively higher expression as the animals aged.  471 

Despite encountering challenges with variations in miRNA expression levels due to age, our 472 

longitudinal approach of assessing miRNA expression in individual animals over time successfully 473 

addressed these issues. Our findings indicate that the expression of certain miRNAs in sheep 474 

increased in response to infection, irrespective of the animal's age. Given this observation, we would 475 

recommend that for any miRNA-based diagnostics studies, it may be necessary to collect serum 476 

samples from animals at their initial exposure to pasture to set a benchmark for each animal's miRNA 477 

expression. Future serum samples can then be compared to this baseline to accurately assess the onset 478 

and progress of infection. This approach could also be effectively adapted to sentinel screening 479 

practices for monitoring liver fluke prevalence over a grazing season, as we have employed with 480 

serological tests (Melville et al., 2021; Lopez et al, 2023).  481 

While the potential of using miRNA detection to support the diagnosis of fasciolosis has been 482 

established in this study, further evaluation is required to ensure specificity. For example, circulating 483 

oar-miR-3957-5p has been reported to be elevated in high stress responding female sheep when 484 

challenged with bacterial LPS (Shandilya et al., 2023; Sharma et al., 2021) suggesting that this 485 

miRNA could be upregulated in response to other broad infections. Furthermore, the sheep in our 486 

study were all male; the possibility that any differential expression in miRNAs is sex-related would 487 

need to be considered. In addition, miR-133-5p was reportedly upregulated in early bacterial infection 488 

in a marine lancelet species (Branchiostoma belcheri) (Jin et al., 2017), and in the plasma of chronic 489 



 20 

obstructive pulmonary disease patients, and tumour cells of various cancers, including gastric and 490 

colon cancer (Carpi et al., 2020; He et al., 2021). Hence, while oar-miR-133-5p and oar-miR-3957 491 

are indicated as promising biomarkers for fasciolosis, their specificity to fasciolosis must be further 492 

explored.  493 

To address the issue of specificity in another way, the results of differential expression of host 494 

miRNAs could be amalgamated with the detection of liver fluke miRNAs. Liver fluke miRNAs are 495 

likely deliberately secreted by the parasite to manipulate the host's immune response or are passively 496 

released from dying parasites. While several helminth studies have demonstrated the presence of 497 

parasite-derived miRNAs in host circulation (Alizadeh et al., 2020; Guo & Guo, 2019; Hoy et al., 498 

2014), this is the first study to demonstrate the presence of F. hepatica derived miRNAs in infected 499 

host circulation (importantly that of a ruminant). Furthermore, the temporal expression of the liver 500 

fluke-derived miRNAs correlated with their expression pattern that we previously reported over the 501 

course of the intra-mammalian stages of development (Ricafrente et al., 2022). For instance, fhe-502 

miR-124-3p and fhe-miR-71a-5p, both of which were found to be most abundant in NEJ, were 503 

detected in sheep sera at the pre-hepatic stage of infection. On the other hand, fhe-miR750-3p and 504 

fhe-Novel-102-3p, both most highly expressed by adult worms, were detected at the hepatic stage of 505 

infection. Notwithstanding that many parasite-derived miRNAs are present at very low copy 506 

numbers, it remains to be determined whether they could be amplified to detectable levels of RT-507 

qPCR.  508 

We also discovered that several helminth miRNAs are highly conserved and, therefore, have 509 

sequences that are nearly identical to their mammalian hosts. In this study, F. hepatica-derived 510 

miRNAs in sheep sera were detected using a rigorous filtering process in the analysis of sequencing 511 

reads; only reads that did not align with the sheep mature miRNAs from miRBase were aligned to F. 512 

hepatica miRNAs, allowing zero mismatches, to eliminate any false identification of sheep miRNAs 513 

as parasite miRNAs. Furthermore, the presence of the parasite-miRNAs in sera samples from infected 514 

sheep but not in the non-infected samples provided confidence that these miRNAs exclusively 515 
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originated from the parasite. However, further investigation revealed that two of the identified liver 516 

fluke miRNAs, namely fhe-miR-124-3p and fhe-Novel-11-5p, were present as trimmed isomiRs in 517 

the sheep sera, that were also conserved with sheep sequences. While previous studies have reported 518 

the presence of helminth-derived miRNAs in host circulation (Alizadeh et al., 2020; Guo & Guo, 519 

