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Abstract

:

The helminth parasites, Fasciola hepatica and Fasciola gigantica, are the causative agents of fasciolosis, a global and economically important disease of people and their livestock. Proteases are pivotal to an array of biological processes related to parasitism (development, feeding, immune evasion, virulence) and therefore their action requires strict regulation by parasite anti-proteases (protease inhibitors). By interrogating the current publicly available Fasciola spp. large sequencing datasets, including several genome assemblies and life cycle stage-specific transcriptome and proteome datasets, we reveal the complex profile and structure of proteases and anti-proteases families operating at various stages of the parasite’s life cycle. Moreover, we have discovered distinct profiles of peptidases and their cognate inhibitors expressed by the parasite stages in the intermediate snail host, reflecting the different environmental niches in which they move, develop and extract nutrients. Comparative genomics revealed a similar cohort of peptidase inhibitors in F. hepatica and F. gigantica but a surprisingly reduced number of cathepsin peptidases genes in the F. gigantica genome assemblies. Chromosomal location of the F. gigantica genes provides new insights into the evolution of these gene families, and critical data for the future analysis and interrogation of Fasciola spp. hybrids spreading throughout the Asian and African continents.
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1. Introduction


Liver fluke parasites of the genus Fasciola, such as F. hepatica and F. gigantica, undergo a complex life cycle involving a snail intermediate host and mammalian definitive host (Figure 1; [1]). Within both hosts, the liver flukes undergo rapid morphogenesis into distinct developmental stages that are confronted with different macromolecules, microenvironments, tissues, and cells. The Fasciola spp. parasites have adapted to infect a broad range of mammals and several snail species, which accounts for their extensive geographical distribution and prevalence across the globe [2,3]. Despite having a wide host range, the mechanism by which these parasites invade the host tissues and migrate to their next tissue destination is universal, and is facilitated by the molecules they release at the parasite-host interface.



Proteomic studies of the molecules released by the F. hepatica stages in the mammalian host, termed excreted-secreted (ES) products, found that a large proportion of these host interacting proteins were comprised of highly proteolytic cathepsin cysteine peptidases (reviewed by [4]). Further studies revealed that the activity of these peptidases is strictly regulated by the co-release of a variety of cognate peptidase inhibitors, namely Kunitz-type inhibitors, and stefins/cystatins [5,6,7]. In addition to regulating the parasite cathepsin peptidases, we have shown that the peptidase inhibitors also play an important role in regulating host lysosomal-like cathepsin peptidases involved in the immune response to parasite infection [5,6,7]. Besides cysteine peptidase inhibitors, we discovered that F. hepatica also secretes a range of serine peptidase inhibitors (serpins), which have no parasite peptidase target but are exclusively applied to block host serine peptidases, for example Mannose Binding Serine Proteases (MASP) that are critical to complement activation via the lectin pathway [8,9].



Genes encoding the cathepsin peptidases and the inhibitors of serine and cysteine peptidases belong to multi-membered gene families, thought to have evolved by gene duplication followed by structural/functional diversification [4,5,7,9,10,11]. Deciphering the number and structure of genes contributing to these peptidase families is reliant on robust genome assemblies. Unfortunately, except for the recent chromosomal level F. gigantica genome, the remaining F. hepatica and F. gigantica genome assemblies are comprised of thousands of scaffolds [12,13,14,15]. Furthermore, because the members of these gene families tend to share high levels of sequence identity, their identification and phylogenetic relationships can be difficult to tease apart. Therefore, constant refinement of these gene family models is required as the genomic/transcriptomic data continues to evolve.



The tropical parasite F. gigantica is often less well studied and researched compared to its temperate counterpart, F. hepatica. Although several F. gigantica cathepsin peptidases and peptidase inhibitors have been reported recently [16,17,18,19,20,21,22,23,24], no extensive study of these gene families has been carried out to date. Comparative gene analysis has shown that approximately 70% of genes are shared between F. hepatica and F. gigantica [25,26]; however, parallel analysis of comparable life cycle stages suggests that the transcriptional profile of these genes exhibits species-specificity [26]. These observations predict that although these closely related parasites, which diverged about 5 million years ago [14], utilise homologous peptidases to achieve their in vivo goals, there may be subtle differences in the way they are used at various developmental stages in response to the specific environmental parameters or cues that each parasite encounters.



The availability of several F. hepatica and F. gigantica genome assemblies, together with life cycle stage-specific transcriptome datasets, heralds a new era in our ability to genetically interrogate and compare these two zoonotic parasites of major global importance. Accordingly, given our interest in parasite peptidases and their role in host–parasite interactions, we have exploited this new data to refine our identification of the peptidase and peptidase inhibitor families within these datasets and show how new understandings can be uncovered by comparing the genomes of these two parasites. Since peptidases play an important role in liver fluke biology, pathogenesis and virulence, this data will be used to assist future diagnostics and vaccine development.




2. Materials and Methods


2.1. Fasciola spp. Databases Used to Isolate/Identify Peptidase and Peptidase Inhibitor Genes


In this study we have re-analysed our previously published F. hepatica and F. gigantica omics datasets to identify the peptidase and peptidase inhibitor genes [12,26,27,28,29] and carried out comparative analyses with the recently available F. hepatica egg transcriptome and proteome data published by Ilgová et al. [30] and F. gigantica genome assemblies [14,15] as detailed below.



Analysis by BLASTp against the MEROPS collection (release 11.0; www.ebi.ac.uk/merops, accessed on 30 August 2022; default settings, accessed 21 July 2022 [31]) followed by manual annotation was carried out to determine the peptidase and peptidase inhibitor gene family profile using the following Fasciola spp. datasets: (1) F. hepatica analysis was based on the gene models identified within the F. hepatica genome (PRJEB6687; PRJEB25283; [12]) and by parsing the data from the study of the F. hepatica egg transcriptome (GSE160622) published by Ilgová et al. [30]; (2) F. gigantica stage-specific transcriptomes (PRJNA350370) reported by Zhang et al. [26]. The transcript and protein expression profiles were extracted from the stage-specific transcriptome and proteome datasets for F. hepatica [12,27,28,29] and F. gigantica [26]. The resulting data was graphically represented by ggplot2 in R.




2.2. Identification of the Gene Families Relating to the Cathepsin Peptidases and Peptidase Inhibitors


Previously characterised F. hepatica sequences identified as cathepsin L peptidases, cathepsin B peptidases, legumain, Kunitz-type inhibitors, serine protease inhibitors (serpins) and stefins/cystatins from the following studies [4,5,7,9,12] were used as reference sequences for BLASTp analysis to (a) confirm the sequences within the F. hepatica genome, and (b) identify homologous sequences within the stage-specific F. gigantica transcriptome datasets (PRJNA350370). The in silico descriptive annotations of the gene transcripts in the specific datasets were also screened. All the sequences were manually assessed, and their annotation and putative domains identified by InterPro analysis (www.ebi.ac.uk/interpro, accessed on 30 August 2022). The transcript and protein expression profiles were extracted from the stage-specific transcriptome and proteome datasets for F. hepatica [12,27,28,29] and F. gigantica [26]. The transcriptome data was graphically represented using heatmaps generated using pheatmap in R.




