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The ubiquitin-mediated pathway has been comprehensively explored in the free-living nematode
Caenorhabditis elegans, but very little is known about this pathway in parasitic nematodes. Here, we
inferred the ubiquitination pathway for an economically significant and pathogenic nematode –
Haemonchus contortus – using abundant resources available for C. elegans.We identified 215 genes encod-
ing ubiquitin (Ub; n = 3 genes), ubiquitin-activating enzyme (E1; one), -conjugating enzymes (E2s; 21),
ligases (E3s; 157) and deubiquitinating enzymes (DUBs; 33). With reference to C. elegans, Ub, E1 and
E2 were relatively conserved in sequence and structure, and E3s and DUBs were divergent, likely reflect-
ing functional and biological uniqueness in H. contortus. Most genes encoding ubiquitination pathway
components exhibit high transcription in the egg compared with other stages, indicating marked protein
homeostasis in this early developmental stage. The ubiquitination pathway model constructed for H. con-
tortus provides a foundation to explore the ubiquitin–proteasome system, crosstalk between autophagy
and the proteasome system, and the parasite-host interactions. Selected E3 and DUB proteins which are
very divergent in sequence and structure from host homologues or entirely unique to H. contortus and
related parasitic nematodes may represent possible anthelmintic targets.
� 2022 The Author(s). Published by Elsevier Ltd on behalf of Australian Society for Parasitology. This is an

open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Protein turnover is a crucial mechanism in cells ensuring a
healthy state, with misfolded and damaged proteins needing to
be eliminated to maintain physiological cellular metabolism
(Goldberg, 2003). The major protein degradation pathway in
eukaryotic cells operates via the ubiquitin–proteasome system
(UPS), which also associates with processes including inflamma-
tion, cell differentiation, cell proliferation and DNA repair (Wang
and Maldonado, 2006; Daulny and Tansey, 2009). The process of
protein degradation through UPS is composed of two main ele-
ments: (i) the ubiquitination pathway and (ii) the proteasome
complex (Glickman and Ciechanover, 2002). In UPS, the ubiquitina-
tion pathway plays a central role in determining the fate of a sub-
strate protein – sometimes referred to as ‘‘the kiss of death”
(Behuliak et al., 2005). The ubiquitination system of eukaryotes
comprises a series of components, including ubiquitin (Ub), the
ubiquitin-activating enzyme (E1), ubiquitin-conjugating enzyme
(E2), ubiquitin ligase (E3) and deubiquitinating enzyme (DUB)
(Pickart and Eddins, 2004). The ubiquitination process is triggered
by E1, which activates Ub through the formation of a thioester
bond between the C-terminus of Ub and the corresponding cys-
teine of E1 (Haas et al., 1982). After Ub is activated, it is transferred
to E2 via a thioester bond formation from E1 to a cysteine residue
of E2 (Liu et al., 2020). Then, a substrate-specific E3 facilitates the
transfer of the Ub from E2 to a target substrate (Komander and
Rape, 2012). These steps are repeated several times to produce
poly-Ub chains on a protein substrate (Nguyen et al., 2014). Ubiq-
uitin is usually a 76-amino acid protein that has seven lysine resi-
dues, all of which are potential conjugation sites; however, only
the poly-Ub chains conjugated on the Lys-48 can be recognised
and degraded via the UPS (Hershko and Ciechanover, 1998). The
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number of Ub monomers within a poly-Ub chain determines the
fate of conjugated substrates: the targeted substrate is processed
by the UPS only if there are more than four Ub monomers in the
chain; otherwise, they are modified to take part in other
proteasome-independent cellular processes such as transcriptional
regulation, cell differentiation and signal transduction (Kallio et al.,
1999; Guo et al., 2004). E1 has an NAD-binding domain (Pickart
and Eddins, 2004). E2 contains one domain (called UBC) of 150
amino acids which is recognised by E3 (VanDemark and Hill,
2002). In contrast, many distinct E3 components are known,
namely HECT domain protein, U-box domain protein, monomeric
really interesting new gene (RING) finger domain protein, multi-
subunit RING finger complex (cullin-based) and multi-subunit
RING finger complex (APC/C-based) (Kipreos, 2005). The formation
of Ub chains is a reversible process, and DUB cleaves Ub from sub-
strates and Ub-chains (Reyes-Turcu et al., 2009).

