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ABSTRACT 

 

Parasitic nematodes cause diseases of major economic importance in animals. Key 

representatives are species of Dictyocaulus (= lungworms), which cause bronchitis (= 

dictyocaulosis, commonly known as “husk”) and have a major adverse impact on the 

health of livestock animals. In spite of their economic importance, very little is known 

about the immunomolecular biology of these parasites. Here, we established and used 

a bioinformatic workflow to compare, both qualitatively and quantitatively, the 

transcriptomes of the adult stages of the lungworms Dictyocaulus filaria and D. 

viviparus in the absence of reference genomes. We investigated differential 

transcription between Dictyocaulus filaria and D. viviparus. Our analyses identified a 

select group of molecules, including transthyretin-like proteins, a lipase and fatty-acid 

and/or retinol-binding protein, β-galactoside-binding lectin, glutathione peroxidase 

and glutathione S-transferase, cathepsin B and type 2-like cystatins, inferred to be 

enriched in adult D. filaria and linked to parasite-host interactions. We then studied, 

in depth, homologs of type 2-like cystatins from the two species of Dictyocaulus and 

24 other nematodes representing seven distinct taxonomic orders, with a particular 

focus on their proposed role in immunomodulation and/or metabolism. Taken 

together, the present study provides new insights into nematode-host interactions. The 

findings lay the foundation for future experimental studies, and could have significant 

implications for designing new interventions against lungworms and other parasitic 

nematodes. The future characterization of the genomes of Dictyocaulus spp. should 

underpin these endeavors. 
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1. Introduction 

 

Parasitic nematodes cause diseases of major economic importance in animals. 

Particularly significant nematodes are members of the order Strongylida, including 

the Ancylostomatoidea, Strongyloidea, Trichostrongyloidea and Metastrongyloidea 

(Anderson, 2000). The latter superfamily includes pathogens of livestock, such as 

cattle and small ruminants (sheep and goats) (Panuska, 2006). Important 

representatives are species of Dictyocaulus (= lungworms); these parasitic nematodes 

live in the bronchi and bronchioles, and cause bronchitis (i.e., dictyocaulosis, 

commonly known as ‘husk’) particularly in young animals (Panuska, 2006; Holzhauer 

et al., 2011). 

Dictyocaulus species of ruminants have direct life cycles (Anderson, 2000; 

Panuska, 2006). Adults live in the bronchi and trachea. Embryonated eggs are 

coughed up, swallowed and hatch in the small intestine. First-stage larvae (L1s) are 

excreted in faeces into the environment. Under suitable environmental conditions, L1s 

moult to the second- (L2s) and then third-stage larvae (L3s). The rate of development 

of the larvae to the L3 stage depends on temperature and humidity, but can be 

achieved in a week. Infective L3s actively move from faeces to herbage and are 

ingested by the grazing animal; they can also be disseminated via the sporangia of 

particular fungi (Panuska, 2006). Following ingestion, L3s exsheath in the small 

intestine, penetrate the intestinal wall and enter the mesenteric lymph nodes. Here, 

larvae develop, moult and then migrate via the thoracic duct, anterior vena cava, heart 

and pulmonary arteries to the lungs (Panuska, 2006). They penetrate the walls of the 

alveoli, and enter the airways. Here, the larvae become sexually mature, dioecious 

adults approximately four weeks following infection with L3s, after which the 

females produce embryonated eggs, or can also undergo arrested development 

(hypobiosis). 

The life cycles of Dictyocaulus species are remarkably similar; yet, there are 

biological differences, particularly with regard to host preference (Panuska, 2006). 

Dictyocaulus viviparus infects cattle, other bovids and cervids, whereas Dictyocaulus 

filaria infects sheep and goats (the latter being more susceptible) (Panuska, 2006), 

and immunity to homologous reinfection is strong (reviewed by Panuska, 2006; 

Foster and Eisheikha, 2012). Interestingly, D. filaria can establish in the lungs of 

calves - disease has been reported to develop, but patent infection does not establish, 

although some degree of immunity against challenge infection with infective L3s of 

D. viviparus has been shown (Parfitt and Sinclair, 1967; Panuska, 2006).  

Although there is clear evidence that cattle elicit mixed Th1/Th2 responses, 

with elevated (Th2-dependent) IgE and esosinophil levels, against D. viviparus 

(reviewed by Foster and Eisheikha, 2012), no detailed information is available on the 

immunobiology of D. filaria. Nontheless, it is known that D. filaria can infect calves 

(Partfitt and Sinclair, 1967) but D. viviparus does not infect sheep, which suggests a 

difference in host permissiveness, such that D. filaria might induce an immune 

response that is distinct from that induced by D. viviparus. Molecular studies of other 

parasitic nematodes (reviewed by Cantacessi et al., 2009; Hewitson et al., 2009; Klotz 

et al., 2011) have indicated that key groups of molecules, such as SCP/Tpx-

1/Ag5/PR-1/Sc7 (SCP/TAPS) proteins, transthyretin-like proteins and type 2-like 

cystatins, are intimately involved in the parasite-host interplay. However, information 

is lacking for lungworms. Clearly, improving our understanding of the 

differences/similarities between Dictyocaulus species at the molecular level, through 

comparative transcriptomic analyses, could elucidate their immunobiology and the 
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pathogenesis of disease, and might also assist in guiding future interventions against 

them. 

Advanced genomic and transcriptomic sequencing technologies (e.g., RNA-seq; 

Illumina) enable detailed molecular analyses and comparisons (Allen et al., 2011; 

Cantacessi et al., 2012; Li et al., 2012; Liu et al., 2012; Heizer et al., 2013; Mangiola 

et al., 2013). Thus far, using RNA-seq, transcriptomic analyses of life stages and/or 

sexes of D. viviparus have been conducted (Cantacessi et al., 2011a; Strube et al., 

2012), but there have been no comparative analyses between closely related species, 

such as D. viviparus and D. filaria. Indeed, nothing is known about D. filaria at the 

molecular level. RNA-seq has become a key approach to compare, in a quantitative 

manner, the transcription of orthologous genes of closely related species (Busby et al., 

2011; Liu et al., 2011), and offers a major advantage over microarrays in that analyses 

can be performed directly without the need for designing probes for arrays. In 

addition, RNA-seq allows the comparison of the transcription of orthologous genes 

without significant complications of biases or saturation in hybridization to probes, 

typical of microarray experiments (Busby et al., 2011). Moreover, RNA-seq has been 

shown to have a higher capacity than microarray for the detection of variation in 

transcript abundance (Cloonan et al., 2008). Here, we established a bioinformatic 

workflow for the comparative analysis of RNA-seq data sets of D. filaria and D. 

viviparus adults in the absence of reference genomes for these species. In this 

comparative biological investigation, an emphasis was placed on exploring molecules 

inferred to be involved in parasite-host interactions. 

 

 

2. Materials and methods 

 

2.1. Production and procurement of parasite material, RNA isolation and sequencing 

  

Adult specimens of D. filaria (n = 20; mixed sexes) were collected from the 

trachea and bronchi of an infected sheep in Victoria, Australia, following a routine 

autopsy; adults of D. viviparus (n = 20; mixed sexes) were collected from the trachea 

of an infected cow from Hannover, Germany (permit AZ 33-42502-06/1160; ethics 

commission of the Lower Saxony State Office for Consumer Protection and Food 

Safety). The worms were washed extensively in phosphate-buffered saline (PBS) and 

frozen at -70 °C. For each species, total RNA was extracted, purified and quantified 

spectrophotometrically (NanoDrop ND-1000 UV-VIS v.3.2.1). RNA libraries were 

prepared and paired-end sequenced using Illumina technology (Bentley et al., 2008) 

as described previously (Cantacessi et al., 2011b). 

 

2.2. Curation of RNA-seq data, and assembly of transcriptomes 

 

The RNA-seq data sets for D. filaria and D. viviparus were filtered for PHRED 

quality (< 30), and sequencing adapters removed using the program Trimmomatic 

(Lohse et al., 2012). The redundancy among reads was reduced using the program 

khmer (https://khmer.readthedocs.org), in order to obtain a read coverage of ≤ 20. 

Each non-redundant data set was assembled into contigs using the program Oases 

v.0.1.18 (Schulz et al., 2012) using a combination of k-mer lengths (i.e. 19-51 for D. 

filaria; 19-69 for D. viviparus) and read-coverage cut-offs (i.e. 5-20 for D. filaria; 3-

20 for D. viviparus). Using this approach, 240 and 425 assemblies were produced for 

D. filaria and D. viviparus, respectively. For each assembly, five parameters were 
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determined: (i) sequence redundancy - calculated as the number of contigs with 

significant similarity to those in the same assembly (BLASTn, E-value cut-off: ≤ 10
-

05
) (Altschul et al., 1997); (ii) average contig length; (iii) number of open reading 

frames (ORFs) of ≥ 100 nucleotides, encoded in each contig; (iv) portion of the 

paired-end raw read data set that mapped to the assembled transcriptome using the 

program BWA (Li and Durbin, 2009) - employing a mismatch probability threshold 

of 0.05, and a minimum fraction gap opening of 3; the program flagstat (included in 

the SAMtools package) was used to undertake statistical analyses (Li et al., 2009); 

and (v) total number of contigs. The transcriptomes assembled for adult D. filaria and 

D. viviparus with the most similar parameters (i-v) were selected for direct, 

comparative analyses. 

Sequences that did not share homology (E-value cut-off: ≤ 10
-05

) to those of 

other nematodes, Ovis aries (sheep for D. filaria), Bos taurus (cattle for D. viviparus), 

bacteria, viruses and/or fungi, were identified and removed from these two 

transcriptome data sets by performing an homology search at the amino acid level 

against protein sequences in the NCBI non-redundant database 

(www.ncbi.nlm.nih.gov) using the program BLASTx (Altschul et al., 1997). 

