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Abstract

One of the first genome sequencing projects for a parasitic nematode was that for
Haemonchus contortus. The open access data from the Wellcome Trust Sanger Institute
provided a valuable early resource for the research community, particularly for the iden-
tification of specific genes and genetic markers. Later, a second sequencing project was
initiated by the University of Melbourne, and the two draft genome sequences for
H. contortus were published back-to-back in 2013. There is a pressing need for long-
range genomic information for genetic mapping, population genetics and functional
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genomic studies, so we are continuing to improve the Wellcome Trust Sanger Institute
assembly to provide a finished reference genome for H. contortus. This review describes
this process, compares the H. contortus genome assemblies with draft genomes from
other members of the strongylid group and discusses future directions for parasite
genomics using the H. contortus model.

1. INTRODUCTION
1.1 Overview and historical context

The first metazoan organism to have a full genome sequence pub-
lished was the free-living nematode Caenorhabditis elegans in 1998; even
now, the genome of this model organism is still one of the few truly ‘com-
plete’ metazoan genomes (C. elegans Sequencing Consortium, 1998). The
associated database WormBase (https://www.wormbase.org) was one of
the first to integrate genomic, genetic and phenotypic data and published
literature and to have ongoing curation. Although the C. elegans Sequencing
Consortium played a central role in the development of whole genome
sequencing approaches, until recently, parasitic nematodes have been largely
left out of these endeavours. Indeed, whilst research groups working on bac-
terial and protozoan pathogens have rapidly advanced their genomic re-
sources, the progress in producing high-quality reference genomes for the
major parasitic helminths has been slower. There are a number of reasons
for this, including the large size and complexity of helminth genomes rela-
tive to other classes of pathogens and the lower priority given to parasitic
helminths by the major genome centres due to the relatively small size of
the research communities. However, over the last 5—6 years, advances in
massively parallel sequencing technologies have dramatically reduced raw
sequencing costs which, together with related developments in informatics,
has resulted in significant progress in sequencing helminth genomes (Ghedin
et al., 2007; Jex et al., 2011; Mitreva et al., 2011; Protasio et al., 2012; Tsai
et al., 2013). For example, a recent initiative at the Wellcome Trust Sanger
Institute aims to provide draft reference genomes for 50 parasitic helminths
of major importance to human and veterinary medicine and agricultural pro-
duction https://www.sanger.ac.uk/research/initiatives/globalhealth/research/
helminthgenomes/.

One of the first parasitic nematode genome sequencing projects to be
initiated at one of the major genome centres was that for Haemonchus contortus
(http://www.sanger.ac.uk/resources/downloads/helminths/haemonchus
contortus.html). This project was started in 2004 using the standard
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approach available at the time; a combination of capillary sequencing and
physical mapping with Bacterial Artificial Chromosome (BAC) or cos-
mid/fosmid libraries. MHco3.ISE was chosen as the reference strain for
this project. This strain is a version of the ISE isolate that has been passaged
and maintained at the Moredun Research Institute since 2002 (Redman
et al., 2008b). It was chosen because it is susceptible to all the major anthel-
mintic drugs and had been previously inbred by multiple rounds of serial
passage infections with progeny from a single female worm (Roos et al.,
2004). The draft genome sequence produced at this time provided a valu-
able, early resource for researchers in the field, particularly for the identifi-
cation of specific individual genes and genetic markers (Kaminsky et al.,
2008; McCavera et al., 2007; Redman et al., 2008b). This strain was further
inbred using a single pair mating approach to produce the more highly
inbred strain MHco3(ISE).N1 that was used to produce DNA template
for subsequent sequencing in the genome project (Sargison, Redman,
Naghra, Cotton and Gilleard, unpublished data). However, the relatively
large genome size (~ 300 Mb) and high levels of sequence polymorphism,
even in this partially inbred strain, made completion of a high-quality refer-
ence genome challenging and prohibitively expensive at that time. It was
not until the availability and application of ‘second-generation’ sequencing
approaches that significant progress on the assembly and annotation of a
good quality ‘draft’ reference genome was made. Subsequently, another
genome project was initiated to sequence the H. contortus McMaster strain
which was derived from an Australian isolate. In 2013, the draft genome se-
quences of both the MHco3.ISE and McMaster strains were published in
complementary papers (Laing et al., 2013; Schwarz et al., 2013). These draft
genomes were of a quality such that >90% of genes are believed to be at least
partially represented and mostly in scaffolds that contain multiple genes. The
MHCco3.ISE reference genome was 346.2 Mb in length, with a scaffold N50
of 83,287 bp and with 21,799 predicted protein-coding genes (Laing et al.,
2013). The McMaster reference genome was 320 Mb in length, with a scaf-
fold N50 of 56,300 bp and with 23,610 predicted protein-coding genes
(Schwarz et al., 2013). Although these can be considered to be good quality
draft sequences, and so valuable resources, they are still far from ‘finished’
genomes.

1.2 The need for a high-quality ‘finished’ reference genome

The rapid development of next-generation sequencing technologies has
made large-scale sequencing faster and cheaper than ever before and has
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resulted in a large number of parasitic helminth genome projects (Kumar
et al., 2012). The strategy for most of these projects has been to use short-
read technologies to sequence genomes at great depth and then undertake
shotgun assembly, to avoid the labour-intensive process of physical mapping
of large-insert genomic clones. Although mate pair libraries are often used to
aid the assembly of contigs into larger scaffolds, most of the current helminth
genome projects are producing draft genomes that are still highly frag-
mented and do not have funding to progress these to chromosome-level
assemblies (Fig. 1). Although these draft genomes are extremely valuable
for identifying ‘genes of interest’ and for some comparative and evolutionary
studies, chromosome-level assemblies will greatly improve the power of
future functional genomic and genetic studies.