The ubiquitination pathway has been extensively studied in the
free-living nematode Caenorhabditis elegans (see Kipreos, 2005;
Papaevgeniou and Chondrogianni, 2014) – one of the best charac-
terised metazoan organisms (Nigon and Félix, 2017). However,
nothing is known about this pathway in most parasitic worms.
Clearly, the wealth of molecular data sets and information on C.
elegans provide a unique opportunity to commence exploring the
ubiquitination pathway system in related parasitic nematodes for
which high-quality genomes and transcriptomes exist. Hae-
monchus contortus – the barber’s pole worm – is one such nema-
tode; it is a highly significant pathogen of ruminants (Gasser and
von Samson-Himmelstjerna, 2016). This species and its relatives
(members of the superfamily Trichostrongyloidea) have become
challenging to control in livestock animals due to widespread
resistances in worms to currently used anthelmintics. The exten-
sive genomic, transcriptomic, proteomic and lipidomic resources
now available for H. contortus (see Laing et al., 2013; Schwarz
et al., 2013; Gasser et al., 2016; Doyle et al., 2018, 2020; Ma
et al., 2018, 2020; Wang et al., 2019a,b, 2020a,b) should enable
the pursuit of alternative approaches of treatment or control,
building on a sound understanding of key molecular or biochemi-
cal processes or pathways, such as ubiquitination (Kipreos, 2005).
In particular, the ubiquitination pathway is known to contain drug-
gable targets (e.g., E1, E2 and E3) for treatments of cancers (Zhang
et al., 2020) and schizophrenia (Luza et al., 2020). As a first step
toward exploring the potential of molecular components in this
pathway as potential anthelmintic targets, we constructed here a
model of the ubiquitination pathway of H. contortus.
2. Materials and methods

2.1. Identification of C. elegans gene homologues in H. contortus

Gene and protein sequence data representing Ub and E1, E2, E3
and the DUB enzymes of C. elegans were retrieved from WormBase
(version WS278; https://wormbase.org) and associated informa-
tion from published literature (Jones et al., 2002; Kipreos, 2005;
Papaevgeniou and Chondrogianni, 2014; Supplementary
Table S1). Genomic (from ISE/inbred ISE strains) and transcrip-
tomic (from the Haecon-5 strain) data sets for H. contortus were
obtained from WormBase-ParaSite (version WBPS15; https://para-
site.wormbase.org/; Howe et al., 2017).

Homologues of C. elegans genes in the H. contortus genome were
initially identified using the BlastP algorithm (Johnson et al., 2008)
using an E-value cut-off value of <10�5. The sequences represent-
ing individual gene families/groups in C. elegans were aligned to
build a Hidden Markov Model (HMM) model. The pre-calculated
HMM models for ubiquitin (Pfam database accession PF00240),
UBA_e1_thiolCys (PF10585), UQ_con (PF00179), HECT (PF00632),
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U-box (PF04564), RING (CL0229), cullin (PF00888), F-box
(PF00646), VHL (PF01847), BTB (PF00651), OTU (PF02338), JAB
(PF01398), UCH (PF00443) and peptidase_C12 (PF01088) were
downloaded from Pfam (https://pfam.xfam.org/) and used to verify
the outcome of the homology search and support homology-
inferred annotation. HMMER3 (https://hmmer.org/) was used to
search for matching homologues (complete sequences) in H. con-
tortus with a threshold of E-value cut-off of <0.01 (Eddy, 2009).
Subsequently, LAST (Kiełbasa et al., 2011) was used to distinguish
ubiquitin from ubiquitin-like proteins by directly aligning their
sequences. Clustal W (Larkin et al., 2007) was used to align the
UBC domain of inferred proteins to verify the presence of a cat-
alytic core. Sequences without an active-site cysteine residue were
classified into a separate group of proteins (designated ‘ubiquitin
E2 variants’, UEVs), according to a previous study (Jones et al.,
2002). Reciprocal BlastP comparisons were conducted to identify
and verify the identity of orthologues, and RNA-seq data were used
to assess transcription and to curate the gene models (cf.
Stroehlein et al., 2018; Ma et al., 2019). Following the identification
of orthologous genes in H. contortus, protein sequences were
inferred and then mapped to the predicted proteome of Ovis aries
(sheep) (Archibald et al., 2010) using the BlastP program
(Johnson et al., 2008) to identify host orthologues. Again, reciprocal
BlastP comparisons was performed to verify orthology.
2.2. Analyses of sequence features and chromosomal localisation

The molecular weight (MW) and isoelectric point (pI) of protein
sequences encoded by the genes identified were estimated using
online tools available via ExPASy (https://www.expasy.org/;
Gasteiger et al., 2003). Conserved domains in proteins were
inferred using CD-Search (Marchler-Bauer and Bryant, 2004) and
InterProScan (Mitchell et al., 2015). All C. elegans homologous
genes inferred to encode components of the ubiquitination path-
way in H. contortuswere mapped to chromosomes in the latest ver-
sion of the genome of H. contortus (WormBase ParaSite version
WBPS15; PRJEB506) using the integrative tool kit called TBtools
(Chen et al., 2020).
2.3. Analysis of transcription