Furthermore viral-like retrotransposons were also identified and removed from the 

sequence data according to: (i) results from InterProScan (Zdobnov and Apweiler, 

2001), using selected keywords, and (ii) an homology search against the database 

RepBase (Buisine et al., 2008) using the BLASTx algorithm (E-value cut-off: ≤ 10
-

05
). Mitochondrial DNA and ribosomal RNA sequences were detected and removed 

using BLASTx and BLASTn algorithms (Altschul et al., 1997) (E-value cut-off: ≤ 10
-

05
) employing sequence data sets for nematodes, available in NCBI. All remaining 

sequences of ≥ 150 bases were subjected to protein predictions using an established 

workflow system (Mangiola et al., 2013). An additional redundancy was removed by 

clustering using CD-HIT (Fu et al., 2012) using identity thresholds of 0.95 (D. filaria) 

and 0.90 (D. viviparus). The estimated completeness of each transcriptome was 

assessed for the presence of conserved genes shared among metazoan organisms 

using the program CEGMA (Parra et al., 2007). 

 

2.3. Functional annotation of transcriptomes 

 

Each curated, non-redundant transcriptome was functionally annotated using 

an established workflow (Mangiola et al., 2013). In brief, homologs were identified 

(at the amino acid level; E-value cut-off of ≤ 10
-15

) in the following databases: 

SwissProt (Magrane and Consortium, 2011), WormBase (Caenorhabditis elegans) 

(Yook et al., 2012), MEROPS (peptidase and peptidase inhibitors) (Rawlings, 2009), 

Kyoto Encyclopedia of Genes and Genomes (KEGG) (Kanehisa and Goto, 2000) and 

SPD (secreted proteins) (Chen et al., 2005). Conserved domains and Gene Ontology 

(GO) (Dimmer et al., 2012) annotations were identified by InterProScan (cf. 

subsection 2.2). Signal peptide and transmembrane domains were predicted for 

individual protein sequences using the program Phobius (Kall et al., 2004). Homologs 

with roles in parasite-host interactions were predicted (BLASTp; E-value cut-off: ≤ 

10
-15

) using a curated, in-house database established from published data (Hartman et 

al., 2001; Zhan et al., 2002; Basavaraju et al., 2003; van Rossum et al., 2004; Gregory 

and Maizels, 2008; Ranjit et al., 2008; Bath et al., 2009; Cuellar et al., 2009; 

Hewitson et al., 2009; Klotz et al., 2011). Annotations from KEGG BRITE and the in-

house parasite-host interaction database were merged, and functional categories of the 

two transcriptomes were defined. The portion of inferred proteins of D. filaria genes 
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with homologs in D. viviparus or C. elegans was defined using the BLASTp 

algorithm (E-value cut-off: ≤ 10
-15

). 

 

2.4. Differential transcription, and comparative analyses 

 

To calculate the numbers of genes differentially transcribed between D. filaria 

and D. viviparus adults, 1:1 orthologs were identified using a specifically constructed 

workflow (Fig. 1): First, orthologs between D. filaria and D. viviparus were defined 

using the program InParanoid (Ostlund et al., 2010), employing stringent criteria. 

Specifically, a match area (i.e. percentage of longest amino acid sequence alignment) 

of 50% was used identify homology (using the substitution matrix BLOSUM80), and 

a confidence score of 10
-3 

was used identify paralogs; C. elegans was used as an out-

group. D. filaria and D. viviparus homologs were discarded if at least one of them had 

a higher similarity to a C. elegans homolog. Paralogs predicted were quarantined 

from the analyses. Second, differentially transcribed 1:1 orthologs of D. filaria and D. 

viviparus were identified. For each of the two Dictyocaulus species, RNA-seq data 

were mapped against their own transcriptome using BWA (Li and Durbin, 2009), 

permitting up to 5% nucleotide mismatches and 3 nucleotide gaps per aligned read. 

Third, the number of mapped RNA-seq reads per transcript was calculated using the 

idxstats tool in the SAMtools software package (Li et al., 2009), and the number of 

mapped reads per transcript was adjusted to be proportional to the number of contigs 

assembled for each species. Fourth, for each pair of 1:1 orthologs, mapped reads were 

normalized for variation in transcript length by dividing the number of mapped reads 

by the length of the transcripts (in nucleotides) to which they mapped (Li et al., 2010). 

Fifth, individual mapped reads were normalized for scaling artefacts using the 

trimmed mean of M-values (TMM) method (Robinson and Smyth, 2007; Dillies et al., 

2012). The difference in transcription between 1:1 orthologs was expressed as a log2 

fold-change (FC) in gene transcription; an FC of at least four (i.e. log2(4)=2) was 

recorded as significant. Transcription levels of the ‘housekeeping’ genes encoding β-

tubulin, protein disulfide isomerase-1 (pdi-1), elongation factor 1-α (ef1-α) and 

glyceraldehyde 3-phosphate dehydrogenase (gapdh) were used to assess the method 

of data normalization (Strube et al., 2008).  

Proteins encoded by orthologous genes differentially transcribed between D. 

filaria and D. viviparus adults were categorized by homology to proteins in the 

KEGG BRITE and parasite-host interactions databases (cf. subsection 2.3). For each 

species, the numbers of highly transcribed genes of individual categories were 

calculated, and categories with the greatest differences in numbers between the two 

species were compared. In addition, full-length sequences of type 2-like cystatin 

homologs, identified (BLASTp or tBLASTn, E-value ≤ 10
-05

) in the transcriptomes of 

D. filaria and D. viviparus, and in the transcriptomes and/or genomes of other, key 

nematodes (Table 3) were compared. Amino acid sequences were selected as 

homologs if they: (i) were predicted (Zdobnov and Apweiler, 2001) to encode one or 

more cystatin I25 inhibitor domains (InterPro proteinase inhibitor I25, cystatin-like 

domains IPR000010, IPR018073 and IPR020381); (ii) contained a predicted signal 

peptide domain; (iii) had four or more conserved motifs necessary for the inhibition of 

papain-like (MEROPS C01 family)  and/or asparaginyl endopeptidase-like peptidases 

(MEROPS C13 family) (Gregory and Maizels, 2008) (see Table 3); and (iv) encoded 

a single proteinase inhibitor I25 domain (Abrahamson et al., 2003). All homologous 

sequences were then aligned using MAFFT (Katoh and Standley, 2013), and the 

alignment was adjusted manually. Then, a phylogenetic analysis of these sequence 
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data was conducted using a Bayesian inference (BI) method (MrBayes Ronquist et al., 

2012), employing the ‘Whelan and Goldman’ amino acid model (Whelan and 

Goldman, 2001) and using the final 75% of 2.3 million Markov chain Monte Carlo 

iterations (Metropolis et al., 1953; Hastings, 1970; Geyer, 1992) to construct a 50% 

majority rule tree; nodal support was expressed as a posterior probability (pp). 

 

 
3. Results 

 

3.1. Characterization and comparison of the transcriptomes of adult D. filaria and D. 

viviparus 

 

Optimum transcriptomes of D. filaria (k-mer value: 25; read coverage cut-off: 

10) and D. viviparus (k-mer value: 51; read coverage cut-off: 8) were assembled 

(Table 1) and selected for direct comparative analyses. Totals of 11,859,459 and 

15,334,902 paired-end mapped reads were selected for further analyses. The 

transcriptomes of adult D. filaria and D. viviparus were inferred to encode totals of 

14,523 and 18,203 proteins, respectively (Table 1), including > 80 % of 248 core 

eukaryotic proteins (based on CEGMA). In total, 8,611 (59.3%) and 9,649 (53.0%) of 

all proteins predicted were annotated (E-value cut-off of ≤ 10
-15

) for D. filaria and D. 

viviparus, respectively (Table 1), with most (8,324 for D. filaria, and 9,647 for D. 

viviparus) having homology to non-hypothetical genes or protein sequences present in 

the NCBI non-redundant and SwissProt databases. For D. filaria, a total of 4,338 

predicted genes could be classified into 38 unique protein KEGG classes, and 2,758 

into 285 unique KEGG pathways. For this species, 7,237 conserved domains were 

identified, allowing 6,188 genes to be assigned 1,417 unique GO terms. For D. 

viviparus, a total of 5,017 predicted genes could be classified into 44 unique protein 

KEGG classes, and 3,120 into 303 unique KEGG pathways. For this species, 8,153 

conserved domains were identified, allowing 6,725 genes to be assigned 1,377 unique 

GO terms.  

A comparison showed that 9,152 (63.0%) of the 14,523 sequences of D. filaria 

had homologs in D. viviparus; 7,969 (54.9%) had homologs in C. elegans, of which 

949 were not detected in D. viviparus. Of 4,423 (30.5%) D. filaria sequences, with no 

homologs detected in either C. elegans or D. viviparus, 310 (7%), had homologs (E-

value cut-off: ≤ 10
-15

) in other nematodes, including Ascaris suum, Necator 

americanus, Oesophagostomum dentatum, Trichostrongylus colubriformis and 

Trichuris suis, and 44 (1%) with homology to non-nematode protein sequences in 

public databases. The proteins predicted from the transcriptomes of adult D. filaria 

and D. viviparus were assigned to 14 functional categories (see Fig. 2A). Despite the 

similarity in number of proteins in each category between these two species, key 

differences related mainly to “membrane transport” (Fig. 2A), including major 

facilitator superfamily (MFS) transporters (45 vs. 23), the phosphotransferase system 

(0 vs. 11) and the ATP-binding cassette (38 vs. 28). 