Consequently, one of the major challenges facing the research commu-
nity working on parasitic helminths at present is how to ensure that we
continue to improve these genome assemblies and annotations for those par-
asites of high medical, veterinary or agricultural importance, particularly
those species that can serve as model experimental systems. Unfortunately,
there is a disproportionate cost and effort of finishing a draft reference
genome and a poor return, in terms of peer-review publication, acts as a ma-
jor disincentive. Haemonchus contortus is a good example of this, in that it is
the best available model system for studying the biology of strongylid nem-
atodes, for anthelmintic drug discovery and for anthelmintic resistance
research (Burns et al., 2015; Kaminsky et al., 2008). For this latter research
area, in particular, H. confortus provides an opportunity to apply both classical
genetic mapping and population genomic studies to identify anthelmintic
resistance loci (Gilleard and Beech, 2007; Redman et al., 2012). However,
this work is extremely difficult with the current draft genomes and so we are
continuing to improve the MHco3.ISE assembly to provide a finished refer-
ence genome for H. confortus.

Limitations of draft genome assemblies include:

* Ambiguity in genome size and content and an incomplete gene list for functional
genomic studies

* An inability to identify haplotypic sequences and copy number variation

* Insufficient long-range information to allow genetic mapping by genetic crosses

* Insufficient long-range information to identify signatures of selection through
population genetic/genomic approaches

* Incomplete and ambiguous membership of large and complex gene families

* Incomplete information on genome organization and regulation

* Inability to investigate potential long range genetic interactions

Figure 1 Limitations of draft genome assemblies.
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S 2. FROM DRAFT ASSEMBLY TO REFERENCE GENOME
2.1 Progress so far

To generate the draft genomes (Laing et al., 2013; Schwarz et al.,
2013), a combination of short and long insert [llumina libraries were gener-
ated, with the addition of 454 libraries for the MHco3.ISE assembly (see
Mardis, 2008 for review of these sequencing technologies). Standard de
novo assembly software (Velvet: Zerbino and Birney, 2008; Celera: Myers
et al., 2000) was used together with HaploMerger (Huang et al., 2012) to
reduce the amount of haplotypic expansion. [llumina and 454 are both
short-read sequencing technologies, with particularly [llumina sequencing
being highly cost-eftective, in terms of generating large amounts of sequence
data, and highly accurate, in terms of the correct identification of sequenced
bases. Assembly involves finding overlaps between sequence reads, so that
longer strings of contiguous known bases (contigs) can be reconstructed.
Two aspects make this process difficult and have led to an enormous diver-
sity of algorithms and software packages for genome assembly (eg, Bradnam
et al., 2013; Earl et al., 2011; Nagarajan and Pop, 2013; Schatz et al., 2010
for reviews and comparison). First, the sheer number of reads produced by
modern sequencing technologies means that algorithms and their software
implementation need to be extremely efficient in finding overlaps between
reads (eg, Simpson and Durbin, 2010). More fundamentally, repetitive
strings occurring in DNA or the presence of polymorphism can make the
reconstruction of the genome ambiguous and lead to fragmented assemblies.
Sequencing bases from both ends of a range of different sizes of DNA frag-
ments can show that certain contigs belong close to each other, with some
unknown sequence in-between being represented by a gap in between two
contigs. Strings of contigs joined in this way are known as scaffolds (Fig. 2).
The presence of such gaps, and of sets of scaffolds where the order and orien-
tation between them is unknown, is the hallmark of a draft assembly, and
generally short-read technologies can only produce draft assemblies for all
but the very smallest and simplest genomes. Each of the Haemonchus genome
assemblies published in 2013 (Laing et al., 2013; Schwarz et al., 2013) was in
over 10,000 scaffolds.

Since publication of the draft sequences, we have continued to improve
the MHco3.ISE genome with the aim of assembling the six chromosomes
that are predicted by karyotype analysis (Redman et al., 2008a), and so
provide a true reference-quality genome assembly (Chain et al., 2009)
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Figure 2 Sequence reads and assembly. A paired-end sequencing library is generated
by randomly fragmenting a genome and some additional molecular biology steps
before sequencing stretches of nucleotides from both ends of each fragment. The as-
sembly process identifies stretches of overlapping nucleotides between reads to form
contigs. Two contigs that contain reads from the same pair are united into the same
scaffold, with unsequenced or ambiguous bases in-between leading to a gap between
adjacent contigs.

for H. contortus. One key approach is to generate additional data that
allow long-range scaffolding and contiguation of the existing assembly.
We have generated long-read sequence data using the PacBio sequencing
platform (Korlach et al., 2010) and used contigs from a de novo assembly of
these data to bridge gaps and identify joins between scaffolds in the previ-
ous assembly. Longer-range scaftfolding is improved by optical mapping — a
technology in which individual DNA fragments are immobilized and
digested with restriction enzymes or labelled at sequence-specific nicks
in the DNA molecules (Lam et al., 2012; Samad et al., 1995). The distri-
bution of these cuts or nicks is visualized microscopically to produce an or-
dered map of the relative location of short-sequence motifs along a
molecule. Combining data from many thousands of molecules allows the
reconstruction of very long maps, up to whole chromosomes for smaller,
less-repetitive genomes. Aligning sequence data against these maps or using
the maps to identify adjacent sequence contigs in other ways (eg, Dong
et al., 2013) can help build long scaffolds with extensive sequence gaps
that can then be filled using other methods.

A second component of the genome improvement work has been a pro-
gramme of manual curation and genome improvement, initially based on
the inspection of short reads mapped to the entire genome to allow correc-
tion of the assembly where necessary, and latterly also making use of longer
PacBio reads. This is achieved using the genome viewing and editing tool
Gap5 (Bonfield and Whitwham, 2010). Using this approach, it is possible
to identify places throughout the genome where the sequence is too diver-
gent, or where pairs of reads do not lie in the correct relative orientation or
spacing, and these features give clues to places where the sequence is
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incorrect, and how to correct the problems. For example, if many of the
reads have their ‘mate’ — the other read of the pair — elsewhere in the as-
sembly, it might indicate that the existing sequence needs to be broken, and
an additional contig needs to be inserted. This read pair information,
together with unusual patterns in coverage, can also identify regions where
haplotypes have been too dissimilar to assemble and the contigs end prema-
turely — an issue that seems to have particularly plagued the automatic as-
semblies of H. contortus. Recently, significant progress in improving the
contiguation of the genome assembly has been achieved by taking contigs
de novo assembled from PacBio data, validating and assembling them
with other data and then using these sequences — representing longer
stretches of a single haplotype — to replace gaps or misassembled regions
of the assembly.