The transcription profiles of genes whose proteins were inferred
to be involved in the ubiquitination pathway across different
developmental stages of H. contortus – i.e. egg (E), first-stage larva
(L1), second-stage larva (L2), third-stage larva (L3), fourth-stage
larva (L4; male or female), and adult (male or female) – were
established. Transcriptomic data for these developmental stages/-
sexes of H. contortus were obtained from previous studies
(Schwarz et al., 2013; Mohandas et al., 2015). Raw RNA-seq reads
(pair-end) were processed using trim_galore (https://zenodo.org/
badge/latestdoi/62039322). Following an assessment of quality
using the programs FastQC (https://www.bioinformatics.babra-
ham.ac.uk/projects/fastqc/) and MultiQC (Ewels et al., 2016), clean
reads were mapped to the genome using HISAT2 (Pertea et al.,
2016). SAMtools (Li et al., 2009) was used to sort the mapped file
obtained from HISAT2. For individual genes, transcriptional levels
in fragments per kilobase per million (FPKM) were estimated using
the assembler StringTie (Pertea et al., 2016), and normalised (z-
score). GFF3 files needed for StringTie assembly were obtained
fromWormBase ParaSite (version WBPS15; https://parasite.worm-
base.org/; Howe et al., 2017). Normalised transcription levels of
individual genes were displayed in a heat map using TBtools
(Chen et al., 2020).

https://wormbase.org
https://parasite.wormbase.org/
https://parasite.wormbase.org/
https://pfam.xfam.org/
https://hmmer.org/
https://www.expasy.org/
https://zenodo.org/badge/latestdoi/62039322
https://zenodo.org/badge/latestdoi/62039322
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://parasite.wormbase.org/
https://parasite.wormbase.org/


Y. Zheng, G. Ma, T. Wang et al. International Journal for Parasitology 52 (2022) 581–590
2.4. Structure modelling and sequence comparison

The program AlphaFold (v2.0) was used to predict the three-
dimensional structures of proteins inferred to be within the ubiq-
uitination pathway (Jumper et al., 2021). Proteins of >2500 resi-
dues in length were excluded due to the technical limitations
(relating to CPU, GPU and/or RAM). The program TM-align
(Zhang and Skolnick, 2005) was used to structurally align homolo-
gous sequences of H. contortus, C. elegans and O. aries (in a pairwise
manner). Structural similarity was expressed as a template mod-
elling (TM) score, with a score of >0.5 indicating that two struc-
tures are similar and related, and a score of <0.2 indicating that
they are unrelated. Structures were compared and displayed using
the program UCSF ChimeraX (Pettersen et al., 2021). The program
Clustal W (Larkin et al., 2007) was used for the alignment of pro-
tein sequences.

3. Results

3.1. Constructing the ubiquitination pathway model for H. contortus

We identified 215 H. contortus homologues of genes encoding
proteins involved in the ubiquitination pathway of C. elegans (Sup-
plementary Table S2), including Ub (n = 3 genes), E1 (n = 1 gene),
E2 (21), HECT domain E3 (eight), U-box domain E3 (four), RING fin-
ger domain E3 (71), cullin-based complex E3 (63), APC/C complex
E3 (11) and DUB (33). All inferred protein-coding genes were
mapped to ubiquitination pathway components of C. elegans to
construct a model for H. contortus (Figs. 1 and 2).

3.2. Genes and protein features

We inferred basic features of the respective genes (n = 215) and
encoded proteins for H. contortus, including coding sequence (CDS)
length, amino acid sequence length, theoretical pI, MW and protein
domain architecture (Supplementary Table S2; Supplementary
Fig. S1). The theoretical pIs ranged from 4.2 (Hc-UBC-3) to 11.4
(Hc-F08G12.5), with a mean of 6.7. The molecular weight of pro-
teins ranged from 8.6 kDa (Hc-NED-8) to 426.9 kDa (Hc-EEL-1),
with a median of 50.9 kDa. Domain architecture analysis revealed
Fig. 1. Ubiquitination pathway model proposed for Haemonchus contortus. Pathway com
ubiquitin-conjugating enzyme (E2), ubiquitin ligase (E3) and deubiquitinating enzyme (D
substrate. Polyubiquitination of a substrate results from rounds of conjugation, and plays
process/pathway. DUB can cleave ubiquitin from the substrate, and Ubs are recycled. Num
in parentheses.
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the positions of key functional domain(s). For instance, Hc-UBQ-1-
A and -B contain eight and six UBQ domains, respectively, whereas
Hc-UBQ-2 only has one such domain (Fig. 3). In O. aries, 145 ortho-
logues of genes encoding proteins in the ubiquitination pathway of
H. contortus were identified (Supplementary Table S3).