2.3. F. gigantica Genome Analysis


The F. gigantica cathepsin peptidase and peptidase inhibitor sequences identified within the stage-specific transcriptomes were confirmed/assessed using BLASTn and BLASTp against the F. gigantica genome assemblies (PRJNA230515, [14]; GWHAZTT00000000, [15]). Determination of the chromosomal position of the genes was based on identifying the homologous sequence in the chromosomal level F. gigantica genome sequence and extrapolating the data from the study by Luo et al. [15].





3. Results


3.1. Peptidases and Peptidase Inhibitors Expressed throughout the Life Cycle of Fasciola spp.


The publicly available Fasciola spp. genome and transcriptome datasets were interrogated to identify genes encoding peptidase and peptidase inhibitors, based on MEROPS classification [31], that are expressed during the complete parasite life cycle (Figure 2; Tables S2 and S3). Consistent with previous studies of F. hepatica, the class of peptidases predominantly expressed by the stages associated with infection in the mammalian host, namely metacercariae, NEJ, immature and adult flukes (Figure 1), are cathepsin-like cysteine peptidases. In contrast, peptidase genes associated with a variety of catalytic activities are transcribed in the embryonating eggs, with a particular majority encoding aspartic peptidases. This wider profile of peptidases is also observed within the intra-snail stages, the miracidia and rediae, with comparable levels to that expressed by the eggs. However, once the parasites have developed onto the cercarial stage that emerges from the snail, they display a similar and more restricted profile like the next stage, the infective metacerceriae.



Notably, the profile of peptidase inhibitors is more dynamic than their cognate peptidases, with a range of serine, cysteine and metallopeptidase inhibitors being differentially transcribed throughout the life cycle. In contrast to the distinct pattern of transcription of the peptidases exhibited at each distinct life cycle stage, the inhibitors display different profiles. Moreover, these profiles are also not the same in the F. hepatica and F. gigantica datasets; F. hepatica most abundantly transcribes serine peptidase inhibitors (I04) across its life cycle stages, whereas Kunitz-type inhibitors (I02) predominate in F. gigantica. Our previous studies have shown that the F. hepatica Kunitz-type inhibitors are unique because they potently inhibit cathepsin cysteine peptidases in addition to trypsin-like serine proteases, rather than being exclusive serine peptidase inhibitors [5,6]. Nevertheless, it is clear that both parasite species invest considerable energy in transcribing genes to produce proteins capable of inhibiting cysteine peptidases, consistent with the abundant expression of this proteolytic enzyme type.



Another key difference observed from comparing the F. hepatica and F. gigantica datasets is the biased abundance of inhibitors of the class I39 (mammalian alpha2-macroglobulin and other large homologous proteins that interact with endopeptidases regardless of catalytic type) in F. hepatica adult fluke. The function of these inhibitors is unclear but differences between the mammalian hosts from which the adult F. hepatica and F. gigantica were recovered would be an obvious starting point to examine their impact on the types of inhibitors that each parasite transcribes.



Temporal analysis of the F. hepatica somatic proteome reveals that high levels of cysteine peptidases are expressed across multiple life cycle stages, including the eggs, alongside an abundance of serine and cysteine peptidase inhibitors (I02, I04, I25; Figure S1). Despite observing lower transcriptional levels of metallopeptidase inhibitors (I63) in F. hepatica eggs compared to F. gigantica, protein products of these genes are abundant within the F. hepatica egg somatic proteome. It is worthwhile noting, however, as highlighted in the study by Ilgová et al. [30], that Fasciola eggs are laid unembryonated and as the eggs develop, their transcriptional and protein profiles change.



NEJ, immature and adult parasites secrete in vitro a similar profile of cysteine peptidases and serine and cysteine peptidase inhibitors, in high abundance (Table S1; Figure S2). The majority of the cysteine peptidases belong to the papain-like cathepsin peptidase group (C01), with representation of the asparaginyl endopeptidases (legumain; C13) and peptidase family C56 (4-methyl-5(B-hydroxyethyl)-thiazole monophosphate biosynthesis protein). Metallopeptidases, specifically leucine aminopeptidases (M17) and dipeptidase/dipeptidylpeptidases (M24/M49), are more abundantly secreted by the adult stage parasites.




3.2. F. hepatica Cathepsin Cysteine Peptidases


In contrast to their mammalian hosts that express a wide range of cysteine peptidases (11 functional papain-like cysteine peptidases; [32]), only cathepsin L and cathepsin B cysteine peptidases are expressed by the Fasciola spp., as observed by Tort et al. [33], both of which are encoded by large gene families. Based on the current F. hepatica genome assemblies, which are comprised of several thousand scaffolds, at least 23 cathepsin L peptidase genes and 15 cathepsin B peptidase genes have been identified, represented by both partial and complete sequences [4]. Eight legumain genes encoding asparaginyl endopeptidase enzymes that regulate the activation of cathepsin peptidases [34], were also identified.



Differential gene transcription analysis highlights that these genes are strictly stage and host-specific, with separate genes being expressed by the stages associated with the snail and mammalian hosts, respectively (Figure 3; Table S2; [12,26]). This highlights another level of peptidase activity regulation employed by these flatworm parasites that is intricately tied to their lifecycle and development.




3.3. F. gigantica Cathepsin Cysteine Peptidases


Comparative analysis of the F. gigantica cathepsin peptidase and legumain genes within the stage-specific transcriptome datasets uncovered 11 cathepsin B genes that share sequence identity and transcriptional profiles with F. hepatica (Figure 3; Table S2). In contrast, not all homologs of the F. hepatica cathepsin L peptidase and legumain genes could be identified in the F. gigantica transcriptome datasets. This result was confirmed by analysis of the F. gigantica genome described in Section 3.5 below.



Twenty-five F. gigantica cathepsin L gene transcripts were identified (Figure 3; Table S2). In F. hepatica the cathepsin L3 clade expressed predominantly in the juvenile mammalian stages is thought to be the ancestral cathepsin L gene from which the remaining cathepsin L genes duplicated and diverged; the F. hepatica cathepsin L peptidases separate into five clades, of which the cathepsin L3 clade is comprised of four genes [4,10]. Consistent with the critical role of the cathepsin L3 peptidases in tissue degradation and host invasion since they exhibit unique collagenase-like activity [35,36,37], F. gigantica expresses three cathepsin L3 genes. Genes representing clades one, two and five were also identified (Fg_CL1_2/4 & FgCL5); however, we could not differentiate one gene between clade one and two based on current sequence analysis (FgCL1_6/CL2). The remaining 19 cathepsin L gene transcripts matched four of the partial sequences described by Cwiklinski et al. [4] (FgCL_2, FgCL_3, FgCL_4, FgCL_5) and other cathepsin L-like genes not previously described, which were predominately transcribed by the intra-snail developmental stages. The most abundantly transcribed cathepsin L genes corresponded to FgCL_4 and FgCL_5 expression by the rediae, FgCL3_3 and FgCL3_4 expression by the cercariae and metacercariae stages, and FgCL1/2 and FgCL5 expression by the immature and adult fluke.