This ‘manual’ improvement process is somewhat automated — Gap5 it-
self contains many features to help automatically find potential joins and
identify potentially misassembled regions, and other software has also been
developed to aid genome improvement. Algorithmic approaches to identi-
fying problematic regions eg, REAPR (Hunt et al., 2013) are used to help
locate possible misassemblies for manual improvement. Small errors can be
automatically corrected (Otto et al., 2010), and automated approaches to
close gaps (Tsai et al., 2010) and improve scaffolding using data from existing
assemblies (Assefa et al., 2009) are all available. These approaches have
already provided a much improved genome assembly, referred to here as
MHco03.ISE.2015.

Table 1 shows a comparison of assembly statistics for the two published
H. contortus genomes and the current H. contortus MHco3.ISE.2015
genome. While the published H. contortus genomes have comparable
assembly metrics to other draft strongylid genomes (Table 2, Section 3),

Table 1 Assembly statistics for Haemonchus contortus

H. contortus H. contortus H. contortus
MHco3.ISE McMaster MHco3.ISE.2015

Assembly size (Mb) 370 320 340

Number of scaffolds 26,044 14,419 5051

N50 count 1151 1684 16

N50 (kb) 83 56 7446

N90 count 5518 6085 552

N90 (kb) 11 13 32

Largest scaftold (kb) 947 345 25,917

Haemonchus contortus and Haemonchosis — Past, Present and Future Trends, First Edition, 2016, 569—598
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Table 2 Genome statistics for Haemonchus contortus and other clade V nematodes

H. contortus Oesophago-
MHco3.ISE H. contortus  Necator Ancylostoma  stomum Dictyocaulus Angiostrongylus  Caenorhabditis
(MHco03.ISE.2015) McMaster americanus ceylanicum dentatum  viviparus cantonensis” elegans WS248
Assembly size 370 (340) 320 244 313 443 169 261 100
(Mb)
Number of 26,044 (5051) 14,419 11,713 1737 64,258 17,715" 17,280 6
scaffolds
Scaffold N50 83 (7446) 56 213 668 26 226" 42 17,493
(kb)
GC content 43 42 40 43 33 345 41 35
(%)
Repetitive 29 13 24 41 31 Not reported 25 16
SCqHCl’lCC
(%)
Number of 21,869 23,610 19,151 30,738 25,291 14,306 17,482 20,388
genes
Gene density 59 74 79 98 57 85 67 200
(per Mb)
Mean gene 6524 6167 4289 4560 2171 Not reported Not reported 3037
footprint
(bp)
Mean number 8.8 6 5.4 11 4.3 Not reported Not reported 5.1
introns per
gene
Mean intron 601 832 642 319 352 Not reported ~ Not reported 320

size (bp)

Figures are all as reported in the genome paper for each species cited in the text, except gene density figures calculated from number of genes and assembly size where necessary.
*Angiostrongylus cantonensis figures are for the Yong et al. (2015) assembly.

L . .. .. .
" Dictyocaulus viviparus assembly statistics are for contigs, not scaffolds.
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the MHco3.ISE.2015 assembly is significantly better. Fifty percent of the
genome is now assembled into 16 scaftfolds (N50 = 7.4 Mb), and 80% of
the genome is assembled into 66 scaffolds. The largest scaffold is
25.7 Mb in length. To visually display the scale of improvement, synteny
plots against the C. elegans reference genome annotation (WS235) were
generated using the 20 largest scaftolds for the three H. confortus assemblies
(Fig. 3). The scaffolds and chromosomes are shown to scale, and for
MHCco3.ISE.2015, these 20 scaffolds comprise more than half of the
genome. As expected, MHco3.ISE.2015 and the published MHco3.ISE
assembly are highly collinear, although a number of corrected misassem-
blies interrupt this pattern. A more detailed investigation of synteny
between the two H. contortus isolates is consistent with the general pattern
of colinearity of the two assemblies: most McMaster scaffolds that show any
orthology to MHco03.ISE.2015 scaffold 5 show orthology only to this scat-
fold (Fig. 4). Scaffold 5, which is approximately 6 Mb in size and syntenic
with C. elegans chromosome I was chosen as an arbitrary representative
scaffold close to the N50 of the improved assembly.