3.3. Chromosomal localisation

The genes encoding proteins of the ubiquitination pathway
model of H. contortus are located on six chromosomes (Supplemen-
tary Fig. S2). Most genes (n = 57) are on chr3; 48, 40, 30 and 28
genes are on ch1, ch2, ch4 and ch5, and only 12 genes are on
chX. Of the 251 genes, 35 genes clustered within five regions (I–
V) on three chromosomes (Supplementary Fig. S2). These five
regions each encode ubiquitin conjugating and RING domain ubiq-
uitin ligases; regions Ⅰ, Ⅱ and III encode DUB, regions IV and V
encode Ub, and regions I, III and V encode APC/C ubiquitin ligase
subunits.

3.4. Transcription in different developmental stages of H. contortus

We investigated the transcription profiles of genes whose pro-
teins are involved in the ubiquitination pathway in different devel-
opmental stages of H. contortus. Three genes encoding Ub – i.e. Hc-
ubq-1-a, Hc-ubq-1-b and Hc-ubq-2 – had the highest transcription
levels in all stages, compared with all other genes (Supplementary
Table S4). Ubiquitin-coding genes had high transcription in the egg
(Hc-ubq-1-a and Hc-ubq-1-b) and L1 (Hc-ubq-2). The E1-coding
gene (Hc-uba-1) had a high transcription level in the egg stage,
and the 21 E2-coding genes were differentially transcribed among
distinct developmental stages. The HECT domain- and U-box
domain-ubiquitin ligase (E3)-coding genes, Hc-hecw-1, Hc-
Y92H12A.2, and Hc-udf-2, had relatively high transcription levels
in the L3 stage. The transcription levels of Hc-chn-1, Hc-wwp-1
and Hc-oxi-1 were highest in adult females, whereas Hc-prp-19,
Hc-etc-1 and Hc-cyn-4 were highest in eggs (Fig. 4).

We clustered genes coding for RING finger domain proteins
according to their FPKM values to identify genes with similar tran-
scription profiles (Supplementary Fig. S3). RING finger domain-
coding genes had relatively high transcription levels in the egg
ponents are indicated, including ubiquitin (Ub), ubiquitin-activating enzyme (E1),
UB). Ub is activated by E1; E1 transfers Ub to E2; E2 binds E3 and transfers Ub to a
a key role in various cellular processes via a proteasome-dependent or -independent
bers of genes encoding protein components involved in the pathway are indicated



Fig. 2. Different types of ubiquitin ligase (E3) proposed for Haemonchus contortus. Five major classes of E3s are inferred for H. contortus (see A–E). (A) HECT domain E3s – the
HECT domain is involved in binding the E2; ubiquitin (Ub) is transferred from E2 to E3, and then E3 transfers Ub to the substrate. (B) U-box domain E3s – the U-box domain is
involved in binding the E2. The Ub is transferred to the substrate from E2. (C) Monomeric RING finger E3 – the RING finger domain is involved in binding the E2; Ub is
transferred from E2 to the substrate. (D and E) Multi-subunit complexes which contains a RING finger protein – in complexes, the RING finger protein binds E2, and the
substrate recognition subunits (SRS) bind the substrate; the multi-subunit can be subdivided into two subclasses (i.e. D and E). (D) Cullin-based complexes – cullin builds a
scaffold that binds the RING finger protein on the C-terminus and the adaptor protein on the N-terminus. The adaptor protein binds SRS via specific domains. Regulatory
proteins are covalently attached to cullin to modulate the activities of the complex. (E) Anaphase promoting complex/cyclosome (APC/C). The APC contains nine core proteins
and two assistant subunits. The n in parentheses represents the number of genes identified in H. contortus.
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stage (Hc-C06A5.8, Hc-T02C1.2, Hc-rbx-2, Hc-ZC13.1, Hc-C56A3.4
and Hc-prx-2), in male L4 and adult stages (Hc-C15F1.5, Hc-mib-
1, Hc-marc-1 and Hc-tag-314) and in female (L4 and adult) stages
(Hc-Y38F1A.2, Hc-F08G12.5, Hc-par-2, Hc-B0281.3, Hc-zhp-3, Hc-
B0383.6 and Hc-C34F11.1).

The results of cluster analysis (Supplementary Fig. S4) show
that particular gene groups encoding cullin-based complex compo-
nents were co-transcribed at high levels in the egg (Hc-elb-1, Hc-
bath-38, Hc-spop-1, Hc-tag-30, Hc-T05B11.1 and Hc-bath-41), the
L2 and L3 stages (Hc-elc-1, Hc-T07E3.4, Hc-B0564.9, Hc-fbxl-1, Hc-
F40H3.1 and Hc-F10B5.3), male L4 and adult (Hc-Y6E2A.10, Hc-
ZK418.2, Hc-kel-10, Hc-ZK973.8, Hc-C18E9.8 and Hc-C25G4.8) and
female L4 and adult worms (Hc-cyk-7, Hc-skpt-1, Hc-ned-8 and
Hc-F47B10.9) The transcription levels of individual genes coding
for components of anaphase-promoting complex/cyclosome
(APC/C) ubiquitin ligase (E3) (Supplementary Fig. S5) reveal that
most APC/C genes were highly transcribed in the egg and lowly
transcribed in the L1, L2 and L4 (male) stages of H. contortus.