2019; Hoy et al., 2014), the existence of such sequence variants has not yet been documented. This 520 

unique discovery raises important new considerations regarding the interpretation of sequencing data 521 

for the discovery of helminth (or pathogen)-derived miRNAs such as miR-124-3p. 522 

In summary, our research has characterised the differential abundance of parasite and host 523 

serum miRNAs during infection with F. hepatica in a ruminant host. Two miRNA biomarkers with 524 

diagnostic potential for fasciolosis were identified following a stringent selection process. Lowering 525 

the threshold of selection from sequencing data to a 2-fold change in expression could reveal 526 

additional miRNA targets and provides an opportunity to expand the available miRNA biomarker 527 

panel. The data presented here has established the suitability of developing the measurement of sheep 528 

miRNA expression into a diagnostic tool for fasciolosis, potentially through a PCR blood test. 529 

Achieving this potential will require extensive field studies to determine the precise sensitivity and 530 

specificity of this method. While our current findings are based on controlled experimental infections 531 

of sheep, the ultimate goal will be to test the effectiveness of these miRNA biomarkers in naturally 532 

infected animals. Such real-world conditions present a more complex scenario for diagnosis due to 533 

varying worm burdens, infection dynamics, overlapping temporal infections, and the potential for co-534 

infections (liver fluke and other pathogens). Importantly, validation of these miRNA biomarkers in 535 

the field could lead to their use in point-of-care technologies at the farming level. This would be 536 

particularly beneficial in environments where access to technical expertise and resources is limited, 537 

offering a practical and user-friendly method for detecting fasciolosis in the field. 538 

  539 

 540 

 541 
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Figure Legends: 769 

Figure 1.  Differential abundance of sheep miRNAs in sera during Fasciola hepatica infection. 770 

(A) Heatmap of relative abundance of sheep miRNAs (CPM) in non-infected sheep (0 day-Neg, 14 771 

week-Neg), early/pre-hepatic infection (2 days post infection (dpi), 9 dpi, 14 dpi, 18 dpi), and 772 

late/hepatic infection (3 weeks post infection (wpi), 7 wpi, 10 wpi, 14 wpi). The heatmap was created 773 

using idep.96 (Ge et al., 2018), miRNAs were ranked by their standard deviation across all samples 774 

and hierarchical clustering carried out for the top 100 miRNAs . Expression of miRNAs represented 775 

as high (red) or low (blue) relative to total expression of miRNA across infection groups. (B) Principal 776 

component analysis (PCA) plot of total sheep miRNA abundance in non-infected sheep (green), pre-777 

hepatic infection (2-18 days post infection) (blue), and hepatic infection (3-14 weeks post infection) 778 

(red).  779 

 780 

Figure 2. Circulating host-miRNA profiles are distinct during early and late F. hepatica 781 

infection compared to non-infected animals. Volcano plots show differential expression of sheep 782 

miRNAs using DESeq2 in (A) pre-hepatic infection compared to non-infected sera samples, (B) 783 

hepatic infection vs non-infected sera samples, and (C) hepatic infection vs pre-hepatic infection. 784 

Genes that are more than ± log2 fold change 2 (FC) with significant p value (<0.05) are denoted in 785 

red. 786 

 787 

Figure 3. Selection of host and F. hepatica miRNAs as biomarkers for pre-hepatic and hepatic 788 

stages of fasciolosis. Relative abundance of selected sheep and parasite miRNAs in uninfected 789 

animals (0 dpi-neg, 14 wpi-neg), pre-hepatic infection (2 dpi, 9 dpi, 14 dpi, 18 dpi), and hepatic 790 

infection (3 wpi, 7 wpi, 10 wpi, 14 wpi), represented as high (red) or low (blue) normalised read 791 

counts. dpi: days post infection, wpi: weeks post infection 792 

 793 

Figure 4. F. hepatica miR-124-3p was present as several sequence variants (isomiR) in sera of 794 

infected sheep. (A) Total read counts of the miR-124 isomiRs present at the different time-points of 795 

infection in Set A and Set B sera. The canonical sequence is shown in yellow. The sequence of the 796 

most dominant isomiR (red bar) was used for qPCR primer design. (B) RT-qPCR amplification plot 797 

from primer test of the most dominant fhe-miR-124 isomiR in Set A and Set B sheep sera samples. 798 

dpi: days post infection; wpi: weeks post infection; neg: non-infected controls; NTC: no template 799 

control and lamb tissue. (C) RT-qPCR quantification of the dominant fhe-miR-124-3p isomiR 800 

presented as the starting quantity of genetic material prior to amplification (N0) as determined by 801 