2.2 Future and ongoing work

The presence of extensive haplotypic sequence diversity in Haemonchus —
even in the inbred MHco3.ISE isolate — means manual intervention is
currently essential in improving the genome assembly, and much of the
work described in Section 2.1 is still in progress. If the combination of
approaches being used fails to produce a finished assembly of H. contorfus
chromosomes, other strategies may be required. One possibility may be to
exploit the significant degree of synteny with C. elegans for an assisted
chromosomal assembly, if necessary. Work to generate a genetic linkage
map for H. contortus is also underway, consisting of a cross between the
MHCco3.ISE isolate and a genetically divergent multidrug-resistant isolate
MHco18.UGA2004 originally isolated from a sheep at the University of
Georgia in 2004 (Williamson et al., 2011). The genetic linkage map will
aid final assembly and provide the first quantitative data on the rates of meiotic
crossing over and gene conversion in this group of nematodes, which may be
important in interpreting data from the forward genetic and population
genetic studies currently underway or being planned in Haemonchus. Once
genome improvement work is complete, the ‘finished’ genome will be
coupled to a verified de novo annotation, and all data will be released via
WormBase ParaSite http://parasite.wormbase.org/index.html and the
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Figure 3 (A) Synteny between the 20 largest scaffolds in the published H. contortus
McMaster and MHco3.ISE assemblies and the WormBase C. elegans genome (from
WS235). The longest McMaster and MHco3.ISE scaffolds are marked, with the long
contiguous bars representing the rest of the genome for each draft assembly to the
same scale, showing how much of the genome is assembled only into small fragments.
Lines link genomic locations of single-copy orthologs shared between the three
genomes, shaded by chromosome location of the C. elegans ortholog. (B) Synteny be-
tween 20 largest scaffolds in the H. contortus McMaster and improved MHco3.ISE.2015
assemblies and C. elegans. Large McMaster scaffolds and MHco3.ISE.2015 scaffolds are
marked, with the long contiguous bars representing the rest of the genome for each
assembly. Lines link genomic locations of single-copy orthologs shared between the
three genomes, shaded by chromosome location of the C. elegans ortholog. (C) Synteny
between McMaster scaffolds and scaffold 5 of the MHco3.ISE.2015 assembly. McMaster
scaffolds are shaded (only scaffolds with at least one single-copy ortholog on
MHco3.ISE.2015 scaffold 5 are shown), MHco3.ISE.2015 scaffold 5 is shaded and out-
lines and other MHco3.ISE.2015 scaffolds with orthologs to any of the McMaster scaf-
folds shown are outlined. Single-copy orthology from McMaster scaffolds to
MHco3.ISE.2015 scaffold 5 are linked by red (black in print versions) lines, all other links

are yellow (grey in print versions).
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L)
Figure 4 Overlap of predicted proteomes between two Haemonchus contortus
genomes and Caenorhabditis elegans. In (A) genes are considered shared between

genomes if they are members of a gene family present in both, while in (B) genes
are considered shared between genomes only if they are one-to-one orthologs.

Wellcome Trust Sanger Institute ftp site ftp://ftp.sanger.ac.uk/pub/

patho gens/Haemonchus/c()ntortus.

3. GENOME STRUCTURE

Clade V nematodes share a conserved genetic core, which facilitates
powerful comparative and functional genomics using a C. elegans model
(Gilleard, 2013). However, nematode genomes are notoriously dynamic
in structure and organization (Blaxter, 2003), and each species may be as
readily defined by its unique adaptations to a particular niche as by its
common ancestry. Since the publication of the H. confortus genomes in
2013, draft assemblies have been published for five more members of the
strongylid group, the hookworms Necator americanus (Tang et al., 2014)
and Ancylostoma ceylanicum (Schwarz et al., 2015), the nodule worm Oesopha-
gostomum dentatum (Tyagi et al., 2015a), the bovine lungworm Dictyocaulus
viviparus (Koutsovoulos et al., 2014) and two different assemblies for the
zoonotic pathogen rat lungworm, Angiostrongylus cantonensis (Morassutti
et al., 2013; Yong et al.,, 2015). We therefore have the opportunity to
explore aspects of the H. contortus genome that are broadly conserved in
clade V nematodes, that are a general feature of the strongylid group, and
that are unique to this species. Vertebrate parasites are hypothesized to
have evolved from a free-living ancestor though ‘preadaptation’ in insect
hosts, so the publication of the genome of Heterohabditis bacteriophora (Bai
et al., 2013), an insect parasite in a sister group to the strongylids, may pro-
vide insight to their evolution as vertebrate parasites. Further, we have the

Haemonchus contortus and Haemonchosis — Past, Present and Future Trends, First Edition, 2016, 569—598


ftp://ftp.sanger.ac.uk/pub/pathogens/Haemonchus/contortus
ftp://ftp.sanger.ac.uk/pub/pathogens/Haemonchus/contortus

580 R. Laing et al.

opportunity to compare independent genome assemblies of two geograph-
ically isolated H. contortus strains.

3.1 Genome size, repetitive sequence and Guanine and
Cytosine (GC) content

Strongylid genomes are significantly expanded relative to C. elegans; with
the exception of D. viviparus, all are at least double the size (Table 2). A
large proportion of this expansion appears to be repetitive sequences:
24% of the N. americanus and A. cantonensis genome assemblies are repeti-
tive as is an incredible 41% of the A. ceylanicum genome. Strikingly, the
H. contortus MHco3.ISE, A. ceylanicum and O. dentatum genomes all contain
over 100 Mb of repeats (equivalent to the entire the C. elegans genome).
The disparity in genome size between H. contortus MHco3.ISE and
McMaster assemblies is largely due to a difference in repeat content, which
is most likely of technical note rather than biological interest, as repeats are
difficult to represent correctly in draft genome assemblies. Similarly, the
presence of haplotypic sequence will also contribute to difterences in sizes
of draft assemblies. GC content is slightly higher in H. confortus and the
hookworms than O. dentatum and C. elegans but this difference does not
appear to correlate with a bias in base composition of the repetitive
sequence, as the GC content is comparable in both MHco3.ISE and
McMaster assemblies.

3.2 Chromosomal synteny

As shown in Section 2 (Fig. 2), the degree of chromosomal synteny
between H. contortus and C. elegans is striking. However, gene order is
generally poorly conserved, other than in small regions of microsynteny
(Laing et al., 2011). This is consistent with comparison of the C. elegans
and Caenorhabditis briggsae genomes, which found high rates of intrachro-
mosomal rearrangements (Coghlan and Wolfe, 2002; Guiliano et al.,
2002; Stein et al., 2003). Such rearrangements are suggested to occur
more commonly than interchromosomal rearrangements because they
require fewer DNA breakpoints and because conformation of the nuclear
scaffold could maintain associations between local regions. Stein et al.
(2003) also found that rearrangements were more common in the auto-
somes than in the X chromosome, and more frequent in the chromosomal
arms than centres. The finished genome will reveal whether a similar
pattern is true for H. contortus.
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4. GENOME CONTENT
4.1 Gene number, size and structure

The apparent differences in genome content between H. contortus iso-
lates (Table 2) are expected to be largely due to technical differences in
genome assembly and annotation, although there may be some between-
isolate and between-individual biological variation. Both assemblies were
relatively fragmented at the time of publication and are known to contain
some split genes (ie, single genes spanning unassembled contigs annotated
as multiple genes) and some haplotypic sequences. Coverage of the coding
portion of the genome is comprehensive in both H. confortus assemblies,
with 91—92% of core eukaryotic genes (Parra et al., 2007) represented, so
the number of predicted genes is expected to be an upper limit and may
decrease slightly as assembly improves. The MHco3.ISE genome encodes
a smaller number of genes, with longer transcripts (of a comparable size to
C. elegans), so it will be used for between-species comparisons of gene struc-
ture in this section.