Most DUB-coding genes that exhibited a high transcription level
in the egg stage had low transcription levels in L1, L2 and L4 (male)
584
stages, except Hc-F37A4.5 and Hc-ubh-1, which were both highly
transcribed in male L4 and lowly transcribed in the egg (Supple-
mentary Fig. S6).

3.5. Protein structure prediction and comparison

We predicted the three-dimensional structures of proteins
linked to the ubiquitination pathways of H. contortus, C. elegans
and O. aries (https://github.com/vetscience/Zheng_Y_1). Pairwise
comparisons with C. elegans and O. aries revealed 162 and 107 H.
contortus proteins that had TM scores of >0.5 (Supplementary
Fig. S7A), with scores being higher for comparisons with C. elegans,
and the top 10% of proteins having scores of >0.9 Supplementary
(Fig. S7A). TM scores were highest for proteins in the Ub, E1 and
E2 groups, with the top 25% of proteins having scores of >0.9,
and >75% of proteins having scores of >0.5. By contrast, TM scores
were lower for E3s and DUB proteins, 25% and 50% of which had
scores of <0.5 and <0.7, respectively (Supplementary Fig. S7B).
For E1, H. contortus Hc-UBA-1 had 77% sequence similarity to C. ele-
gans UBA-1 and 64% to its orthologue in O. aries

https://github.com/vetscience/Zheng_Y_1


Fig. 3. Comparative analysis of protein sequences predicted from genes encoding ubiquitin (Ub) in Caenorhabditis elegans and in Haemonchus contortus. Each line (yellow box)
contains 76 amino acids, and ubiquitin repeats are indicated. UBQ-1 encodes 11 tandem repeats which are identical to one another, with the exception of repeat 6; here, a
leucine replaces a threonine residue at position 9 (blue). The Hc-UBQ-1-A and Hc-UBQ-1-B have eight and six tandem repeats, respectively. Hc-UBQ-2 and Caenorhabditis
elegans UBQ-2 are the same in length, and each of their Ub-coding regions are identical. Only in the L40 subunit-coding region are there two distinct amino acid differences
(red). Black numbers indicate the first and last amino acids in a protein sequence. Amino acids after the ubiquitin repeats are indicated (DI, N and SN).
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(XP_011962196_1), with the active site being conserved (Fig. 5).
TM scores of 0.93 (H. contortus versus C. elegans) and 0.94 (H. con-
tortus versus O. aries) indicated clear structural conservation of E1
among all three species.
4. Discussion

Although the ubiquitination system is generally considered to
be conserved constitutionally, structurally and functionally among
eukaryotes (Michelle et al., 2009; Zuin et al., 2014), very little work
has been done to substantiate this assumption, and parasitic hel-
minths had not been considered. Given that parasitic nematodes
are so unique, in terms of their biology and existence, one would
expect some marked differences in the way proteins are processed
and degraded within cells and tissues, and also at the parasite-host
interface. The significant advances made recently in the areas of
parasitic nematode genomics, transcriptomics and proteomics
now provide unprecedented molecular resources and tools for
comparative investigations. This is particularly the case for the bar-
ber’s pole worm, H. contortus, which is now considered as an
exceptional parasitic nematode model and whose genome is
chromosome-contiguous (Doyle et al., 2020; Ma et al., 2020). Com-
pared with the free-living nematode C. elegans, whose ubiquitina-
tion pathway has been extensively explored with considerable
research (see Kipreos, 2005; Papaevgeniou and Chondrogianni,
2014), almost nothing is known about this pathway in H. contortus.
Comparative studies with C. elegans are particularly pertinent
because this free-living nematode is relatively closely related to
H. contortus (Bürglin et al., 1998; Gilleard, 2004) and because it is
arguably the best-characterised metazoan organism – in relation
to most, if not all, aspects of biology, cellular and molecular biology
(Harris et al., 2020). For these reasons, we constructed here a ubiq-
uitination pathway model for H. contortus, with a perspective on
comparing its molecular composition with C. elegans and, impor-
tantly, on building a foundation for future experimental work on
the pathway and for identifying molecules in this pathway as
potential targets for new nematocides.
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The set of 215 genes and encoded proteins representing the
ubiquitination pathway in H. contortus was compared with the
set of >399 genes in C. elegans. Similarities were seen in the com-
position of ubiquitin (three genes found in H. contortus and two
in C. elegans), ubiquitin-activating (both with one gene) and
ubiquitin-conjugating enzymes (21 genes in H. contortus and 22
genes in C. elegans). Marked differences were seen in the E3s and
DUBs, where not only less were present in H. contortus than that
in C. elegans, but also E3 complexes were distinct between the
two species. These differences might reflect uniqueness of the
ubiquitination pathway in H. contortus.