 

3.2. Differential transcription between D. filaria and D. viviparus 

 

The comparison between the two transcriptomes identified 5,075 putative 

orthologs (1:1) between adult D. filaria and D. viviparus, of which 697 were 

differentially transcribed. The four house-keeping genes used here were constitutively 

transcribed (Fig. 3) within the limits of significance defined. D. filaria transcripts (n = 
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486; Fig. 2B) inferred to be enriched related mainly to host interactions (with a ratio 

between the number of genes highly transcribed in D. viviparus and those in D. filaria 

of < 0.11; 0 vs. 19), protein folding/degradation (0.11; 1 vs. 9), mRNA translation 

(0.18; 14 vs. 76), ubiquitin/proteasome system (0.25; 6 vs. 24), cell mobility (0.25; 2 

vs. 8), and peptidases (0.29; 2 vs. 7). D. viviparus transcripts inferred to be enriched 

represented mainly kinases (with a ratio between number of genes highly transcribed 

in D. filaria and D. viviparus of 0.45; 5 vs. 11) and membrane transport (0.5; 2 vs. 4) 

(Fig. 2B). The most pronounced differences between D. filaria and D. viviparus 

related to genes inferred to be involved in parasite-host interactions, such as 

transthyretin-like (TTL) proteins (n = 4), lipase and fatty-acid and/or retinol-binding 

proteins (3), β-galactoside-binding lectins (2), peroxidases (2) and glutathione S-

transferase (2), cathepsin B (1) and type 2-like cystatins (1). The latter protein was of 

particular interest, because there is a substantial body of knowledge surrounding its 

dual role in immunomodulation and metabolism in parasitic nematodes (Hartmann et 

al., 1997; Dainichi et al., 2001; Manoury et al., 2001; Schonemeyer et al., 2001; Pfaff 

et al., 2002); immunomodulation appears to relate to (relatively) conserved sequence 

motifs (Hartmann and Lucius, 2003; Gregory and Maizels, 2008; Klotz et al., 2011). 

For this reason, we explored, in detail, the relationship of this protein to homologs 

from a range of other nematodes. 

 

3.3. Analysis of the type 2-like cystatins in D. filaria and D. viviparus, and selected 

nematodes 

 

The type 2-like cystatins predicted for D. filaria and D. viviparus were 

compared with homologs in other nematodes (Table 3), accessible from public 

databases (Elsworth et al., 2011; Martin et al., 2012; Yook et al., 2012; Mangiola et 

al., 2013). Assisted by the identification of type-2 cystatin domains, 43 full-length 

homologs were identified in 24 other species of nematodes (Table 3). Overall, based 

on alignment, the amino acid sequences had similar features (Table 3; Fig. 4) but 

there were some differences among them. 

The signal peptide was present in most sequences, except for protein Na-CPI/a 

(N. americanus) (Fig. 4). The three ‘functional’ motifs involved in the binding to the 

cathepsins B, L and S (C1 papain-like peptidases) (Bode et al., 1988; Alvarez-

Fernandez et al., 1999) were relatively conserved among sequences (Fig. 4). 

However, there were some variations: (i) the conserved glycine residue at the N-

terminus of the mature peptide was absent from the proteins Bm-CPI-1 and Bm-CPI-3 

(Brugia malayi); (ii) the central cystatin-specific flexible loop glutamine-X-valine-X-

glycine (QXVXG) was absent from Bm-CPI-3 (B. malayi); (iii) the proline-tryptophan 

(PW) hairpin loop-pair at the C-terminus of the mature peptide was absent from Av-

CPI (Acanthocheilonema viteae); (iv) the disulfide bond, essential for positioning the 

N-terminal glycine to the right spatial conformation (Bode et al., 1988), was absent 

from protein Sr-CPI (S. ratti). Interestingly, a total of four sequences for As-CPI/b 

(Ascaris suum), Tsp-CPI/a, Tsp-CPI/b (Trichinella spiralis) and Tsu-CPI/a (Trichuris 

suis) (Table 3) were predicted to form a second disulfide bond at the C-terminus of 

the protein (Fig. 4), similar to the cystatin of chicken (Gallus gallus) (Bode et al., 

1988) and mammals, such as cattle (Bos taurus), sheep (Ovis aries) and humans 

(Homo sapiens) (Gregory and Maizels, 2008; Klotz et al., 2011). The C13 legumain-

like asparaginyl endopeptidase (AEP)-binding loop motif was present in some 

sequences but absent from others, which likely relates to the evolution of type 2-like 

cystatins in nematodes (Fig. 5).  
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 To explore the evolutionary relationships of type 2-like cystatins of D. filaria 

and D. viviparus with respect to the 43 homologs from other nematode species, an 

alignment of amino acid sequences was made (Fig. 4), taking into account key motifs 

(cf. Alvarez-Fernandez et al., 1999). The Bayesian inference (BI) analysis, 

characterized by an average standard deviation of split frequencies of 0.012 and an 

average potential scale reduction factor (PSRF; excluding NA and >10.0) of 1.004 (cf. 

Ronquist et al., 2012), showed three main clusters of type 2-like cystatin sequences 

(A-C) (Fig. 5). Cluster A comprised sequences of nematodes of the orders Strongylida 

and Rhabditida, including the superfamilies Ancylostomatoidea, Metastrogyloidea, 

Strongyloidea and Trichostrongyloidea (pp = 0.87), whereas the well-separated 

clusters B and C both represented nematodes of the superfamily Filarioidea (pp = 1.00 

and 0.99, respectively). In addition to the genes that clustered, sequences representing 

the Strongyloidea related to branch a, whereas others representing superfamilies 

Ascaridoidea, Strongyloidoidea, Trichuroidea and Trichinelloidea were dispersed on 

branch c; for the majority of them, nodal support (pp values of < 0.70) was 

insufficient to infer clusters for these sequences. In the aligned amino acid sequence 

region encoding an AEP-like motif, four and eight of 19 sequences within cluster A 

contained SNA and SNE motifs, respectively, and two contained an SND/SNS motif 

(Table 3). In contrast, six of eight sequences in cluster B contained SND/SNS motifs. 

None of the five sequences in cluster C had an SNE, SNA or SND/SNS motif. 

Although the codon usage for the AEP motif was relatively conserved within a 

particular nematode order, it was variable for the SND/SNS motifs (Table 3). For a 

small number of sequences in each cluster, one or more motifs linked to the binding 

of cysteine proteases or signal peptides were lacking. 

 

 

4. Discussion 

 

Here, we employed a bioinformatic workflow to compare, both qualitatively 

and quantitatively, the transcriptomes of the adult stages of D. filaria and D. 

viviparus, in the absence of reference genomes. Following the sub-selection of 

annotated 1:1 orthologs, we investigated differential transcription between these two 

closely related species. This analysis enabled us to focus on exploring a select group 

of molecules in D. filaria inferred to be enriched and involved in establishing and 

maintaining the host-parasite relationship. 

 

4.1. Similarities between D. filaria and D. viviparus adults at the molecular level 

 

More than half of predicted proteins conceptually translated from adult 

transcriptome of D. filaria (n = 14,523) and D. viviparus (n = 18,203) were 

homologous (n = 9,152; BLASTp, E-value ≤ 10
-15

), reflecting the similarity in 

biology of the two species. Only 7% of the ‘orphan’ genes in D. filaria could be 

inferred to encode functional proteins by homology comparisons with sequences in 

public databases. As expected, the molecular similarity between D. filaria and D. 

viviparus was supported by comparable numbers of encoded proteins in individual 

functional categories (cf. Fig. 2A). Nonetheless, in spite of the similarities, there were 

some differences between the two species. For instance, in D. viviparus, the larger 

number of transcribed genes encoding MFS transporters and ATP-binding molecules 

within the category ‘membrane transport’ appears to be linked to the efflux of drugs 

(De Rossi et al., 2002), suggesting that this parasite might have a greater propensity to 
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evade the effect of drugs. To gain an improved understanding of molecular 

differences between the two lungworms, we quantitatively assessed differential 

transcription in protein encoding genes. 

 

4.2. A small subset of differentially transcribed orthologs relates to parasite-host 

interactions 

 

The number of genes inferred to be transcriptionally enriched was greater in D. 

filaria (n = 486) than in D. viviparus (n = 211) (Fig. 3). This finding is also supported 

by an enrichment in D. filaria of the functional categories ‘mRNA translation’ and 

‘protein folding/degradation’ (Fig. 2), and of genes involved in the oxidative 

phosphorylation pathway (Falk et al., 2008; Cox, 2013). Even considering the ratio in 

the numbers of genes highly transcribed between D. filaria and D. viviparus, the 

enrichment of the functional category ‘parasite-host interactions’ (sensu lato) in D. 

filaria was considerable (cf. Table 2).  

Within the category ‘parasite-host interactions’, one group of enriched 

transcripts in D. filaria represented a peroxidase and a glutathione S-transferase 

(GST). In some worms, peroxidases are reported to represent a component of the 

excretory/secretory (ES) products and appear to protect parasite lipids from reactive 

oxygen species (ROS) produced by phagocytes (Henkle-Dührsen and Kampkötter, 

2001; Melendez et al., 2007; Chiumiento and Bruschi, 2009); and, GSTs represent 

major phase-II detoxification enzymes (Jaffe and Lambert, 1986; Kampkotter et al., 

2003; Yadav et al., 2010), which are reported to neutralize cytotoxic products arising 

from ROS to protect nematodes, such as filaria, against host immune responses (Jaffe 

and Lambert, 1986; Brophy and Pritchard, 1994; Kampkotter et al., 2003; Yadav et 

al., 2010). 

