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			The biological and molecular complexity of nematodes has impeded research on development of new therapies for treatment and control. We have focused on the versatility of the nematode intestine as a target for new therapies. To that end, it is desirable to establish a broad and deep understanding of the molecular architecture underlying intestinal cell functions at the pan-Nematoda level. Multiomics data were generated to uncover the evolutionary principles underlying both conserved and adaptable features of the nematode intestine. Whole genomes were used to reveal the functional potential of the nematodes, tissue-specific transcriptomes provided a deep assessment of genes that are expressed in the adult nematode intestine, and comparison of selected core species was used to determine a first approximation of the pan-Nematoda intestinal transcriptome. Differentially expressed transcripts were also identified among intestinal regions, with the largest number expressed at significantly higher levels in the anterior region, identifying this region as the most functionally unique compared to middle and posterior regions. Profiling intestinal miRNAs targeting these genes identified the conserved intestinal miRNAs. Proteomics of intestinal cell compartments assigned proteins to several different intestinal cell compartments (intestinal tissue, the integral and peripheral intestinal membranes, and the intestinal lumen). Finally, advanced bioinformatic approaches were used to predict intestinal cell functional categories of seminal importance to parasite survival, which can now be experimentally tested and validated. The data provide the most comprehensive compilation of constitutively and differentially expressed genes, predicted gene regulators, and proteins of the nematode intestine. The information provides knowledge that is essential to understand molecular features of nematode intestinal cells and functions of fundamental importance to the intestine of many, if not all, parasitic nematodes.

			Keywords: nematode, intestine, genome, transcriptome, proteome, miRNA, dsRNA

			Introduction

			Infections caused by parasitic nematodes result in substantial mortality and morbidity in human populations, especially in tropical regions of Africa, Asia, and the Americas (Pullan et al., 2014). Infections by parasitic nematodes also compromise the health and productivity of livestock species on a global basis. The impact on food production most significantly affects human health in underdeveloped regions of the world where small holders of livestock depend on food animals for basic nutrition and commerce (Perry and Grace, 2009). Losses in livestock production directly deplete resources needed for basic nutrition, income, and trade. The negative impact of parasitic nematode infections in humans and animals is reduced by anthelmintic treatments; however, the propensity of these pathogens to acquire resistance to anthelmintics (Kaplan, 2004; Leathwick, 2013) threatens the existing methods to prevent and treat diseases they cause. Hence, there is a continuing and compelling need to identify new approaches, therapeutic targets, and applications to prevent and treat infections by nematode pathogens.

			This review summarizes the progress made in the last 15 years on an approach that focuses on a single tissue of importance for survival of parasitic nematodes (the intestine) with a goal of developing an integrated research model that will have pan-Nematoda application for deriving essential and broadly conserved intestinal cell functions of these pathogens. One anticipated application of this knowledge is advancement toward the development of pharmaco- and immunotherapeutics for the treatment, prevention, and control of infections caused by nematode pathogens. Earlier studies have validated the value of the intestine of parasitic nematodes for this purpose (next section), which prompts the need to develop resources that can accelerate research on this tissue. The summarized progress relates to the establishment of a multiomics database approach to identify pan-Nematoda conserved intestinal cell functions, coupled with the development of methodologies that can be used to experimentally dissect those conserved functions with new applications to therapeutics as one end goal.

			The Nematode Intestine as a Target for New Anthelmintic Therapies

			General Considerations

			Multiple approaches can be considered when aiming to identify targets for pharmacotherapy, including targets that are expressed in all tissues and parasitic stages and conserved across diverse nematode pathogens (Figure 1). However, this requirement overlooks the idiosyncrasies of individual parasite tissues, especially since many, although not all, marketed anthelmintics appear to specifically target one system, the neuromuscular system. Similarly, other tissue/organ systems of nematodes, if disrupted, can theoretically offer the same value for pharmacological targets as the neuromuscular system. The nematode intestine is but one example where experimental data support this view, as will be described in this section. One challenge to more forcefully move forward on tissue-specific research is the relatively shallow knowledge on specific functions, and then molecules, that perform or regulate basic functions in tissues of parasitic nematodes. Furthermore, a focus on an individual tissue does not exclude the possibility that findings generated from one tissue will have application to many or all other tissues and/or stages of parasitic nematodes.
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			Figure 1 | Overall workflow of reviewed intestinal experiments. Transcriptomic and genomic data for core intestinal nematode species are utilized to define intestinal families. Results from additional experiments are intersected and compared to produce prioritized genes of interest to suit experimental needs.

		


			The tubular intestine of nematodes is composed of polarized epithelial-like cells arranged as a single cell layer (Figure 2). Some parasitic nematodes, such as the filarial nematodes, have a somewhat vestigial intestine, possibly due to relocating elements of nutrient acquisition to the cuticular surface (Howells and Chen, 1981). Nevertheless, more recent evidence has clarified roles that intestinal cells of filariae appear to perform (Morris etal., 2015; Ballesteros et al., 2018). The apical intestinal membrane (AIM) of the nematode intestine is continuous with the external environment via the nematode stoma and, as such, represents in parasitic species an internal interface with the host. Numerous essential functions are known, or expected, to exist on the AIM related to nutrient digestion and acquisition, general homeostasis of intestinal cells and the intestinal tract, and protection from toxins. Additionally, regeneration of damaged tissue via cell proliferation is not known to occur in nematodes. In the absence of effective regeneration, which still requires additional investigation to validate, therapies that cause intestinal cell death and breach of the single cell layer separating the lumen from the pseudocoelom are likely to have lethal outcomes for the parasite. Several lines of research indicate that the intestine of parasitic nematodes has high potential for targeting in immunotherapies and pharmacotherapies that are relevant to treatment, prevention, and control of infections by parasitic nematodes as discussed here.
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			Figure 2 | Anatomy of model intestinal nematode species Ascaris suum. (A) Major organs are identified in an adult A. suum female worm, including (B) in cross-section.

		


			Immunotherapeutic Applications of Nematode Intestinal Antigens

			From an immunotherapeutic perspective, digestive enzymes localized to the AIM provide one example of antigens for inducing protective immune responses, and antibodies in particular. The expectation is that when the relevant antibodies are ingested by parasitic nematodes, they can inhibit nutrient digestion leading to parasite expulsion. Progress on this approach has been most impressive in blood-feeding parasitic nematodes, such as Haemonchus contortus and hookworms, leading to vaccine preparations with potential value (Knox et al., 2003; Knox, 2011; Hotez et al., 2013; Bassetto et al., 2018). However, application of this approach to parasitic nematodes that feed at other host locations has not been sufficiently investigated. For instance, Ascaris spp. live in the lumen of the small intestine, and Trichuris spp. burrow into the lining of the colon and cecum. Additionally, it remains to be determined if the immune mechanism(s) involved depends on inhibition of functions within the intestinal lumen of the parasite, which has been an underlying premise of this approach. Intestinal antigens from H. contortus also localize to the abomasal mucosa and induce local mucosal responses during infection (Jasmer et al., 1996; Jasmer et al., 2007), the importance of which to protective immunity remains undetermined. Despite lack of knowledge of mechanisms involved, intestinal antigens have proven value for inducing immunity against some parasitic nematodes and have likely application to others.

			A more recent nuance of possible immunization with intestinal antigens involves exosomes from Heligmosomoides polygyrus that are isolated from excretory–secretory products. The exosomes are thought to derive at least in part from the intestine of H. polygyrus released in intestinal excretions from the worm (Buck et al., 2014). Immunization with the exosome preparation induced protective immunity against challenge infections in mice (Coakley et al., 2017). It will be of interest to learn if there is a role of intestinal antigens in inducing this immunity.

			Pharmacotherapies That Cause Irreparable Damage to the Nematode Intestine

			Effective pharmacotherapy that targets the nematode intestine has previously been demonstrated. The first and most thoroughly investigated examples involve benzimidazole anthelmintics. Benzimidazole treatment of host animals infected with Ascaris suum, H. contortus, or other parasitic nematodes leads to disruption of intestinal cell architecture and frank disintegration of intestinal tissue; the range of observations depends on species and experimental designs (Borgers and De Nollin, 1975; Borgers et al., 1975; Atkinson et al., 1980; Comley, 1980; Zintz and Frank, 1982; Jasmer et al., 2000; Hanser et al., 2003; O’Neill et al., 2015). The anterior region of the H. contortus intestine displayed hypersensitivity regarding these effects, which reflected the occurrence of relatively rapid (within 12h), irreparable intestinal cell damage, inclusive of nuclear DNA fragmentation, from which the parasite is unlikely to recover (Jasmer et al., 2000). Meanwhile, in Brugia malayi, flubendazole exposure does significantly less damage to the intestine, and after a brief exposure in vitro, the intestinal and hypodermal damage to adult worms resolved over time after transplantation into the host (O’Neill et al., 2016). The observations clearly show that idiosyncrasies of specific tissues and tissue regions are of importance in the context of inducing irreparable tissue damage, which has high value as an end point for effective anthelmintics. Regarding a possible mechanism, current evidence supports that benzimidazoles inhibit microtubule-mediated apical vesicle transport of hydrolytic enzymes (digestive enzymes) in intestinal cells, which then become dispersed in the cytoplasm where intracytoplasmic digestion of intestinal cells/tissue might occur (Shompole et al., 2002). Stating this possibility in another way, benzimidazoles appear to induce a pathologic process that leads to irreparable intestinal cell damage, which goes beyond simple disruption of nutrient acquisition as might be expected for a downstream effect on intestinal cells by neuromuscular toxins that inhibit pharyngeal pumping. It seems clear that elucidating the actual mechanism responsible will present opportunities to identify alternative methods (targets and drugs) to induce this irreparable damage. If the specific hypothesis is correct, then multiple cellular components of the apical secretory process represent potential targets for inducing this lethal effect in nematode intestinal cells. An additional possibility is that other pathologic processes contribute to, or are fully responsible for, the irreparable damage to intestinal cells. Hence, it will be important to develop methods that can distinguish among these possible explanations. The pan-Nematoda multiomics resource described below can greatly facilitate progress on sorting these alternative explanations and identification of potential new anthelmintic targets.

			A second example involves use of suramin against filarial nematodes (Howells et al., 1983) in which the anthelmintic effect was attributed to activity against the intestine, producing ultrastructural changes. Notably, the timeframe for efficacy extended to 5 weeks posttreatment, indicating survival for a prolonged period despite apparent intestinal tissue damage.