Most genes involved in the ubiquitination pathway had high
transcription levels in the egg stage, indicating marked ubiquiti-
nation during embryo development, body morphogenesis, DNA
replication and apoptosis, similar to the situation in C. elegans
(see Kipreos, 2005). During the transition from egg to L1, many
ubiquitination pathway genes were downregulated, except for
Hc-ubq-2, which demonstrates a low level of ubiquitination activ-
ities in this stage. In the L2 and L3 stages, most genes exhibited
moderate transcription levels compared with other stages. How-
ever, some cullin-based components coding genes (Hc-elc-1, Hc-
T07E3.4, Hc-B0564.9, Hc-fbxl-1, Hc-F40H3.1 and Hc-F10B5.3)
reached peaks in the L2 and L3 stages (Supplementary Fig. S4).
We predict that these genes might have protein-macromolecule
activities and may regulate the defaecation rhythm, based on
knowledge of homologues in C. elegans (see Kim et al., 2012;
Hwang et al., 2015). In addition, the alteration of transcription
of different ubiquitination component-coding genes might be a
response to a reduced food intake by the L2 and L3 stages, as indi-
cated in a previous study (Laing et al., 2013). In H. contortus, the
L4 is the first blood-feeding stage, and many metabolic processes
change in xL3 and L4 stages during the transition to parasitism
(Harder, 2016; Schwarz et al., 2013; Wang et al., 2018). We
observed marked differences in transcription of selected genes
encoding ubiquitin ligase between male L4 and female L4 stages.
Interestingly, the same patterns are also observed between male
adult and female adult stages (Supplementary Figs. S2–S6). Pre-



Fig. 5. Three-dimensional structural models for the ubiquitin-activating enzyme of Haemonchus contortus (Hc-UBA-1) compared with its orthologues in Caenorhabditis
elegans E1 (UBA-1) and in Ovis aries E1 (NCBI database accession XP_011962196.1) in a pairwise manner. Conserved regions are in pink, and divergent ones in green. The
catalytic residue in each protein sequence and structure is indicated in yellow. Template modelling (TM) scores of structural matches are indicated.

Fig. 4. Transcription profiles of selected genes in the ubiquitination pathway in different developmental stages: egg; first-, second- or third-stage larvae; female or male
fourth-stage larvae; female or male adults (respective abbreviations: E; L1, L2 or L3; L4f or L4m; Af or Am) of Haemonchus contortus. The colour scale indicates normalised
fragments per kilobase per million (FPKM) values. Genes encoding ubiquitin (Ub), ubiquitin-activating enzyme (E1), ubiquitin-conjugating enzyme (E2), HECT domain
ubiquitin ligase (E3) and U-box domain ubiquitin ligase (E3).
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sumably, these apparently female-specific genes are associated
with activities of embryogenesis, and the male-specific genes
are related to sperm production. Apart from these highly tran-
scribed genes, some genes exhibited limited transcription, partic-
ularly the E3 coding genes. A possible explanation might be that
many E3s are substrate-specific enzymes, and that they do not
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need to be as highly transcribed as ubiquitin in cells, as in C. ele-
gans (see Kipreos, 2005). The nature and levels of transcription of
the different ubiquitination pathway genes in H. contortus likely
reflect a dynamic process that governs/regulates post-
translational modification and the homeostasis of proteins in dif-
ferent developmental stages of H. contortus.
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The present results show that Ub, E1 and E2 in H. contortus are
relatively conserved between H. contortus and C. elegans, with Ub
being most conserved among species, in accordance with previous
studies (Pickart and Eddins, 2004). Indeed, the domains in the Ubs
are almost identical between the two nematodes (Fig. 3), with two
forms of Ub present in both species, namely polyubiquitin (en-
coded by Hc-ubq-1 and ubq-1), and ubiquitin plus an L40 ribosomal
protein (represented by Hc-ubq-2 and ubq-2) (cf. Jones and
Candido, 1993). These forms are also present in other eukaryotic
species, from yeast to humans, and are recognised as universal
forms in eukaryotes (Özkaynak et al., 1984, 1987; Scheel, H.,
2005 – Comparative analysis of the ubiquitin–proteasome system
in Homo sapiens and Saccharomyces cerevisiae. PhD thesis, Univer-
sity of Cologne, Cologne, Germany). In addition, the transcription
profiles of these genes were similar among stages of both nema-
todes (with respect to other genes), indicating that ubiquitin plays
a conserved and indispensable role in these eukaryotes. As the
specific knockdown of ubq-1 and ubq-2 genes in C. elegans causes
one-cell stage arrest during the meiotic divisions (see Gönczy
et al., 2000; Kipreos, 2005), Hc-ubq-1-a, Hc-ubq-1-b and Hc-ubq-2
are more likely essential for meiosis and development of H.
contortus.