Another group of transcripts inferred to be enriched in D. filaria likely 

represents proteins involved in immunomodulation; such molecules include beta-

galactoside-binding lectins (= galectins), known inhibitors of metalloproteases, 

SCP/Tpx-1/Ag5/PR-1/Sc7 (SCP/TAPS) and secreted proteins rich in cysteine 

(SPARC) (Table 2). Specifically, galectins are known to be abundant in some other 

nematodes, such as Haemonchus contortus (see Greenhalgh et al., 2000), and can 

interfere with antigen uptake and presentation, cell adhesion, apoptosis and T cell 

polarization in the host (Hewitson et al., 2009). Some secreted metallopeptidase 

inhibitors identified here have orthologs in, for example, A. caninum (Zhan et al., 

2002) and A. ceylanicum (Mitreva et al., 2005), and can also modify host immune 

responses (Cuellar et al., 2009). For example, Ac-TMP-1 of A. caninum has been 

reported to modify dendritic cell function and promote the production of CD4 and 

CD8 suppressor T cells, which produce anti-inflammatory cytokines (e.g., IL-10) 

(Cuellar et al., 2009). In D. filaria, SCP/TAPS proteins might also be involved in 

regulating or altering some immune responses and/or can play a role in host invasion 

(Cantacessi and Gasser, 2011). This statement is supported somewhat by the proposal 

that the SCP/TAPS protein Na-ASP-2 of the hookworm N. americanus is an 

antagonistic ligand of complement receptor 3 (CR3) (Asojo et al., 2005; Bower et al., 

2008). Because of their known role in preventing cell adhesion, SPARC have been 

proposed to alter host immune responses by interfering with lymphocyte migration 

(Brekken and Sage, 2001). 

In addition, some genes highly transcribed in adult D. filaria encoded proteins 

with a predicted role in immunomodulation and/or metabolism. These proteins 

include fatty acid- and retinol-binding proteins, TTL proteins, cathepsins B and 
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cystatins. Fatty acid- and retinol-binding proteins identified in D. filaria were 

predicted to have secretory signals, and have been identified previously in ES proteins 

from some parasites, such as A. caninum (Zhan et al., 2003). Besides their known role 

in nutrient acquisition (Mei et al., 1997; Kennedy, 2000; McDermott et al., 2002), 

these proteins are proposed to play an active role in the establishment or maintenance 

of infection. The ability of fatty acid- and retinol-binding proteins to sequester retinol 

– which is involved in the synthesis of collagen, tissue repair (Bulger and Helton, 

1998) and IgA production (Nikawa et al., 1999) – suggests that these proteins might 

regulate immune responses in the host animal (McSorley et al., 2013). In addition, 

TTL proteins were encoded and identified as secretory molecules, and have been 

characterized previously in ES products of the related strongylid nematodes 

Ostertagia ostertagi and H. contortus (Hewitson et al., 2009), and of distantly related 

nematodes, including B. malayi and D. immitis (Geary et al., 2012). Hewitson et al. 

(Hewitson et al., 2009) hypothesized that some TTL proteins also bind retinoids and, 

thus, might be involved in immunoregulatory processes in D. filaria.  

Transcripts encoding cathepsin B proteins were predicted as enriched in the 

transcriptome of adult D. filaria. These cysteine peptidases are an important 

component of the degradome of nematodes, including haematophagous worms 

(Williamson et al., 2003; Cantacessi et al., 2010a; Cantacessi et al., 2010b; Knox, 

2011; Mangiola et al., 2013; Schwarz et al., 2013). Cathepsin-like cysteine peptidases 

are enzymes involved in the digestion of blood, and are also involved in other key 

biological processes, including the establishment and maintenance of infection in the 

host (Tort et al., 1999; Williamson et al., 2003; McKerrow et al., 2006). As most 

cathepsins play a general role in intracellular protein metabolism, they are usually 

tightly regulated and expressed as inactive zymogens, which contain cysteine 

peptidase inhibitor domains and protect cells from proteolytic damage (Dickinson, 

2009). In addition to cathepsin B, a D. filaria type 2-like cystatin was enriched in the 

transcriptome. Type 2-like cystatins are an important group of endogenous proteins 

that inhibit cysteine peptidases, including members of the papain- (C01) and AEP-like 

(C13) peptidases. In parasites, excreted/secreted cystatins are also potent inhibitors of 

host peptidases, and can modulate the host immune response via the inhibition of host 

cathepsins and AEPs that are required for antigen processing/presentation and/or the 

regulation of pattern recognition receptor signaling (see Vray et al., 2002; Klotz et al., 

2011). Secreted cystatins of some parasitic nematodes can also down-regulate 

inflammation by employing multiple immunological pathways in the host, for 

example, by reducing Th2-related inflammation via the induction of IL-10 cytokine 

production in macrophages (Schnoeller et al., 2008). Interestingly, a number of the 

host immune-modulatory characteristics of nematode secreted type 2-like cystatins 

appear to have evolved independently from those that inhibit peptidases (Klotz et al., 

2011). Exploring the levels of conservation in protein domain sequences revealed 

various groups of type 2-like cystatins among 26 nematode species (Figs. 4 and 5).  

 

4.3. Type-2-like cystatins of Dictyocaulus spp. are proposed to play an important 

immunomodulatory role 

 

Cystatins were of particular interest because of the differential transcription 

between D. filaria and D. viviparus, and because of their role in immunomodulation 

and/or metabolism in parasitic nematodes (Hartmann et al., 1997; Dainichi et al., 

2001; Manoury et al., 2001; Schonemeyer et al., 2001; Pfaff et al., 2002). The type 2-

like cystatins predicted for Dictyocaulus and orthologs of related strongylid 
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nematodes seem to have co-evolved with cystatins from distantly related parasitic 

nematodes (cf. Table 3; Fig. 5). However, the phylogenetic relationships of all type 2-

like cystatins of nematodes are not consistent with the evolution of the nematodes 

themselves. For parasitic nematodes, the role of cystatins as endogenous and/or host-

derived papain-like cysteine peptidase inhibitors appears to be relatively conserved, 

with various nematode species, including D. filaria and D. viviparus, retaining at least 

one type 2-like cystatin with the three conserved domains that interact with papain-

like cysteine peptidases (Bode et al., 1988). In contrast, the ability of nematode 

cystatins to inhibit host AEP-like cysteine peptidases is not a characteristic shared by 

all nematode cystatins studied to date, rather a trait acquired by some parasites to 

enhance their capacity to evade immune responses (Manoury et al., 2001; Murray et 

al., 2005). The presence of a relatively conserved SND/SNS domain in cystatins is not 

restricted to a particular nematode order, but is dispersed among nematode groups 

(Fig. 4). Interestingly, an alignment of the type 2-like cystatin sequences of key 

parasitic nematodes (Fig. 4) reveals an amino acid substitution in this domain in 

strongylid and rhabditid nematodes compared with other representatives. 

Furthermore, an alignment of the AEP-motif coding domain suggests that a functional 

AEP binding motif (encoding an SND/SNS) evolved independently more than once, 

being lost from a common ancestor of the Strongylida/Rhabditida and then re-

emerging, possibly via convergent evolution, as an isoform of the type 2-like cystatins 

of H. contortus, N. americanus and Pristionchus pacificus. This is consistent with the 

hypothesis that parasitism evolved more than once in the Phylum Nematoda (Blaxter 

et al., 1998), and suggests that the AEP-motif plays an important role in nematode-

mammalian host interactions. At this point, the ability of type 2-like cystatins of D. 

filaria and D. viviparus to inhibit host AEP is uncertain. Findings from a functional 

study of the free-living nematode C. elegans suggest that a cystatin encoding an AEP 

inhibitory site with an alternative polar/hydrophilic amino acid residue at the third 

position (SNN) does not inhibit mammalian AEP (Murray et al., 2005). Nonetheless, 

a negatively charged, polar amino acid residue at the third position of the conserved 

AEP inhibitory site (SNE) (Table 3; Fig. 4) suggests that a broader range of nematode 

cystatins may inhibit host AEP and function via the disruption of antigen 

processing/presentation (Murray et al., 2005). Certainly, in other studies, substituting 

glutamic acid (E) for aspartic acid (D) did not result in a loss of the conserved 

structure or of function (Vik and Antonio, 1994; Ellis et al., 1995). Current evidence 

(Table 3; Fig. 4) suggests that conserved domains appear to have been lost upon 

cystatin gene duplication, which might relate to a loss of cysteine peptidase inhibition 

of respective cystatins. A striking example is B. malayi, whose genome encodes three 

type 2-like cystatins, two of which are developmentally regulated and do not retain 

the conserved domains required for peptidase inhibition. A loss of conserved domains 

linked to cysteine peptidase inhibition was also observed for other nematodes in 

which more than one copy of the cystatin gene was encoded in 

genomic/transcriptomic data sets (Table 3; Fig. 4).  