Fifteen legumain gene transcripts were identified in the F. gigantica datasets (Figure 3; Table S2), corresponding to legumain 1 (FgLeg1), legumain 2 (FgLeg2), legumain 3 (FgLeg3), legumain 4 (FgLeg4) in addition to 11 legumain-like genes that require further characterisation. The most abundant transcription was observed for FgLeg1 in the cercariae and metacercariae stages, FgLeg-like 10 and FgLeg-like 11 in the immature flukes, and FgLeg3 and FhLeg4 in both immature and adult fluke.



Cathepsin L peptidases are first synthesized as inactive precursors, termed pro-enzymes or zymogens, which become activated in the low pH of the parasite gut lumen by removal of a N-terminal extension or propeptide [38]. Removal of the propeptide can occur by either (a) autocatalytic intra-molecular cleavage whereby a molecule of active cathepsin L removes the propeptide of another cathepsin L molecule, (b) trans-molecular cleavage of the cathepsin L propeptide by a co-secreted legumain/asparaginyl endopeptidase, or (c) both intra- and trans-molecular cleavage happening together. We have previously shown that intra- and trans-molecular cleavage points occur at the junction between the propeptide and mature enzyme domain and that cleavage sites are highly conserved amongst the members of the F. hepatica cathepsin L family. Here, we found that both cleavage sites are also conserved amongst the cathepsin L peptidases of F. gigantica (Figure 4).




3.4. Key Fasciola spp. Peptidase Inhibitors


Highlighted by the MEROPS analysis, the Fasciola spp. parasites transcribe a dynamic range of peptidase inhibitors that are mainly focused on the inhibition of cathepsin cysteine peptidases and serine peptidases. Key inhibitors involved in these processes are the Kunitz-type cysteine/trypsin protease inhibitors, broad-range serine protease inhibitors (serpins) and cysteine peptidase inhibitors (stefins/cystatins) that we have previously shown are encoded by multi-membered gene families [5,7,9].



Our current deeper analysis of the available F. hepatica genomic and transcriptomic data (Figure 5; Table S3) identified sequences corresponding to 11 single domain Kunitz-type inhibitors, including the seven genes previously described by Smith et al. [5]. A further four multi-domain Kunitz-type sequences were also identified that possess up to ten Kunitz-like domains and that share similarity with papillin-like and spondin-like proteins. No additional F. hepatica sequences related to the stefin/cystatin-type (3 members) and serpin-type inhibitors (7 members) were discovered in this study.



Comparative transcriptomic analysis clarified that F. gigantica expresses several homologous peptidase inhibitor sequences to F. hepatica (Figure 5; Table S3). Three stefin genes corresponding to Stefin1 (FgStf1), Stefin 2 (FgStf2) and Stefin3 (FgStf3) were identified, in addition to the multi-domain cystatin (FgCys1), consistent with previous reports from our and other laboratories [7,11,16]. Sequences corresponding to the five F. hepatica phylogenetic Kunitz-type inhibitor groups (nomenclature from [5]) were identified, in addition to two single domain Kunitz genes (FgKT_A and FgKT_B) and five multi-domain Kunitz genes (FgKT_E–FgKT_I). Only four serpin sequences were identified within the F. gigantica transcriptome datasets that share sequence identity with FhSrp1/FhSrp3, FhSrp5, FhSrp6, FhSrp7 (nomenclature from [9]).



We found that the peptidase inhibitor genes undergo tightly controlled temporal expression throughout the Fasciola spp. life cycle. Where life cycle stages between F. hepatica and F. gigantica could be compared, similar expression levels of transcription were observed between the homologous genes. However, with respect to the multi-domain Kunitz genes we observed that these were predominately transcribed by the F. hepatica stages associated with the mammalian host whereas in F. gigantica these genes are mainly expressed by the miracidia and metacercariae life cycle stages.



Consistent with the MEROPS analysis, the most abundantly transcribed F. gigantica peptidase inhibitor is the Kunitz-type inhibitor, FgKT1, produced and secreted by the immature fluke stages. While the three stefin genes are transcribed at high levels throughout the lifecycle, their highest transcriptional levels are observed within the cercariae and metacercariae stages for FgStf1 and the immature flukes for FgStf2 and FgStf3. The most transcribed serpin genes are FgSrp1/FgSrp3 produced by the cercariae and metacercariae and FgSrp6 by the eggs and miracidia.




3.5. Chromosomal Location of Key F. gigantica Cathepsin Peptidase and Peptidase Inhibitor Genes


To determine the specific number of genes that matched to the gene transcripts of cathepsin peptidases and the key peptidase inhibitors expressed by the Fasciola spp. parasites (Kunitz-type inhibitors, serpins and stefins/cystatins) we carried out comparative analyses with the available F. gigantica genome/chromosomal data. As expected, several of the transcript clusters identified within the F. gigantica transcriptome data mapped to only one position/gene, reducing the number of genes relating to these peptidases and peptidase inhibitors (Tables S2 and S3). Based on the data from the study by Luo et al. [15], the chromosomal location of these genes could also be determined (Figure 6; Tables S2 and S3).



3.5.1. Peptidase Gene Families


Only nine genes corresponding to cathepsin L peptidases were identified in the chromosomal level F. gigantica genome assembly, and these were located on six of the ten chromosomes (chromosomes 1, 2, 3, 6, 7, 8). Most of these genes matched the cathepsin L genes described here as being abundantly transcribed by the intra-snail stages (Table S2). The genes corresponding to the phylogenetic clades of F. hepatica cathepsin L genes mapped to four genes located on chromosome 6 and 7 (Table S2).



This analysis also identified 12 cathepsin B genes located on three chromosomes (chromosomes 1, 4, 8), with the majority of genes located on chromosome 4 including the closely related FgCB1, FgCB2 and FgCB3 genes and multiple genes that could be annotated as FgCB4.



Eight legumain genes were identified, all located on chromosome three. The reduced number of legumain genes compared with the transcriptome analysis is due to several legumain-like genes mapping to the same region.



Corresponding analysis of the cathepsin L and B genes within the F. gigantica genome with the WormBase ParaSite database (PRJNA230515) identified 34 cathepsin genes. The majority of these genes could be annotated as cathepsin B genes, confirming the reduced cohort of cathepsin L-genes. However, mapping the chromosomal location of these genes identified several sequences within the genomic sequence that had not been designated as genes, indicating that significant refinement and characterisation of the cathepsin L and B gene families in F. gigantica is still required.




3.5.2. Peptidase Inhibitor Gene Families


The F. gigantica single domain stefins (FgStf1, FgStf2, FgStf3) mapped to eight genes all located on chromosome three, whereas the multi-domain cystatin located to chromosome one (Table S3). The serpin genes corresponding to FgSrp 1/3, FhSrp2, FhSrp5, FhSrp6 and FhSrp7 localised to chromosome one and are represented by nine genes. The single domain Kunitz-type inhibitors are all located on chromosome one with the exception of FgKT4 which is located on chromosome two. Finally, the multi-Kunitz domain inhibitors were found on three chromosomes (chromosomes 1, 2, 8).