The H. contortus genome encodes a remarkably similar number of genes
to C. elegans, despite the striking difference in genome size. Other strongylid
genomes encode more widely varying numbers of genes (eg, 30% difference
between hookworms; although this may be at least partly due to different
methods of gene prediction). Gene number does not appear to correlate
with genome size in the Strongylida, but may do so within genera (this is
the case in members of the Caenorhabditis genus; Fierst et al., 2015). It is
notable that both lungworm genome assemblies (D. viviparus and A. canto-
nensis) are smaller than those for other strongylids and have fewer gene
models, although both of these assemblies are relatively fragmented, so it
is unclear whether this represents a biological difterence between strongylid
groups or a technical artefact. However, relative to C. elegans, gene density is
consistently lower (less than half) in all strongylids.

While the average transcript length is similar in H. contortus and C. elegans,
the average gene length is more than double in the parasite. Comparison of a
subset of one-to-one orthologs suggests that this is due to longer introns and a
higher number of introns per gene. Although less so than in H. conforfus, the
average gene length in the hookworm genomes is significantly increased
relative to C. elegans, again due to an expansion of intronic sequences;
A. ceylanicum has more introns per gene, while N. americanus has larger introns.
Notably, O. dentatum has a smaller average gene length than C. elegans,
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resulting from a smaller number of similarly sized introns. While differences in
gene content, such as expansion of particular genes and gene families with
long introns, may affect these genome-wide averages — and these metrics
in draft genomes are sensitive to technical variation — there is clearly a trend
for intronic expansion in the hookworms as well as H. confortus.

The significance of this intronic expansion is unknown. Although a
greater number of introns might promote protein diversity through alterna-
tive splicing, it is not clear what advantage large introns would confer on H.
contortus, particularly if they result in greater time and energy costs for tran-
scription (Castillo-Davis et al., 2002). Introns do play an integral role in the
regulation of gene expression in other organisms and often contain small
regulatory RINAs or binding sites for functional elements (Hube and
Francastel, 2015), but the link between gene expression and intron size or
structure in Haemonchus (or any other parasitic nematode) has not been
explored. However, a large fraction of transposable elements (TEs) and
repetitive DNA are also found in introns (Palazzo and Gregory, 2014)
and, thus, intron expansion could equally reflect relatively unconstrained
evolution.

4.2 Orthology and gene family evolution

Nematodes share a core set of highly conserved genes, enriched for roles in
developmental processes and signalling pathways. However, despite their
closer phylogenetic relationship and parasitic lifestyles, the number of
one-to-one orthologs shared by H. contortus and the strongylid parasites is
comparable with those shared with C. elegans. For example, Schwarz et al.
(2015) report that H. contortus shares 5268 strict orthologs with A.
ceylanicum and 4576 with C. elegans, although the precise numbers vary
with the dataset and analysis method used. These differences may partly
reflect the draft nature of the parasite genome assemblies, confounding
the detection of single-copy orthologs that can be more easily identified
in C. elegans, but it is also indicative of a significant degree of gene family
diversity among members of the Strongylida. This diversity is highlighted
by the marked difference in gene number between the two hookworm
genomes and is consistent with reports of large-scale duplication events,
lineage-specific amplifications and gene losses that appear to be widespread
elsewhere in the phylum Nematoda (Markov et al., 2015). Such differences
are even apparent between the annotated gene models for the two difterent
H. contortus isolates (Fig. 4) — while most genes can be assigned to gene
families shared by the two gene sets (and with C. elegans), few of them are
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single-copy orthologs, suggesting that many gene families are differently
annotated in the two assemblies. At the current state of completion of the
two published assemblies, it is difficult to assess how much of the variation
in gene content might be due to genuine genetic differences between
isolates, to chance assembly of different haplotypic alleles in the two assem-
blies or to differences in the gene-finding approaches used.

Recent analysis of metabolic pathways and enzyme abundance in free-
living and parasitic nematodes across the phylum did not find any
completely conserved parasitism pathways, suggesting substantial divergence
and adaptation to particular lifestyles and niches (Tyagi et al.,, 2015b).
Clearly, similar life traits can be underpinned by different genomic adapta-
tions, and it appears that such ‘convergent’ rather than orthologous evolu-
tion (Zarowiecki and Berriman, 2015) may be common in nematodes,
particularly when comparing related groups of species that are adapted to
live in different hosts, such as H. contortus and the hookworms.

Parasitic lifestyles theoretically afford the opportunity for genome
simplification, due to metabolic provision by the host. In nematodes
without free-living life stages, such as Trichinella spiralis and Brugia malayi,
as well as in cestodes and trematodes, host metabolic provision appears to
have resulted in a considerable loss of biosynthetic pathways (Tyagi et al.,
2015b; Zarowiecki and Berriman, 2015). However, this does not appear
to be a feature of the H. contortus genome. While the complement of genes
involved in amino acid and carbohydrate metabolism appears to differ
between H. contortus and C. elegans (see Laing et al., 2013), no large-scale
losses of biosynthetic pathways are apparent. As proposed by Blaxter
(2003), nematodes with both free-living and parasitic life stages probably
cannot simplify their genomes. Further, as they require additional capabil-
ities for host infection, migration, nutrient salvage and immune avoidance,
their genomes may need to be more complex than their pre-parasitic
ancestors.