Similar to many eukaryotes (cf. Panchamia et al., 2020), both H.
contortus and C. elegans only have a single gene coding for E1,
which is conserved and plays an indispensable role in various cel-
lular functions. In accord with previous evidence (Panchamia et al.,
2020), E1 was relatively conserved in primary protein sequence
and structure (Fig. 5), with invariable ubiquitin-activating enzyme
active sites indicating conserved biological function. Based on evi-
dence for C. elegans (see Kulkarni et al., 2008), we propose that E1
(encoded by Hc-uba-1) is linked to embryonic development, body
size and fertility.

E2 is recognised as an important ubiquitin transferring platform
in the ubiquitination pathway and plays crucial roles in many cell
functions such as immune responses, cell development, and DNA
damage repair (van Wijk and Timmers, 2010; Liu et al., 2020). In
H. contortus, 21 E2s including two UEVs were identified, which is
similar to the 22 E2s and three UEVs in C. elegans (see Jones
et al., 2002; Kipreos, 2005), and no evidence of gene family expan-
sion. Of all E2s, ubc-2 and ubc-14 are the only UBC-coding genes
essential for embryonic viability in C. elegans (see Jones et al.,
2002; Kipreos, 2005), which indicates that Hc-ubc-2-a, Hc-ubc-2-b
and Hc-ubc-14 might be essential genes in H. contortus (Supple-
mentary Table S5). Interestingly, in C. elegans UBC-9 and UBC-12
do not conjugate ubiquitin, but rather SUMO and NED-8 (Ub-like
proteins) (see Jones and Candido, 2000; Jones et al., 2002),
although they are members of the UBC gene family. Here, we spec-
ulate that Hc-UBC-9-A, Hc-UBC-9-B, Hc-UBC-9-C and Hc-UBC-12
conjugate their targets in the same manner. Most E2s of H. contor-
tus are structurally similar (TM > 0.5) to their C. elegans ortho-
logues (Supplementary Table S2), indicating mechanistic and
functional conservation at the molecular level.

Unlike the Ub-E1-E2 elements, there were marked differences
in the number and sequences of E3s in the ubiquitination pathway
between H. contortus (n = 157) and C. elegans (n > 273) (cf. Supple-
mentary Tables S1and S2), suggesting marked structural and func-
tional divergences between these species. The five structural
variants of E3s, i.e. HECT domain E3s, U-box domain E3s, mono-
meric RING finger E3s, cullin-based E3 complexes and anaphase-
promoting complex/cyclosome complexes (APC/C) E3 (cf. Fig. 2)
predicted for H. contortus, were all represented in C. elegans but
in higher numbers, suggesting functional distinctions in the speci-
fic binding of individual forms of E3s to particular substrates and to
E2 at the final step of ubiquitination (cf. Finley et al., 2012; Zheng
and Shabek, 2017). The differences in numbers, sequences and
structures of select E3s of H. contortus from respective host ortho-
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logues (Supplementary Tables S2 and S3) suggest that some of
these proteins may be selective drug targets, but this proposal
requires further and detailed testing.

Currently, the functions of select E3s identified inH. contortus can
onlybesuggestedbasedonexperimentalfindingsavailable forC. ele-
gans. Three HECT domain E3s with significant homology to mole-
cules in H. contortus have been explored in C. elegans. RNA
interference (RNAi)-based knockdown of eel-1, etc-1 and wwp-1
are associated with low-level embryonic lethality, germline defi-
ciency and embryonic lethality, respectively (Papaevgeniou and
Chondrogianni, 2014). Of all U-box domain E3s, four homologues
(designated CHN-1, CYN-4, UDF-2 and PRP-19) were identified in
both H. contortus and C. elegans, all of which have been functionally
studied in C. elegans. RNAi-based silencing of chn-1 showed defi-
ciency in larval development and viability (see Khan and Nukina,
2004), whereas knockdown of cyn-4 caused masculinisation of the
germline and embryonic arrest (see Graham et al., 1993), and the
silencing of udf-2 and prp-19 caused increased protein expression/
feminisation of the germline (see Shimada et al., 2006) and embry-
onic lethality/sterility (Hebeisen et al., 2008), respectively.

Of the many RING finger domain E3 coding genes present in
both H. contortus and C. elegans, we can only suggest functions
for RING finger domain E3s in H. contortus based on evidence for
C. elegans. Thus, at this stage, specific silencing of rnf-5 and rfp-1
cause body wall disorganisation (see Broday et al., 2004) and L1-
stage larval arrest (see Crowe and Candido, 2004), respectively.
In the absence of functional validation in H. contortus, we predict,
based on evidence for C. elegans, that some of these essential mole-
cules might be useful anthelmintic target candidates to pursue,
provided that they are sufficiently distinctive from host homo-
logues (specific/selective).