			A third example of pharmacotherapy targeting of the intestine involves the use of Bacillus thuringiensis crystal (CRY) protein toxins. The pore-forming CRY toxins bind to the AIM upon ingestion by insects and nematodes and initiate an irreparable pathologic process that leads to death of the insect or nematode, presumably resulting from generation of pores in the AIM (Hu and Aroian, 2012). This effect also appears (Huffman et al., 2004; Hu and Aroian, 2012) to involve only intestinal cells in the live invertebrates. CRY proteins have also demonstrated interesting utility as anthelmintics for parasitic nematode infections when administered to host animals (Cappello et al., 2006). Once again, it is possible that other inducible pathologic processes contribute to the demise of intestinal cells initiated by CRY toxin. For instance, intestinal factors (p38 MAP kinase pathway) that confer protection against CRY toxins have been identified in C.elegans, and better understanding of the protective mechanisms could aid understanding of pathologic mechanisms involved.

			A fourth example involves trans-cinnamaldehyde-induced destruction of intestinal tissue in A. suum larval stages (Williams et al., 2015). It is worth noting that the pathologic mechanism(s) induced is unclear, and the damage is not restricted to intestinal cells; nonetheless, prior studies have contributed to our knowledge on the susceptibility of intestinal cells in parasitic nematodes to diverse anthelmintic modalities.

			Take-Home Lessons From Past Findings

			Major points that can be taken from the foregoing examples include: 1) biological idiosyncrasies (cellular processes specific to the intestine, or accessibility by location on an internal interface with the host) make the intestine of parasitic nematodes a particularly compelling target for immunotherapies and pharmacotherapies; 2) components of the AIM are implicated in roles related to mechanisms of action for at least three of the five (AIM antigens, benzimidazole anthelmintics, and CRY toxins) described immunotherapeutic and pharmacotherapeutic examples, which makes this membrane surface especially interesting; 3) specific processes either involving inhibition of apical secretion or disruption of the AIM have been implicated in pathology induced by benzimidazole anthelmintics and CRY toxin anthelmintics, respectively; and 4) idiosyncrasies of the intestine translate into apparent irreparable tissue damage for at least two of the four (benzimidazoles and CRY toxins) pharmacotherapy examples discussed. The various immunological and pharmacological findings have different conceptual origins (e.g., direct inhibition of digestion and nutrient acquisition, inhibition of apical secretion, or direct disruption of the AIM, respectively), which might lead to an array of new targets to achieve similar outcomes once the mechanisms are better understood for each of them. Hence, there are compelling reasons to improve capabilities for research on intestinal cells in parasitic nematodes, including generation of deeper molecular understanding of nematode intestinal cell functions and developing experimental capabilities to test predictions, progress on both of which are described in the sections below.

			Pan-Nematoda and Multiomics Approach to Research on the Intestine

			General Rationale

			Despite most nematodes having a recognizable intestinal tract, the morphology and organization of this tissue are diverse among groups, suggesting functional diversity. At a tissue level, intestinal development ranges from superficial or somewhat vestigial (Eisenback, 1985), to the more common occurrence of a fully developed intestinal tract (Munn and Greenwood, 1984). Nevertheless, intestinal cells reportedly can be organized as syncytia (multinucleate, Munn and Greenwood, 1984), or not, with polyploid nuclei that vary among species from an estimated 4N for adult A. suum (Anisimov et al., 1975) to 32N for adult C. elegans intestinal cells (Hedgecock and White, 1985). Otherwise, phylogenetic variation of intestinal cells has generally been understudied. More recent progress is summarized in the following sections to clarify basic intestinal cell functions that are conserved at molecular and cellular levels among most nematode species. This progress was facilitated by the selection of core species that span the phylum and represent much of the phylogenetic distance across the Nematoda. The design supported development of a pan-Nematoda multiomics database that was interrogated to investigate broadly conserved biological functions of intestinal cells/tissue for applications toward new pharmacotherapies and immunotherapies.

			Selection of Research Core Species That Sample the Broad Phylogenetic Diversity of the Nematoda

			Core adult parasite species have been selected based on four main criteria: 1) each represented a major lineage that collectively represented much of the phylogenetic diversity of the Nematoda and concurrently incorporated the fewest species needed for this purpose; 2) each species could easily be dissected to provide sufficient intestinal tissue for high quality transcriptomic data generation and analyses; 3) extensive genome sequence was available, or near-term obtainable; and 4) each species presented potential for development, or was already established, as an experimental model for research on the intestine. The core species selected (Table 1) included: 1) H. contortus, a clade V haematophagous parasitic nematode of small ruminants and longtime model for research on its intestine; 2) A. suum, a clade III parasitic nematode of the small intestine of swine and humans, the large size of which provided unique advantages that facilitated this research; and 3) Trichuris suis, a clade I parasitic nematode of the cecum and large intestine of swine that supported our criteria and provided a needed connection to the most ancient clade of the Nematoda. Each of these core species also has importance for human or veterinary medicine and provides examples of soil-transmitted helminths in their own context. Finally, each also occupies distinct anatomical locations in the host and obtains nutrients from distinct host compartments (blood, intestinal lumen content/epithelial cells, or nutrients accessible from attachment to the mucosa, respectively). Thus, these three core species represent the extensive phylogenetic and biologic diversity sought with this design.


		
			
				
					
							
							Table 1 | Genome statistics for core helminth species used to study intestinal functions.

						
					

					
							
							Statistic

						
							
							Haemonchus contortus (Howe et al., 2017)*

						
							
							Trichuris suis (Coghlan et al., 2019)

						
							
							Ascaris suum (original) (Jex et al., 2011)

						
							
							Ascaris suum (improved) (Wang et al., 2017)

						
					

					
							
							Genome size (Mb)

						
							
							283.4

						
							
							63.8

						
							
							272.8

						
							
							298.0

						
					

					
							
							Coding genes

						
							
							19,430

						
							
							9,831

						
							
							18,542

						
							
							16,778

						
					

					
							
							Contigs

						
							
							192

						
							
							5,498

						
							
							46,119

						
							
							1,527

						
					

					
							
							Scaffolds

						
							
							7

						
							
							306

						
							
							29,831

						
							
							415

						
					

					
							
							BUSCO completeness

						
							
							92.2%

						
							
							80.8%

						
							
							96.4%

						
							
							96.5%

						
					

					
							
							N50 length (Mb)

						
							
							47.4

						
							
							1.3

						
							
							0.41

						
							
							4.6

						
					

					
							
							N50 number

						
							
							3

						
							
							16

						
							
							179

						
							
							21

						
					

					
							
							*Improved version of published genome (Laing et al., 2013).

						
					

				
			

		


			The multiomics approach delineated the elements of genomes, transcriptomes, proteomes (predicted or/and determined by mass spectrometry), and regulomes (microRNA) that serve intestinal cell functions in a pan-Nematoda context. This effort identified intestinal genes, predicted RNAs, microRNAs, and proteins for which degree of conservation among species was documented to the extent possible. Resulting knowledge bases generated are summarized in the sections below and in Table 2.


		
			
				
					
							
							Table 2 | Available omics resources useful for the study of the helminth intestine.

						
					

					
							
							Dataset type

						
							
							Dataset description

						
							
							Use for intestinal studies

						
					

					
							
							Genomic

						
							
							Genome assembly/annotation for A. suum (Jex et al., 2011), H. contortus (Laing et al., 2013), and T. suis (Wang et al., 2015)

						
							
							Source for all gene and protein sequence information for core helminth intestine species

						
					

					
							
							Ortholog matches to other species

							(Rosa et al., 2014; Wang et al., 2015)

						
							
							Gene conservation across helminth species/helminth-specific genes

						
					

					
							
							Wellcome Sanger Institute genome resource (www.sanger.ac.uk/resources/downloads/helminths)

						
							
							Additional helminth genomes and BLAST database

						
					

					
							
							Wormbase Parasite (https://parasite.wormbase.org)

							(Howe et al., 2017)

						
							
							Helminth genome repository/BLAST services, gene enrichment testing/variant effect predictor

						
					

					
							
							Genomic functional annotations

						
							
							KEGG

							(Kanehisa et al., 2016)

						
							
							Biological pathways relevant to intestine

						
					

					
							
							Gene ontology

							(Ashburner et al., 2000)

						
							
							GO terms related to intestine 

						
					

					
							
							MEROPS (peptidases)

							(Rawlings and Morton, 2008)

						
							
							Specific classification of digestive peptidases

						
					

					
							
							Interpro domains

							(Hunter et al., 2012; Jones et al., 2014)

						
							
							Additional specific functional annotation

						
					

					
							
							5’ upstream UTR binding motifs

							(Rosa et al., 2014)

						
							
							Identify transcription factors that may modulate expression of intestinal genes

						
					

					
							
							RNAi phenotype in C. elegans

							(Piano et al., 2000; Piano et al., 2002; Fernandez et al., 2005; Sönnichsen et al., 2005)

						
							
							Identify intestine-related and lethal/sterile phenotypes

						
					

					
							
							Protein–protein interactions*

							(Simonis et al., 2009)

						
							
							Target intestinal proteins that interact with many other intestinal proteins

						
					

					
							
							Transcriptomic

						
							
							RNA-Seq of 10 A. suum tissues

							(Rosa et al., 2014)

						
							
							Identify intestine-overexpressed genes in adult male and female A. suum

						
					

					
							
							RNA-Seq of anterior, middle and posterior A. suum intestine (Gao et al., 2016)

						
							
							Identify intestinal genes and miRNAs expressed more highly in various regions of the intestine

						
					

					
							
							Intestinal RNA-Seq expression from H. contortus and T. suis (Wang et al., 2015)

						
							
							Identify intestine-expressed genes in phylogenetically distinct A. suum orthologs 

						
					

					
							
							Proteomic

						
							
							Proteins detected in various A. suum intestinal compartments

							(Rosa et al., 2015)

						
							
							Confident identification of proteins from intestinal tissue, apical and peripheral intestinal membranes, intestinal lumen, and pseudocoelomic fluid

						
					

					
							
							
							Peptidases in A. suum intestine

							(Jasmer et al., 2015)

						
							
							Detailed list of proteomics-confirmed peptidases on the apical intestinal membrane, and in the intestinal lumen

						
					

					
							
							Multiomics

						
							
							Intestinal families (IntFams)

							(Wang et al., 2015)

						
							
							Confident nematode-conserved and consistently intestine-expressed genes using multiple species

						
					

					
							
							Helminth.net online resource

							(Martin et al., 2015)

						
							
							A collection of omics databases with tools to search genes and functions, perform BLAST searches, view KEGG pathways, browse variants, and perform multiomics comparisons to identify drug and vaccine targets

						
					

					
							
							*Inferred using the closest significant C. elegans ortholog.