4. Discussion


Notwithstanding similarities in their life cycles, parasitic worms of the Fasciola spp. have diverged, evolved and adapted to particular environmental and biological niches for over 5 million years [14]. F. gigantica, referred to as the tropical liver fluke due to its wide distribution throughout Asia, Africa and the Middle East [39], is more tolerant of higher temperatures and exposure to direct sunlight compared to the temperate liver fluke F. hepatica, which is found in cooler climes (reviewed by [3]). The inclination for higher temperatures has also had a direct influence on F. gigantica development; for example, egg embryonation occurs more rapidly [40] and the F. gigantica intra-snail stages develop at higher temperature thresholds (16 °C compared with 10 °C for F. hepatica development; [41,42]), which allows multiple rounds of clonal expansion resulting in five redial generations rather than that observed for F. hepatica where a maximum of four generations have been reported [41,43,44].



Keys to furthering our understanding of how such adaptations have evolved are contained in the emerging range of sequencing datasets for the Fasciola spp. that provide the information for species-specific interrogation of liver fluke biology at a molecular level. Advances in sequencing technologies and the continual reduction in their costs has facilitated the re-sequencing of several F. hepatica isolates [45] and provide a comprehensive platform for future studies. We can now perform genetic investigations to determine what role environmental factors such as climate, temperature, species of the mammalian or snail host, or genetic parameters within F. hepatica isolates play in their global prevalence, distribution and host virulence.



Because of our general interest in peptidases in host–parasite interaction, in the present study we probed the available sequencing data to specifically highlight the changes the parasites undergo in relation to the profile of proteases and protease-inhibitors they utilise during their migration in their hosts. We have previously shown that peptidases are critical to many parasite-related functions including host invasion, tissue penetration, feeding and virulence [33]. Here, we confirmed that Fasciola spp. parasites rely on a predominance of cathepsin cysteine peptidases to perform these functions. Interestingly, we observed a reduced cohort of cathepsin L peptidases within the F. gigantica genome in comparison to F. hepatica, which was confirmed by probing the two available F. gigantica genome assemblies. Further analysis is now required to determine the exact number of cathepsin L and B peptidase genes, to discern their individual biological function and to explain why the tropical flukes require less biochemically diverse peptidases.



Our in silico analysis of the residues spanning the propeptide-mature domain junction of cathepsin L peptidases that are involved in auto-catalytic processing and transactivation by legumains, indicates a common mode of peptidase activation. In the 3-D structure of the cathepsin L peptidases this sequence is exposed and flexible and is susceptible to proteolytic attack [10,37]. Nevertheless, we have shown for F. hepatica that specific sites for intra- and trans-molecular cleavage by cathepsin Ls and legumains, respectively, within this junction are conserved (Figure 4). It is not surprising that we found here that F. gigantica retains this conservation in the cathepsin Ls as we have also observed it in more distant worm parasites, such as Schistosoma mansoni reviewed by [4,33]. However, it highlights the importance of the legumain family in peptidase control as their expression is also tightly regulated. For this reason, we have suggested that legumains represent a promising target for either novel drug- or vaccine-mediated interventions [34].



In agreement with the study by Ilgová et al. [30], we observed that the eggs express a more dynamic range of peptidases and peptidase inhibitors, and this is also exhibited by the miracidia and rediae. This analysis is also consistent with the transcriptome analysis by Zhang et al. [26] that described an upregulation of peptidase inhibitors in the egg transcriptome, and an enrichment of zinc ion binding and metallo-endopeptidase activity. The abundant expression of metallo-peptidase inhibitors (I63) also highlights the importance of this catalytic type of peptidase for these egg stages and the strict regulation the parasite imposes on them. Similarly, an abundance of threonine peptidases associated with the proteasome is observed in this intra-snail stage, reflective of the increased gene transcription by the rediae that facilitates their clonal expansion through multiple generations [26]. Clearly, the growth and morphogenesis that take place during egg embyonation, emergence of free-living miracidia, adaptation to the snail invasion and redial development require rapid tissue degradation and re-modelling in which peptidases play a critical role.



In addition to the C01 and C13 class of cysteine peptidases, adult F. hepatica flukes secrete an abundance of 4-methyl-5(B-hydroxyethyl)-thiazole monophosphate biosynthesis protein (C56) that is an important part of energy metabolism via its involvement in thiamine metabolism. In plants, this C56 type protein is a target for the anti-oxidant thioredoxin during oxidative stress [46,47]. Recently, we suggested that the F. hepatica thioredoxin (FhTrx), which is abundant in F. hepatica ES, may function outside the thiol-dependent antioxidant cascade in immunomodulation. Another function may be related to the co-secretion of C56 class cysteine peptidases, although this is a molecular interaction that needs further exploration [48].



We found that F. hepatica and F. gigantica express a similar array of peptidase inhibitors that is dominated by the cathepsin peptidase inhibitors, namely Kunitz-type inhibitors and cystatin/stefins, and by the serine peptidase inhibitors, termed serpins. Biochemical analyses have only been carried out for the F. gigantica cystatins/stefins, that exhibit inhibitory activity against a range of host and parasite cathepsin L and B proteases [16,20,21]. Comparative analyses of the F. hepatica cystatins/stefins indicate that they are preferential inhibitors of cathepsin L peptidases [11]; Dalton, personal communication], implying potential species-specific roles for these inhibitors.



In this study we used the available chromosomal level F. gigantica genome data to investigate the location of the peptidase and peptidase inhibitor genes, which were distributed across seven of the ten chromosomes. The genes comprising the single domain stefin and legumain families were located within close proximity, respectively, on chromosome three. The members of the other peptidase and peptidase inhibitor gene families were spread across multiple chromosomes, and those genes on chromosome one did not exhibit grouping according to their gene family type. Chromosomal-level F. hepatica genome assemblies are anticipated and will allow comparative analyses of the genomic location of these genes in both Fasciola spp., and will greatly inform our understanding of gene transcription in these worms and helminths generally by elucidating the properties of promoter regions and upstream enhancers.



In areas where F. hepatica and F. gigantica overlap, such as in Southeast Asia, China, Korea, and areas of the Middle East and Africa, species hybridisation has been observed [49,50,51,52,53,54]. To date the genetic characterisation of these Fasciola spp. hybrids has been restricted to the DNA analyses of the mitochondrial genes, cox 1 and nad1, and the nuclear genes, pepck and pold, used for diagnosis of these intermediate forms (reviewed by [55]). In this focused study, we have identified distinctions between F. hepatica and F. gigantica relating to the array of cathepsin L peptidase genes, gene family structure, and the relative expression profile of peptidase and peptidase inhibitors at stages of the parasite’s life cycle. How these diversities contribute to the parasite growth, development and host relationship remains unclear; however, they could have major impacts on the relative pathogenicity and virulence of each parasite that are important not only to further our understanding of the biology of these parasites but also to identify traits that each confers on the biology of hybrid Fasciola spp. parasites.