For example, the H. contortus proteome is significantly enriched for
proteases and aminopeptidases, which are required for tissue invasion, hae-
moglobin digestion, anticoagulation and modulation of host immune
response. Large expansions are seen in the cathepsin protease families,
involving both the cathepsin D aspartic proteases (83 genes) and the
cathepsin B cysteine proteases (63 genes). Phylogenetic analysis with other
clade V nematodes shows that these expansions form large monophyletic
groups, including six distinct clusters of cathepsin D proteases and three
distinct clusters of cathepsin B proteases (Laing et al., 2013). The magnitude
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of the expansion in H. contortus is striking, even relative to the hookworms,
and may reflect a requirement to digest particularly large volumes of host
blood. However, the substantial number of cathepsin B cysteine (113) and
cathepsin D aspartic (54) proteases in the non-blood-feeding strongylid
O. dentatum highlights their diversity of function and suggests a role for other
selective forces in driving protease gene family evolution, such as host im-
mune selection.

Other gene families that have expanded in strongylid nematodes are less
well characterized, such as the ASPs (activation-associated secreted proteins,
also known as SCP/TAPs proteins). These encode cysteine-rich products of
unknown function, but their expression is upregulated on host infection
and, in the hookworms, on exposure to serum and 37°C (Hawdon et al.,
1996, 1999). The C. elegans genome encodes 35 ASPs, but the family is
significantly expanded in the parasites with 161 ASPs in H. contortus, 137
in N. americanus, 284 in O. dentatum and a remarkable 432 in A. ceylanicum
(Schwarz et al., 2015; Tyagi et al., 2015a). Schwarz et al. (2015) describe two
other intriguing gene families: one group of 24 strongylid-specific genes
termed SL4Ps, and another (SCVPs) which is greatly expanded in strongyl-
ids; both sets of genes are predicted to encode secreted proteins of unknown
function.

However, the H. contortus genome also encodes a number of gene fam-
ilies that are notably conserved relative to C. elegans. These include various
chemoreceptors and detoxification enzyme systems. For example, the
C. elegans genome is significantly enriched for cytochrome P450s (CYPs),
a large group of enzymes that metabolize endogenous and exogenous
toxins. This gene family has been characterized in H. contortus, due to its po-
tential role in anthelmintic metabolism (Laing et al., 2015). Although the
majority of CYPs with endogenous roles appear to have one-to-one ortho-
logs, H. contortus lacks the characteristic large clusters of tandem gene dupli-
cations seen in CYP families with exogenous roles in C. elegans.
Comparative analysis with the CYP family in other strongylid nematodes
suggests a similar trend (Fig. 5), although small clusters of strongylid-specific
CYPs are apparent. These include a small group of parasite CYPs (four in
H. contortus and O. dentatum, six in A. ceylanicum and two in N. americanus)
branching with the C. elegans CYP34 and CYP35 families, members of
which have a putative role in metabolizing anthelmintic compounds (Laing
etal., 2010). The necromenic clade V insect parasite Pristionchus pacificus has
an extremely expanded family of detoxification enzymes, including 198
CYPs, which had been hypothesized to represent a preadaptation to
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Figure 5 The cytochrome P450 family in Caenorhabditis elegans, Haemonchus contor-
tus, Necator americanus, Ancylostoma ceylanicum and Oesophagostomum dentatum.
Neighbour-joining tree of predicted polypeptide sequences encoding Interpro P450
domain (IPR001128), with Ascaris suum CYP as an out-group.

parasitism (Dieterich et al., 2008). However, in the CYP family at least, the
relatively small numbers in H. confortus, the strongylid parasites of humans
and the more closely related insect parasite H. bacteriophora suggest that
this is not the case.

Major aims of sequencing the H. contortus genome were to better
understand anthelmintic resistance and to develop novel methods of parasite
control. Most of our understanding of drug targets and modes of action have
come from studies in C. elegans, but important differences in gene families
encoding anthelmintic targets were identified in the H. contortus genome.
Notably, H. contortus lacks an ortholog of the major target of ivermectin
in C. elegans, gle-1, which encodes a glutamate-gated chloride channel

Haemonchus contortus and Haemonchosis — Past, Present and Future Trends, First Edition, 2016, 569—598



586 R. Laing et al.

(GluCl) subunit (Dent et al., 2000; Ghosh et al., 2012). However, the
H. contortus genome encodes two alternative subunits, gle-5 and gle-6, which
are absent from C. elegans, in addition to orthologs of glc-2, glc-3, glc-4, avr-14
and avr-15. Interestingly, heterologous expression of H. contortus gle-6 can
rescue the ivermectin resistance phenotype of a C. elegans GluCl mutant
strain, suggesting that this gene not only encodes a GluCl that responds to
the drug but can replace the function of nonorthologous C. elegans genes
(Glendinning et al., 2011). This appears to be a remarkably divergent
gene family in strongylid nematodes, given its role in nervous system func-
tion, with only 3 family members reported in N. americanus (homologues of
gle-2, gle-3 and avr-14) and 10 family members described in A. ceylanicum
(including homologues of glc-2, avr-14 and avr-15). However, there are
also clear between-species differences in the nicotinic acetylcholine receptor
family (Neveu et al., 2010), which are targets of levamisole and monepantel,
and in the B-tubulin family (Saunders et al., 2013), which includes the major
target of the benzimidazoles.