Experimental evidence for various parasitic nematodes (Klotz et al., 2011), 

including strongylids, suggests that cystatins expressed in the adult stages of D. filaria 

and D. viviparus might play one or multiple roles in modulating host immunity, 

independent of inhibition of host cysteine peptidases. For instance, cystatins of some 

parasitic nematodes retain a conserved mechanism to modulate cytokine production 

(Hartmann et al., 2002) and/or nitric oxide (NO) synthesis in antigen-presenting cells 

in the host animal (reviewed by Klotz et al., 2005), but are not linked to a common 

immune pathway. While cystatins of selected filarial nematodes, for example, 
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induced NO production in IFN-gamma-primed macrophages in a TNF-alpha and IL-

10-dependent manner (Hartmann et al., 1997; Schnoeller et al., 2008), cystatins of 

other nematodes can stimulate NO production in an IL10-independent manner 

(Garraud et al., 1995). Clearly, based on current opinion (Klotz et al., 2011), 

particular structures of cystatins secreted by parasitic nematodes are likely to be 

critical in maintaining an effective interplay with the host animal. Interestingly, 

Hartmann et al. (Hartmann et al., 2002) demonstrated also that the N-terminal region 

of cystatins of some filarial nematodes is essential for cysteine peptidase inhibition, 

but not for the induction of NO in host macrophages. Future study, focused on the 

conserved structures within the C-terminal region of these proteins, is needed to 

assess the functionality of conserved (secondary or tertiary) domains/motifs. This 

work could be done by cloning an array of genes encoding secreted cystatins from 

non-filarial nematodes, expressing these proteins and testing them on host antigen-

presenting cells to elucidate their immunomodulatory capacities. 

 

Acknowledgements 

 

This project was funded by the Australian Research Council (ARC) and 

Australian National Health & Medical Research Council (NHMRC). This project was 

also supported by a Victorian Life Sciences Computation Initiative (VLSCI) grant 

number VR0007 on its Peak Computing Facility at the University of Melbourne, an 

initiative of the Victorian Government. Other support from the Alexander von 

Humboldt Foundation and Melbourne Water Corporation is gratefully acknowledged 

(R.B.G), as is funding from and the Howard Hughes Medical Institute (HHMI) and 

National Institutes of Health (NIH) (P.W.S.). N.D.Y is an NHMRC Early Career 

Research (ECR) Fellow. We also acknowledge the continued contributions of staff at 

WormBase (www.wormbase.org). 

 

 

References 

 

Abrahamson, M., Alvarez-Fernandez, M., Nathanson, C., 2003. Cystatins. Biochem. 

Soc. Symp. 70, 179-199. 

Allen, M.A., Hillier, L.W., Waterston, R.H., Blumenthal, T., 2011. A global analysis 

of C. elegans trans-splicing. Genome Res. 21, 255-264. 

Altschul, S.F., Madden, T.L., Schaffer, A.A., Zhang, J., Zhang, Z., Miller, W., 

Lipman, D.J., 1997. Gapped BLAST and PSI-BLAST: a new generation of 

protein database search programs. Nucleic Acids Res. 25, 3389-3402. 

Alvarez-Fernandez, M., Barrett, A.J., Gerhartz, B., Dando, P.M., Ni, J., Abrahamson, 

M., 1999. Inhibition of mammalian legumain by some cystatins is due to a 

novel second reactive site. J. Biol. Chem. 274, 19195-19203. 

Anderson, R.C., 2000. Nematode Parasites of Vertebrates. Their Development and 

Transmission. CABI Publishing, Wallingford, UK. 

Asojo, O.A., Goud, G., Dhar, K., Loukas, A., Zhan, B., Deumic, V., Liu, S., 

Borgstahl, G.E., Hotez, P.J., 2005. X-ray structure of Na-ASP-2, a 

pathogenesis-related-1 protein from the nematode parasite, Necator americanus, 

and a vaccine antigen for human hookworm infection. J. Mol. Biol. 346, 801-

814. 

Basavaraju, S.V., Zhan, B., Kennedy, M.W., Liu, Y., Hawdon, J., Hotez, P.J., 2003. 

Ac-FAR-1, a 20 kDa fatty acid- and retinol-binding protein secreted by adult 



 

 14 

Ancylostoma caninum hookworms: gene transcription pattern, ligand binding 

properties and structural characterisation. Mol. Biochem. Parasitol. 126, 63-71. 

Bath, J.L., Robinson, M., Kennedy, M.W., Agbasi, C., Linz, L., Maetzold, E., 

Scheidt, M., Knox, M., Ram, D., Hein, J., 2009. Identification of a secreted fatty 

acid and retinol-binding protein (Hp-FAR-1) from Heligmosomoides polygyrus. 

J. Nematol. 41, 228. 

Bell, S., 2008. Respiratory disease in sheep: 1. Differential diagnosis and 

epidemiology. In Pract. 30, 200-207. 

Bentley, D.R., Balasubramanian, S., Swerdlow, H.P., Smith, G.P., Milton, J., Brown, 

C.G., Hall, K.P., Evers, D.J., Barnes, C.L., Bignell, H.R., Boutell, J.M., Bryant, 

J., Carter, R.J., Keira Cheetham, R., Cox, A.J., Ellis, D.J., Flatbush, M.R., 

Gormley, N.A., Humphray, S.J., Irving, L.J., Karbelashvili, M.S., Kirk, S.M., 

Li, H., Liu, X., Maisinger, K.S., Murray, L.J., Obradovic, B., Ost, T., Parkinson, 

M.L., Pratt, M.R., Rasolonjatovo, I.M., Reed, M.T., Rigatti, R., Rodighiero, C., 

Ross, M.T., Sabot, A., Sankar, S.V., Scally, A., Schroth, G.P., Smith, M.E., 

Smith, V.P., Spiridou, A., Torrance, P.E., Tzonev, S.S., Vermaas, E.H., Walter, 

K., Wu, X., Zhang, L., Alam, M.D., Anastasi, C., Aniebo, I.C., Bailey, D.M., 

Bancarz, I.R., Banerjee, S., Barbour, S.G., Baybayan, P.A., Benoit, V.A., 

Benson, K.F., Bevis, C., Black, P.J., Boodhun, A., Brennan, J.S., Bridgham, 

J.A., Brown, R.C., Brown, A.A., Buermann, D.H., Bundu, A.A., Burrows, J.C., 

Carter, N.P., Castillo, N., Chiara, E.C.M., Chang, S., Neil Cooley, R., Crake, 

N.R., Dada, O.O., Diakoumakos, K.D., Dominguez-Fernandez, B., Earnshaw, 

D.J., Egbujor, U.C., Elmore, D.W., Etchin, S.S., Ewan, M.R., Fedurco, M., 

Fraser, L.J., Fuentes Fajardo, K.V., Scott Furey, W., George, D., Gietzen, K.J., 

Goddard, C.P., Golda, G.S., Granieri, P.A., Green, D.E., Gustafson, D.L., 

Hansen, N.F., Harnish, K., Haudenschild, C.D., Heyer, N.I., Hims, M.M., Ho, 

J.T., Horgan, A.M., Hoschler, K., Hurwitz, S., Ivanov, D.V., Johnson, M.Q., 

James, T., Huw Jones, T.A., Kang, G.D., Kerelska, T.H., Kersey, A.D., 

Khrebtukova, I., Kindwall, A.P., Kingsbury, Z., Kokko-Gonzales, P.I., Kumar, 

A., Laurent, M.A., Lawley, C.T., Lee, S.E., Lee, X., Liao, A.K., Loch, J.A., 

Lok, M., Luo, S., Mammen, R.M., Martin, J.W., McCauley, P.G., McNitt, P., 

Mehta, P., Moon, K.W., Mullens, J.W., Newington, T., Ning, Z., Ling Ng, B., 

Novo, S.M., O'Neill, M.J., Osborne, M.A., Osnowski, A., Ostadan, O., 

Paraschos, L.L., Pickering, L., Pike, A.C., Chris Pinkard, D., Pliskin, D.P., 

Podhasky, J., Quijano, V.J., Raczy, C., Rae, V.H., Rawlings, S.R., Chiva 

Rodriguez, A., Roe, P.M., Rogers, J., Rogert Bacigalupo, M.C., Romanov, N., 

Romieu, A., Roth, R.K., Rourke, N.J., Ruediger, S.T., Rusman, E., Sanches-

Kuiper, R.M., Schenker, M.R., Seoane, J.M., Shaw, R.J., Shiver, M.K., Short, 

S.W., Sizto, N.L., Sluis, J.P., Smith, M.A., Ernest Sohna Sohna, J., Spence, E.J., 

Stevens, K., Sutton, N., Szajkowski, L., Tregidgo, C.L., Turcatti, G., 

Vandevondele, S., Verhovsky, Y., Virk, S.M., Wakelin, S., Walcott, G.C., 

Wang, J., Worsley, G.J., Yan, J., Yau, L., Zuerlein, M., Mullikin, J.C., Hurles, 

M.E., McCooke, N.J., West, J.S., Oaks, F.L., Lundberg, P.L., Klenerman, D., 

Durbin, R., Smith, A.J., 2008. Accurate whole human genome sequencing using 

reversible terminator chemistry. Nature 456, 53-59. 

Blanc, G., Wolfe, K.H., 2004. Functional divergence of duplicated genes formed by 

polyploidy during Arabidopsis evolution. Plant Cell 16, 1679-1691. 

Blaxter, M.L., De Ley, P., Garey, J.R., Liu, L.X., Scheldeman, P., Vierstraete, A., 

Vanfleteren, J.R., Mackey, L.Y., Dorris, M., Frisse, L.M., Vida, J.T., Thomas, 



 

 15 

W.K., 1998. A molecular evolutionary framework for the phylum Nematoda. 

Nature 392, 71-75. 

Bode, W., Engh, R., Musil, D., Thiele, U., Huber, R., Karshikov, A., Brzin, J., Kos, J., 

Turk, V., 1988. The 2.0 A X-ray crystal structure of chicken egg white cystatin 

and its possible mode of interaction with cysteine proteinases. EMBO J. 7, 

2593-2599. 

Bower, M.A., Constant, S.L., Mendez, S., 2008. Necator americanus: The Na-ASP-2 

protein secreted by the infective larvae induces neutrophil recruitment in vivo 

and in vitro. Exp. Parasitol. 118, 569-575. 