						
					

				
			

		


			Antecedents to Deep Pan-Nematoda Intestinal Transcriptomics Database Development

			Genome Resources

			Next generation sequencing technologies revolutionized many biomedical research fields including parasitology. Astechnology was advancing, genomes and predicted proteome sequences for nematode species were accumulating and were subsequently improved over the past two decades. The efforts resulted in generating low coverage genome survey sequences and draft genomes before good quality assemblies and annotations were available. While great progress has been made (Coghlan et al., 2019), most of the available parasitic nematode genomes are draft assemblies with many gaps to be closed and accuracy to be improved (with only a few exceptions, such as H. contortus and O. volvulus) (Cotton et al., 2016; Laing et al., 2016). Postgenomic applications frequently require comparative genomics on a gene and single nucleotide level, and performing these analyses on draft genomes is inadequate. It is more than ever important to continue efforts on minimizing gene fragmentations, eliminating gene model errors, and resolving collapse of recently duplicated and diverged sequences.

			Early Intestinal Transcriptome Research

			Experimental observations listed in the previous section motivated early efforts to expand knowledge of intestinal proteins that are expressed by individual parasitic nematodes (Gao et al., 2016), those that are conserved among nematodes (Wang et al., 2015), and those that differentiate intestinal versus other tissues in nematodes (Rosa et al., 2014). Initial comparisons utilized expressed sequence tag (EST) (Yin et al., 2008) and gene microarray (Wang et al., 2013b) methods, and identified a modest number of predicted intestinal protein families (IntFams) that are orthologs conserved among H. contortus, A. suum, and C. elegans, as well as major differences. One notable difference involved a large family of intestinal cathepsin B-like cysteine proteases expressed by H. contortus, whereas a single intestinal family member was detected for A. suum and 12 family members have been described for C. elegans (Jasmer et al., 2004). This early foundation fostered anticipation that while many intestinal functions may be conserved among nematodes, there are likely many adaptations that differentiate nematodes species, and possibly phylogenetic lines.

			Due to its large size, A. suum (male, 15–30 cm; female, 20–35cm) is a particularly good nematode model to study tissue transcriptomics, since the individual tissues can be cleanly and accurately dissected. In the first ever comprehensive tissue-specific RNAseq-based transcriptome studies for any parasitic nematode, comparative transcriptomics was performed on three nonreproductive tissues (head, pharynx, and intestine) in both male and female worms, as well as four reproductive tissues (testis, seminal vesicle, ovary, and uterus) (Rosa et al., 2014). This study identified thousands of genes associated with the different tissues (or combinations of tissues), including 1,387 genes overexpressed in the intestine samples (male or female). Examination of the 5′ untranslated region (UTR) sequences preceding the coding sequences for the intestine-associated genes identified enrichment for the motif that is bound by the transcription factor ELT-2, the predominant transcription factor controlling intestinal development and function in C. elegans (McGhee et al., 2009). Intestine-enriched functions included nine “Molecular Function” child terms of “hydrolase activity” (GO:0016787; including “cysteine-type endopeptidase activity”). Gene coexpression networks linked some genes of the highly intestine overexpressed genes to other tissues, including the head-overexpressed FAR-1 ortholog, a proposed anthelmintic target with a crucial role in parasitism (Bradley et al., 2001; Basavaraju et al., 2003). Overall, this study provided a foundation for cataloguing and profiling intestinal expression in A. suum, and a gene expression and annotation database was built using its datasets (Rosa et al., 2014).

			Pan-Nematoda Database of Intestine Expressed Gene Transcripts and Predicted Proteins

			The next step after the A. suum comparative tissue expression data was to determine the level of conservation of intestinal cell functions among nematode lineages and species. Three omics resources were central to this investigation. The first was annotated genomes and predicted proteome information for each of the core species under investigation. The second was deep intestinal transcriptomes (generated by RNAseq) for each of the core species representing clades I, III, and V of the Nematoda. These two resources allowed for direct assessment of intestinal genes/proteins expressed by each of the phylogenetically diverse core species and transcriptomes from other tissues. A third essential omics resource was genome and predicted proteome information from each of the other nematode and outgroup species included in the analysis. As a first step, orthologous protein groups were predicted from combined data for all species (10 nematodes and 5 outgroups) included in the analysis. Then, transcriptomic data from each core species were related to predicted proteome data from each and the orthologous protein groups derived from all 15 species. Intestinal protein families (IntFams) could then be inferred across orthologous protein families identified at any of numerous phylogenetic levels based on the expression from the core species. The relationship of the core species data to inferred intestinal proteomes from other nematode species is shown in Figure 3. The study based on intestinal expressed sequence tags identified 241 predicted IntFams from H. contortus, A. suum, and C. elegans (Yin et al., 2008) (based on 3,121 and 1,755 identified transcripts from A. suum and H. contortus, respectively), whereas the pan-Nematoda RNAseq study (Rosa et al., 2014) expanded the number of IntFams to 10,772 (based on complete gene sets from nematode species spanning the phylum). Phylogenetic assessment of IntFam gene births and deaths among the 10 species analyzed produced phylogenetic tree associations expected for trees of this species assemblage based on other quantitative criteria (Rosa et al., 2014).
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			Figure 3 | A detailed example of one bioinformatic workflow. Here, a list of conserved intestinal-expressed protein families is produced by intersecting several datasets. The workflow for producing the Ascaris suum genome assembly and annotation is shown but omitted for the other two core species.

		


			The phylogenetic affinities and conservation (predicted orthologs) of the IntFams determined by this analysis were parsed into 14 categories, ranging from IntFams/functions that are conserved among all the core nematode species (cIntFams, 2,853 from intestinal transcriptome data) to the ones conserved in all 10 of the diverse nematode species investigated (nem-cIntfams, 1,863). One can rationalize the biological or practical importance for each of these groupings, including the taxonomically restricted ones. The most inclusive group for intestinal genes included orthologs conserved in all 10 nematodes and 5 outgroups (uni-cIntFams). Conservation of this kind might be viewed to preclude utility of proteins in therapeutic approaches. Nevertheless, insertion/deletion (indel) analysis identified distinctions of potential practical significance between some nematode and mammalian members of these IntFams. Thus, the differences existed below the threshold utilized for parsing orthologous proteins. We can also expect for members of this group that amino acid substitutions may exist that are nemato-centric and have functional significance, such as in the case for many beta tubulins in nematodes (Hoti et al., 2003). Although this particular analysis was not conducted in a comprehensive manner, the database exists to do so. In some cases, IntFam members were detected based on transcripts from each of the core species (cIntFam) but not necessarily from genomes of all nematodes investigated. This level of conservation (clades I, III, and V) based on direct sampling of intestinal transcripts reflects broad conservation across many parasitic nematode species, although maybe not all. Some IntFams lacked representation in all core species (e.g., intestinal transcripts from all core species) but nevertheless had ortholog representation from genomes of all 10 nematode species evaluated. This situation might reflect false negatives (sampling artifact) from intestinal transcriptomes of individual core nematode species, or expression of some intestinal transcripts might be conditional and transient. Consequently, interpretation of the data warrants some caution, and the relationships described should be viewed as a beginning for developing hypotheses rather than a final determination of conservation.

			Beyond information that can be gained on the molecular evolution of the intestine in adult parasitic nematodes, we envision multiple uses for this pan-Nematoda database of IntFams. From a basic omics perspective, the information renders less mysterious the specific intestinal proteins, protein isoforms, amino acid sequences, predicted functions, and diversity of those proteins that carry out essential functions of the intestine among nematode species. By organizing the data as predicted orthologs with specific proteins identified from each species investigated, researchers have a template to explore questions of individual interest and with some explicit gene and protein sequence information that can support experimental design efforts. As one example, protein isoforms from multimember families that are differentially expressed in the intestine or other tissues can be prospectively identified, by integrating the IntFam database and the comparative-tissue transcriptome database for A. suum, thus resolving substantial complexity ensconced in whole genome and predicted proteome data. Such resolution is critical when the biology of individual tissues is under investigation.

			Increasing Resolution by Studying Intestinal Regions at a Transcriptome and Proteome Level

			Differential Expression of Genes Along the Length of the Intestine and Their Posttranscriptional Regulation

			Another dimension of functional dissection involves differential expression of intestinal genes along the length of the intestine. The anterior region of the H. contortus intestine is hypersensitive to benzimidazole treatments, by comparison to the posterior region (Jasmer et al., 2000). Consequently, biological differences among intestinal regions exist that appear to have practical applications. To study this in more depth, A. suum intestinal regions have been studied using RNAseq approach, resulting in resolving expression differences in a single, comprehensive effort, the results of which will enhance the use of this species in intestinal cell research and likely will have application to other nematode species.

			Deep sequencing of transcripts obtained from contiguous anterior, middle, and posterior regions of the intestine from male and female A. suum worms expanded the set of previously known intestinal genes (Gao et al., 2016). No major differences were identified based on gender, with >80% intestinal genes expressed in both male and female. Genes expressed among the three regions were similar, with only 803 genes being differentially expressed. However, most of these (696/803) had higher expression levels in the anterior region as compared to the middle and posterior regions, supporting that the anterior intestinal region has certain functional distinctiveness as compared to the rest of the intestine (Figure 4). This difference was also indicated by assembling the genes based on different expression profiles along the intestinal axis. This less stringent analysis identified genes expressed at higher levels in the anterior region including those encoding certain hydrolases and those with functions related to signal transduction and membrane dynamics. Given that a vast majority of genes were expressed throughout the intestine, although most of these are expressed at relatively low levels, one way of delineating major intestinal functions is to analyze genes with relatively high overall intestinal expression. Based on a comparison with the expression levels of all genes, transcripts for 795 were considered to be highly expressed in the intestine. As expected, some of the functions encoded by these highly abundant intestinal transcripts were related to nutrient uptake and energy metabolism. Other enriched functions included protein synthesis and protein and lipid binding.
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			Figure 4 | Distribution of gene expression levels for A. suum genes in the anterior, middle, and posterior intestine regions among all intestine-overexpressed genes and genes differentially expressed between the regions. ***P < 10−5.

		


			Samples from the same regions of the A. suum intestine were profiled for miRNAs. This provided another layer of possible differentiation among intestinal regions, i.e., regulators of intestinal gene expression. miRNAs were known to be expressed in gametogenesis and early developmental stages of A. suum (Wang et al., 2011). On the other hand, intestinal miRNAs have previously been identified in C. elegans, and these were shown to cause effective downregulation of mRNA expression (Kato et al., 2016). We leveraged the availability of samples from different intestinal segments to further expand the knowledge base of nematode miRNAs, their interactions with the transcriptome, and differential expression along the intestinal tract (Gao et al., 2016). As a result of this work, 277 miRNAs were identified in the A. suum intestine, and 11 of those were differentially expressed among intestinal regions. To integrate the information from mRNA and miRNA expression sets, potential targets of these miRNAs were predicted for the ~6,000 genes of the A. suum genome that had a 3’UTR sequence available and could be used for miRNA–target prediction. Out of these, 2,063 were predicted to be targeted by at least one intestinal miRNA. As is usually the case with predicted miRNA targets, the predicted miRNA-target network was dense with many-to-many targeting interactions commonly encountered (i.e., multiple targets associated with a given miRNA and vice versa). These predictions need validations, as does the existence of such a highly active regulatory network.