LinRegPCR (v.11) This is calculated in the unit of the Y-axis of the PCR amplification plot, which 802 
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are arbitrary fluorescence units.  The average N0 value of two technical replicates are shown for each 803 

time point. 804 

 805 

Figure 5. RT-qPCR assessment of sera samples invalidates the diagnostic potential of oar-miR-806 

323a-3p and fhe-miR-124-3p. The expression of (A) oar-miR-323a-3p, (B) fhe-miR-124-3p were 807 

determined by RT-qPCR and are presented as the starting quantity of genetic material prior to 808 

amplification (N0) as determined by LinRegPCR (v.11). This is calculated in the unit of the Y-axis 809 

of the PCR amplification plot, which are arbitrary fluorescence units. The data is presented as the 810 

mean ± SEM (n=3-14; as shown in Table 1). The statistical significance of differences between 811 

infected and non-infected samples was determined using Welch’s t-test (two-tailed).  812 

 813 

Figure 6. RT-qPCR demonstrates the differential expression of oar-miR-133-5p and oar-miR-814 

3957-5p in sera from infected sheep as compared to uninfected animals. Quantification of (A) 815 

oar-miR-133-5p and (C) oar-miR-3957-5p in the sera of individual sheep in response to infection was 816 

determined by RT-qPCR and is represented as the starting quantity of genetic material prior to 817 

amplification (N0) as determined by LinRegPCR (v.11). This is calculated in the unit of the Y-axis 818 

of the PCR amplification plot, which are arbitrary fluorescence units. The data is presented as the 819 

mean ± SEM (n=3-14; as shown in Table 1). (B) Fold change of oar-miR-133-5p and (D) oar-miR-820 

3957 expression at 7 or 14 dpi in comparison to 0 dpi in the sera of individual sheep in the pre-hepatic 821 

cohort. The data is presented as the mean ± SEM (n=3 non-infected; 9 infected sheep for which data 822 

was available at all three timepoints). In all cases the statistical significance of differences between 823 

sera from infected versus uninfected sheep was determined using Welch’s t-test (two-tailed). 824 
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Table 1: Details of the experimental F. hepatica infections in sheep.  844 
Samples for Sequencing 

  Set A Set B 
Study type Cross-sectional Longitudinal 
Cohort (infection type) Pre-hepatic infection Hepatic infection 
Sheep breed Dorset cross sheep Dorset cross sheep 

Sheep age (at day 0) 6 months 6 months 
F. hepatica isolate Italian isolate (Ridgeway Research, UK)   South Gloucester isolate (Ridgeway Research, UK)   
Infection dose 150 metacercariae 150 metacercariae 
Collection time points 0, 2, 9, 14, 18 dpi (n=6/timepoint) 3, 7, 10, 14 wpi, Neg-14 wpi (n=6/timepoint) 

Study location AFBI, UK AFBI, UK 

Study reference (Corrales et al., 2021) (Corrales et al., 2021) 

Samples for qPCR validation 
  Set C Set D 
Study type Longitudinal Longitudinal 
Cohort (infection type) Pre-hepatic infection Hepatic infection 
Sheep breed Merino-breed sheep Dorset cross sheep 
Sheep age (at day 0) 8 months 6 months 
F. hepatica isolate Italian isolate Italian isolate 
Infection dose 150 metacercariae 120 metacercariae 
Collection time points 0dpi (n=3 non-infected; 9 infected) 

7, 14 dpi (n=14 non-infected; 11 
infected) 

3, 15, 20, 23 wpi  
(n=6 non-infected; 4-5 infected/timepoint) 

Study location Cordoba, Spain AFBI, UK 

Study reference Not published (Corrales et al., 2021) 

dpi: days post-infection, wpi: weeks post-infection; Neg-14wpi: Non-infected age-matched control at 14 845 
weeks. 846 
 847 
 848 

 849 

Table 2. Mature miRNA sequences used to design Custom TaqMan primers 850 
 851 

Species miRNA Canonical/ isomiR Sequence 
Ovis aries oar-miR-133-5p Canonical UUGGUCCCCUUCAACCAGCUGU 

oar-miR-323a-3p Canonical CACAUUACACGGUCGACCUCU 
oar-miR-3957-5p Canonical CUCGGAGAGUGGAGCUGUGGGUGU 
oar-miR-1197-3p Canonical CCCUUCCUGGUAUUUGAAGACG 