Of the multi-subunit E3 complexes, homologues of two well-
structured complexes, called SCF-type and APC/C, were found in H.
contortus (Fig. 2). We propose an SCF topology in which cullin (Hc-
CUL-1, Hc-CUL-2, Hc-CUL-3 and Hc-CUL-4) builds a scaffold that
binds theRINGfingerproteinon theC-terminusand theadaptorpro-
tein (Hc-SKR-1-A,Hc-SKR-1-B,Hc-ELB-1,Hc-ELC-1andHc-DDB-1) at
the N-terminal end; the adaptor protein binds SRS through specific
domains (F-box and BTB domain). Regulated proteins (Hc-NED-8)
are covalently attached to the cullin, therebymodulating the activi-
ties of the complexes (Fig. 2D). Interestingly, the number of F-box
domain and BTB domain genes identified inH. contortus ismuch less
than that in C. elegans, suggesting that the number of different SCF
complexes is lower inH. contortus. Comparedwith the SCF complex,
the APC/C is conserved; for the latter, nine core subunits coding
genes and two accessory subunits coding genes were identified in
H. contortus, the same number as in C. elegans (Fig. 2E). Genetic
experimentation is needed to explore the cellular roles of compo-
nents of the multi-subunit E3 complex in H. contortus.

The identification of DUBs in H. contortus is crucial for exploring
the process that removes ubiquitin from the conjugated substrates.
Similar to E3s, DUBs are divergent in sequence and structure
between H. contortus and C. elegans, with 33 DUBs identified in
the former and 41 in the latter species (Supplementary Tables S1
and S2); DUBs are divided into five subclasses: OTU domain DUB,
JAMM domain DUB, USP domain DUB, UCH domain DUB and
MJD domain DUB (Nijman et al., 2005). These divergent features
indicate that DUBs might be drug targets in H. contortus, given that
they are valid targets for neurodegenerative diseases (see Lim
et al., 2020) and even for Coronaviruses (e.g., SARS-CoV-2) of
humans (Clemente et al., 2020). However, currently, there is lim-
ited information on the functions of individual DUBs compared
with other components in the ubiquitination pathway of C. elegans.
Nonetheless, RNAi of CeUBP130 causes cell division defective
embryos in C. elegans (see Lee et al., 2001), suggesting genes coding
for select DUBs might be essential in H. contortus.
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Using extensive, publicly available genomic and transcriptomic
resources, we have constructed a ubiquitination pathway model
for H. contortus, guided by information available in C. elegans –
the best characterised metazoan organism. Comparisons of this
pathway between H. contortus and C. elegans revealed the nature
and extent of variation and transcription of genes encoding key
elements of this pathway. Consistent with prior assumptions of
conservation in eukaryotes (see Pickart and Eddins, 2004), three
components (Ub, E1 and E2) were relatively conserved, in terms
of the numbers of encoding genes, and in sequence and structure,
whereas other elements (of E3 and DUBs) were only moderately
conserved or divergent.

The former (conserved) molecules would appear to play roles
that are conserved in even evolutionarily distant taxa, and the lat-
ter (variable) elements appear to be unique to Haemonchus, and
might be responsible for maintaining a parasitic mode of existence.
If these variable elements are indeed conserved among related
strongylid nematodes and prove to have similar functions, then
the divergence in sequence and structure of these molecules from
those of their hosts might indicate the potential to be useful targets
for new anthelmintics, provided that they are essential for life, are
highly transcribed in most developmental stages and are unique to
this nematode group. At this stage, we expect that these molecules
are essential, but this proposal will require experimental validation
by gene or chemical knockdown. Given that some drugs are avail-
able that target homologous elements in humans (Zhang et al.,
2020) or select parasites (e.g., Schistosoma mansoni; see Barban
do Patrocínio et al., 2021), it is possible that some commercially-
available and U.S. Food and Drug Administration (FDA)-approved
compounds could be modified by medicinal chemistry, and be sub-
jected to structure–activity relationship studies conducted in H.
contortus to achieve selective killing of all developmental stages
of this parasite without affecting host (e.g., ovine) cells. In addition
to providing a prospect for anthelmintic discovery, the present
study also addresses fundamental aspects and provides a solid
foundation for investigations of post-translational regulation, pro-
tein cycle mechanism and parasite-host relationship in H. contortus
and related nematodes which warrant future investigations. Expe-
riences made in the current study also show that, from a technical
perspective, machine learning-driven protein structure prediction
using advanced software packages, such as AlphaFold v2.0
(Jumper et al., 2021) and/or RoseTTAFold (Baek et al., 2021), can
serve as powerful tools to enhance the annotation of proteomic
data inferred from well-assembled genomes and/or transcriptomes
of H. contortus and other parasitic nematodes.
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