			The large number of samples included in this study provided abundance data for both mRNAs and miRNAs that supported a novel statistical approach for predicting miRNA–target associations. Correlations between sample abundances of miRNAs and corresponding predicted mRNA targets identified 503 pairs categorized as most likely to be associated with each other (LAMPs: likely associated miRNA-mRNA pairs). In a similar vein, mean correlations of some miRNAs with corresponding target mRNAs were markedly higher than mean correlations of other miRNAs. These miRNAs were classified as the most likely influential miRNAs (LIMs). Interestingly, encoded proteins of many of the set of predicted targets for the 22 LIMs showed significant functional enrichment [GO (The Gene Ontology, 2019), InterPro (Mitchell et al., 2019), etc.], potentially indicating real biological functions under miRNA regulation. An analysis of miRNA mature and seed sequences identified some miRNAs and miRNA families whose intestinal expression, and hence, potential intestinal function is conserved between A. suum and C. elegans or Heligmosomoides bakeri (Gao et al., 2016). The intestinal miRNA databases offer guidance to determine functions of these regulatory molecules in intestinal gene expression and functions of proteins encoded by target mRNAs.

			Resolution of gene expression by transcriptomics along longitudinal regions of the intestine as done with A. suum is far more challenging for many other nematodes, parasitic or not. However, integrating information on differentially expressed genes and proteins across A. suum intestinal regions with the pan-Nematoda intestinal omics databases can lead to useful predictions on intestinal expression patterns of orthologous genes and proteins from other nematode species.

			Intestinal Functions Detected at a Protein Level

			Traditional research on intestinal antigens targeted in vaccine research has identified a modest number of AIM proteins, including many proteases (Andrews et al., 1995; Jones and Hotez, 2002; Smith et al., 2003a; Smith et al., 2003b; Williamson et al., 2003a; Williamson et al., 2003b; Loukas et al., 2004; Williamson et al., 2004; Jasmer et al., 2007; Knox, 2011). Factors that hindered more comprehensive identification of AIM functions include the relative narrow focus of those investigations, available methods, and limitations posed by the nematodes investigated. In contrast, more recent studies took advantage of the large size of A. suum, which when coupled with extensive databases of intestinal genes/predicted proteins, supported a proteomic approach that greatly increased knowledge of proteins and predicted functions on the AIM and other cellular compartments of the intestine. Cannulation of the adult A. suum intestine (Figure 5), below the pharynx, with ordinary blunt-ended hypodermic needles (Rosa et al., 2015) facilitated the perfusion of the intestine with, in this case, phosphate-buffered saline (PBS) to directly collect lumen content and directly identify proteins in this perfusate by mass spectrometry (Figure 6). Intestinal antigen research in H.contortus (Jasmer et al., 2007) indicated that many of the intestinal proteases are associated with the AIM (Williamson et al., 2003b), but because those proteins had predicted signal peptides and most often lacked evidence of transmembrane regions, it was suggested that they function as peripheral membrane proteins. Thus, A. suum intestinal lumen was also perfused with 4 M urea (4 MU) to solubilize peripheral membrane proteins. Additionally, the glycans on many of the H. contortus AIM proteases have figured centrally in methods used to isolate, identify, and functionally characterize these proteins (Jasmer et al., 1993; Smith et al., 1993; Smith et al., 1994; Rosa et al., 2015). Similarly, the lectin concanavalin A predominately bound to the AIM in A.suum intestinal tissue and was used to isolate and characterize apparent AIM glycoproteins by lectin affinity chromatography. These analyses of intestinal perfusates, lectin binding fractions, additional intestinal membrane fractions, and whole intestinal lysates by mass spectrometry have identify over 1,000 intestinal proteins that were assigned to cellular/tissue compartments based on methods of generating each fraction, and predicted physical properties including, charge, signal peptides, and transmembrane regions.
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			Figure 5 | The A. suum intestinal cannulation and perfusion system. Shown are (A) a diagram description of the system and (B) a picture of the actual worms set up in the system, and contained inside of plastic test tubes.
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			Figure 6 | Proteomics-based inference of A. suum intestinal proteins in different compartments. (A) Anatomy of model intestinal nematode species Ascaris suum (transverse section). (B) Protein sets detected by MS/MS proteomics from samples harvested from adult A. suum worms (left) have other protein sets strategically removed (center) to deduce final protein sets in different intestinal compartments (right). “Integral intestinal membrane” proteins are not labelled as “basal” because they may include some proteins from the apical intestinal membrane as well. *Proteins annotated with “cellular compartment” Gene Ontology terms for endoplasmic reticulum, mitochondria, Golgi apparatus, and nucleus were removed to reduce contamination from proteins embedded in these organelles rather than the external cellular membrane. **Only proteins annotated with predicted classical or nonclassical secretion signals were included since these are better candidates for proteins that are transported to the membrane.

		


			This approach identified numerous proteins located in the A. suum lumen or on the AIM along with predicted functions of those proteins (Rosa et al., 2015). Experimental evidence was also gained on a range of proteases and related activities that were detected in perfusates of the intestinal lumen (Jasmer etal., 2015). About 157 distinct proteins were obtained in the PBS and 4 MU perfusates. Two major groups of proteins attracted the greatest interest in these fractions, digestive hydrolases and channel/transport proteins, which are expected to contribute to ion and nutrient transport. The hydrolases included proteases (28 in 5 classes of proteases) with metallopeptidases being best represented, including 16 different metallopeptidases. Aspartic proteases and serine carboxypeptidases were the next best represented with five and four proteins, respectively, followed by cysteine and threonine proteases representing the remainder. The relative abundance and diversity of apparent proteases identified in these fractions answered questions regarding the comparative need for protein digestion in A. suum which lives in the host small intestine where host protein digestion is nearing completion. Apparently, A. suum has substantial need for digestion of proteins consumed in this host location. O-Glycosyl hydrolases comprised a second group of hydrolases, which likely contribute to saccharidase activity previously investigated in A.suum (Gentner and Castro, 1974), and some of these hydrolases were identified in previous investigations on A. suum larval stages and intestinal tissue (Wang et al., 2013a). A third group of hydrolases included several lipases, thus rounding out a basic set of digestive enzymes in the lumen of A. suum intestine. The study detected many other predicted functions that fall outside these groups. These collective data can help formulate ideas to target digestive processes in anthelmintic strategies against A. suum and possibly other parasitic nematodes.

			The detected channel/transport proteins that mediate transport of ions and nutrients across intestinal membranes are of interest because interference with these functions has potential for anthelmintic approaches, and new information about them should facilitate development of these approaches. Information in this context was largely derived from the 4 MU perfusates and the membrane preparation, which included many proteins detected in the 4 MU perfusate as a subset. Over 100 proteins were classified as channel/transport proteins, with predicted transmembrane (integral membrane proteins) or other annotation supporting this assignment, and detection in membrane enriched fractions added further support. However, many of the channel/transport proteins were detected only in the membrane fraction, which does not resolve apical, basolateral, or intracellular membrane localization in intact intestine, although an attempt was made to exclude proteins associated with cytoplasmic organelles. Distinguishing membrane location is important particularly if antibody-mediated inhibition is a goal in vaccine research, as this would likely require localization to the AIM. Accessibility by localization to the AIM may also be an important factor for pharmacotherapy, which becomes much more feasible with knowledge of potential targets that are accessible on the AIM. An example here is the apical localization of the receptor for CRY protein toxins, the absence of which on the AIM is likely to render CRY proteins less effective (Griffitts et al., 2003; Williamson et al., 2003b). Nevertheless, for a large number of predicted integral membrane proteins identified, channel/transport proteins and others, the actual membrane where they reside remains to be determined. Alternatively, some of these membrane proteins were also, or exclusively, detected in the 4 MU fraction, which provided evidence for an AIM localization, although not to the exclusion of the basolateral intestinal membrane (BIM), also. One example highlighted by this research involves subunits of the vacuolar ATPase V1 domain. Seven of the eight subunits were detected in the 4 MU fractions, which likely reflects solubilization by 4 MU (Rosa etal., 2015). The results provide evidence that similar to C. elegans (Allman et al., 2009), V-ATPases occupy the AIM and contribute to H+ transport across this surface in A. suum. This kind of evidence was obtained for 57 other channel/transport proteins, nevertheless leaving the majority of the predicted integral membrane proteins with little direct evidence for the membrane (s) on which they function.

			Examining the sequence conservation of the orthologous proteins detected in different cellular compartments across species spanning the phylum Nematoda revealed significant variability. Most variable were the proteins detected in the intestinal lumen (IL), and integral intestinal membrane proteins were the most conserved among nematodes. Concurrently, proteins homologous to most of the A. suum IL proteins were detected in other nematode species, and because hydrolytic enzymes constitute a substantial subset of IL proteins, the result may reflect diversification from common ancestral digestive enzymes among species. Although neutral evolution could account for diversification in this background, directional evolution might be expected if adaptations are required of digestive enzymes for a given species to best exploit nutrients presented by different host niches. Hemoglobinases from hookworms may exemplify this idea in that human hemoglobin and serum proteins were digested more efficiently than orthologous proteins from dogs by the hemoglobinase Na-APR-2 from the hookworm of humans, Necator americanus (Williamson et al., 2003a). Despite the lower level conservation for individual protease proteins, major classes of IL proteases (aspartic, cysteine, metallo-, and serine) appear to be conserved among many nematode species and appear to retain broad functional characteristics related to inhibitors of the protease classes, which may have pharmacotherapeutic applications. The omics data utilized to identify probable IL proteins from other nematodes may have application toward identification of IL proteins from other nematode pathogens. It is important to note that many of the predicted proteases that colocalized to the PBS and 4 MU fractions were classified as IL proteins, even though they may function as peripheral membrane proteins that then are released into the lumen.

			The proteomics analysis summarized here significantly clarifies functions that might be sited in the various intestinal cell and tissue compartments, and available evidence can be consulted for prospective development of research hypotheses stimulated by information in this resource. As one example, much of the past vaccine research has focused on proteases and their inhibition by host neutralizing antibodies ingested by the parasite. Alternatively, channel/transport proteins sited on the AIM have at least as much attraction as hydrolases for antibody-mediated inhibition of nutrient acquisition and other homeostatic functions (such as ion transport). The numerous specific examples of prospective AIM channel/transport proteins can now be prioritized for investigation in this direction. Additional membrane proteins were identified, some of which likely function on the AIM and can be investigated individually. However, and despite the progress reported, with only about 1,000 intestinal proteins identified by mass spectrometry, the advances are modest by comparison to what can be achieved with A. suum in a more concerted proteomic analyses of nematode intestinal cell compartments. Not many nematode species can support the methods and tissue demands needed to gain the insight offered on this topic by the A. suum intestinal system. Given that the tools exist to place resulting information into a pan-Nematoda context, this area should be exploited to the full extent that the A.suum system can support.