The P-glycoproteins (PGPs) are members of the ATP-binding cassette
(ABC) transporter family and have been implicated in resistance in
H. contortus and related parasitic nematodes to various classes of anthelmintic
(reviewed by Ardelli, 2013; Kotze et al., 2014). The H. contortus pgp tamily
differs significantly from C. elegans; there are 10 pgp genes in the parasite
relative to 14 in C. elegans, and species-specific gene duplications appear
to have occurred frequently (Laing et al., 2013). For example, gene dupli-
cations in C. elegans (pgp-3 and pgp-4; pgp-12, pgp-13 and pgp-14) correspond
to single genes in H. contortus, while two paralogous copies of C. elegans pgp-
9 are present in the parasite genome. Caenorhabditis elegans pgp-5, pop-6, pgp-7
and pgp-8 are clustered in the genome and have no orthologs in H. contortus,
while the parasite genome encodes fwo genes, Heo-pgp-16 and Hco-pgp-17,
which are absent from C. elegans (Fig. 6).

While the pgp families in A. ceylanicum, N. americanus and O. dentatum are
less well characterized than in H. confortus, preliminary analysis reveals some
clear trends. First, these pgp genes tend to branch with individual members of
the C. elegans pgp family, but form distinct strongylid clusters, including
H. contortus pgps. In A. ceylanicum and N. americanus, single-copy orthologs
could be detected for almost all H. contortus pgps, including Hco-pgp-16
and Hco-pgp-17, which are absent from C. elegans. The ABC family genes
of O. dentatum were very fragmented and only two partial length pgps
were sufficiently complete for analysis, but these fit the same pattern,
branching with H. contortus Hco-pgp-3 and Hco-pgp-10. As is the case for

Haemonchus contortus and Haemonchosis — Past, Present and Future Trends, First Edition, 2016, 569—598



The Haemonchus contortus Genome 587

— ASU_07518
Ce-PGP-9
100 100 Acey_s0024.g1008
100 NECAME_17061
85 Hco-PGP-9a
Hco-PGP-9b

100 Ce-PGP-2
100 Hco-PGP-2
_|:|E: NECAME_07485
Acey_s0045.g1172
100 Ce-PGP-8
100 Ce-PGP-5
99_|:E: Ce-PGP-6
Ce-PGP-7
00

100
100 1

— NECAME_03323b
— NECAME_03322a

92 97 OESDEN_01984
80 50 Hco-PGP-10
Acey_s0095.92839
Ce-PGP-10
100 OESDEN_02773
90 100 _E: Acey_s0202.91767
Hco-PGP-3
100 Ce-PGP-3
ol 1 popa
100 Hco-PGP-16
67 Acey_s0029.g1873

NECAME_06920
Ce-PGP-12

57 100 100 Hco-PGP-13
- _E— Acey_s0640.9g1003

o NECAME_11679
_72: Ce-PGP-13
Ce-PGP-14
100 Acey_s0082.91571
il —1 NEgAME_OogOSO
100 Ce-PGP-11
_IE: Hco-PGP-11
100 NECAME_08861
100 Hco-PGP-17
_E: NECAME_00384
Acey_s0007.93527
100 Ce_PGP-1
100 Hco-PGP-1

100 NECAME_08952
Acey_s0006.93036

100

Figure 6 The P-glycoprotein family in Caenorhabditis elegans, Haemonchus contortus,
Necator americanus, Ancylostoma ceylanicum and Oesophagostomum dentatum. Neigh-
bour-joining tree of predicted polypeptide sequences, with Ascaris suum PGP as an out-

group.

H. contortus, no A. ceylanicum, N. americanus or O. dentatum orthologs were
detected for the C. elegans pgp-5, pgp-6, pgp-7 and pgp-8 cluster. The H. con-
fortus tandem duplication of Heo-pgp-9 was not detected in the other parasite
draft genomes, but N. americanus has a tandem duplication of pgp-10. The
A. ceylanicum and N. americanus genomes encode a pgp gene that is not present
in H. contortus or C. elegans, but branches with pgp-12, pgp-13 and pgp-14.

4.3 Operons and trans-splicing

Operons are clusters of 2—8 genes, which are co-transcribed from the same
promoter. Around 17% of C. elegans genes are in operons (Allen et al.,
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2011), and 23% of them appear to be conserved in H. contortus (Laing et al.,
2013). A further 10% appear to be partially conserved, ie, at least two ortho-
logs are present in the correct order and orientation, but one or more of the
genes appear in a different order or in the opposite orientation in H. confortus
compared with C. elegans, or are missing. This is similar to findings in N.
americanus, where 28% of C. elegans operons appear to be conserved (Tang
et al., 2014).

In C. elegans, functional constraints are thought to maintain operonic
intergenic distance at around 100 bp, although a small number of operons
with much larger intergenic distances exist (Morton and Blumenthal,
2011). However, the average intergenic distance in putative H. confortus
operons is nearly 10-fold greater (Laing et al., 2013). For this analysis,
nine putative H. confortus operons with intergenic distances of >10 kb
were excluded on the assumption that they represented conservation of
microsynteny only, but a more recent comparison with putative operons
in N. americanus (average intergenic distance of 9141 bp; Tang et al,
2014) suggests they should not be ruled out on this basis.

Polycistronic mRNAs transcribed from operons are resolved by 5’ trans-
splicing with spliced leader sequences (SL1 and SL2); usually, the first gene is
trans-spliced with SL1, and the downstream genes are trans-spliced with SL2.
In H. contortus, the first genes in all putative operons are SL1 frans-spliced,
but less than half of the downstream genes appear to be SL2 trans-spliced;
of these genes, the majority are also SL1 frans-spliced. In C. elegans, operons
with downstream SL1 frans-splicing and longer intergenic distances often
contain an extra promoter in the intercistronic region (Blumenthal et al.,
2015), but the degree to which this is true of H. contortus operons is currently
unknown.