5. Conclusions


The advancement of omics technologies has led to a major leap in our molecular understanding of liver fluke biology and will facilitate a truly multidisciplinary approach to investigating these parasites and the disease they cause. Ultimately, it is imperative that these studies lead to new ideas on host–parasite interactions that can be translated into robust experimental validation studies. New diagnostics, particular animal-side rapid tests, are badly needed to help farmers monitor infections on farm, to perform widespread surveillance studies, to accurately detect human infections, and also to distinguish F. hepatica from F. gigantica infections (as well as their hybrids). Omics databases now provide a wealth of information for us interrogate and investigate to identify the much-needed molecular vaccines that will move us away from environmentally damaging chemical treatments. Most importantly, this data is freely available to all researchers, with different research interests using different approaches to reach that vaccine goal. Here, we show how we can exploit this data using in silico tools to further understand molecules that we have had a particular interest in for many years, peptidases and their inhibitors, so similar studies can be made by other laboratories.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/genes13101854/s1, Figure S1. Graphical representation of the F. hepatica somatic proteome profile relating to peptidase and peptidase inhibitor families. Figure S2. Graphical representation of the F. hepatica secretome profile relating to peptidase and peptidase inhibitor families. Table S1. Abundant peptidases and peptidase inhibitors secreted by F. hepatica. Table S2. Fasciola spp. peptidases. (a) F. hepatica MEROPS analysis, (b) F. gigantica MEROPS analysis, (c) F. hepatica cysteine peptidases, (d) F. gigantica cysteine peptidases. Table S3. Fasciola spp. peptidase inhibitors. (a) F. hepatica MEROPS analysis, (b) F. gigantica MEROPS analysis, (c) F. hepatica peptidase inhibitors, (d) F. gigantica peptidase inhibitors.





Author Contributions


Conceptualization, K.C. and J.P.D.; methodology, K.C. and J.P.D.; validation, K.C.; formal analysis, K.C.; investigation, K.C.; resources, J.P.D.; data curation, K.C.; writing—original draft preparation, K.C. and J.P.D.; writing—review and editing, K.C. and J.P.D.; visualization, K.C.; supervision, K.C. and J.P.D.; project administration, K.C. and J.P.D.; funding acquisition, J.P.D. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by a Science Foundation Ireland (SFI, Ireland) Research Professorship grant 17/RP/5368 awarded to J.P. Dalton.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The genome and transcriptome datasets interrogated as part of this study are available at WormBase ParaSite (https://parasite.wormbase.org; accessed on 21 July 2022) and in the public repositories as follows: (a) F. hepatica genome data reported by Cwiklinski et al. [12] available at WormBase ParaSite and NCBI/ENA: PRJEB6687 and PRJEB25283; (b) F. hepatica stage-specific transcriptome data reported by Cwiklinski et al. [12] available at WormBase ParaSite and the NCBI/ENA: PRJEB6904 and Ilgová et al. [30] available at NCBI Gene Expression Omnibus: GSE160622; (c) F. gigantica genome data reported by Choi et al. [14], available at WormBase ParaSite and NCBI/ENA: PRJNA230515 and Luo et al. [15] available at NCBI: PRJNA691688 and Genome Warehouse: GWHAZTT00000000 (d) F. gigantica stage-specific transcriptome data reported by Zhang et al. [26] available at NCBI/ENA: PRJNA350370. The mass spectrometry proteomics data analysed as part of this study have been deposited to the ProteomeXchange Consortium via the PRIDE partner repository with the following data set identifiers (a) egg datasets (Ilgová et al. [30]): PXD022516; (b) metacercariae and NEJ specific datasets (Cwiklinski et al. [27]): PXD007255, PXD016561; (c) immature fluke (Cwiklinski et al. [28]): PXD021221; (d) adult ES and EV datasets (Murphy et al. [29]): PXD002570 and PXD016561.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to publish the results.




References


	



Andrews, S.J.; Cwiklinski, K.; Dalton, J.P. The discovery of Fasciola hepatica and its life cycle. In Fasciolosis; Dalton, J.P., Ed.; CAB International: Wallingford, UK, 2022. [Google Scholar] [CrossRef]

	



Robinson, M.W.; Dalton, J.P. Zoonotic helminth infections with particular emphasis on fasciolosis and other trematodiases. Philos. Trans. R. Soc. B Biol. Sci. 2009, 364, 2763–2776. [Google Scholar] [CrossRef] [PubMed]

	



Lalor, R.; Cwiklinski, K.; Calvani, N.E.D.; Dorey, A.; Hamon, S.; López Corrales, J.; Dalton, J.P.; De Marco Verissimo, C. Pathogenicity and virulence of the liver flukes Fasciola hepatica and Fasciola gigantica that cause the zoonosis Fasciolosis. Virulence 2021, 12, 2839–2867. [Google Scholar] [CrossRef] [PubMed]

	



Cwiklinski, K.; Donnelly, S.; Drysdale, O.; Jewhurst, H.; Smith, D.; De Marco Verissimo, C.; Pritsch, I.C.; O’Neill, S.; Dalton, J.P.; Robinson, M.W. The cathepsin-like cysteine peptidases of trematodes of the genus Fasciola. Adv. Parasitol. 2019, 104, 113–164. [Google Scholar] [CrossRef] [PubMed]

	



Smith, D.; Cwiklinski, K.; Jewhurst, H.; Tikhonova, I.G.; Dalton, J.P. An atypical and functionally diverse family of Kunitz-type cysteine/serine proteinase inhibitors secreted by the helminth parasite Fasciola hepatica. Sci. Rep. 2020, 10, 20657. [Google Scholar] [CrossRef] [PubMed]

	



Smith, D.; Tikhonova, I.G.; Jewhurst, H.L.; Drysdale, O.C.; Dvořák, J.; Robinson, M.W.; Cwiklinski, K.; Dalton, J.P. Unexpected activity of a novel Kunitz-type inhibitor: Inhibition of cysteine proteases but not serine proteases. J. Biol. Chem. 2016, 291, 19220–19234. [Google Scholar] [CrossRef] [PubMed]

	



Cwiklinski, K.; Drysdale, O.; López Corrales, J.; Corripio-Miyar, Y.; De Marco Verissimo, C.; Jewhurst, H.; Smith, D.; Lalor, R.; McNeilly, T.N.; Dalton, J.P. Targeting Secreted Protease/Anti-Protease Balance as a Vaccine Strategy against the Helminth Fasciola hepatica. Vaccines 2022, 10, 155. [Google Scholar] [CrossRef] [PubMed]

	



De Marco Verissimo, C.; Jewhurst, H.L.; Dobó, J.; Gál, P.; Dalton, J.P.; Cwiklinski, K. Fasciola hepatica is refractory to complement killing by preventing attachment of mannose binding lectin (MBL) and inhibiting MBL-associated serine proteases (MASPs) with serpins. PLoS Pathog. 2022, 18, e1010226. [Google Scholar] [CrossRef] [PubMed]