Brekken, R.A., Sage, E.H., 2001. SPARC, a matricellular protein: at the crossroads of 

cell–matrix communication. Matrix Biol. 19, 815-827. 

Brophy, P.M., Pritchard, D.I., 1994. Parasitic helminth glutathione S-transferases: an 

update on their potential as targets for immuno- and chemotherapy. Exp. 

Parasitol. 79, 89-96. 

Buisine, N., Quesneville, H., Colot, V., 2008. Improved detection and annotation of 

transposable elements in sequenced genomes using multiple reference sequence 

sets. Genomics 91, 467-475. 

Bulger, E.M., Helton, W.S., 1998. Nutrient antioxidants in gastrointestinal diseases. 

Gastroenterol. Clin. North Am. 27, 403-419. 

Busby, M.A., Gray, J.M., Costa, A.M., Stewart, C., Stromberg, M.P., Barnett, D., 

Chuang, J.H., Springer, M., Marth, G.T., 2011. Expression divergence 

measured by transcriptome sequencing of four yeast species. BMC Genomics 

12, 635. 

Cantacessi, C., Campbell, B., Visser, A., Geldhof, P., Nolan, M., Nisbet, A.J., 

Matthews, J.B., Loukas, A., Hofmann, A., Otranto, D., 2009. A portrait of the 

“SCP/TAPS” proteins of eukaryotes—developing a framework for fundamental 

research and biotechnological outcomes. Biotechnol. Adv. 27, 376-388. 

Cantacessi, C., Campbell, B.E., Gasser, R.B., 2012. Key strongylid nematodes of 

animals - Impact of next-generation transcriptomics on systems biology and 

biotechnology. Biotechnol. Adv. 30, 469-488. 

Cantacessi, C., Gasser, R.B., 2011. SCP/TAPS proteins in helminths—where to from 

now? Mol. Cell. Probes 26, 54-59. 

Cantacessi, C., Gasser, R.B., Strube, C., Schnieder, T., Jex, A.R., Hall, R.S., 

Campbell, B.E., Young, N.D., Ranganathan, S., Sternberg, P.W., Mitreva, M., 

2011a. Deep insights into Dictyocaulus viviparus transcriptomes provides 

unique prospects for new drug targets and disease intervention. Biotechnol. 

Adv. 29, 261-271. 

Cantacessi, C., Mitreva, M., Campbell, B.E., Hall, R.S., Young, N.D., Jex, A.R., 

Ranganathan, S., Gasser, R.B., 2010a. First transcriptomic analysis of the 

economically important parasitic nematode, Trichostrongylus colubriformis, 

using a next-generation sequencing approach. Infect. Genet. Evol. 10, 1199-

1207. 

Cantacessi, C., Mitreva, M., Jex, A.R., Young, N.D., Campbell, B.E., Hall, R.S., 

Doyle, M.A., Ralph, S.A., Rabelo, E.M., Ranganathan, S., Sternberg, P.W., 

Loukas, A., Gasser, R.B., 2010b. Massively parallel sequencing and analysis of 

the Necator americanus transcriptome. PLoS Negl. Trop. Dis. 4, e684. 

Cantacessi, C., Young, N.D., Nejsum, P., Jex, A.R., Campbell, B.E., Hall, R.S., 

Thamsborg, S.M., Scheerlinck, J.P., Gasser, R.B., 2011b. The transcriptome of 

Trichuris suis — first molecular insights into a parasite with curative properties 

for key immune diseases of humans. PLoS One 6, e23590. 



 

 16 

Chen, Y., Zhang, Y., Yin, Y., Gao, G., Li, S., Jiang, Y., Gu, X., Luo, J., 2005. SPD—

a web-based secreted protein database. Nucleic Acids Res. 33, D169-173. 

Chiumiento, L., Bruschi, F., 2009. Enzymatic antioxidant systems in helminth 

parasites. Parasitol. Res. 105, 593-603. 

Cloonan, N., Forrest, A.R., Kolle, G., Gardiner, B.B., Faulkner, G.J., Brown, M.K., 

Taylor, D.F., Steptoe, A.L., Wani, S., Bethel, G., Robertson, A.J., Perkins, A.C., 

Bruce, S.J., Lee, C.C., Ranade, S.S., Peckham, H.E., Manning, J.M., McKernan, 

K.J., Grimmond, S.M., 2008. Stem cell transcriptome profiling via massive-

scale mRNA sequencing. Nat. Methods 5, 613-619. 

Cox, S.E., 2013. Energy Metabolism. In: Benjamin, C. (Ed.), Encyclopedia of Human 

Nutrition., 3rd ed. Academic Press, Waltham, pp. 177-185. 

Cuellar, C., Wu, W., Mendez, S., 2009. The hookworm tissue inhibitor of 

metalloproteases (Ac-TMP-1) modifies dendritic cell function and induces 

generation of CD4 and CD8 suppressor T cells. PLoS Negl. Trop. Dis. 3, e439. 

Dainichi, T., Maekawa, Y., Ishii, K., Zhang, T., Nashed, B.F., Sakai, T., Takashima, 

M., Himeno, K., 2001. Nippocystatin, a cysteine protease inhibitor from 

Nippostrongylus brasiliensis, inhibits antigen processing and modulates 

antigen-specific immune response. Infect. Immun. 69, 7380-7386. 

De Rossi, E., Arrigo, P., Bellinzoni, M., Silva, P.A., Martin, C., Ainsa, J.A., 

Guglierame, P., Riccardi, G., 2002. The multidrug transporters belonging to 

major facilitator superfamily in Mycobacterium tuberculosis. Mol. Med. 8, 714-

724. 

Dickinson, D.P., 2002.  Cysteine peptidases of mammals: their biological roles and 

potential effects in the oral cavity and other tissues in health and disease. Crit. 

Rev. Oral Biol. M. 13, 238-275. 

Dillies, M.A., Rau, A., Aubert, J., Hennequet-Antier, C., Jeanmougin, M., Servant, 

N., Keime, C., Marot, G., Castel, D., Estelle, J., Guernec, G., Jagla, B., Jouneau, 

L., Laloe, D., Le Gall, C., Schaeffer, B., Le Crom, S., Guedj, M., Jaffrezic, F., 

2012. A comprehensive evaluation of normalization methods for Illumina high-

throughput RNA sequencing data analysis. Brief. Bioinform. [Epub ahead of 

print]. 

Dimmer, E.C., Huntley, R.P., Alam-Faruque, Y., Sawford, T., O'Donovan, C., Martin, 

M.J., Bely, B., Browne, P., Mun Chan, W., Eberhardt, R., Gardner, M., Laiho, 

K., Legge, D., Magrane, M., Pichler, K., Poggioli, D., Sehra, H., Auchincloss, 

A., Axelsen, K., Blatter, M.C., Boutet, E., Braconi-Quintaje, S., Breuza, L., 

Bridge, A., Coudert, E., Estreicher, A., Famiglietti, L., Ferro-Rojas, S., 

Feuermann, M., Gos, A., Gruaz-Gumowski, N., Hinz, U., Hulo, C., James, J., 

Jimenez, S., Jungo, F., Keller, G., Lemercier, P., Lieberherr, D., Masson, P., 

Moinat, M., Pedruzzi, I., Poux, S., Rivoire, C., Roechert, B., Schneider, M., 

Stutz, A., Sundaram, S., Tognolli, M., Bougueleret, L., Argoud-Puy, G., Cusin, 

I., Duek-Roggli, P., Xenarios, I., Apweiler, R., 2012. The UniProt-GO 

Annotation database in 2011. Nucleic Acids Res. 40, D565-570. 

Ellis, S.W., Hayhurst, G.P., Smith, G., Lightfoot, T., Wong, M.M., Simula, A.P., 

Ackland, M.J., Sternberg, M.J., Lennard, M.S., Tucker, G.T., 1995. Evidence 

that aspartic acid 301 is a critical substrate-contact residue in the active site of 

cytochrome P450 2D6. J. Biol. Chem. 270, 29055-29058. 

Elsworth, B., Wasmuth, J., Blaxter, M., 2011. NEMBASE4: the nematode 

transcriptome resource. Int. J. Parasitol. 41, 881-894. 

Falk, M.J., Zhang, Z., Rosenjack, J.R., Nissim, I., Daikhin, E., Sedensky, M.M., 

Yudkoff, M., Morgan, P.G., 2008. Metabolic pathway profiling of 



 

 17 

mitochondrial respiratory chain mutants in Caenorhabditis elegans. Mol. Genet. 

Metab. 93, 388-397. 

Foster, N., Eisheikha, H.M., 2012. The immune response to parasitic helminths of 

veterinary importance and its potential manipulaton for future vaccine control 

strategies. Parasitol. Res. 110, 1587-1599. 

Fu, L., Niu, B., Zhu, Z., Wu, S., Li, W., 2012. CD-HIT: accelerated for clustering the 

next generation sequencing data. Bioinformatics 28, 3150-3152. 

Garraud, O., Nkenfou, C., Bradley, J.E., Perler, F.B., Nutman, T.B., 1995. 

Identification of recombinant filarial proteins capable of inducing polyclonal 

and antigen-specific IgE and IgG4 antibodies. J. Immunol. 155, 1316-1325. 

Geary, J., Satti, M., Moreno, Y., Madrill, N., Whitten, D., Headley, S.A., Agnew, D., 

Geary, T., Mackenzie, C., 2012. First analysis of the secretome of the canine 

heartworm, Dirofilaria immitis. Parasit. Vectors 5, 140. 

Geyer, C.J., 1992. Practical Markov Chain Monte Carlo. Stat. Sci. 7, 473-483. 