F. hepatica fhe-Novel-11-5p Canonical AAGCUCGUAGUUGGAUCUGGGU 
fhe-miR-124-3p Canonical UUAAGGCACGCGGUGAAUGUCA 
fhe-miR-124-3p IsomiR  UUAAGGCACGCGGUGAAU 
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 853 

 854 
 855 
 856 



 34 

 857 
 858 
 859 
Table 3. Total read counts of Fasciola hepatica miRNAs detected within sheep sera samples 860 
   861 

 Non-infected Pre-hepatic Hepatic 

miRNA 
Neg-0 

dpi 
Neg-14 

wpi 2 dpi 9 dpi 14 dpi 18 dpi 3 wpi 7 wpi 10 wpi 14 wpi 
fhe-miR-124-3p 0 0 59 32 44 28 0 0 0 0 
fhe-Novel-11-5p 0 0 7 0 0 3 13 12 6 0 
fhe-Novel-102-3p 0 0 0 0 0 0 0 13 9 0 
fhe-miR-277a-3p 0 0 0 0 0 0 0 8 5 7 
fhe-miR-750-3p 0 0 0 0 0 0 0 5 0 4 
fhe-miR-71a-5p 0 0 0 8 0 0 0 0 0 0 
(n = 6 sheep sera pooled/ time point); dpi: days post-infection; wpi: weeks post-infection. Neg-0 dpi: pre-862 
infection timepoint, Neg-14 wpi: 14 weeks age-matched non-infected control.  863 
 864 
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Figure 1:  899 
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Figure 2: 950 
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Figure 3: 1003 
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Figure 5: 1055 
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Supplementary Figure 1. Validation of sequencing data using PCR and primers 
designed to detect the expression of sheep miRNAs. RT-qPCR quantification of oar-miR-
133-5p, oar-miR-323a-3p and oar-miR-2957-5p expression in the RNA isolated from the Set 
A and Set B sheep sera samples that had previously been sequenced. The data is presented as 
the starting quantity of genetic material prior to amplification (N0) as determined by 
LinRegPCR (v.11) This is calculated in the unit of the Y-axis of the PCR amplification plot, 
which are arbitrary fluorescence units.  The average N0 value of two technical replicates are 
shown for each time point.



F. Hepatica tissue
Lamb tissue
No template control

fhe-miR-124-3pA

B fhe-miR-124-3p

Supplementary Figure 2. Detection of fhe-miR-124-3p. RT-qPCR amplification plot 
showing (A) detection of canonical fhe-miR-124-3p in F. hepatica tissue and lamb 
tissue, (B) canonical fhe-miR-124-3p was hardly amplified or in Set A and B sheep sera 
samples (n = 6 sheep sera samples pooled at each time point). d: days; w: weeks; Pre-
neg: Pre-infection timepoint at day 0; 14w-neg: non-infected age-matched control at 14 
weeks. Results of two technical replicates for each sample are shown in the 
amplification plots. 



fhe-Novel-11-5p
F. Hepatica tissue
Lamb tissue
No template control

A

B

Supplementary Figure 3. Detection of fhe-Novel-11-5p (A) RT-qPCR amplification plot 
showing amplification of canonical fhe-Novel-11-5p in F. hepatica tissue and lamb tissue. 
Results of two technical replicates for each sample are shown. (B) BLASTN output showing that 
the shorter Novel-11-5p isomiR sequence found in sheep sera matched 100% with the ribosomal 
RNA in sheep transcriptome. 



fhe-miR-124-3p TTAAGGCACGCGGTGAATGTCA
bta-miR-124-3p TTAAGGCACGCGGTGAATGCCAAG

A

B

Supplementary Figure 4. Discovery of the presence of oar-miR-124-3p. (A) Comparison of 
the miRBase annotated canonical sequences of miR-124-3p of F. hepatica (fhe) and Bos Tauras 
(cattle; bta). Red represents nucleotide(s) that did not match between the two species, blue 
indicates nucleotide(s) missing from the annotated canonical sequence but present in the 
precursor template of the miRNA.  (B) Output from Blastn showing that the precursor of bta-
miR-124-3p aligned 100% with the noncoding RNA region of sheep transcript. 