	



De Marco Verissimo, C.; Jewhurst, H.L.; Tikhonova, I.G.; Urbanus, R.T.; Maule, A.G.; Dalton, J.P.; Cwiklinski, K. Fasciola hepatica serine protease inhibitor family (serpins): Purposely crafted for regulating host proteases. PLoS Negl. Trop. Dis. 2020, 14, e0008510. [Google Scholar] [CrossRef] [PubMed]

	



Robinson, M.W.; Dalton, J.P.; Donnelly, S. Helminth pathogen cathepsin proteases: It’s a family affair. Trends Biochem. Sci. 2008, 33, 601–608. [Google Scholar] [CrossRef] [PubMed]

	



Cancela, M.; Corvo, I.; DA Silva, E.; Teichmann, A.; Roche, L.; Díaz, A.; Tort, J.F.; Ferreira, H.B.; Zaha, A. Functional characterization of single-domain cystatin-like cysteine proteinase inhibitors expressed by the trematode Fasciola hepatica. Parasitology 2017, 144, 1695–1707. [Google Scholar] [CrossRef] [PubMed]

	



Cwiklinski, K.; Dalton, J.P.; Dufresne, P.J.; La Course, J.; Williams, D.J.; Hodgkinson, J.; Paterson, S. The Fasciola hepatica genome: Gene duplication and polymorphism reveals adaptation to the host environment and the capacity for rapid evolution. Genome Biol. 2015, 16, 71. [Google Scholar] [CrossRef] [PubMed]

	



Cwiklinski, K.; De Marco Verissimo, C.; McVeigh, P.; Donnelly, S.; Dalton, J.P. Applying ‘Omics’ technologies to understand Fasciola spp. biology. In Fasciolosis; Dalton, J.P., Ed.; CAB International: Wallingford, UK, 2022. [Google Scholar] [CrossRef]

	



Choi, Y.J.; Fontenla, S.; Fischer, P.U.; Le, T.H.; Costábile, A.; Blair, D.; Brindley, P.J.; Tort, J.F.; Cabada, M.M.; Mitreva, M. Adaptive radiation of the flukes of the Family Fasciolidae inferred from genome-wide comparisons of key species. Mol. Biol. Evol. 2020, 37, 84–99. [Google Scholar] [CrossRef] [PubMed]

	



Luo, X.; Cui, K.; Wang, Z.; Li, Z.; Wu, Z.; Huang, W.; Zhu, X.-Q.; Ruan, J.; Zhang, W.; Liu, Q.; et al. High-quality reference genome of Fasciola gigantica: Insights into the genomic signatures of transposon-mediated evolution and specific parasitic adaption in tropical regions. PLoS Negl. Trop. Dis. 2021, 15, e0009750. [Google Scholar] [CrossRef] [PubMed]

	



Geadkaew, A.; Kosa, N.; Siricoon, S.; Grams, S.V.; Grams, R. A 170kDa multi-domain cystatin of Fasciola gigantica is active in the male reproductive system. Mol. Biochem. Parasitol. 2014, 196, 100–107. [Google Scholar] [CrossRef] [PubMed]

	



Grams, R.; Vichasri-Grams, S.; Sobhon, P.; Upatham, E.S.; Viyanant, V. Molecular cloning and characterization of cathepsin L encoding genes from Fasciola gigantica. Parasitol. Int. 2001, 50, 105–114. [Google Scholar] [CrossRef]

	



Sansri, V.; Changklungmoa, N.; Chaichanasak, P.; Sobhon, P.; Meemon, K. Molecular cloning, characterization and functional analysis of a novel juvenile-specific cathepsin L of Fasciola gigantica. Acta Trop. 2013, 128, 76–84. [Google Scholar] [CrossRef]

	



Sethadavit, M.; Meemon, K.; Jardim, A.; Spithill, T.W.; Sobhon, P. Identification, expression and immunolocalization of cathepsin B3, a stage-specific antigen expressed by juvenile Fasciola gigantica. Acta Trop. 2009, 112, 164–173. [Google Scholar] [CrossRef]

	



Siricoon, S.; Grams, S.V.; Grams, R. Efficient inhibition of cathepsin B by a secreted type 1 cystatin of Fasciola gigantica. Mol. Biochem. Parasitol. 2012, 186, 126–133. [Google Scholar] [CrossRef]

	



Tarasuk, M.; Grams, S.V.; Viyanant, V.; Grams, R. Type I cystatin (stefin) is a major component of Fasciola gigantica excretion/secretion product. Mol. Biochem. Parasitol. 2009, 167, 60–71. [Google Scholar] [CrossRef] [PubMed]

	



Yamasaki, H.; Mineki, R.; Murayama, K.; Ito, A.; Aoki, T. Characterisation and expression of the Fasciola gigantica cathepsin L gene. Int. J. Parasitol. 2002, 32, 1031–1042. [Google Scholar] [CrossRef]

	



Meemon, K.; Grams, R.; Vichasri-Grams, S.; Hofmann, A.; Korge, G.; Viyanant, V.; Upatham, E.S.; Habe, S.; Sobhon, P. Molecular cloning and analysis of stage and tissue-specific expression of cathepsin B encoding genes from Fasciola gigantica. Mol. Biochem. Parasitol. 2004, 136, 1–10. [Google Scholar] [CrossRef] [PubMed]

	



Siricoon, S.; Grams, S.V.; Lertwongvisarn, K.; Abdullohfakeeyah, M.; Smooker, P.M.; Grams, R. Fasciola gigantica cathepsin B5 is an acidic endo- and exopeptidase of the immature and mature parasite. Biochimie 2015, 119, 6–15. [Google Scholar] [CrossRef] [PubMed]

	



Young, N.D.; Jex, A.R.; Cantacessi, C.; Hall, R.S.; Campbell, B.E.; Spithill, T.W.; Tangkawattana, S.; Tangkawattana, P.; Laha, T.; Gasser, R.B. A Portrait of the transcriptome of the neglected trematode, Fasciola gigantica—biological and biotechnological implications. PLoS Negl. Trop. Dis. 2011, 5, e1004. [Google Scholar] [CrossRef]

	



Zhang, X.X.; Cwiklinski, K.; Hu, R.S.; Zheng, W.B.; Sheng, Z.A.; Zhang, F.K.; Elsheikha, H.M.; Dalton, J.P.; Zhu, X.Q. Complex and dynamic transcriptional changes allow the helminth Fasciola gigantica to adjust to its intermediate snail and definitive mammalian hosts. BMC Genom. 2019, 20, 729. [Google Scholar] [CrossRef]

	



Cwiklinski, K.; Jewhurst, H.; McVeigh, P.; Barbour, T.; Maule, A.; Tort, J.F.; O’Neill, S.M.; Robinson, M.; Donnelly, S.; Dalton, J.P. Infection by the helminth parasite Fasciola hepatica requires rapid regulation of metabolic, virulence, and invasive factors to adjust to its mammalian host. Mol. Cell. Proteom. 2018, 17, 792–809. [Google Scholar] [CrossRef] [PubMed]