			We provide here an example of one of the many ways the generated multiomics database can be interrogated. Published reports provide supplementary tables in which the data have been integrated into a database that includes (for every documented A. suum gene) functional annotation, pan-Nematoda phylogeny, RNAseq expression and differential expression, and proteomic data spanning all of the available datasets (Table 2) from the publications discussed in this review. This resource allows for straightforward and convenient cross-study dataset comparisons and the prioritization of genes of interest to suit the goals of new studies.

			In addition to our ongoing A. suum intestinal omics research, other nematode intestinal omics datasets are available in the literature including a transcriptomics study of the Ancylostoma ceylanicum intestine, a proteomic study comparing the intestine, body wall, and reproductive tissues of B. malayi, and a proteomic study of larval-stage A. suum excretory–secretory (ES) products that provides more information about potential intestine-produced products during the larval stage (Wang et al., 2013a). As we have performed for our projects, future research will benefit from intersecting the results from these valuable intestinal omics resources, to provide more information about genes of interest and better insights into conserved and specific intestinal functions.

			Advances on Methods to Experimentally Manipulate A. suum Intestinal Cells

			The Intestinal Cannulation and Perfusion System

			As with many aspects of helminth research, the small size of many nematodes, limited access to live parasite tissues of interest, and poor in vitro survival of the life cycle stages of interest all present challenges for investigations on intestinal cells. Again, A. suum presents distinct advantages relative to obtaining abundant biological materials for biochemical analyses. Its large size has facilitated improvements to experimentally investigate intestinal cell functions, particularly as relates to cannulation and perfusion of the intestine (Figure5). This technique supports delivery of controlled treatments (amount, timing) into the lumen for experimental manipulation of the AIM and other intestinal cell functions. Delivery via perfusion leads to the immediate achievement of treatment concentrations in the lumen. In contrast, delivery by feeding is variable and difficult to quantify or is unachievable for many parasitic species. Maintenance of the cannulated intestine in situ where it is bathed by pseudocoelomic fluid leads to expectations for faithful replication of in vivo functions in this setup, particularly over short-term experiments. Cannulated A.suum can be maintained in culture media for at least 4 days after which time worms are still motile, although stable maintenance of intestinal cell functions during this time period requires verification. Experimental treatments can also be injected into the pseudocoelom for delivery across the BIM. The advantage of BIM delivery is that pseudocoelomic injections can be done with intact worms, which can then be maintained for several days in in vitro culture. Pseudocoelomic delivery of bacteria was shown to induce expression of intestinal transcripts encoding A. suum antibacterial factors (ASABF) (Pillai et al., 2003) as one example. However, in many cases, transport across the AIM is not expected to be replicated by the BIM, and transporters may have different polarities if found in both the AIM and BIM. Because BIM delivery of experimental treatments to intestinal cells is not an obvious alternative to dissect AIM functions, simple methods like cannulation and perfusion of the intestinal lumen represent valuable capabilities to investigate functions peculiar to the AIM. It is also likely that the A. suum system will support experimental dissection of functions on the BIM, about which even less is known. Nevertheless, double-stranded RNA (dsRNA) treatments delivered by both routes causes knockdown of target intestinal cell transcripts, as discussed below. Hence, the two different routes of delivery may have complementary characteristics for at least some treatments, as described in the next paragraph.

			Manipulation of Intestinal Cell Transcripts by Perfusion of dsRNA

			The ability of the intestinal perfusion method to support experimental manipulation of intestinal cell functions has been tested using dsRNA as the treatment for several A. suum intestinal genes (Rosa et al., 2017). The genes used in this study were selected based on a number of criteria, including evidence of results with dsRNA from orthologous genes in heterologous species. A series of experiments was conducted in which dsRNA constructs were tested for each of five genes. Based on the results, dsRNA was selected for one of these genes (GS_08011) to assess treatment variables, including dsRNA construct (intact long or dsRNA fragmented by ribonuclease III), amount, and comparative effectiveness of delivery across the AIM or BIM. These studies showed that while knockdown of transcripts was impressive for some genes (up to 99.7% expression reduction), there was also some variability among genes, which is not unusual for A. suum or other parasitic nematodes (Selkirk et al., 2012). Perfused quantities down to 0.5 µg per worm caused effective knockdown of transcripts, and knockdown was achieved to approximately the same level in anterior and posterior halves of the intestine. Likewise, knockdown of intestinal transcripts was achieved to approximately the same level for dsRNA perfused into the intestinal lumen or injected into the pseudocoelom (the effect of which was previously investigated for pseudocoelomic delivery of dsRNA) (McCoy etal., 2015). These effects were achieved within a 24-h treatment period.

			Assessment of Off-Target dsRNA Effects

			It is important to evaluate off-target dsRNA effects by RNAseq and challenges they might present for interpretation of experimental results even when effectiveness of dsRNA delivery and knockdown of intestinal cell transcripts is established. The A. suum dsRNA perfusion study (Rosa et al., 2017) quantified global transcript effects for treatments of dsRNA constructs from two different genes, then control decapitated worms at time 0 or cannulated for 24 h, and anterior and posterior regions of worms from each treatment group. By comparison to other species/model systems, only modest effects were observed for up- or downregulation of off-target genes related to dsRNA treatments. For instance, transcripts for only eight and four intestinal genes showed significant up- or downregulation, respectively, by both dsRNA gene constructs in both anterior and posterior intestinal regions (Rosaetal.,2017). Additional, but still modest, effects were observed related to individual dsRNA gene treatments and then anterior and posterior intestinal regions. Overall, off-target effects will require attention in relation to functional studies, perhaps in the form of using multiple distinct dsRNA constructs to rule out construct-specific effects and incorporating results from complementary approaches for functional analyses.

			Summary of Progress on the A. suum Intestinal Research Model

			Attempts to manipulate A. suum intestinal cells using the perfusion system have been successful. Overall, the published results indicate that the system provides a relatively facile method to manipulate intestinal cell functions, in this case knockdown of target transcripts by dsRNA. Although concomitant knockdown of protein will be an important follow-up to assess the utility of the dsRNA approach to determine protein functions, the research demonstrated the ability of the system to support exogenous manipulation of intestinal cells. The intestinal perfusion system should enable many questions to be investigated regarding functions that reside in the lumen, on the AIM, and in intestinal cells, thus adding motivation to gain a more complete picture of compartments occupied by proteins expressed by intestinal cells. In context of omics resources for the A. suum intestinal model coupled with pan-Nematoda IntFam resources, A. suum offers valuable attributes to a cooperative multispecies model aimed to derive essential functions of intestinal cells common to many parasitic nematodes. It remains to be determined how the other two core species (H. contortus and T. suis) will add to the cooperative model. Concomitantly, one can now predict intestinal genes in other parasitic nematodes, and Strongyloides spp. provide parasite examples where transgenic methods can be used to test functional predictions in vivo (Shao et al., 2017). Pan-Nematoda IntFams also provide a connection that can guide the use of C. elegans to investigate intestinal functions with broad application to nematode pathogens.

			The Future of Parasitic Nematode Intestine Research

			Further Development of the A. suum Experimental System

			The A. suum experimental system is well recognized as an important model for parasite research. Creative approaches by many investigators have capitalized on the advantages that this large parasite offers; yet, the potential of the model is far from fully realized. Development of the model for research on intestinal cell biology is at an early stage, with progress driving desire for much more detail, and extensive intestinal omics data will facilitate derivation of many hypotheses. For instance, while longitudinal queries by RNAseq delineate rather gross assessment of differentiation along the intestinal tract, functional nuances among individual intestinal cells interrogated by single cell sequencing (Hwang et al., 2018) remain an intriguing goal to achieve. Major interests of ours include AIM functions and intracellular processes that mediate secretion and renewal of functions that are sited on the AIM. Additionally, more recent findings have implicated exosomal vesicles containing miRNAs derived from the H. polygyrus intestine (presumably secreted from the AIM) in modifying host immune responses (Buck etal., 2014; Coakley et al., 2017). Improving the knowledge base and experimental methods for the nematode intestine may contribute to research on the worm side of the interaction. In these contexts, pan-Nematoda omics data coupled with the cannulation/perfusion system offer substantial capabilities to investigate hypotheses related to AIM biology, and efforts are needed to identify the best ways to maintain and manipulate intestinal cells outside of the parasite. Although proteomics data provide valuable information on AIM constituents, this resource can and should be expanded to more comprehensively document functions on the AIM. The adult intestinal cell system will support many experiments; however, the effort and cost to obtain adult A. suum are not without drawbacks. Larval stages of A. suum (lung stage larvae or early intestinal stages) can provide a less expensive and more ready source of parasite material and are likely to support investigation of some hypotheses on intestinal cells while extending application to additional life cycle stages. Larval stages have generated some useful findings relevant to intestinal cell biology (Wang et al., 2013a). Thus, effort is needed to establish capacity to utilize larval stages for experimental purposes directed at intestinal cell functions. The list can go on, but the areas mentioned are the ones that have priority for us.

			Drug Targets and Therapies

			Omics data for intestinal cells and compartments, such as the AIM, provide enormous potential when integrated with drug and target databases to identify prospective parasite targets for existing inhibitors. Areas that are ripe for investigation included enzymes and membrane transporters localized to the AIM. Alternatively, an approach we are following involves predictions of essential cellular pathways and components, which preferentially are pan-Nematoda conserved. One example here involves pathways that transport secretory vesicles containing digestive enzymes and other cargo to the AIM. The goal is to more broadly clarify parasite components that are involved in the exocytic process and identify inhibitors that might replicate irreparable intestinal damage caused by benzimidazole anthelmintics. Whether or not new anthelmintics result, experimentation of this kind is likely to produce new information on basic intestinal cell biology that has potential for pan-Nematoda applications. Further, although the research is intestino-centric, results may have applications to other tissues and cells. Using secretion as an example, secretions in intestinal cells and neurons likely have similar and perhaps identical cellular components, although the consequences of inhibition may be idiosyncratic to a given tissue (tissue degeneration, or disruption of neurotransmission, respectively). There is evidence in C. elegans that some proteins that mediate/regulate exocytosis (e.g., syntaxin) have similar functions in each tissue type. Thus, learning more about intestinal cell secretion and inhibitors may have application to other parasite tissues, including the nervous system.