Greenhalgh, C.J., Loukas, A., Donald, D., Nikolaou, S., Newton, S.E., 2000. A family 

of galectins from Haemonchus contortus. Mol. Biochem. Parasitol. 107, 117-

121. 

Gregory, W.F., Maizels, R.M., 2008. Cystatins from filarial parasites: evolution, 

adaptation and function in the host-parasite relationship. Int. J. Biochem. Cell 

Biol. 40, 1389-1398. 

Hartman, D., Donald, D.R., Nikolaou, S., Savin, K.W., Hasse, D., Presidente, P.J., 

Newton, S.E., 2001. Analysis of developmentally regulated genes of the 

parasite Haemonchus contortus. Int. J. Parasitol. 31, 1236-1245. 

Hartmann, S., Kyewski, B., Sonnenburg, B., Lucius, R., 1997. A filarial cysteine 

protease inhibitor down-regulates T cell proliferation and enhances interleukin-

10 production. Eur. J. Immunol. 27, 2253-2260. 

Hartmann, S., Lucius, R., 2003. Modulation of host immune responses by nematode 

cystatins. Int. J. Parasitol. 33, 1291-1302. 

Hartmann, S., Schonemeyer, A., Sonnenburg, B., Vray, B., Lucius, R., 2002. 

Cystatins of filarial nematodes up-regulate the nitric oxide production of 

interferon-gamma-activated murine macrophages. Parasite Immunol. 24, 253-

262. 

Hastings, W.K., 1970. Monte Carlo sampling methods using Markov chains and their 

applications. Biometrika 57, 97-109. 

Heizer, E., Zarlenga, D.S., Rosa, B., Gao, X., Gasser, R.B., De Graef, J., Geldhof, P., 

Mitreva, M., 2013. Transcriptome analyses reveal protein and domain families 

that delineate stage-related development in the economically important parasitic 

nematodes, Ostertagia ostertagi and Cooperia oncophora. BMC Genomics 14, 

118. 

Henkle-Dührsen, K., Kampkötter, A., 2001. Antioxidant enzyme families in parasitic 

nematodes. Mol. Biochem. Parasitol. 114, 129-142. 

Hewitson, J.P., Grainger, J.R., Maizels, R.M., 2009. Helminth immunoregulation: the 

role of parasite secreted proteins in modulating host immunity. Mol. Biochem. 

Parasitol. 167, 1-11. 

Holzhauer, M., van Schaik, G., Saatkamp, H.W., Ploeger, H.W., 2011. Lungworm 

outbreaks in adult dairy cows: estimating economic losses and lessons to be 

learned. Vet. Rec. 169, 494. 

Jaffe, J.J., Lambert, R.A., 1986. Glutathione S-transferase in adult Dirofilaria immitis 

and Brugia pahangi. Mol. Biochem. Parasitol. 20, 199-206. 



 

 18 

Kall, L., Krogh, A., Sonnhammer, E.L., 2004. A combined transmembrane topology 

and signal peptide prediction method. J. Mol. Biol. 338, 1027-1036. 

Kampkotter, A., Volkmann, T.E., de Castro, S.H., Leiers, B., Klotz, L.O., Johnson, 

T.E., Link, C.D., Henkle-Duhrsen, K., 2003. Functional analysis of the 

glutathione S-transferase 3 from Onchocerca volvulus (Ov-GST-3): a parasite 

GST confers increased resistance to oxidative stress in Caenorhabditis elegans. 

J. Mol. Biol. 325, 25-37. 

Kanehisa, M., Goto, S., 2000. KEGG: kyoto encyclopedia of genes and genomes. 

Nucleic Acids Res. 28, 27-30. 

Katoh, K., Standley, D.M., 2013. MAFFT multiple sequence alignment software 

version 7: improvements in performance and usability. Mol. Biol. Evol. 

Kendziorski, C., Irizarry, R.A., Chen, K.S., Haag, J.D., Gould, M.N., 2005. On the 

utility of pooling biological samples in microarray experiments. Proc. Natl. 

Acad. Sci. U. S. A. 102, 4252-4257. 

Kennedy, M.W., 2000. The polyprotein lipid binding proteins of nematodes. Biochim. 

Biophys. Acta 1476, 149-164. 

Klotz, C., Ziegler, T., Danilowicz-Luebert, E., Hartmann, S., 2011. Cystatins of 

parasitic organisms. Adv. Exp. Med. Biol. 712, 208-221. 

Klotz, L., Schmidt, M., Giese, T., Sastre, M., Knolle, P., Klockgether, T., Heneka, 

M.T., 2005. Proinflammatory stimulation and pioglitazone treatment regulate 

peroxisome proliferator-activated receptor gamma levels in peripheral blood 

mononuclear cells from healthy controls and multiple sclerosis patients. J. 

Immunol. 175, 4948-4955. 

Knox, D., 2011. Proteases in Blood-Feeding Nematodes and Their Potential as 

Vaccine Candidates. In: Robinson, M., Dalton, J. (Eds.), Cysteine Proteases of 

Pathogenic Organisms. Springer; pp. 155-176. 

Li, B.-W., Wang, Z., Rush, A.C., Mitreva, M., Weil, G.J., 2012. Transcription 

profiling reveals stage-and function-dependent expression patterns in the filarial 

nematode Brugia malayi. BMC Genomics 13, 184. 

Li, B., Ruotti, V., Stewart, R.M., Thomson, J.A., Dewey, C.N., 2010. RNA-Seq gene 

expression estimation with read mapping uncertainty. Bioinformatics 26, 493-

500. 

Li, H., Durbin, R., 2009. Fast and accurate short read alignment with Burrows-

Wheeler transform. Bioinformatics 25, 1754-1760. 

Li, H., Handsaker, B., Wysoker, A., Fennell, T., Ruan, J., Homer, N., Marth, G., 

Abecasis, G., Durbin, R., 2009. The Sequence Alignment/Map format and 

SAMtools. Bioinformatics 25, 2078-2079. 

Liu, S., Lin, L., Jiang, P., Wang, D., Xing, Y., 2011. A comparison of RNA-Seq and 

high-density exon array for detecting differential gene expression between 

closely related species. Nucleic Acids Res. 39, 578-588. 

Liu, X., Song, Y., Jiang, N., Wang, J., Tang, B., Lu, H., Peng, S., Chang, Z., Tang, 

Y., Yin, J., 2012. Global gene expression analysis of the zoonotic parasite 

Trichinella spiralis revealed novel genes in host parasite interaction. PLoS 

Negl. Trop. Dis. 6, e1794. 

Lohse, M., Bolger, A.M., Nagel, A., Fernie, A.R., Lunn, J.E., Stitt, M., Usadel, B., 

2012. RobiNA: a user-friendly, integrated software solution for RNA-Seq-based 

transcriptomics. Nucleic Acids Res. 40, W622-627. 

Magrane, M., Consortium, U., 2011. UniProt knowledgebase: a hub of integrated 

protein data. Database  (Oxford) 2011, bar009. 



 

 19 

Mangiola, S., Young, N.D., Korhonen, P., Mondal, A., Scheerlinck, J.-P., Sternberg, 

P.W., Cantacessi, C., Hall, R.S., Jex, A.R., Gasser, R.B., 2013. Getting the most 

out of parasitic helminth transcriptomes using HelmDB: implications for 

biology and biotechnology. Biotechnol. Adv. [Epub ahead of print]. 

Manoury, B., Gregory, W.F., Maizels, R.M., Watts, C., 2001. Bm-CPI-2, a cystatin 

homolog secreted by the filarial parasite Brugia malayi, inhibits class II MHC-

restricted antigen processing. Curr. Biol. 11, 447-451. 

Martin, J., Abubucker, S., Heizer, E., Taylor, C.M., Mitreva, M., 2012. Nematode.net 

update 2011: addition of data sets and tools featuring next-generation 

sequencing data. Nucleic Acids Res. 40, D720-728. 

McDermott, L., Kennedy, M.W., McManus, D.P., Bradley, J.E., Cooper, A., Storch, 

J., 2002. How helminth lipid-binding proteins offload their ligands to 

membranes: differential mechanisms of fatty acid transfer by the ABA-1 

polyprotein allergen and Ov-FAR-1 proteins of nematodes and Sj-FABPc of 

schistosomes. Biochemistry 41, 6706-6713. 

McKerrow, J.H., Caffrey, C., Kelly, B., Loke, P., Sajid, M., 2006. Proteases in 

parasitic diseases. Annu. Rev. Pathol. 1, 497-536. 

McSorley, H.J., Hewitson, J.P., Maizels, R.M., 2013. Immunomodulation by helminth 

parasites: Defining mechanisms and mediators. Int. J. Parasitol., In press. 

Mei, B., Kennedy, M.W., Beauchamp, J., Komuniecki, P.R., Komuniecki, R., 1997. 

Secretion of a novel, developmentally regulated fatty acid-binding protein into 

the perivitelline fluid of the parasitic nematode, Ascaris suum. J. Biol. Chem. 

272, 9933-9941. 

Melendez, A.J., Harnett, M.M., Pushparaj, P.N., Wong, W.S., Tay, H.K., McSharry, 

C.P., Harnett, W., 2007. Inhibition of Fc epsilon RI-mediated mast cell 

responses by ES-62, a product of parasitic filarial nematodes. Nat. Med. 13, 

1375-1381. 

Metropolis, N., Rosenbluth, A.W., Rosenbluth, M.N., Teller, A.H., Teller, E., 1953. 

Equation of state calculations by fast computing machines. J. Chem. Phys. 21, 

1087. 