	



Cwiklinski, K.; Robinson, M.W.; Donnelly, S.; Dalton, J.P. Complementary transcriptomic and proteomic analyses reveal the cellular and molecular processes that drive growth and development of Fasciola hepatica in the host liver. BMC Genom. 2021, 22, 46. [Google Scholar] [CrossRef] [PubMed]

	



Murphy, A.; Cwiklinski, K.; Lalor, R.; O’Connell, B.; Robinson, M.W.; Gerlach, J.; Joshi, L.; Kilcoyne, M.; Dalton, J.P.; O’Neill, S.M. Fasciola hepatica Extracellular Vesicles isolated from excretory-secretory products using a gravity flow method modulate dendritic cell phenotype and activity. PLoS Negl. Trop. Dis. 2020, 14, e0008626. [Google Scholar] [CrossRef]

	



Ilgová, J.; Vorel, J.; Roudnický, P.; Škorpíková, L.; Horn, M.; Kašný, M. Transcriptomic and proteomic profiling of peptidase expression in Fasciola hepatica eggs developing at host’s body temperature. Sci. Rep. 2022, 12, 10308. [Google Scholar] [CrossRef]

	



Rawlings, N.D.; Barrett, A.J.; Thomas, P.D.; Huang, X.; Bateman, A.; Finn, R.D. The MEROPS database of proteolytic enzymes, their substrates and inhibitors in 2017 and a comparison with peptidases in the PANTHER database. Nucleic Acids Res. 2018, 46, D624–D632. [Google Scholar] [CrossRef] [PubMed]

	



Dickinson, D.P. Cysteine peptidases of mammals: Their biological roles and potential effects in the oral cavity and other tissues in health and disease. Crit. Rev. Oral Biol. Med. 2002, 13, 238–275. [Google Scholar] [CrossRef]

	



Tort, J.; Brindley, P.J.; Knox, D.; Wolfe, K.H.; Dalton, J.P. Proteinases and sssociated genes of parasitic helminths. Adv. Parasitol. 1999, 43, 161–266. [Google Scholar] [CrossRef] [PubMed]

	



Dalton, J.P.; Brindley, P.J.; Donnelly, S.; Robinson, M.W. The enigmatic asparaginyl endopeptidase of helminth parasites. Trends Parasitol. 2009, 25, 59–61. [Google Scholar] [CrossRef] [PubMed]

	



Corvo, I.; O’Donoghue, A.J.; Pastro, L.; Pi-Denis, N.; Eroy-Reveles, A.; Roche, L.; McKerrow, J.H.; Dalton, J.P.; Craik, C.S.; Caffrey, C.R.; et al. Dissecting the active site of the collagenolytic cathepsin L3 protease of the invasive stage of Fasciola hepatica. PLoS Negl. Trop. Dis. 2013, 7, e2269. [Google Scholar] [CrossRef] [PubMed]

	



Robinson, M.W.; Corvo, I.; Jones, P.M.; George, A.M.; Padula, M.P.; To, J.; Cancela, M.; Rinaldi, G.; Tort, J.F.; Roche, L.; et al. Collagenolytic activities of the major secreted cathepsin L peptidases involved in the virulence of the helminth pathogen, Fasciola hepatica. PLoS Negl. Trop. Dis. 2011, 5, e1012. [Google Scholar] [CrossRef]

	



Stack, C.M.; Caffrey, C.R.; Donnelly, S.M.; Seshaadri, A.; Lowther, J.; Tort, J.F.; Collins, P.R.; Robinson, M.W.; Xu, W.; McKerrow, J.H.; et al. Structural and functional relationships in the virulence-associated cathepsin L proteases of the parasitic liver fluke, Fasciola hepatica. J. Biol. Chem. 2008, 283, 9896–9908. [Google Scholar] [CrossRef]

	



Lowther, J.; Robinson, M.W.; Donnelly, S.M.; Xu, W.; Stack, C.M.; Matthews, J.M.; Dalton, J.P. The importance of pH in regulating the function of the Fasciola hepatica cathepsin L1 cysteine protease. PLoS Negl. Trop. Dis. 2009, 3, e369. [Google Scholar] [CrossRef]

	



Mas-Coma, S.; Valero, M.A.; Bargues, M.D. Chapter 2 Fasciola, lymnaeids and human fascioliasis, with a global overview on disease transmission, epidemiology, evolutionary genetics, molecular epidemiology and control. Adv. Parasitol. 2009, 69, 41–146. [Google Scholar] [CrossRef]

	



Hussein, A.-N.A.; Hassan, I.M.; Khalifa, R.M. Development and hatching mechanism of Fasciola eggs, light and scanning electron microscopic studies. Saudi J. Biol. Sci. 2010, 17, 247–251. [Google Scholar] [CrossRef]

	



Dinnik, J.A.; Dinnik, N.N. The influence of temperature on the succession of redial and cercarial generations of Fasciola gigantica in a snail host. Parasitology 1964, 54, 59–65. [Google Scholar] [CrossRef]

	



Kendall, S. Relationships between the species of Fasciola and their molluscan hosts. Adv. Parasitol. 1970, 8, 251–258. [Google Scholar] [CrossRef]

	



Dinnik, J.A.; Dinnik, N.N. Observations on the succession of redial generations of Fasciola gigantica Cobbold in a snail host. Z. Fur Trop. Parasitol. 1956, 7, 397–419. [Google Scholar]

	



Rondelaud, D.; Belfaiza, M.; Vignoles, P.; Moncef, M.; Dreyfuss, G. Redial generations of Fasciola hepatica: A review. J. Helminthol. 2009, 83, 245–254. [Google Scholar] [CrossRef] [PubMed]

	



Hodgkinson, J.; Cwiklinski, K.; Beesley, N.J.; Paterson, S.; Williams, D.J.L. Identification of putative markers of triclabendazole resistance by a genome-wide analysis of genetically recombinant Fasciola hepatica. Parasitology 2013, 140, 1523–1533. [Google Scholar] [CrossRef] [PubMed]

	



Alkhalfioui, F.; Renard, M.; Vensel, W.H.; Wong, J.; Tanaka, C.K.; Hurkman, W.J.; Buchanan, B.B.; Montrichard, F. Thioredoxin-linked proteins are reduced during germination of Medicago truncatula seeds. Plant Physiol. 2007, 144, 1559–1579. [Google Scholar] [CrossRef] [PubMed]

	



Montrichard, F.; Alkhalfioui, F.; Yano, H.; Vensel, W.H.; Hurkman, W.J.; Buchanan, B.B. Thioredoxin targets in plants: The first 30 years. J. Proteom. 2009, 72, 452–474. [Google Scholar] [CrossRef] [PubMed]

	