			Vaccine Targets and Immune Control

			Development of subunit vaccines against parasitic helminths (with some exception of tapeworms) has proven an elusive goal. Although not without caveats, given the remarkable levels of protection using intestinal antigens against blood-feeding nematodes, progress summarized has identified multiple categories of proteins with potential application to immune control. In addition to likely digestive enzymes, numerous predicted integral membrane and transport proteins were identified that are likely to be localized to the AIM, and host antibody consumed by the parasite would have access to them. Many of these proteins have predicted orthologs in other nematode species, which creates opportunities for research in those species. This dataset, and ideally in the future a larger dataset, identifies numerous functions that can be investigated with antibody-mediated inhibition of those functions. Recognizing that the best immunization results have been achieved thus far in context of blood-feeding parasites, the approach may also have application to somatically migrating stages of parasites such as A. suum, which will be in contact with antibodies found in serum. Transcripts for many adult intestinal genes have already been identified, inclusive of those encoding AIM-localized proteins. These genes are expressed in migratory larvae as well, although it remains unclear how extensively these larvae rely on feeding during their migration to the intestine. In any case, the omics data presented stimulate many lines of thought on possible applications of this information to future vaccine development related studies.

			Author Contributions

			DJP, RT, and MM all contributed to the writing and all approved the content of this review article.

			Funding

			The research outlined in this study was supported by the National Institute of General Medical Sciences Grant R01GM097435 to MM.

			References

			Allman, E., Johnson, D., and Nehrke, K. (2009). Loss of the apical V-ATPase a-subunit VHA-6 prevents acidification of the intestinal lumen during a rhythmic behavior in C. elegans. Am. J. Physiol. Cell Physiol. 297 (5), 9. doi: 10.1152/ajpcell.00284.2009

			Andrews, S. J., Hole, N. J., Munn, E. A., and Rolph, T. P. (1995). Vaccination of sheep against haemonchosis with H11, a gut membrane-derived protective antigen from the adult parasite: prevention of the periparturient rise and colostral transfer of protective immunity. Int. J. Parasitol. 25 (7), 839–846. doi: 10.1016/0020-7519(94)00221-9

			Anisimov, A. P., Tokmakova, N. P., and Usheva, L. N. (1975). Proliferation and growth of intestinal epithelium in Ascaris suum (Nematoda) during postnatal ontogeny. Communication III. Mitotic anomalies and changes in ploidy and nucleus size. Sov. J. Dev. Biol. 5 (1), 37–44. 

			Ashburner, M., Ball, C. A., Blake, J. A., Botstein, D., Butler, H., Cherry, J. M., et al. (2000). Gene ontology: tool for the unification of biology. the gene ontology consortium. Nat. Genet. 25 (1), 25–29. doi: 10.1038/75556

			Atkinson, C., Newsam, R. J., and Gull, K. (1980). Influence of the antimicrotubule agent, mebendazole, on the secretory activity of intestinal cells of Ascaridia galli. Protoplasma 105 (1-2), 69–76. doi: 10.1007/BF01279850

			Ballesteros, C., Geary, J. F., Mackenzie, C. D., and Geary, T. G. (2018). Characterization of Divalent Metal Transporter 1 (DMT1) in Brugia malayi suggests an intestinal-associated pathway for iron absorption. Int. J. Parasitol. Drugs Drug Resist. 8 (2), 341–349. doi: 10.1016/j.ijpddr.2018.06.003

			Basavaraju, S. V., Zhan, B., Kennedy, M. W., Liu, Y., Hawdon, J., and Hotez, P. J. (2003). Ac-FAR-1, a 20 kDa fatty acid- and retinol-binding protein secreted by adult Ancylostoma caninum hookworms: gene transcription pattern, ligand binding properties and structural characterisation. Mol. Biochem. Parasitol. 126 (1), 63–71. doi: 10.1016/S0166-6851(02)00253-0

			Bassetto, C. C., Almeida, F. A., Newlands, G. F. J., Smith, W. D., Castilhos,A.M., Fernandes, S., et al. (2018). Trials with the Haemonchus vaccine, Barbervax((R)), in ewes and lambs in a tropical environment: nutrient supplementation improves protection in periparturient ewes. Vet Parasitol. 264, 52–57. doi: 10.1016/j.vetpar.2018.11.006

			Borgers, M., and De Nollin, S. (1975). Ultrastructural changes in Ascaris suum intestine after mebendazole treatment in vivo. J. Parasitol. 61 (1), 110–122. doi: 10.2307/3279120

			Borgers, M., De Nollin, S., De Brabander, M., and Thienpont, D. (1975). Influence of the anthelmintic mebendazole on microtubules and intracellular organelle movement in nematode intestinal cells. Am. J. Vet. Res. 36 (08), 1153–1166.

			Bradley, J. E., Nirmalan, N., Kläger, S. L., Faulkner, H., and Kennedy, M. W. (2001). River blindness: a role for parasite retinoid-binding proteins in the generation of pathology? Trends Parasitol. 17 (10), 471–475. doi: 10.1016/S1471-4922(01)02036-0

			Buck, A. H., Coakley, G., Simbari, F., McSorley, H. J., Quintana, J. F., Le Bihan, T., et al. (2014). Exosomes secreted by nematode parasites transfer small RNAs to mammalian cells and modulate innate immunity. Nat. Commun. 5, 5488. doi: 10.1038/ncomms6488

			Cappello, M., Bungiro, R. D., Harrison, L. M., Bischof, L. J., Griffitts, J. S., Barrows, B. D., et al. (2006). A purified Bacillus thuringiensis crystal protein with therapeutic activity against the hookworm parasite Ancylostoma ceylanicum.. Proc. Natl. Acad. Sci. U.S.A. 103 (41), 15154–15159. doi: 10.1073/pnas.0607002103

			Coakley, G., McCaskill, J. L., Borger, J. G., Simbari, F., Robertson, E., Millar,M., etal. (2017). Extracellular vesicles from a helminth parasite suppress macrophage activation and constitute an effective vaccine for protective immunity. Cell Rep. 19 (8), 1545–1557. doi: 10.1016/j.celrep.2017.05.001

			Coghlan, A., Tyagi, R., Cotton, J. A., Holroyd, N., Rosa, B. A., Tsai, I. J., et al. (2019). Comparative genomics of the major parasitic worms. Nat. Genetics. 51(1), 163–174. doi: 10.1038/s41588-018-0262-1

			Comley, J. C. (1980). Ultrastructure of the intestinal cells of Aspiculuris tetraptera after in vivo treatment of mice with mebendazole and thiabendazole. Int. J. Parasitol. 10 (2), 143–150. doi: 10.1016/0020-7519(80)90026-0

			Cotton, J. A., Bennuru, S., Grote, A., Harsha, B., Tracey, A., Beech, R., et al. (2016). The genome of Onchocerca volvulus, agent of river blindness. Nat. Microbiol. 2, 16216. doi: 10.1038/nmicrobiol.2016.216

			Eisenback, J. D. (1985). “Detailed morphology and anatomy of second-stage juveniles, males and females of the genus Meloidogyne (root-knot nematodes),” in In An Advanced Treatise on Meloidogyne: Biology and Control. Eds. J. N. Sasser and C. C. Carter. (Raleigh: North Carolina State University Graphics). 

			Fernandez, A. G., Gunsalus, K. C., Huang, J., Chuang, L. S., Ying, N., Liang, H.L., et al. (2005). New genes with roles in the C. elegans embryo revealed using RNAi of ovary-enriched ORFeome clones. Genome Res. 15 (2), 250–259. doi: 10.1101/gr.3194805

			Gao, X., Tyagi, R., Magrini, V., Ly, A., Jasmer, D. P., and Mitreva, M. (2016). Compartmentalization of functions and predicted miRNA regulation among contiguous regions of the Nematode Intestine. RNA Biol. 14 (10), 1335–1352 doi: 10.1080/15476286.2016.1166333

			Gentner, H. W., and Castro, G. A. (1974). Origin of intestinal disaccharidases of Ascaris suum. Exp. Parasitol. 35 (1), 125–131. doi: 10.1016/0014-4894(74)90015-0

			Griffitts, J. S., Huffman, D. L., Whitacre, J. L., Barrows, B. D., Marroquin, L. D., Müller, R. et al., (2003). Resistance to a bacterial toxin is mediated by removal of a conserved glycosylation pathway required for toxin–host interactions. JBiol Chem. 278, 46, 45594–45602. doi: 10.1074/jbc.M308142200

			Hanser, E., Mehlhorn, H., Hoeben, D., and Vlaminck, K. (2003). In vitro studies on the effects of flubendazole against Toxocara canis and Ascaris suum. Parasitol. Res. 89 (1), 63–74. doi: 10.1007/s00436-002-0668-6

			Hedgecock, E. M., and White, J. G. (1985). Polyploid tissues in the nematode Caenorhabditis elegans. Dev. Biol. 107 (1), 128–133. doi: 10.1016/0012-1606(85)90381-1

			Hotez, P. J., Diemert, D., Bacon, K. M., Beaumier, C., Bethony, J. M., Bottazzi, M.E., et al. (2013). The human hookworm vaccine. Vaccine 31 Suppl 2, B227–232. doi: 10.1016/j.vaccine.2012.11.034

			Hoti, S. L., Subramaniyan, K., and Das, P. K. (2003). Detection of codon for amino acid 200 in isotype 1 beta-tubulin gene of Wuchereria bancrofti isolates, implicated in resistance to benzimidazoles in other nematodes. Acta Trop. 88(1), 77–81. doi: 10.1016/S0001-706X(03)00159-1

			Howe, K. L., Bolt, B. J., Shafie, M., Kersey, P., and Berriman, M. (2017). WormBase ParaSite—a comprehensive resource for helminth genomics. Mol. Biochem. Parasitol. 215, 2–10. doi: 10.1016/j.molbiopara.2016.11.005

			Howells, R. E., and Chen, S. N. (1981). Brugia pahangi: feeding and nutrient uptake in vitro and in vivo. Exp. Parasitol. 51 (1), 42–58. doi: 10.1016/0014-4894(81)90041-2

			Howells, R. E., Mendis, A. M., and Bray, P. G. (1983). The mode of action of suramin on the filarial worm Brugia pahangi. Parasitology 87 (Pt 1), 29–48. doi: 10.1017/S0031182000052392

			Hu, Y., and Aroian, R. V. (2012). Bacterial pore-forming proteins as anthelmintics. Invert. Neurosci. 12 (1), 37–41. doi: 10.1007/s10158-012-0135-8

			Huffman, D. L., Bischof, L. J., Griffitts, J. S., and Aroian, R. V. (2004). Pore worms: using Caenorhabditis elegans to study how bacterial toxins interact with their target host. Int. J. Med. Microbiol. 293 (7–8), 599–607. doi: 10.1078/1438-4221-00303

			Hunter, S., Jones, P., Mitchell, A., Apweiler, R., Attwood, T. K., Bateman, A., etal. (2012). InterPro in 2011: new developments in the family and domain prediction database. Nucleic Acids Res. 40, D306–312. doi: 10.1093/nar/gkr948

			Hwang, B., Lee, J. H., and Bang, D. (2018). Single-cell RNA sequencing technologies and bioinformatics pipelines. Exp. Mol. Med. 50 (8), 96. doi: 10.1038/s12276-018-0071-8

			Jasmer, D. P., Lahmers, K. K., and Brown, W. C. (2007). Haemonchus contortus intestine: a prominent source of mucosal antigens. Parasite Immunol. 29 (3), 139–151. doi: 10.1111/j.1365-3024.2006.00928.x

			Jasmer, D. P., Mitreva, M. D., and McCarter, J. P. (2004). mRNA sequences for Haemonchus contortus intestinal cathepsin B-like cysteine proteases display an extreme in abundance and diversity compared with other adult mammalian parasitic nematodes. Mol. Biochem. Parasitol. 137 (2), 297–305. doi: 10.1016/j.molbiopara.2004.06.010

			Jasmer, D. P., Perryman, L. E., Conder, G. A., Crow, S., and McGuire, T. (1993). Protective immunity to Haemonchus contortus induced by immunoaffinity isolated antigens that share a phylogenetically conserved carbohydrate gut surface epitope. J. Immunol. 151 (10), 5450–5460.