4.4 Repetitive sequence and mobile elements

As described in Section 3, strongylid genomes contain large amounts of
repetitive sequence, which greatly influences genome size. Repetitive
sequences include TEs, such as retrotransposons and DNA transposons,
and various inverted, tandem and dispersed repeats. The H. contortus genome
contains 2—2.5% retrotransposons and 2.1—5% DNA transposons (McMas-
ter and MHco3.ISE, respectively) and transcriptomic data suggest that active
transposition is occurring. Many TE insertions will have no impact on fitness
and may accumulate unnoticed, but the large size and fecundity of
H. contortus populations should promote rapid selection for any TE insertions
that are beneficial and against any that are deleterious. In light of the major
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expansions seen in various gene families, and the propensity of H. contortus to
rapidly adapt to different hosts and environments (Gilleard, 2013), it is
tempting to speculate that active transposition could be a significant driver
of genetic diversity in this species.

Numerous tandem repeats are found throughout the H. confortus
genome. Although their function and derivation are largely unknown, their
high mutation rate makes them particularly useful for resolving relationships
among different populations. Microsatellites are repetitive sequences
composed of short tandem repeats and have provided extremely valuable
tools for population-genetics studies and fingerprinting of laboratory isolates
(Redman et al., 2008b). In H. contortus, microsatellites are often found to be
associated with one or more copies of a downstream repeat element,
HcRep, which is transcribed, but is of unknown function (Callaghan and
Beh, 1994; Hoekstra et al., 1997; Laing et al., 2011).

5. FUTURE DIRECTIONS

In recent years, there has been an exponential increase in the availability
of draft nematode genomes. For example, the Helminth Genomes Initiative is
ajoint venture by the Wellcome Trust Sanger Institute and the Genome Insti-
tute at Washington University, aiming to generate genome sequences for the
parasitic helminths that have the greatest impact on human health and are
responsible for diseases of veterinary and agricultural importance. The inten-
tion is to rapidly produce draft data for 50 helminths, to complement efforts
to generate high-quality reference genomes for exemplars of major parasite
groups and for the most important pathogens. These data are all available on
‘WormBase ParaSite. Meanwhile, there have been major advances in the func-
tional annotation of genomes, with comprehensive transcriptome data sets
now available for many helminth species (http://nematode.net). Together,
the increasing richness of both genomic and transcriptomic resources for
strongylid nematodes provides an unprecedented opportunity to better un-
derstand the evolution and genetic basis of important traits such as pathoge-
nicity and drug resistance in H. contortus and related parasites.

The falling price and increasing throughput of sequencing technology
has driven the availability of draft genomes for an increasing number of
strongylid species, and is also opening up the prospects of sequencing of
multiple individuals and undertaking genomic analysis of H. confortus popu-
lations. There is some evidence that H. contortus shows particularly high
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levels of genetic diversity, with a high density of SNP and small indel vari-
ants (Redman et al., 2008a), presumably driven by high population sizes.
Genome diversity data, combined with the improved genome assembly,
should shed light on this, and on other aspects of the diversity, epidemiology
and genetics of H. contortus. This aspect is further explored in Chapter
“Genetic Diversity and Population Structure of Haemonchus contortus” by
Gilleard and Redman (2016), of this volume.

In both H. contortus draft genome papers, and the majority of parasitic
nematode genomes published since, the focus lies almost entirely on the
protein-coding fraction of the genome. However, there is increasing interest
in the important roles performed by nonprotein-coding sequences (Gerstein
etal.,, 2010), including those that are transcribed into functional RNAs (such
as tRNAs, rRNAs, small noncoding RINAs and long noncoding RNAs) and
regulatory sequences such as transcription start sites and transcription factor
binding sites. For example, microRINAs are small noncoding RNAs, which
regulate post-transcriptional gene expression. Nearly 200 microRINAs have
been identified in the H. confortus genome, many of which appear to be
unique to this species and may reflect adaptations to different environments
and lifestyles (Winter et al., 2012). Their differential expression between the
L3 and adult life stages suggests involvement in developmental gene regula-
tion, a function that is well characterized in C. elegans (Karp et al., 2011), and
a recent study highlights the upregulation of a single H. confortus miRINA in
two ivermectin-resistant laboratory isolates and two ivermectin-resistant
backcross isolates (Gillan and Devaney, in preparation).

The wealth of genomic, transcriptomic and epigenomic data now avail-
able for C. elegans via modENCODE (Brown and Celniker, 2015) provides
a compelling argument for a broader view of functional content in the
H. contortus genome and in related parasites with reference genomes.
Comparative analysis with the C. elegans data may identify many conserved
aspects of genome organization and function, but it should also be possible
to apply similar experimental approaches (eg, CHIP-seq for genome-wide
profiling of histone modification or of proteins interacting with DNA
(Landt et al., 2012)), albeit on a smaller scale, to study parasites directly.
One epigenetic process for which C. elegans data cannot provide a model
is DNA methylation, as C. elegans apparently completely lacks 5-methyl
cytosine (Simpson et al., 1986). However, this methylation mark present
in the clade I parasite T. spiralis varies through the life cycle (Gao et al.,
2012) and is directed by small RNA molecules (Sarkies et al., 2015). The
presence of genes encoding the cytosine methylation machinery appears
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to vary across the nematode phylum (Gutierrez and Sommer, 2004; Was-
muth et al., 2008), but the pathway is conserved in another (distantly related)
parasite of clade I, Romanomermis culcivorax (see Schiffer et al., 2013). The
discovery of adenine methylation in C. elegans (see Greer et al., 2015) raises
the possibility of an alternative epigenetic mechanism in parasitic nematodes,
but the role of DNA methylation and its distribution in other nematodes is
currently unknown.

The available genomes of H. confortus are already enabling a wide range
of exciting molecular research on this species, and a ‘finished’ reference
H. contortus genome is now imminent. Although species-specific adaptations
must be considered, H. contortus is well placed as a parasite model for mem-
bers of the order Strongylida. Therefore, the availability of a reference
genome, combined with draft sequences for related species of human and
veterinary importance, will allow researchers to undertake more detailed
genetic and genomic analyses than have been possible previously. This
comparative approach is likely to be crucial for our understanding of impor-
tant traits, such as anthelmintic resistance, which, in light of the size and
complexity of strongylid genomes, may require whole genome and genetic
mapping approaches to solve.
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