Dorey, A.; Cwiklinski, K.; Rooney, J.; De Marco Verissimo, C.; López Corrales, J.; Jewhurst, H.; Fazekas, B.; Calvani, N.E.D.; Hamon, S.; Gaughan, S.; et al. Autonomous non antioxidant roles for Fasciola hepatica secreted Thioredoxin-1 and Peroxiredoxin-1. Front. Cell. Infect. Microbiol. 2021, 11, 667272. [Google Scholar] [CrossRef] [PubMed]

	



Agatsuma, T.; Arakawa, Y.; Iwagami, M.; Honzako, Y.; Cahyaningsih, U.; Kang, S.-Y.; Hong, S.-J. Molecular evidence of natural hybridization between Fasciola hepatica and F. gigantica. Parasitol. Int. 2000, 49, 231–238. [Google Scholar] [CrossRef]

	



Calvani, N.E.D.; Šlapeta, J. Fasciola species introgression: Just a fluke or something more? Trends Parasitol. 2021, 37, 25–34. [Google Scholar] [CrossRef] [PubMed]

	



Omar, M.A.; Elmajdoub, L.O.; Ali, A.O.; Ibrahim, D.A.; Sorour, S.S.; Al-Wabel, M.A.; Ahmed, A.I.; Suresh, M.; Metwally, A.M. Genetic characterization and phylogenetic analysis of Fasciola species based on ITS2 gene sequence, with first molecular evidence of intermediate Fasciola from water buffaloes in Aswan, Egypt. Ann. Parasitol. 2021, 67, 55–65. [Google Scholar]

	



Haridwal, S.; Malatji, M.P.; Mukaratirwa, S. Morphological and molecular characterization of Fasciola hepatica and Fasciola gigantica phenotypes from co-endemic localities in Mpumalanga and KwaZulu-Natal provinces of South Africa. Food Waterborne Parasitol. 2021, 22, e00114. [Google Scholar] [CrossRef]

	



Evack, J.G.; Schmidt, R.S.; Boltryk, S.D.; Voss, T.S.; Batil, A.A.; Ngandolo, B.N.; Greter, H.; Utzinger, J.; Zinsstag, J.; Balmer, O. Molecular confirmation of a Fasciola gigantica × Fasciola hepatica hybrid in a Chadian bovine. J. Parasitol. 2020, 106, 316–322. [Google Scholar] [CrossRef] [PubMed]

	



Mucheka, V.T.; Lamb, J.M.; Pfukenyi, D.M.; Mukaratirwa, S. DNA sequence analyses reveal co-occurrence of novel haplotypes of Fasciola gigantica with F. hepatica in South Africa and Zimbabwe. Vet. Parasitol. 2015, 214, 144–151. [Google Scholar] [CrossRef] [PubMed]

	



Cwiklinski, K.; O’Neill, S.M.; Donnelly, S.; Dalton, J.P. A prospective view of animal and human Fasciolosis. Parasite Immunol. 2016, 38, 558–568. [Google Scholar] [CrossRef]








[image: Genes 13 01854 g001 550] 





Figure 1. Fasciola spp. life cycle. (1) Eggs are passed in the faeces and undergo embryonation following appropriate temperature and moisture levels. (2) Following embryonation, the miracidia hatch from the eggs and search out the snail intermediate host. (3) Within the snail, the parasites undergo clonal expansion, developing through the rediae, sporocysts and cercariae stages. (4) The cercariae emerge from the snail following light and temperature cues and encyst as metacercariae that are observed on vegetation and floating in water. The metacercariae are the infectious stage that are ingested by the mammalian definitive host. (5) Following ingestion, the metacercariae excyst in the duodenum as Newly Excysted Juveniles (NEJ) that migrate across the gut wall via the peritoneal cavity to the liver. (6–7) Once in the liver, the immature flukes rapidly grow and develop while migrating through the liver parenchyma to the bile ducts, where the mature adult parasites reside, releasing thousands of eggs per day. Figure created using Biorender; Parasite medical art provided by Les Laboratories Servier, https://smart.servier.com, accessed on 30 August 2022. 
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Figure 2. Graphical representation of the proportion of gene transcription relating to peptidase and peptidase inhibitor families throughout the Fasciola spp. life cycle. (A,B) The transcriptional profile of F. hepatica based on the percentage transcripts per million (TPM) of the respective peptidase (A) and peptidase inhibitors families (B) from the stage-specific transcriptomes described by [12,30]. (C,D) The transcriptional profile of F. gigantica based on the percentage fragments per kilobase of exon per million mapped fragments (FPKM) of the respective peptidase (C) and peptidase inhibitors families (D) from the stage-specific transcriptomes described by [26]. Peptidase and peptidase inhibitor classification is based on MEROPS nomenclature and is detailed in Tables S2 and S3. Life cycle stage abbreviations: Mir, miracidia; Red, rediae; Cer, cercariae; Met, metacercariae; NEJ1hr, NEJ 1hr post-excystment; NEJ3hr, NEJ 3hr post-excystment; NEJ24hr, NEJ 24hr post-excystment; Immature, immature flukes 21 days post infection (dpi); Juv_42d, immature flukes 42 dpi; Juv_70d, immature flukes 70 dpi. The graphs were generated by ggplot2 in R. 
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Figure 3. Differential gene expression of the cathepsin L and B peptidase and the legumain genes. Genes expressed by biological replicates of the respective life cycle stages from the F. hepatica and F. gigantica stage-specific transcriptome datasets were grouped by hierarchical clustering, represented by a heatmap generated by pheatmap in R. Up-regulation represented in dark red; down-regulation represented in light yellow. The annotation of the F. hepatica genes is based on the analysis by Cwiklinski et al. [4] and the annotation of the F. gigantica genes is based on the comparative analysis described in this study (detailed in Table S2). 
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Figure 4. Alignment of the amino acid sequence spanning the junction between the propeptide and mature domain of the F. hepatica and F. gigantica cathepsin L peptidase families. The conserved cathepsin L intra-molecular cleavage site and the conserved asparagine (N) of the legumain/asparaginyl endopeptidase trans-molecular cleavage site are highlighted in grey/red and blue, respectively. The F. hepatica cathepsin L peptidase classification is based on the study by Cwiklinski et al. [4]. The F. gigantica sequences are from the F. gigantica genome (PRJNA230515). 
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Figure 5. Differential gene expression of the cathepsin cysteine peptidase and serine peptidase inhibitor genes. Genes representing the Kunitz-type inhibitors, serpins and cystatins/stefins, expressed by biological replicates of the respective life cycle stages from the F. hepatica and F. gigantica stage-specific transcriptome datasets, were grouped by hierarchical clustering, represented by a heatmap generated by pheatmap in R. Up-regulation represented in dark red; down-regulation represented in light yellow. The annotation of the F. hepatica genes is based on the analysis described herein and by [5,7,9], and the annotation of the F. gigantica genes is based on the comparative analysis described in this study (detailed in Table S3). 
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Figure 6. Graphical representation of the chromosomal location of the cathepsin peptidase, legumain and peptidase inhibitors genes within the F. gigantica genome. The schematic is not drawn to scale but displays the relative position of the genes within the ten chromosomes. 
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