			Jasmer, D. P., Perryman, L. E., and McGuire, T. C. (1996). Haemonchus contortus GA1 antigens: related, phospholipase C-sensitive, apical gut membrane proteins encoded as a polyprotein and released from the nematode during infection. Proc. Natl. Acad. Sci. U.S.A. 93 (16), 8642–8647. doi: 10.1073/pnas.93.16.8642

			Jasmer, D. P., Rosa, B. A., and Mitreva, M. (2015). Peptidases compartmentalized to the Ascaris suum intestinal lumen and apical intestinal membrane. PLoS Negl. Trop. Dis. 9 (1), e3375. doi: 10.1371/journal.pntd.0003375

			Jasmer, D. P., Yao, C., Rehman, A., and Johnson, S. (2000). Multiple lethal effects induced by a benzimidazole anthelmintic in the anterior intestine of the nematode Haemonchus contortus. Mol. Biochem. Parasitol. 105 (1), 81–90. doi: 10.1016/S0166-6851(99)00169-3

			Jex, A. R., Liu, S., Li, B., Young, N. D., Hall, R. S., Li, Y., et al. (2011). Ascaris suum draft genome. Nature 479 (7374), 529–533. doi: 10.1038/nature10553

			Jones, B. F., and Hotez, P. J. (2002). Molecular cloning and characterization of Ac-mep-1, a developmentally regulated gut luminal metalloendopeptidase from adult Ancylostoma caninum hookworms. Mol. Biochem. Parasitol. 119(1), 107–116. doi: 10.1016/S0166-6851(01)00409-1

			Jones, P., Binns, D., Chang, H. Y., Fraser, M., Li, W., McAnulla, C., et al. (2014). InterProScan 5: genome-scale protein function classification. Bioinformatics 30(9), 1236–1240. doi: 10.1093/bioinformatics/btu031

			Kanehisa, M., Sato, Y., Kawashima, M., Furumichi, M., and Tanabe, M. (2016). KEGG as a reference resource for gene and protein annotation. Nucleic Acids Res. 44, D457–D462. doi: 10.1093/nar/gkv1070

			Kaplan, R. M. (2004). Drug resistance in nematodes of veterinary importance: astatus report. Trends Parasitol. 20 (10), 477–481. doi: 10.1016/j.pt.2004.08.001

			Kato, M., Kashem, M. A., and Cheng, C. (2016). An intestinal microRNA modulates the homeostatic adaptation to chronic oxidative stress in C. elegans.. Aging (Albany NY) 8 (9), 1979–2005. doi: 10.18632/aging.101029

			Knox, D. (2011). Proteases in blood-feeding nematodes and their potential as vaccine candidates. Adv. Exp. Med. Biol. 712, 155–176. doi: 10.1007/978-1-4419-8414-2_10

			Knox, D. P., Redmond, D. L., Newlands, G. F., Skuce, P. J., Pettit, D., and Smith,W.D. (2003). The nature and prospects for gut membrane proteins as vaccine candidates for Haemonchus contortus and other ruminant trichostrongyloids. Int. J. Parasitol. 33 (11), 1129–1137. doi: 10.1016/S0020-7519(03)00167-X

			Laing, R., Kikuchi, T., Martinelli, A., Tsai, I. J., Beech, R. N., Redman, E., et al. (2013). The genome and transcriptome of Haemonchus contortus, a key model parasite for drug and vaccine discovery. Genome Biol. 14 (8), R88. doi: 10.1186/gb-2013-14-8-r88

			Laing, R., Martinelli, A., Tracey, A., Holroyd, N., Gilleard, J. S., and Cotton, J. A. (2016). Haemonchus contortus: genome structure, organization and comparative genomics. Adv. Parasitol. 93, 569–598. doi: 10.1016/bs.apar.2016.02.016

			Leathwick, D. M. (2013). Managing anthelmintic resistance—parasite fitness, drug use strategy and the potential for reversion towards susceptibility. Vet Parasitol. 198 (1–2), 145–153. doi: 10.1016/j.vetpar.2013.08.022

			Loukas, A., Bethony, J. M., Williamson, A. L., Goud, G. N., Mendez, S., Zhan, B., etal. (2004). Vaccination of dogs with a recombinant cysteine protease from the intestine of canine hookworms diminishes the fecundity and growth of worms. J. Infect. Dis. 189 (10), 1952–1961. doi: 10.1086/386346

			Martin, J., Rosa, B. A., Ozersky, P., Hallsworth-Pepin, K., Zhang, X., Bhonagiri-Palsikar, V., et al. (2015). Helminth.net: expansions to Nematode.net and an introduction to Trematode.net. Nucleic Acids Res. 43, D698–706. doi: 10.1093/nar/gku1128

			McCoy, C. J., Warnock, N. D., Atkinson, L. E., Atcheson, E., Martin, R. J., Robertson,A. P., et al. (2015). RNA interference in adult Ascaris suum—an opportunity for the development of a functional genomics platform that supports organism-, tissue- and cell-based biology in a nematode parasite. Int. J. Parasitol. Parasites. Wildl. 45 (11), 673–678. doi: 10.1016/j.ijpara.2015.05.003

			McGhee, J. D., Fukushige, T., Krause, M. W., Minnema, S. E., Goszczynski,B., Gaudet, J., et al. (2009). ELT-2 is the predominant transcription factor controlling differentiation and function of the C. elegans intestine, from embryo to adult. Dev. Biol. 327 (2), 551–565. doi: 10.1016/j.ydbio.2008.11.034

			Mitchell, A. L., Attwood, T. K., Babbitt, P. C., Blum, M., Bork, P., Bridge, A., etal. (2019). InterPro in 2019: improving coverage, classification and access to protein sequence annotations. Nucleic Acids Res. 47, D351–D360. doi: 10.1093/nar/gky1100

			Morris, C. P., Bennuru, S., Kropp, L. E., Zweben, J. A., Meng, Z., Taylor, R. T., et al. (2015). A proteomic analysis of the body wall, digestive tract, and reproductive tract of Brugia malayi. PLoS Negl. Trop. Dis. 9 (9), e0004054. doi: 10.1371/journal.pntd.0004054

			Munn, E. A., and Greenwood, C. A. (1984). The occurrence of submicrovillar endotube (modified termina web) and associated cytoskeletal structures in the intestinal epithelia of nematodes.Philos. Trans. R. Soc. Lond., B, Biol. Sci. 306 (1125), 1–18. doi: 10.1098/rstb.1984.0079

			O’Neill, M., Geary, J. F., Agnew, D. W., Mackenzie, C. D., and Geary, T. G. (2015). In vitro flubendazole-induced damage to vital tissues in adult females of the filarial nematode Brugia malayi. Int. J. Parasitol. Drugs Drug Resist. 5 (3), 135‒140. doi: 10.1016/j.ijpddr.2015.06.002

			O’Neill, M., Mansour, A., DiCosty, U., Geary, J., Dzimianski, M., McCall, S. D., et al. (2016). An in vitro/in vivo model to analyze the effects of flubendazole exposure on adult female Brugia malayi. PLoS Negl. Trop. Dis. 10 (5), e0004698. doi: 10.1371/journal.pntd.0004698

			Perry, B., and Grace, D. (2009). The impacts of livestock diseases and their control on growth and development processes that are pro-poor. Philos. Trans. R. Soc. Lond., B, Biol. Sci. 364 (1530), 2643‒2655. doi: 10.1098/rstb.2009.0097

			Piano, F., Schetter, A. J., Mangone, M., Stein, L., and Kemphues, K. J. (2000). RNAi analysis of genes expressed in the ovary of Caenorhabditis elegans. Curr. Biol. 10 (24), 1619‒1622. doi: 10.1016/S0960-9822(00)00869-1

			Piano, F., Schetter, A. J., Morton, D. G., Gunsalus, K. C., Reinke, V., Kim, S. K., et al. (2002). Gene clustering based on RNAi phenotypes of ovary-enriched genes in C. elegans.. Curr. Biol. 12 (22), 1959‒1964. doi: 10.1016/S0960-9822(02)01301-5

			Pillai, A., Ueno, S., Zhang, H., and Kato, Y. (2003). Induction of ASABF (Ascaris suum antibacterial factor)-type antimicrobial peptides by bacterial injection: novel members of ASABF in the nematode Ascaris suum. Biochem. J. 371 (Pt 3), 663‒668. doi: 10.1042/bj20021948

			Pullan, R. L., Smith, J. L., Jasrasaria, R., and Brooker, S. J. (2014). Global numbers of infection and disease burden of soil transmitted helminth infections in 2010. Parasit. Vectors 7, 37. doi: 10.1186/1756-3305-7-37

			Rawlings, N. D., and Morton, F. R. (2008). The MEROPS batch BLAST: a tool to detect peptidases and their non-peptidase homologues in a genome. Biochimie. 90 (2), 243‒259. doi: 10.1016/j.biochi.2007.09.014

			Rosa, B. A., Jasmer, D. P., and Mitreva, M. (2014). Genome-wide tissue-specific gene expression, co-expression and regulation of co-expressed genes in adult nematode Ascaris suum. PLoS Negl. Trop. Dis. 8 (2), e2678. doi: 10.1371/journal.pntd.0002678

			Rosa, B. A., McNulty, S. N., Mitreva, M., and Jasmer, D. P. (2017). Direct experimental manipulation of intestinal cells in Ascaris suum, with minor influences on the global transcriptome. Int. J. Parasitol. 47 (5), 271‒279. doi: 10.1016/j.ijpara.2016.12.005