Mitreva, M., McCarter, J.P., Arasu, P., Hawdon, J., Martin, J., Dante, M., Wylie, T., 

Xu, J., Stajich, J.E., Kapulkin, W., Clifton, S.W., Waterston, R.H., Wilson, 

R.K., 2005. Investigating hookworm genomes by comparative analysis of two 

Ancylostoma species. BMC Genomics 6, 58. 

Mortazavi, A., Williams, B.A., McCue, K., Schaeffer, L., Wold, B., 2008. Mapping 

and quantifying mammalian transcriptomes by RNA-Seq. Nat. Methods 5, 621-

628. 

Murray, J., Manoury, B., Balic, A., Watts, C., Maizels, R.M., 2005. Bm-CPI-2, a 

cystatin from Brugia malayi nematode parasites, differs from Caenorhabditis 

elegans cystatins in a specific site mediating inhibition of the antigen-

processing enzyme AEP. Mol. Biochem. Parasitol. 139, 197-203. 

Nembaware, V., Crum, K., Kelso, J., Seoighe, C., 2002. Impact of the presence of 

paralogs on sequence divergence in a set of mouse-human orthologs. Genome 

Res. 12, 1370-1376. 

Nikawa, T., Odahara, K., Koizumi, H., Kido, Y., Teshima, S., Rokutan, K., Kishi, K., 

1999. Vitamin A prevents the decline in immunoglobulin A and Th2 cytokine 

levels in small intestinal mucosa of protein-malnourished mice. J. Nutr. 129, 

934-941. 



 

 20 

Ostlund, G., Schmitt, T., Forslund, K., Kostler, T., Messina, D.N., Roopra, S., Frings, 

O., Sonnhammer, E.L., 2010. InParanoid 7: new algorithms and tools for 

eukaryotic orthology analysis. Nucleic Acids Res. 38, D196-203. 

Panuska, C., 2006. Lungworms of ruminants. Vet. Clin. North Am. Food Anim. Pract. 

22, 583-593. 

Parfitt, J.W., Sinclair, I.J., 1967. Cross resistance to Dictyocaulus viviparus produced 

by Dictyocaulus filaria infections in calves. Res. Vet. Sci. 8 (6), 6-13. 

Parra, G., Bradnam, K., Korf, I., 2007. CEGMA: a pipeline to accurately annotate 

core genes in eukaryotic genomes. Bioinformatics 23, 1061-1067. 

Peng, X., Wood, C.L., Blalock, E.M., Chen, K.C., Landfield, P.W., Stromberg, A.J., 

2003. Statistical implications of pooling RNA samples for microarray 

experiments. BMC Bioinformatics 4, 26. 

Pfaff, A.W., Schulz-Key, H., Soboslay, P.T., Taylor, D.W., MacLennan, K., 

Hoffmann, W.H., 2002. Litomosoides sigmodontis cystatin acts as an 

immunomodulator during experimental filariasis. Int. J. Parasitol. 32, 171-178. 

Ranjit, N., Zhan, B., Stenzel, D.J., Mulvenna, J., Fujiwara, R., Hotez, P.J., Loukas, 

A., 2008. A family of cathepsin B cysteine proteases expressed in the gut of the 

human hookworm, Necator americanus. Mol. Biochem. Parasitol. 160, 90-99. 

Rawlings, N.D., 2009. A large and accurate collection of peptidase cleavages in the 

MEROPS database. Database  (Oxford) 2009, bap015. 

Robinson, M.D., Smyth, G.K., 2007. Moderated statistical tests for assessing 

differences in tag abundance. Bioinformatics 23, 2881-2887. 

Ronquist, F., Teslenko, M., van der Mark, P., Ayres, D.L., Darling, A., Hohna, S., 

Larget, B., Liu, L., Suchard, M.A., Huelsenbeck, J.P., 2012. MrBayes 3.2: 

efficient Bayesian phylogenetic inference and model choice across a large 

model space. Syst. Biol. 61, 539-542. 

Saeed, M., Baig, M.H., Bajpai, P., Srivastava, A.K., Ahmad, K., Mustafa, H., 2013. 

Predicted binding of certain antifilarial compounds with glutathione-S-

transferase of human Filariids. Bioinformation 9, 233-237. 

Schnoeller, C., Rausch, S., Pillai, S., Avagyan, A., Wittig, B.M., Loddenkemper, C., 

Hamann, A., Hamelmann, E., Lucius, R., Hartmann, S., 2008. A helminth 

immunomodulator reduces allergic and inflammatory responses by induction of 

IL-10-producing macrophages. J. Immunol. 180, 4265-4272. 

Schonemeyer, A., Lucius, R., Sonnenburg, B., Brattig, N., Sabat, R., Schilling, K., 

Bradley, J., Hartmann, S., 2001. Modulation of human T cell responses and 

macrophage functions by onchocystatin, a secreted protein of the filarial 

nematode Onchocerca volvulus. J. Immunol. 167, 3207-3215. 

Schulz, M.H., Zerbino, D.R., Vingron, M., Birney, E., 2012. Oases: robust de novo 

RNA-seq assembly across the dynamic range of expression levels. 

Bioinformatics 28, 1086-1092. 

Schwarz, E.M., Korhonen, P.K., Campbell, B.E., Young, N.D., Jex, A.R., Jabbar, A., 

Hall, R.S., Mondal, A., Howe, A.C., Pell, J., 2013. The genome and 

developmental transcriptome of the strongylid nematode Haemonchus 

contortus. Genome Biol. 14, R89. 

Strube, C., Buschbaum, S., Schnieder, T., 2012. Genes of the bovine lungworm 

Dictyocaulus viviparus associated with transition from pasture to parasitism. 

Infect. Genet. Evol. 12, 1178-1188. 

Strube, C., Buschbaum, S., Wolken, S., Schnieder, T., 2008. Evaluation of reference 

genes for quantitative real-time PCR to investigate protein disulfide isomerase 



 

 21 

transcription pattern in the bovine lungworm Dictyocaulus viviparus. Gene 425, 

36-43. 

Taylor, J.S., Raes, J., 2004. Duplication and divergence: the evolution of new genes 

and old ideas. Annu. Rev. Genet. 38, 615-643. 

Tort, J., Brindley, P.J., Knox, D., Wolfe, K.H., Dalton, J.P., 1999. Proteinases and 

associated genes of parasitic helminths. Adv. Parasitol. 43, 161-266. 

Van de Peer, Y., Taylor, J.S., Braasch, I., Meyer, A., 2001. The ghost of selection 

past: rates of evolution and functional divergence of anciently duplicated genes. 

J. Mol. Evol. 53, 436-446. 

van Rossum, A.J., Jefferies, J.R., Rijsewijk, F.A., LaCourse, E.J., Teesdale-Spittle, P., 

Barrett, J., Tait, A., Brophy, P.M., 2004. Binding of hematin by a new class of 

glutathione transferase from the blood-feeding parasitic nematode Haemonchus 

contortus. Infect. Immun. 72, 2780-2790. 

Vik, S.B., Antonio, B.J., 1994. A mechanism of proton translocation by F1F0 ATP 

synthases suggested by double mutants of the a subunit. J. Biol. Chem. 269, 

30364-30369. 

Vray, B., Hartmann, S., Hoebeke, J., 2002. Immunomodulatory properties of 

cystatins. Cell. Mol. Life Sci. 59, 1503-1512. 

Whelan, S., Goldman, N., 2001. A general empirical model of protein evolution 

derived from multiple protein families using a maximum-likelihood approach. 

Mol. Biol. Evol. 18, 691-699. 

Williamson, A.L., Brindley, P.J., Knox, D.P., Hotez, P.J., Loukas, A., 2003. Digestive 

proteases of blood-feeding nematodes. Trends Parasitol. 19, 417-423. 

Yadav, M., Singh, A., Rathaur, S., Liebau, E., 2010. Structural modeling and 

simulation studies of Brugia malayi glutathione-S-transferase with compounds 

exhibiting antifilarial activity: implications in drug targeting and designing. J. 

Mol. Graph. Model. 28, 435-445. 

Yook, K., Harris, T.W., Bieri, T., Cabunoc, A., Chan, J., Chen, W.J., Davis, P., de la 

Cruz, N., Duong, A., Fang, R., Ganesan, U., Grove, C., Howe, K., Kadam, S., 

Kishore, R., Lee, R., Li, Y., Muller, H.M., Nakamura, C., Nash, B., Ozersky, P., 

Paulini, M., Raciti, D., Rangarajan, A., Schindelman, G., Shi, X., Schwarz, 

E.M., Ann Tuli, M., Van Auken, K., Wang, D., Wang, X., Williams, G., 

Hodgkin, J., Berriman, M., Durbin, R., Kersey, P., Spieth, J., Stein, L., 

Sternberg, P.W., 2012. WormBase 2012: more genomes, more data, new 

website. Nucleic Acids Res. 40, D735-D741. 

Zdobnov, E.M., Apweiler, R., 2001. InterProScan—an integration platform for the 

signature-recognition methods in InterPro. Bioinformatics 17, 847-848. 

Zhan, B., Badamchian, M., Meihua, B., Ashcom, J., Feng, J., Hawdon, J., Shuhua, X., 

Hotez, P.J., 2002. Molecular cloning and purification of Ac-TMP, a 

developmentally regulated putative tissue inhibitor of metalloprotease released 

in relative abundance by adult Ancylostoma hookworms. Am. J. Trop. Med. 

Hyg. 66, 238-244. 

Zhan, B., Liu, Y., Badamchian, M., Williamson, A., Feng, J., Loukas, A., Hawdon, 

J.M., Hotez, P.J., 2003. Molecular characterisation of the Ancylostoma-secreted 

protein family from the adult stage of Ancylostoma caninum. Int. J. Parasitol. 

33, 897-907. 

 

 

 