			Rosa, B. A., Townsend, R., Jasmer, D. P., and Mitreva, M. (2015). Functional and phylogenetic characterization of proteins detected in various nematode intestinal compartments. Mol. Cell Proteomics 14 (4), 812‒827. doi: 10.1074/mcp.M114.046227

			Selkirk, M. E., Huang, S. C., Knox, D. P., and Britton, C. (2012). The development of RNA interference (RNAi) in gastrointestinal nematodes. Parasitology 139 (5), 605‒612. doi: 10.1017/S0031182011002332

			Shao, H., Li, X., and Lok, J. B. (2017). Heritable genetic transformation of Strongyloides stercoralis by microinjection of plasmid DNA constructs into the male germline. Int. J. Parasitol. 47 (9), 511‒515. doi: 10.1016/j.ijpara.2017.04.003

			Shompole, S., Yao, C., Cheng, X., Knox, D., Johnson, S., and Jasmer, D. P. (2002). Distinct characteristics of two intestinal protein compartments discriminated by using fenbendazole and a benzimidazole resistant isolate of Haemonchus contortus.. Exp. Parasitol. 101 (4), 200‒209. doi: 10.1016/S0014-4894(02)00135-2

			Simonis, N., Rual, J. F., Carvunis, A. R., Tasan, M., Lemmens, I., Hirozane-Kishikawa, T., et al. (2009). Empirically controlled mapping of the Caenorhabditis elegans protein‒protein interactome network. Nat. Methods 6(1), 47‒54. doi: 10.1038/nmeth.1279

			Smith, T. S., Munn, E. A., Graham, M., Tavernor, A. S., and Greenwood, C. A. (1993). Purification and evaluation of the integral membrane protein H11 as a protective antigen against Haemonchus contortus. Int. J. Parasitol. 23 (2), 271‒280. doi: 10.1016/0020-7519(93)90150-W

			Smith, W. D., Newlands, G. F., Smith, S. K., Pettit, D., and Skuce, P. J. (2003a). Metalloendopeptidases from the intestinal brush border of Haemonchus contortus as protective antigens for sheep. Parasite Immunol. 25 (6), 313‒323. doi: 10.1046/j.1365-3024.2003.00637.x

			Smith, W. D., Skuce, P. J., Newlands, G. F., Smith, S. K., and Pettit, D. (2003b). Aspartyl proteases from the intestinal brush border of Haemonchus contortus as protective antigens for sheep. Parasite Immunol. 25 (11‒12), 521‒530. doi: 10.1111/j.0141-9838.2004.00667.x

			Smith, W. D., Smith, S. K., and Murray, J. M. (1994). Protection studies with integral membrane fractions of Haemonchus contortus. Parasite Immunol. 16(5), 231‒241. doi: 10.1111/j.1365-3024.1994.tb00345.x

			Sönnichsen, B., Koski, L. B., Walsh, A., Marschall, P., Neumann, B., Brehm, M., et al. (2005). Full-genome RNAi profiling of early embryogenesis in Caenorhabditis elegans. Nature 434 (7032), 462‒469. doi: 10.1038/nature03353

			The Gene Ontology Consortium. (2019). The Gene Ontology Resource: 20 years and still GOing strong. Nucleic Acids Res. 47 (D1), D330‒D338. doi: 10.1093/nar/gky1055

			Wang, J., Czech, B., Crunk, A., Wallace, A., Mitreva, M., Hannon, G. J., et al. (2011). Deep small RNA sequencing from the nematode Ascaris reveals conservation, functional diversification, and novel developmental profiles. Genome Res. 21(9), 1462‒1477. doi: 10.1101/gr.121426.111

			Wang, J., Gao, S., Mostovoy, Y., Kang, Y., Zagoskin, M., Sun, Y., et al. (2017). Comparative genome analysis of programmed DNA elimination in nematodes. Genome Res. 27 (12), 2001‒2014. doi: 10.1101/gr.225730.117

			Wang, Q., Rosa, B. A., Jasmer, D. P., and Mitreva, M. (2015). Pan-Nematoda transcriptomic elucidation of essential intestinal functions and therapeutic targets with broad potential. EBioMedicine 2 (9), 1079‒1089. doi: 10.1016/j.ebiom.2015.07.030

			Wang, T., Van Steendam, K., Dhaenens, M., Vlaminck, J., Deforce, D., Jex, A. R., etal. (2013a). Proteomic analysis of the excretory‒secretory products from larval stages of Ascaris suum reveals high abundance of glycosyl hydrolases. PLoS Negl. Trop. Dis. 7 (10), e2467. doi: 10.1371/journal.pntd.0002467

			Wang, Z., Gao, X., Martin, J., Yin, Y., Abubucker, S., Rash, A. C., et al. (2013b). Gene expression analysis distinguishes tissue-specific and gender-related functions among adult Ascaris suum tissues. Mol. Genet. Genomics 288 (5–6), 243–260. doi: 10.1007/s00438-013-0743-y

			Williams, A. R., Ramsay, A., Hansen, T. V., Ropiak, H. M., Mejer, H., Nejsum, P., et al. (2015). Anthelmintic activity of trans-cinnamaldehyde and A- and B-type proanthocyanidins derived from cinnamon (Cinnamomum verum). Sci. Rep. 5, 14791. doi: 10.1038/srep14791

			Williamson, A. L., Brindley, P. J., Abbenante, G., Datu, B. J., Prociv, P., Berry,C., et al. (2003a). Hookworm aspartic protease, Na-APR-2, cleaves human hemoglobin and serum proteins in a host-specific fashion. J. Infect. Dis. 187 (3), 484‒494. doi: 10.1086/367708

			Williamson, A. L., Brindley, P. J., Knox, D. P., Hotez, P. J., and Loukas, A. (2003b). Digestive proteases of blood-feeding nematodes. Trends Parasitol. 19 (9), 417‒423. doi: 10.1016/S1471-4922(03)00189-2

			Williamson, A. L., Lecchi, P., Turk, B. E., Choe, Y., Hotez, P. J., McKerrow, J. H., etal. (2004). A multi-enzyme cascade of hemoglobin proteolysis in the intestine of blood-feeding hookworms. J. Biol. Chem. 279 (34), 35950‒35957. doi: 10.1074/jbc.M405842200

			Yin, Y., Martin, J., Abubucker, S., Scott, A. L., McCarter, J. P., Wilson, R. K., etal. (2008). Intestinal transcriptomes of nematodes: comparison of the parasites Ascaris suum and Haemonchus contortus with the free-living Caenorhabditis elegans PLoS Negl. Trop. Dis. 2 (8), e269. doi: 10.1371/journal.pntd.0000269

			Zintz, K., and Frank, W. (1982). Ultrastructural modifications in Heterakis spumosa after treatment with febantel or mebendazole. Vet. Parasitol. 10 (1), 47‒56. doi: 10.1016/0304-4017(82)90006-1

			Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

			Copyright © 2019 Jasmer, Rosa, Tyagi and Mitreva. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

		

OEBPS/Images/Figure_5.jpg
Syringe
<«— containing
perfusate

(NN

Cannula
adapter

<= Superglue

25 gauge
cannula

Pseudocoelomic
space

Intestinal
lumen

Resected
posterior
body wall

Exposed
posterior
intestine

- <4—— Perfusate
b collection





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/Figure_6.png
Baso-lateral Apical Baso-lateral

A intestinal intestinal intestinal
membrane membrane / membrane
2 2
o Eflo h o (Elo
G|5|ig| Pseudo- Intestinal bseudo S |58
582 coelomic lumen coelomic 2133
O|lg = space space = (8o
> =
T E3
B Original sample(s) for g\ ptracted proteins Final inferred
MS proteomics protein set
Pseudocoelomic Pseudocoelomic
fluid fluid

Pseudocoelomic
fluid
Intestinal lumen
Intestinal tissue wash (PBS) Integral Intestinal

(only 5K-50K Pellet) Intestinal lumen Membrane
wash (PBS + Urea)

Cellular component*
and TM annotations

Intestinal tissue Pseudft:s:jelomlc Intestinal Tissue

Pseudocoelomic

fluid
Intestinal lumen Intestinal lumen
wash (PBS + Urea) wash (PBS) __
No predicted
secretion**
Intestinal lumen Pseudocoelomic .
Intestinal lumen

wash (PBS) fluid






OEBPS/Images/Figure_2.png
A

Pharynx
Head

Intestine
|

Uterus  Ovaries

Uterus

and eggs

Uterus
and eggs

Muscle
Pseudocoelomic
space

Excretory
canal

Lateral
cord





OEBPS/Images/Figure_4.jpg
75 7

-
28 50+
58
o c
29
&8
© o
X5 25-
x
o
0 % {=
s 2 &8 8
Intestinal 2 g 2 2
region < 8 <
Overexpressed in  Diff. expressed
Gene set intestine relative to among intestinal

other tissues regions
(1,387) (803)





OEBPS/Images/logo.jpg
, frontiers
in Genetics





OEBPS/Images/Figure_3.jpg
Dissected A. suum H. contortus H. contortus T. suis T. suis
Widle A stum worms issues genomic | | gissected inestine genomic | | gissected intestine
assembly assembly
RNA DNA RNA I RNA RNA
Ho gene Ts gone
'} annotations annotations
RNA-Seq Genomic RNA-Seq RNA-Seq RNA-Seq
reads reads reads reads reads
Transoript A suum As intestine- He intestine- Ts intestine-
assemblies genomic Fs expressed genes O
assembly genes r
25 gome Intestine-
Bt overexpressed
Ao genco ]
— Orthologous protein ;
functional familios’ !
‘annotation H H

Other nematode,
host and outgroup

Conserved intestinal protei

genomes

families (cintFams)






OEBPS/Images/Figure_1.jpg
Representative Intestinal Genomic Additional Experimental
Nematode species transcriptome | | conservation Intestinal omics approaches
H. contortus ——————— IntFams. Intestinal regions Intestine
A ceylanicum  Size: 110 3 cm Conserved transcriptomics dissection and
L e
e transcriptomics L ST
- Feeding: Blood families o intestinal
. suum ——————————— Intestinal cannulation
B, malayl Size: 15 t0 40 cm (Eodian compartment
i Intestine- m and perfusion
L loa Location: Small S proteomics =l
intestine expressed coneneion)
% Feeding: Intestinal | gene sets Intestinal dsRNA post-
content pepiidase transcriptional
proteomics regulation

7 T.suis
T. muris
N\ T spiralis

Outgroups

Size: 310 5 om
Location: Large
intestine

Feeding: Intestinal
mucosa / secretions

Genes of interest






OEBPS/Images/fgene.2019.00652_cover.jpg
’ frontiers
in Genetics

Omics Driven Understanding of the
Intestines of Parasitic Nematodes





